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Project Description and Overview: 

Objectives: 

Determining the overall impact of atmospheric aerosols on radiative balance requires 
knowledge of the relative amounts of scattering and absorbing aerosols, their distributions, and 
their chemical and optical properties. This proposal was a continuation of measurements of 
aerosol scattering and absorption begun in Mexico City in 2003 in collaboration with MCMA 
2003 and continuing in the Atmospheric Science Program field study, Megacity Aerosol 
Experiment-Mexico City, (MAX-Mex) during March of 2006 aimed at determining the 
variability of aerosol optical properties. 

A suite of instrumentation was deployed in MAX-Mex at site TO, located in the northern part 
of the Mexico City Metropolitan Area, (MCMA), for the characterization of the aerosol optical 
properties in the field. Measurements were made of the following aerosol properties: (1) aerosol 
absorption as a function of wavelength, measured at two minute intervals with a 7-wavelength 
Aethalometer (2) aerosol scattering as a function of wavelength, measured at one minute 
intervals with a 3-wavelength nephelometer; 3) aerosol scattering as a function of relative 
humidity (RH), measured at one minute intervals with 2 single-wavelength nephelometers 
operated under dry (10% RH) and wet (80% RH) conditions; and 4) collection of size-
fractionated aerosol samples on quartz fiber filters at 12 hour intervals (day/night) for further 
laboratory characterization. Aerosol filter samples were also collected at site Tl (located north of 
MCMA) for comparison with those collected in the city center. Preliminary results from in situ 
measurements have indicated an enhanced UV absorption in the afternoon over that expected 
from black carbon (BC) aerosols alone. These results are directly applicable to both modeling of 
aerosol radiative forcing and satellite optical depth retrieval algorithms. Both of these 
applications assume that the aerosol absorption is due only to BC with a wavelength dependence 
of A," whereas results obtained in MAX-Mex show that the aerosol wavelength exponent varies 
over Mexico City from -0.7 to -1.5. 



All of the data collected in the field from the measurement sets 1-3 have been made 
available to the ASP community via the MILAGRO data site housed at NCAR. The laboratory 
characterization of aerosol samples collected in the ASP MAX-Mex field study compared results 
from Mexico City to samples collected at other sites, including Chicago, Little Rock, and Mt. 
Bachelor, OR. The project focused on obtaining complete spectral characterization of aerosols -
especially their absorption characteristics as they relate to basic chemical functional groups. 
Particular attention was given to organics and from biogenic derived organic compounds. This 
included determinations of the UV-Visible-NIR characteristics of the aerosol absorption as 
reported as Angstrom Absorption Exponents. Correlation of these results with IR band 
observations of carboxylic acid, and carboxylate groups were conducted, along with past 
correlations with carbon isotopic data that indicated significant enhancements of UV-Visible 
absorption from biogenic aerosols (both biomass burning and secondary organic aerosols). 

Relationships to other ASP Projects 

This project collaborated with a number of currently funded ASP projects including research 
being conducted by Dr. W. Patrick Arnott at the University of Nevada, Reno. Dr. Arnott made 
use of photoacoustic spectroscopy and light scattering at one or two wavelengths to determine 
SSA of the aerosol. Comparison of the aethalometer data as well as MAAP instrumentation 
yielded good to excellent agreement between the instruments and allowed for wider spectral 
determinations of the carbonaceous aerosol absorptions. A number of collaborative papers have 
been published with colleagues from Pacific Northwest National Laboratory, the University of 
Colorado, and Virginia Tech. Collaborations with other MILAGRO participants including 
Mexican scientists (B. Cardenas and R. Ramos) have also resulted in publications and compared 
optical aerosol properties at T-0 and T-l sites with Dr. Telma Castro of UNAM. We are also 
collaborated with Dr. Emily Fischer who was selected as the Marv Wesely GREF fellow for 
2010 in helping to optically and chemically characterize aerosol samples collected at Mt. 
Bachelor in Oregon, who published the collaborative results as part of her Ph.D. thesis. 

Findings 

We completed measurements and evaluations of data taken as part of MILAGRO. Data 
taken at the University of Chicago and that were intercompared with regard to the aerosol 
absorption with that found here at UALR and in Mexico City found similar results in that where 
there was indication of biogenic sources of secondary organic aerosols enhanced UV absorption 
was observed along with infrared spectra that indicated the presence of mimic-like substances 
(HULIS). 

In combination with 14C determinations taken in a related project "Natural Radionuclides and 
Isotopic Signatures for Determining Carbonaceous Aerosol Sources, Aerosol Lifetimes, and 
Washout Processes", results from this project determined that the source of carbonaceous 
aerosols in many area studied (Mexico City, Cool, Ca, UALR) had a significant fraction of 
biogenic carbon in many cases greater than 50% and in the CARES and studies here in the 
southern U.S. over 75% biogenic origin as determined by the enhanced Angstrom Absorption 
Extinctions (AAEs) observed were strongly correlated. Data was also obtained for the CARES 
field study that also clearly show enhanced UV-Vis absorption from carbonaceous aerosols 



derived from biogenic sources. Collaborative work with the University of Washington via the 
Global Change Education Program examining long range transport of aerosols into the U.S. was 
accomplished examining trace element concentrations determined from PSAP filters, and 
comparison of AAE's in these samples were also used to "trace" biogenic carbonaceous aerosols 
from wood smoke events. 

Details of the methodologies and results determined were presented at national meetings and 
papers were published in the peer-reviewed literature. They are listed below: 

Data from this project was also used collaboratively by other ASR researchers that produced a 
number of peer-reviewed papers. These papers included MAX-Mex and CARES efforts that 
used the data obtained from the project to better interpret aerosol mass spectroscopy, aerosol 
growth measurements from both field and aircraft studies, as well as modeling efforts. In some 
of these cases we were asked to assist in the interpretation and were co-authors on the papers. 
Others the data were used and acknowledged. We have listed collaborative work in the 
publication list where we were included as co-authors, and have included an invited overview 
chapter for Atmospheric Environment that the P.I. and Co-P.I. wrote as part of their DOE effort. 

This project also helped to train a number of graduate students in the area of climate change 
science and the students supported are listed below. 

Graduate Students supported and trained on this project. 
Current: 
M. Begum, UALR Applied Science (Chemistry), Ph.D. candidate 
A. Sarkar, UALR Applied Science (Chemistry), M.S. candidate, 2013. 
A. Marchany-Rivera, UALR Applied Science (Physics) Ph.D. candidate 

Graduated Students: 
G. Gunawan, Chemistry, M.S. Dec. 2008 
A. Mangu, Chemistry, M.S. Dec. 2007; 
S. Kilaparty, Chemistry, M.A., May 2009 
K.L. Kelly, UALR Chemistry, M.S., Dec. 2010; 
G.L. Bridges, Chemistry, M.A., May 2011 
E. Alvarez, UALR Applied Science (Physics), M.S. May 2012. 
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Optical properties of aged Asian aerosols observed 
over the U.S. Pacific Northwest 
E. V. Fischer,1 D. A. Jaffe,1'2 N. A. Marley,3 J. S. Gaffney,4 and A. MarchanyRivera5 

Received 27 January 2010; levised 5 May 2010; accepted 10 June 2010; published 29 October 2010, 
[I] A suite of gasphase and aerosol measurements were made during spring 2008 
and spring 2009 at the Mount Bachelor Observatory (2763 masl), located in Oregon. 
Here we focus on nrultiwavelength observations of low RH submicron (/Am) aerosol 
scattering (crsp) and absorption (crap), made with an integrating nephelometer and a particle 
soot absoiption photometer. Using a combination of in situ observations, trajectory 
calculations and satellite observations, we identified seven plumes of Asian origin. 
These plumes included many of the highest <rsp (34.8 Mm  1) and o~ap (5.7 MnT1) hourly 
average values observed at MBO over the 2008 and 2009 campaigns. Of interest in 
this analysis is (1) whether the intensive optical properties differ between these seven 
plumes, (2) whether these differences can be linked to differences in composition, and 
(3) whether the intensive optical properties change during transpacific transport. Results 
show that the plumes clustered in terms of their optical properties; plumes hypothesized to 
contain a large fraction of mineral dust were the most distinct. We observed variability 
between plumes in the scattering Angstrom (As) exponent. The average submicrometer 
As for all seven plumes was significantly larger than the same parameter observed 
closer to Asia. Therefore, we hypothesize that the aerosol size distribution shifts toward 
smaller particles during transpacific transport. The average submicrometer lowRH aerosol 
single scatter albedo (OJ) observed at MBO (0.88) was slightly larger than previous 
observations closer to the Asian coast, and the average backscatter fraction (b) was 
smaller, on the order of 20%. 
Citation: Fischer, E. V., D. A. Jaffe, N. A. Marley, J. S. Gaffhey, and A. MarchanyRivera (2010), Optical properties of aged 
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3Graduate Institute of Technology, University of Arkansas at Little As is the aerosol scattering Angstrom exponent [Angstrom, 
Rock, Little Rock, Arkansas, USA. 1929], The scattering properties of aerosols are a function 
R o c ^ A t a J uS

CAem,Sfry'Universify of ArkaRSas atLit t le Rock 'LittIe of particle size. For large particles, such as sea salt and dust, 
^Departaent of Applied Science, University of Aikansas at Little Rock, CT*P changes little with wavelength, SO As is small. For Small 

Little Rock, Arkansas, USA. particles, such as those generated by gastoparticle con
version or directly from combustion, asp decreases rapidly with 

Copyright 2010 by the American Geophysical Union. wavelength, so As is larger [Boren and Hujfinan, 19831. The 
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Figure 1. Location of Mount Bachelor and two other rele
vant IMPROVE monitoring sites: Mount Hood and Three 
Sisters Wilderness Area. 

aerosol absorption coefficient has been parameterized anal
ogously as proportional to A- a, where Aa is the aerosol 
absorption Angstrom exponent. Aa depends on the size, 
composition, shape and mixing state of the aerosols 
[Bergstrom et at, 2007]. Determining the spectral variation 
of aerosol scattering and absorption is important because it 
allows measurements of <7sp and fjap at specific wavelengths 
to be extrapolated over the solar spectrum. The relationship 
between As and Aa varies with aerosol composition, and can 
be used to stratify in situ data by plume type [Clarke et ah, 
2007; Yang et at, 2009]. The spectral variation of absorp
tion (Aa) has been used to separate absorption from dust 
aerosols from combustion-generated carbonaceous aerosols 
[Fialho et at, 2005]. 

[5] Two other important intensive properties can be derived 
from measurements of crap, asp, and the aerosol backscat-
tering coefficient (absp). The single scatter albedo (w) is the 
fraction of total light extinction due to scattering, and the 
value of co determines whether an aerosol layer causes net 
heating or cooling [Haywood and Shine, 1995]. The ratio 
of aerosol scattering directed toward the backward hemi
sphere to scattering in all directions to is called the back-
scatter ratio (b). For specific particle types, the angular 
distribution of scattering can be approximated from b, and 
thus b can be used to estimate the fraction of incoming solar 
radiation that aerosols redirect toward space [Marshall et at, 
1995]. 

[6] Atmospheric aerosols in the free troposphere over the 
west coast of the United States can be broadly classified into 
three categories by their sources: industrial, dust and bio-
mass burning. Industrial aerosols can have a North Ameri
can source or they can be advected across the Pacific from 
Asia [Anderson et at, 1999; Heald et at, 2006; Jaffe et at, 
1999]. There is strong evidence that aerosols from East Asia 
significantly impact air quality and regional climate over 
North America, especially during spring [VanCuren, 2003; 
Wuebbles et at, 2007; Yu et at, 2008]. The direct emissions 
of aerosols and their gas-phase precursors will continue to 
rise in East Asia due to increases in energy consumption and 
a continued reliance on coal [Carmichael et at, 2009]. 

[7] The springtime transport of Asian dust across the 
Pacific has been well documented [Husar et at, 2001; Jaffe 
et at, 2003a]. Although Asian dust impacts the United States 
throughout the year [VanCuren and Cahill, 2002] spring 
is the preferred season due to the intense frontal activity 
that allows for lofting and enhanced outflow from Asia. 
Dust plumes are generally transported higher than pollution 
plumes, this combined with a lower wet scavenging effi
ciency can allow up to ~3 times more fine dust aerosols to 
reach the United States from Asia than other types of aero
sols [Chin et at, 2007]. The impact of dust is not isolated 
to large plumes. Approximately 50% of the interannual var
iability in springtime average PM2.5 in remote areas of the 
U.S. Pacific Northwest can be explained by year-to-year 
changes in Asian dust emissions [Fischer et at, 2009]. 

[s] Biomass burning is one of the largest global sources of 
accumulation mode (<1 /mi diameter) particles, implying 
radiative and geochemical impacts [Reid et at, 2004, 2005]. 
The largest number of fires in the western United States 
occurs from May to October [Westerling et at, 2003]. How
ever, in the Northern Hemisphere the biomass burning max
imum occurs in spring, largely dominated by African and 
Southeast Asian sources [Duncan et al, 2003]. Siberian bio
mass burning plumes can travel to western North America 
and the North American Arctic relatively quickly, on the 
order of a week, and boreal fires generally take place from 
May to September [Duncan et at, 2003; Jaffe et at, 2004]. 
In spring 2008 the Russian boreal forest fire season started 
unusually early due to low snow amounts (http://rapidfire. 
sci.gsfc.nasa.gov/firemaps/) [Warneke et at, 2009]. 

[9] Since its establishment, the Mount Bachelor Observa
tory (MBO) (2763 m amsl) has proven to be well positioned 
to obseive the transpacific transport of Asian industrial, dust 
and biomass burning plumes [Weiss-Penzias et at, 2007, 
2006]. We report here on springtime observations of sub
micrometer aerosol optical properties from MBO, located in 
the lower free troposphere over the Pacific Northwest. These 
observations are valuable for a number of reasons. The sub
micrometer aerosol observations at MBO integrate aerosol 
size, shape, chemistry and mixing state, and therefore apply to 
the entire fine mode aerosol population. Second, the observa
tions at MBO were made over a relatively long time scale 
(>1000 h for each spring campaign) and with a high enough 
time resolution to allow separation of plume conditions from 
background aerosol. We identify seven well-defined plumes 
of Asian origin and use a variety of supporting in situ data, 
satellite observations and model analysis to gain information 
on plume composition. Owing to the close proximity of 
anthropogenic, biomass burning and dust aerosol sources, 
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each plume leaving Asia reflects a different mixture of 
aerosols. Relationships between the observed optical prop
erties are noted for plumes observed at MBO, and we 
attempt to identify plumes with a large mineral dust com
ponent. Finally, the optical properties for the seven plumes 
observed at MBO are compared to similar obseivations 
closer to the Asian source region. 

2. Methods 
2.1. Site Description and Sampling Configuration 

[10] The observations used in this paper were made in 
AprilMay 2008 and AprilMay 2009 at the Mount Bachelor 
Observatory (MBO). MBO is located on the summit of a dor
mant volcano in central Oregon (43.98°N 121.7°W, 2763 m 
amsl) (Figure 1). Separate aerosol and gas sampling inlets 
were located 3 m above the roof of the summit lift building, 
and the instruments were located in a room within the build
ing, situated approximately 15 m below the inlet. The aerosol 
sample line was situated such that the last 2.5 m were located 
within the space which was temperature controlled at 20 ± 
3°C, typically 10°20°C wanner than ambient. The aerosol 
inlet line was constructed of 0.688" ID conductive tubing. 
The inlet faced down and there were no shaip bends in the 
line where aerosols could accumulate. Total flow through 
the aerosol line was ~35 L min . Carbon monoxide (CO), 
ozone (03), NOx (NOx = NO + N02), PAN and total reactive 
nitrogen (NOy) were sampled through a 1/4" internal diam
eter PFA Teflon line, with a 1 fim Teflon filter located at the 
inlet. Temperature (T), relative humidity (RH), pressure (P), 
and wind direction were also measured at the summit. The 
methods pertaining to the ongoing gasphase measurements 
(CO and 03) have been described previously [Weiss■-Pernios 
et at, 2006]. The methods pertaining to the reactive nitrogen 
measurements are described separately [Fischer et at, 2010; 
Reidmiller et at, 2010]. All data are reported in GMT which is 
7 h later than local Pacific Daylight Time (GMT = PDT + 7). 

2.2. Aerosol Measurements 
2.2.1. Overview of Aerosol Measurements 

[n] The aerosol stream was split approximately 14 m 
downstream of the inlet into two air streams (both con
structed of 0.688" ID conductive tubing), from one a Radi
ance Research (M903) nephelometer measured midvisible 
(530 nm) submicrometer diy aerosol scattering. The methods 
pertaining to the single wavelength scattering measurements 
have been described previously [Weiss-Peiuias et at, 2006]. 

[12] Multiwavelength submicrometer aerosol light scat
tering and absorption were measured from the second air 
stream. An integrating nephelometer (Model 3563, TSI Inc., 
St. Paul, Minnesota) was used to measure submicrometer diy 
(RH < 30%) light scattering (asp) and hemispheric backscat
tering (absp; i.e., 90°180° scattering) at three wavelengths 
(450, 550, and 700 nm) [Anderson et at, 1996; Heintzenberg 
and Charlson, 1996]. Backscattering was measured during 
spring 2009 but not in spring 2008. Preceding the integrating 
nephelometer was a Bemer impactor [Bemer et al., 1979] run 
at 30 L min1 and employing a greased substrate to prevent 
particle bounce. This flow rate gives a 50% aerodynamic 
cutoff diameter of 1 /an. The aiistream was not intention
ally dried; instead the temperature increase from outdoors 

into the heated building reduced the RH of the incoming 
airstream. 

[13] Aerosol absorption (crap) at three wavelengths was 
measured with a Particle Soot Absorption Photometer (PSAP) 
(Radiance Research, Shoreline, Washington). This device 
responds to differential light transmission through a glass 
fiber filter (E702075W, Pallflex Products Corp., Putnam, 
Connecticut) as particles are loaded onto the filter. The 
absorption measurement was made immediately downstream 
of the nephelometer, ensuring that the scattering and absorp
tion properties were measured on the identical aerosol. 

[14] The raw scattering and absorption data were col
lected as 20 s averages and then reduced to 1 h averages. 
Periods of likely snowcat contamination, identified by simul
taneous drastic spikes in NO and aerosol absorption, were 
removed from the raw data prior to averaging. All scattering 
and absorption coefficients are reported at a wavelength of 
550 nm, 273.15 K and 1013.25 hPa. 
2.2.2. Calibration, Data Reduction, and Uncertainty 

[15] The TSI nephelometer calibration protocol differed 
slightly between spring 2008 and spring 2009. Instrument 
noise was periodically measured and traced throughout the 
spring 2008 campaign using an inline HEPA filter. The filter 
was put inline for a minimum of 30 min at approximately 
two week intervals. No trend was noted in the zero data. 
Multiple calibrations following the manufacturer's protocol 
were performed, and we used data from these calibrations 
to estimate the drift uncertainty following equation (8) of 
Anderson and Ogren [1998] with the manufacturer's cali
bration constants. The measured data were corrected for 
angular nonidealities, which cause particle scattering in the 
near forward direction to be underestimated. 

[16] The TSI nephelometer was serviced and calibrated by 
the manufacturer just prior to the spring 2009 campaign. 
During the spring 2009 campaign the TSI nephelometer was 
periodically switched to measure both particle free air and 
C02. The measured values were corrected for offset and cali
bration drift in addition to angular nonidealities [Anderson 
and Ogren, 1998]. The filtered air and CO2 were measured 
approximately eveiy two weeks [Anderson and Ogren, 1998]. 
The data reduction and uncertainty analysis that we fol
lowed for the scattering data are outlined by Anderson and 
Ogren [1998]. Sources of uncertainties associated with the 
nephelometer include photon counting noise, zeroing and 
calibration, and the correction for angular nonidealities. 
Combined these errors yielded a total uncertainty of ±8% for 
a scattering coefficient of 30 Mm1, a 60 min averaging time 
and a wavelength of 550 nm. 

[17] The threewavelength PSAP is a relatively new instru
ment, and it is a modified version of the singlewavelength 
PSAP. The singlewavelength PSAP has been calibrated and 
intercompared with other filter based aerosol absorption 
techniques [Bond et at, 1999]. A prototype version of the 
threewavelength PSAP was calibrated against two other 
absorption standards in 2002. The goal was to derive loading 
correction functions and filter/aerosol scattering correction 
factors for each of the three wavelengths [Sheridan et at, 
2005; Virkkula et at, 2005]. A similar study has not been 
performed with the commercially available model, but the 
only difference between the commercially available model 
and that used by Virkhda et at [2005] is in the light source 
geometry. The prototype used an elliptical grating to par
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Table 1. Absorption Data Adjustments and Uncertainties3 

Source Correction 
Uncertainty 

(Mnr1) Notes 

Flow rate 
Spot size 

Noise 

Drift 

Calibration 
Scattering 

response 

O'PSAP*07PSAp/Fiiioas) 
User enters the correct spot size 
for that particular instrument. 
Instrument calculates connection. 

467 nm SA mean(min, max) 
0.012 (0.009, 0.020) 

530 nm S,\ mean(min, max) 
0.016(0.011,0.023) 

660 nm SA mean(min, max); 

0.021 (0.016, 0.029) 

^Paien3*'J'PSAP 
0.08VpsAP 

0.18 ^(TJT) 
Clean Filter 
0.3V(Ta/r) 
Dirty Filter 
0.3*5 V(Vr) 

0.06 am 

0.20V, 
0.07*trs, 

=p 

F̂jiieos ' n t m s c a s e w a s 0.01 for a Sensidyne Giiibrator flowmeter 
4% uncertainty on the measured diameter results in an 8% uncertainty in 

the spot area, and thus the absorption coefficient [Virkkula et al, 2005]. 

PSAP noise does not depend on <rEp. TQ is 24 min, r is 60 min for this 
study. The first correction factor is the reported noise for the single 
wavelength PSAP operated at constant altitude [Anderson et al., 1999]. 

Anderson et at. [2003] performed duplicate absorption measurements to 
examine instrumental noise. Noise is larger when the PSAP is exposed 
to changing altitudes and changing humidity. Noise also increases with 
filter loading. They found that noise for a clean filter at a constant 
pressure is 0.3 for a 30 s time resolution (ra = 30 s). Noise for a dirty 
filter is 5 times higher [Anderson et al, 2003]. Consistent results were 
found during a comparison of three three-wavelength PSAPs prior to 
INTEX-B [McNaitghtou et al, 2009]. 

Drift conections cannot be made because calibrations were not made in 
the field. This value is based on parallel measurement from 3 single 
wavelength PSAPs [Anderson et al., 1999]. Anderson et al. [2003] 
report a 5% systematic discrepancy from 2 single wavelength PSAPs 
operated in parallel. Similar unpublished tests with the three wavelength 
PSAPs are consistent. 

Bond et al. [1999] 
The scattering response was detemiined for a prototype model 

[Virktoila et al., 2005], The scattering data are adjusted to PSAP wavelengths. 
<Vnix = ^spmlCVAxJa:12 

Oil% = -logto-siani/ffsp^yiogtAjA;) 

"Applies to data collected with a three-wavelength PSAP. The correction to the PSAP data can be summarized as oa? = o-PSAP*(FpSAP/Fme:is) - SA*<7s,,m 
(equation (1)). Notation: o"ap> absoiption photometer measurement after flow rate and scattering corrections; oBm, absorption photometer measurement after 
flow rate and spot area corrections; O"PSAP> absorption photometer measurement prior to any corrections; o"spn„ nephelometer measurement after adjustment 
for measurements of calibiation gases; FPSAP, PSAP flow as reported by PSAP internal flowmeter; Fmeas, PSAP flow as measured by Sensidyne Giiibrator 
flowmeter; 5Fmeas, uncertainty in flow rate measured by Sensidyne Giiibrator flowmeter; r — 60 min averaging time. 

tially collimate the light from the LEDs into the light path to 
the filter. The commercial model uses an integrating hemi
sphere to pioduce a uniform high-intensity LED light source. 
The light source illuminates the cylindrical port and sample 
flow path to the filter holder. The LED wavelengths are the 
same. There are no significant differences in the rest of the 
filter and light path geometry of the two instruments. We do 
not expect significant performance differences between the 
prototype three-wavelength PSAP used in the Virkhda et at 
[2005] study and the instruments used at MBO. 

[is] Bond et al [1999] present several important ohserva-
tions of the single-wavelength PSAP, all of which are appli
cable to the three-wavelength version of the PSAP. (1) The 
flowmeter in the PSAP can be in error by as much as 20%; 
therefore it is necessary for the operator to periodically 
measure and record the flow independently with a high-
accuracy flowmeter. (2) There is variation in the sample spot 
size between instruments. The spot size must be measured 
on each individual instrument. (3) Aerosol loading onto the 
filter can magnify the absoiption and create a nonlinear 
response in the absorption signal. (4) The PSAP interprets a 
small amount of aerosol scattering as absorption. 

[39] The software in the commercially available three-
wavelength PSAP includes a transmission con-ection func
tion, and this function does an adequate job at low absorption 
values and at to values above ~0.80 [Sheridan et at, 2005; 
Virklaila et at, 2005]. It also allows the user to enter the 
correct spot size for that particular instrument. Therefore, 

many users only need to apply two corrections when pro
cessing the data that is output from the instrument: a flow 
rate correction and a scattering conection. During the spring 
2008 and 2009 campaigns at MBO, the instrument flow was 
accurately measured on a biweekly basis with a Sensidyne 
Giiibrator flowmeter (reading accuracy: ±1%), and a correc
tion factor was applied as described by Bond et at [1999]. 
Then the scattering collections summarized by Virldcula et at 
[2005] were applied (1.3%, 1.6%, and 2.1% for 467 nm, 
530 nm, and 660 nm, respectively). The scattering data used 
in the corrections (measured with a TSI nephelometer at 
450, 550, and 700 nm) were adjusted to the PSAP measure
ment wavelengths as described by Virldada et at [2005]. 

[20] Finally, we assumed a power law relationship between 
absorption and wavelength so both the absoiption and scat
tering data could be reported at the same wavelengths. The 
467-530 nm pair was used to adjust absoiption at 467 nm to 
450 nm. The 467-660 nm pair was used to adjust absorp
tion at 530 nm to 550 nm. Finally, the 530-660 nm pair 
was used to adjust absorption at 660 nm to 700 nm. Similar 
to the single-wavelength PSAP, sources of uncertainty in 
the three-wavelength PSAP measurement include noise, 
drift, errors in the loading function, the correction for the 
scattering artifact, and uncertainty in the flow and spot size 
corrections [Anderson et at, 2003, 1999; Bond et at, 1999; 
Virklatla et at, 2005]. Combined these errors yielded a total 
uncertainty of ~20%. We have summarized the corrections 
and the main known sources of uncertainty in the PSAP 
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measurements in Table 1. The conection to the PSAP data 
can be summarized as 

0-ap = 0>SAP*(FpsAp/Fmeas) ~ SA*fTspra (1) 

and all variables are defined in Table 1. 
[21] It is important to be aware of the correction scheme 

that is used to correct the PSAP measurements from various 
campaigns. A full set of calibration factors for the three-
wavelength PSAP is provided by Virkkula et al. [2005]. At 
the low to and low filter loadings characteristic of MBO, 
the absorption coefficients would be ~30% lower if the 
Virkkula scheme was used. This would yield the higher to 
values presented in auxiliary material Table SI.1 The rea
sons for the discrepancy are not clear and have been noted 
by other authors [Sierau et al, 2006]. Previous studies have 
also not used the full Virklmla et al. [2005] correction 
scheme, and have instead relied on the manufacturer's trans
mission function as was done here. For example, Sierau 
et al. [2006] chose to adapt the findings of Bond et al. 
[1999] to the three-wavelength absorption data. This choice 
includes an additional 22% correction than applied here. 
McNaughton etal [2009] used the full Virkkula etal [2005] 
correction scheme in processing airborne absorption mea
surements from INTEX-B. We have processed our data 
in each way (Table 2 and auxiliary material Table SI), and 
although the magnitude of 10 is impacted, the choice of 
correction scheme does not impact our major findings. 

[22] Finally significant consideration should be given to 
where filter-based absorption measurements are deployed 
and how they are eventually interpreted. A major drawback 
to filter based measurements is that the aerosols are depos
ited onto the filter before the absorption is measured, and 
this can alter their physical state. This is especially true for 
liquid-like organic aerosols which can be redisnibuted around 
filter fibers, modifying the filter surface and increasing the 
scattering artifact beyond that accounted for in the Bond et al 
[1999] and Virkhda et al. [2005] corrections [Subramanian 
et al, 2007]. Liquid-like organic material can also coat any 
absorbing material already present on the filter and enhance 
absorption [Lack et at, 2008]. Lack et al [2008] show that 
the PSAP can overestimate absorption and this bias is 
dependent on the amount of organic aerosol present. The 
PSAP has also recently been shown to have a systematic 
size-dependent bias, and absoiption is under reported for the 
case of coated absorbing spheres [Lack et al, 2009]. Despite 
these concerns, the PSAP can provide reasonable aerosol 
absorption measurements in remote regions with relatively 
low organic mass loadings. MBO fits the requirements of a 
location where the PSAP provides reasonable measurements. 

[23] We present both precision uncertainty and total uncer
tainty as described by Anderson et al [1999]. Briefly, pre
cision uncertainty includes uncertainty associated with noise 
and calibration drift. It allows for the comparison of mea
surements collected using the same instruments and proto
cols to be statistically compared. This is the appropriate 
uncertainty to consider when comparing optical properties 
among the individual Asian aerosol plumes observed at 

Auxiliary materials are available in the HTML. doi:10.1029/ 
2010JD013943. 

MBO during this study period. It is also appropriate to use 
this uncertainty to compare measurements made in other 
locations with similar instruments and protocols. Total uncer
tainty includes precision uncertainty, the uncertainty asso
ciated with the con-ections we applied to the data, and the 
uncertainty associated with the calibration method. This is 
the appropriate uncertainty to consider when comparing the 
measurements presented in this study with optical data 
collected using other measurement methods. We do not 
include uncertainty for the sampling efficiency in any of the 
calculations; this includes aerosol loss in the inlet or sam
pling line which should be insignificant compared to the 
other uncertainties for the submicrometer aerosol fraction. 
2.2.3. Derived Intensive Properties 

[24] The scattering and absorption coefficients were con
verted to the dimensionless intensive optical properties of 
As; Aa, 10, and b as follows: 

As = -log(^VO-™°)/log{450/700)J (2) 

Aa = -log(O*0/ff™0)/log(450/700), (3) 

w = oip/(*Tflp-r-o-J, (4) 

b — o-bsp/ospj (5) 

where w, and b are referenced to 550 nm wavelength and the 
superscripts in (2) and (3) refer to the other wavelengths 
measured by the nephelometer. As was also calculated using 
the 550 and 700 nm pair to facilitate comparison with pre
viously published measurements. Uncertainties in the inten
sive properties are calculated from the uncertainties in the 
extensive properties. The uncertainty is propagated such that 
the uncertainty in intensive property X(y, z), <5X, is given by 

SX = {[(SyndX/dy)}2 + [(6z)*(dX/dz)f}i/2, (6) 

where <5y and &z are the uncertainties in the extensive prop
erties y and z. 

2.3. Compositional Analysis of the PSAP Filters 
[25] After the filters were removed from the PSAP, trace 

element analyses were performed by using reflectance X-ray 
fluorescence (XRF) spectroscopy (S2 Picofox, Bruker Instru
ments). This instrument uses a molybdenum X-ray tube with 
Ni/C multilayer grating to generate a monochromatic X-ray 
excitation beam that is focused on the sample using veiy low 
grazing angle (0.3-0.6 degrees). This allows for total reflec
tion of the beam. The fluorescence spectrum is obtained at a 
90 degree angle from the sample using an XFlash detector 
(Bruker, 10 mm2 area, FWHM: <160 eV @ Mn KQ line). 
The use of reflectance XRF minimizes matrix effects in 
the aerosol samples without extensive sample pretreatment. 
Elements from sodium to uranium are accessible with this 
system with the exception of zirconium, niobium, molyb-

5 of 21 



D20209 FISCHER ET AL.: OPTICAL PROPERTIES OF AGED AEROSOLS D20209 

Table 2. Optical Measurements for Each of the Seven Asian Air 
Masses Observed at MBO in Spring 2008 and Spring 2009a 

crsp 
(Mm"1) (Mm  1) w As Aa _ 

Plume A 
Peak 

17 April 2008 1900 GMT to IS April 2008 1800 GMTb 

33.78 5.67 — — — — 
Average 16.11 2.53 0.862 2.33 1.30 — 
S.D. 8.29 1.33 0.014 0.15 0.11 — 
Prec uncer 0.20 0.06 0.004 0.10 0.08 — 
Tot uncer 0.29 0.23 0.006 0.11 0.13 — 

Plume B 25 Api il 2008 1500 GMT to 28 April 2008 2300 GMT0 

Peak 34.76 4.11 — — _ — 
Average 19.61 2.57 0.889 1.99 1.38 — 
S.D. 5.98 0.75 0.019 0.12 0.08 — 
Piec uncer 0.13 0.16 0.007 0.04 0.04 — 
Tot uncer 0.21 0.17 0.017 0.05 0.09 — 

Plume C 
Peak 

■ 12 May 2008 1000 GMT to 13 May 2008 1200 GMTd 

12.71 1.35 _ _ _ _ _ _ 
Aveiage 9.84 1.17 0.892 2.61 1.41 — 
S.D. 1.73 0.14 0.010 0.07 0.08 _ 
Prec uncer 0.19 0.03 0.013 0.12 0.10 ■ — 

Tot uncer 0.24 0.10 0.019 0.14 0.15 — 

Peak 
Plume D: 

30.80 
17 April 2009 0500 to 0800 GMT" 

4.32 _ _ _ 
Average 24.45 3.43 0.875 1.99 1.18 0.115 
S.D. 5.05 0.64 0,023 0.06 0.02 0.001 
Prec uncer 0.49 0.14 0.005 O.OS 0.13 0.008 
Tot uncer 1.00 0.38 0.013 0.14 0.35 0.010 

Plume E. 
Peak 

18 April 2009 0200 GMT to 19 April 2009 0500 GMTf 

20.11 2.73 _ _ _ _ _ 
Average 10.48 1.57 0.868 2.22 1.27 0.129 
S.D. 4.82 0.66 0.011 0.08 0.05 0.007 
Prec uncer 0.23 0.05 0.005 0.09 0.11 0.012 
Tot uncer 0.34 0.17 0.008 0.13 0.22 0.013 

Peak 
Plume F: 25 Api il 2009 0200 to 

21.33 2.91 — 
2300 GMT1 

Average 17.70 2.27 0.886 2.07 1.09 0.117 
S.D. 2.28 0.37 0.012 0.04 0.10 0.004 
Prec uncer 0.24 0.06 0.003 0.05 0.09 0.006 
Tot uncer 0.41 0.24 0.006 0.08 0.19 0.007 

Plume G 
Peak 

15 May 2009 0500 GMT to 16 May 2009 
14.02 1.23 — — 

1400 GMTU 

Aveiage 9.34 0.92 0.909 1.78 1.28 0.114 
S.D. 1.60 0.16 0.012 0.39 0.26 0.007 
Prec uncer 0.16 0.03 0.003 0.06 0.10 0.008 
Tot uncer 0.21 0.10 0.005 0.08 0.17 0.009 

aData were corrected for the filter spot size, the flow rate and the 
scattering response as described in section 2.2.2. The averages are based 
on hourly data, and the uncertainty pertains to the average. Aerosol scat

tering (trsp) and absorption coefficients (<rap) a r e at STP and lepresent 
submicrometer diy aerosol. The average vahies exclude data from 1100— 
1900 Local Time when the local mixed layer may have been influencing 
MBO. S.D.j standard deviation; Prec uncer, precision uncertainty; Tot 
uncer, total uncertainty. 

bHY SPLIT trajectories and GEOS—Chem suggest a predominantly 
biomass burning source near Lake Baikal. Plume traveled over great 
circle in ~56 days. 

"Satellite images, CAL1PSO and IMPROVE data suggest a mixture of 
dust and smoke, primarily dust. Plume travelled over the gieat circle in 
 7  9 days. 

^Trajectories passed over NE China and Northern Japan 79 days back 
from MBO, then over a region of fires near Lake Baikal ~910 days back 
from MBO. 

eHYSPLiT trajectories pass over Northeastern China and Northern Japan 
~79 days back from MBO. 

fHYSPLIT trajectories initialized 19 April 03000600 UTC pass thiough 
boundary layer in Northeastern China 5 days back from MBO. 

denum, and technetium due to their use in the excitation 
source. 

[26] For the XRF analysis, the PSAP filters were fixed to 
acrylic sampling discs using a thin layer of silicon grease 
(Dow Corning® 7 Release Compound) and placed into a 
sample tray. These discs were inseited into the XRF instru
ment with the sample side facing the Xray excitation beam. 
Blank filters were handled and analyzed in the same manner 
as the samples, and the blank concentration levels were sub
tracted from the sample concentrations. For this analysis, the 
elemental concentrations were determined using argon as an 
internal standard. The quantification was performed auto
matically by the Pico fox Software using the concentration of 
this internal standard, the net pulse number, and the relative 
sensitivity of both argon and the element to be analyzed 
within the measurement spectrum. The detection limits are 
based on the threesigma criterion. 

[27] The composition information derived from the PSAP 
filters was only used qualitatively in our analysis to support 
other sources of information on aerosol composition. Iso
lating the elemental concentrations for the specific plumes 
presented here is not possible because the PSAP filters were 
changed on irregular time intervals. Many filters were col
lected over several day periods, which often included both 
plume and nonplume conditions. The elemental information 
was most useful when filter changes coincided closely with 
plume boundaries, which occurred once on 1718 April 
2008. Unlike for the absoiption measurements, we were not 
able to correct these filter measurements for snow cat con
tamination. However, these filters represent the only in situ 
measurements of aerosol chemical composition, so we have 
chosen to include them here. 

2.4. Description of Backward Trajectories 
[28] We calculated two sets of backward trajectories to 

establish the transport history of the aerosol plumes. The 
first set included 10 day back trajectories initialized each hour 
from the summit of MBO using the Hybrid SingleParticle 
LagrangianIntegrated Trajectory (HYSPLIT4) model (R. R. 
Draxler and G. D. Rolph, 2003, http://www.arl.noaa.gov/ 
ready7hysplit4.html). These 10 day trajectories were calcu
lated using global meteorological data from the GDAS 
(Global Data Assimilation System) archive, which has a time 
resolution of 3 h, a spatial resolution of 1 degree latitude by 
1 degree longitude, and a vertical resolution of 23 pressure 
surfaces between 1000 and 20 hPa. Trajectories were run at 
multiple heights surrounding the summit of MBO as in work 
by Weiss -Pernios et al [2006]. 

[29] The second set of backward HYSPLIT trajectories 
were nm for 3 days using meteorological data from the EDAS 
(Eta Data Assimilation System) archive. The EDAS archive 
grid covers the continental United States after 2004, has a 
horizontal resolution of 40 Ion and a vertical resolution of 
26 pressure surfaces between 1000 and 50 hPa. These tra

Notes to Table 2; 
SHYSPLIT trajectories show air passed through BL in a region of intense 

agricultural fires in southwest Russia  8  1 0 days back from MBO. Plume 
travelled over the great circle. 

hNAAPS indicates the presence of dust over the Pacific Northwest. 
HYSPLIT trajectories show air mass passed through NE China ~10 days 
prior to reaching MBO. 
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jectories were initialized from 1200 m above model ground 
level for each hour of the spring campaign. The trajectories 
were initialized above the ground since both the GDAS and 
the EDAS model define the terrain for the grid box con
taining MBO significantly below the actual altitude of 
Mount Bachelor. Error in HYSPLIT trajectory calculations 
normal to the direction of flow are 10-30% of the distance 
traveled after 24 h [Draxler and Hess, 1998]. 

2.5. Other Supporting Measurement Networks 
and Platforms 

[30] We considered several ground based networks, sat
ellite platforms, and model output as supporting data in our 
analysis of individual aerosol plumes. Supporting data are 
described here, and it was only included in our analysis if it 
coincided with observations at MBO. Thus different data 
sets were explored for each aerosol plume as needed. We do 
not attempt a quantitative comparison with the supporting 
data sets, and they are primarily used as a source of quali
tative information on the chemical composition of the aero
sols observed at MBO. 

[31] IMPROVE monitoring sites are situated in National 
Parks and Class I Wilderness Areas across the United States 
(http://vista.cira.colostate.edu/improve/). Speciated fine aero
sol (<2.5 /nil), PM2.5 mass and PMio mass are measured at 
all IMPROVE sites. Samples are collected every three days 
[Malm et al, 1994]. We used aerosol chemical speciation 
data from the two IMPROVE sites located nearest to MBO 
(Figure 1): Mount flood (45.288°N, 121.7837°W, 1531m amsl) 
and Three Sisters Wilderness Area (44.291°N, 122.0434°W, 
885 m amsl). 

[32] Data from the Cloud-Aerosol Lidar and Infrared Path
finder Satellite Observation (CALIPSO) [Liu et al, 2009] 
were used to corroborate plume height and type when an 
overpass coincided with a period of interest at MBO and an 
aerosol plume was clearly defined in the CALIPSO data 
swath. CALIPSO uses the layer integrated attenuated back-
scatter, the volume depolarization ratio, surface type and 
elevation to determine aerosol type [Omar et al, 2009], The 
six aerosol types (clean continental, clean marine, dust, pol
luted continental, polluted dust, and smoke) are representative 
of aerosol mixtures most frequently observed at AERONET 
sites (AErosol RObotic NETwork, http://aeronet.gsfc.nasa. 
gov/) [Omar et al, 2005], CALIPSO orbits in the "A-Train" 
satellite constellation which includes the Aqua, CloudSat, 
CALIPSO, PARASOL, and the Aura satellite missions. 

[33] The Naval Research Laboratory Aerosol Analysis 
and Prediction System (NAAPS, http://www.nrlmry.navy. 
mil/aerosol/) uses real-time satellite observations to forecast 
the distribution of tropospheric aerosols resulting from bio
mass burning, dust storms, and anthropogenic S02 emis
sions. These forecasts have been archived since 2000 are 
readily available on line. The NAAPS simulations are useful 
because they use operational dynamics, are operated in real 
time, and provide simulations with global coverage. Keep
ing in mind the constraints on the input (satellite estimates 
of smoke and dust), the NAAPS output provides one of the 
only opportunities to continuously identify periods and geo
graphic regions potentially impacted by pollution, biomass 
burning smoke or dust plumes. Similar to several previous 
studies, we used NAAPS forecasts qualitatively to identify 
regions and time periods potentially impacted by upwind 

aerosol source regions [Jaffe et at, 2004; Lapina et al, 2006; 
Morris et at, 2006]. 

3. Results 
3.1. Identification of Asian Pollution Episodes 

[34] Presented here is a general overview of the MBO 
aerosol data, and how the Asian aerosol plumes were iden
tified. Figure 2 presents a time series of hourly averaged 1 jum 
<Tsp and _-ap measured at MBO during spring 2008 and 2009. 
The seven Asian aerosol plumes are highlighted in Figure 2. 
We used the HYSPLIT trajectories calculated using the global 
GDAS meteorological grid to define periods of likely Asian 
influence. In each case, the air mass impacting MBO des
cended during the final 24 h of transport to the site as con
firmed by the HYSPLIT back trajectories calculated using 
the 40 Ian EDAS meteorological grid. Local minimums in 
water vapor (WV) mixing ratio were also observed at MBO 
simultaneous with the peaks in aerosol scattering. The air 
mass may have traveled through the lower troposphere over 
the Pacific en route to North America, but interaction with 
the North American boundary layer was unlikely. There 
were other periods during each measurement campaign 
where the backward trajectories indicated rapid transport 
from East Asia. However, because the aerosol and gas-phase 
(CO, 03 , PAN) observations showed minimal enhancements 
or there was not an aerosol plume distinguishable from the 
relatively low background observations, we chose not to 
focus on these periods. Instead we focused on the seven 
highlighted plumes because they clearly showed an enhanced 
aerosol load, and were often also accompanied by enhance
ments in gas-phase species. Note that the defined plumes 
include many of the highest peaks in aerosol scattering and 
absorption observed at MBO. 

[35] Table 2 presents the aerosol optical measurements 
for each of the Asian air masses based on the hourly aver
aged data. The data in Table 2 exclude data from 1100-1900 
Local Time when the afternoon upslope mountain flow may 
have caused the local mixed layer to reach the summit of 
Mount Bachelor [Reidmiller et at, 2010; Weiss-Penzias et al, 
2006]. This conservative choice reduces the amount of data 
included in the statistics, but it ensures that we do not include 
aerosol with a local source in our analysis. This choice does 
not change the main conclusions of our analysis. 

[36] Of interest in this analysis is (1) whether the intensive 
optical properties differ between these seven Asian plumes, 
(2) whether these differences can be linked to differences 
in chemical composition or source region, and (3) whether 
the intensive optical properties differ from those measured 
during previous campaigns using similar instruments closer 
to the Asian source region. 

3.2. Plume A: 17-18 April 2008 
[37] Elevated trsp, o*ap, CO, 03 , and PAN mixing ratios were 

observed from 17 April 1300 GMT to 18 April 1900 GMT 
(Figure 3a). For example, observed hourly averaged CO at 
MBO reached 195 ppbv; the monthly mean CO for April 
2008 was 138 ppbv. This plume has been described in detail 
by Fischer et al. [2010], and they concluded that it had a 
Siberian biomass burning source. Figure 3 presents a time 
series of the measured and calculated aerosol optical prop
erties for this plume and the other plumes discussed 
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4/15/2008 5/15/2008 6/15/2008 4/1/2009 5/1/2009 
Spring 2008 Date (GMT) Spring 2009 Date (GMT) 

Figure 2. Time series of hourly averaged (top) submicrometer aerosol scattering (_-sp) and (bottom) 
absorption coefficients ((Tap) at 550 nm measured at Mount Bachelor during (left) spring 2008 and (right) 
spring 2009. The gray vertical bars show the time boundaries of the 7 Asian aerosol plumes discussed in 
this paper. 

in sections 3.3-3.8. Biomass burning tracers were also 
enhanced on the PSAP filters during this time (see auxiliary 
material Figure SI) [Echalar et al, 1995; Gaudichet et at, 
1995; Viana etal, 2008]. 

[38] The 10 day HYSPLIT back uajectories indicate that 
transpacific transport was relatively efficient; the plume 
crossed the Pacific Rim in approximately 5 days. Prior to 
reaching MBO, the trajectories passed through a region of 
active fires in southeastern Russia near Lake Baikal and the 
Chinese border. A global chemical transport model (GEOS-
Chem) simulated the timing and magnitude of the observed 
PAN and CO well, and the model supports a Siberian bio
mass burning source for these aerosols [Fischer et al, 
2010]. The air mass containing the aerosol'plume arrived 
at MBO from the northwest under strongly subsiding con
ditions during a period of cold air advection over the Pacific 
Northwest. 

3.3. Plume B: 25-28 April 2008 
[39] Although interpretation of the HYSPLIT back trajec

tories during this period is not s__ightforward, there is strong 
evidence that this aerosol plume was a mix of dust and 
smoke from Asia. Aerosol scattering and absorption began 
to rise at MBO late on 25 April 2008 and remained above 
15 Mm-1 for 48 h (Figure 3b). This was the longest period 
of elevated asp observed at MBO during spring 2008. After 
a 12 h period where crsp was below detection limit, MBO 
intercepted a second plume with similar intensive optical 

properties for 5 h on 28 April 2008. The peak in asp and irap 
was observed at -0400 GMT on 26 April 2008. This hourly 
averaged peak was accompanied by 140 ppbv CO; CO 
reached 171 ppbv later on 26 April, Averaged over the 
duration of this plume, both CO and 0 3 were lower during 
this plume than they were for either of the other Asian 
plumes (A and C) we observed during spring 2008, con
sistent with dust as a main aerosol type [Price et al, 2004]. 
This plume had a low average As, indicating a larger aerosol 
size distribution within the submicrometer portion of the 
aerosol (Table 2). 

[40] Aerosols were also enhanced at lower elevation sur
face sites across WA and OR coincident with the elevated 
asp and <jap at MBO. Figure 4b presents a time series of 
PM2.5 (by nephelometer) observed in Bend, OR (1100 m 
amsl). The Bend data show pronounced daily afternoon 
peaks in aerosol concentration, which support entrainment 
of aerosol into the BL from above. The dashed lines in 
Figure 4b surround the same time period that is displayed in 
the MBO time series presented in Figure 4a (and Figure 3b). 
It is interesting to note the period of elevated PM2.5 centered 
on 18 April coincident with Plume A. Unlike Plume B, 
during Plume A coincident elevated PM2.5 was observed 
only at some stations in OR and not in WA. The scale of 
Plume B, observed at widely separated sites, argues against 
a local aerosol source. 

[4i] Nearby IMPROVE aerosol data provide evidence 
supporting a dust and smoke source; however, the samples 
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Figure 3. Time series of measured and calculated aerosol optical properties at MBO for the seven 
plumes highlighted in Figure 2. The black line is osp at 550 nm and STP, The gray line is _ap at 550 nm 
and STP. Hourly averaged to at 550 mn, As, and Aa are plotted as blue crosses, red circles, and green 
triangles, respectively. All time is in GMT. Note that the <rsp and aap scales vaiy but are always set to an 
8:1 ratio. Therefore overlaying lines indicate w = 8/9 = 0.89. Two plumes are presented in Figure 3d, 
where we have circled the points where there was likely local snowcat contamination. In all subplots, the 
intensive variables were not calculated when either asp or aap were below detection limit. The light gray 
shading indicates local sunset to sunrise. 

were collected over a period of 24 h and may contain some 
aerosol not associated with the Asian plume. Figures 4c 
and 4d present IMPROVE PM2.s speciation data from the 
Three Sisters (THIS) monitoring site (see Figure 1 for loca
tion). Again, the dashed lines in Figures 4c and 4d sur
round the same time period that is displayed in the MBO time 
series presented in Figure 4a. There was one IMPROVE 
sample on 27 April 2008 that is relevant to this discussion, 

but we show the period from 15 March to 15 May for 
context. The THIS sample on 27 April had the highest fine 
(PM2.5) elemental carbon (EC), organic carbon (OC) and 
potassium (K) for this period. Figure 4d presents IMPROVE 
fine soil and sulfate; both of these constituents were also 
elevated on 27 April. A time series for the Mount Hood 
(MOHO) IMPROVE site revealed similar patterns in these 
constituents. We calculated the elemental ratios between the 
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Figure 4. (a) Time series of observed and calculated sub
micrometer aerosol optical properties at MBO for the period 
25 April 2008 0400 GMT to 29 April 2008 0400 GMT 
(Plume B). As in Figure 3, Hourly averaged to at 550 nm, 
As, and Aa are plotted as crosses, circles, and triangles, respec
tively. (b) Time series of PM2.5 observed at Bend, Oregon, for 
the second half of April 2008. (c) Time series of IMPROVE 
fine (PM2.5) organic carbon (OC), PM2.5 mass, and potassium 
(K) for the Three Sisters monitoring site (44.29°N, 122.043°W, 
885 m), and (d) Time series of IMPROVE fine soil and sul
fate for the Three Sisters monitoring site. The dashed lines 
in Figures 4b, 4c, and 4d surround the same time period 
that is displayed in Figure 4a). 

major IMPROVE soil constituents (Fe, Al, Si, Ca, Ti) and K 
for the 27 April samples at the THIS and MOHO sites. A 
least squares linear regression between the THIS and 
MOHO daily elemental ratios yielded a slope of 0.97 and a 
R2 = 0.99, which indicates a common source [DeBell et at, 
2004]. 

[42] The CALISPO classification for Plume B corro
borates the IMPROVE data. There were two relevant 
CALIPSO overpasses that we considered. The first occurred 
on 25 April 2008 and identified a dust layer of aerosol off 
the British Columbia and Washington coast (auxiliary 
material Figure S2). The second CALIPSO overpass 
occurred on 27 April and the swath was almost directly over 
MBO where an aerosol layer near the surface was visible. 
This layer was classified as a mixture of dust (~37%) and 
polluted dust (-63%). 

[43] The 10 day HYSPLIT backward trajectories associ
ated with this time period were difficult to interpret owing 
to a strong low-pressure system situated in the Gulf of 
Alaska. Most of the backward trajectories circled around the 
Gulf of Alaska, never reaching Asia. The 3-day HYSPLIT 
backward trajectories calculated using the EDAS grid show 
rapid descent from the northwest in the 2 days prior to MBO 
for 26 April. These trajectories show a shift to a southern 
approach from within the continental boundary layer on 
April 27, corresponding to the drop in aerosol scattering at 
MBO. Because the 10 day backward trajectories were unreli
able due to the strong cyclone, we used a variety of supporting 
satellite data and model output to establish the long-range 
transport history of the air mass impacting MBO. 

[44] NAAPS images (not shown) indicate elevated surface 
concentrations of smoke and dust in the Lake Baikal and 
Gobi desert regions on 17-18 April. The plume can be seen 
in visible images over this region at this time, and crossing 
the Kamchatka Peninsula 2 days later. A period of elevated 
aerosol load centered on 21 April was observed at the sur
face in Anchorage, Fairbanks, and Juneau, Alaska. Several 
CALIPSO swaths identify a deep (-5 km) layer of aerosol 
over Alaska coincident with these surface measurements. 
It is unclear whether the majority of the plume traveled 
south over the Gulf of Alaska or over interior BC. At least 
a portion of the plume can be seen in MODIS and MISR 
images approaching the Washington and Oregon coast on 
24 and 25 April (auxiliary material Figure S2). On the 
basis of these various data sources, we hypothesize that the 
majority of the plume traveled to MBO over the Pacific Rim 
and not over interior British Columbia. 

3.4. Plume C: 12-13 May 2008 
[45] Here we focus our attention on the last distinct 

Asian aerosol plume observed during the spring 2008 cam
paign. Similar to Plume A, the observed gas-phase species 
in this plume have been described in detail by Fischer et al 
[2010] so only a brief summary will be presented here. Car
bon monoxide, 0 3 and PAN mixing ratios rose throughout 
11 May, with a sharp rise in asp and aap observed on 12 May 
(Figure 3c). The plume ended abruptly 13 May 1200 GMT. 
The hourly averaged CO reached 168 ppbv; the average 
CO mixing ratio observed at MBO during May 2008 was 
127 ppbv. The small standard deviations reported in Table 2 
and Figures 6, 8, and 9 reflect that the extensive and 
intensive aerosol optical properties were very consistent 
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throughout this plume. This plume had the largest average 
As, indicating that this was the smallest size distribution that 
we observed in the Asian plumes. In contrast to the previous 
two plumes we have discussed thus far, this plume took a 
more southerly route straight across the Pacific. Some of 
the 10 day backward trajectories passed through industrial
ized regions of East Asia, while many actually passed north 
of the major industrialized regions of China, and through 
a region of southeastern Russia and northeastern China 
impacted by biomass burning. The source of these aerosols 
was likely a mixture of biomass burning and industrial pol
lution. The plume descended strongly under high pressure 
in the 48 h prior to reaching MBO. 

3.5. Plume D: 17 April 2009 
[46] Plumes D and E were observed veiy close in time, so 

they could have the same source. We decided to consider 
these two plumes separately because the rapid drop in asp at 
~1000 GMT 17 April was not due to local scavenging. It 
was accompanied by a simultaneous drop in CO, PAN and 
0 3 indicating a larger air mass change. 

[47] CO, PAN and asp were elevated throughout the day 
on 16 April. A brief simultaneous 3 h peak in these species 
was observed overnight (auxiliary material Figure S3). 
Coincident WV mixing ratios at MBO were low (~1.5 g/kg). 
Three day backward HYSPLIT trajectories initialized from 
MBO at the time of the maximum asp (not shown) show that 
the ah mass descended from the southwest over the previous 
24 h. The 10 day backward HYSPLIT trajectories suggest 
that the air mass crossed the Pacific Ocean in approximately 
9 days via the Gulf of Alaska. 

3.6. Plume E: 18-19 April 2009 
[48] A 22 h period of elevated asp and agp was observed 

from 18-19 April at MBO. The plume was bounded by 
~20 Mm"1 peaks in asp (Figure 3d) simultaneous with low 
WV mixing ratios. The initial spike in asp (0300 GMT 
18 April) was accompanied by 174 ppbv CO, 70 ppbv 0 3 and 
534 pptv PAN. The backward trajectories initialized from 
MBO at the time of the initial crsp spike (not shown) suggest 
that the air mass left southeast Russia and northeast China 
approximately 7 days before arriving at MBO. Some of the 
trajectories show looping in the Gulf of Alaska. The final 
spike in asp (0400 GMT 19 April 2009) was accompanied 
by 153 ppbv CO, 70 ppbv 0 3 and 465 pptv PAN. The trajec
tories initialized from MBO at the time of the final <rsp spike 
(auxiliary material Figure S4) suggest rapid transpacific 
transport from northeast China approximately 5 days prior. 

[49] There is strong evidence that aerosols with a non-
Asian source were likely also observed during Plume E. 
There was an increase in WV and T accompanied by a drop 
in 0 3 during the local afternoon hours of 18 April, possibly 
indicating the local BL reached the summit. There is a 
con'esponding drop in co during this time as well. Periods of 
likely local snow cat contamination were noted in the raw 
data sporadically during 1200-1300 GMT 18 April, and 
these points are circled in Figure 3d. We do attempt to 
remove all data that are impacted by local snow cat emis
sions, but positively identifying this type of contamination 
can be difficult. These points are plotted in Figure 3d, but 
were not included in Table 2 or in the summary Figures 6-9 
presented in section 4. 

3.7. Plume F: 25 April 2009 
[50] The trajectories suggest that the source of these 

aerosols may have been agricultural fires in western Russia, 
primarily located south of Moscow (auxiliary material 
Figure S5). The aerosols were accompanied by elevated 
PAN and CO, and by veiy low WV mixing ratios (<1 g/kg). 
The trajectories suggest that the plume traveled over the 
great circle to MBO and the transport time from western 
Russia to MBO was 9-10 days. 

3.8. Plume G: 15-16 May 2009 
[51] Figure 3f presents a 36 h period of elevated sub

micrometer aerosols observed at MBO on 15-16 May 2009. 
There is strong evidence that this aerosol plume had a large 
dust component. The 10 day backward trajectories (not 
shown) indicate that the air mass observed during this time 
traveled across the Pacific via the great circle. The air mass 
was lofted out of the Asian boundary layer over eastern 
Mongolia. The travel time from northeastern China to the 
U.S. Pacific Northwest was 7-9 days. High 0 3 (up to 94 ppbv 
hourly average) was observed during the first several hours 
of the plume; PAN and CO mixing ratios were also ele
vated although 0 3 was the most extreme. Auxiliary material 
Figure S6 presents the NAAPS model predicted AOD for 
the region at 1800 GMT 15 April 2009. A wide band of dust 
can be seen impacting the Pacific Northwest and continu
ing further east. CALIPSO passed almost directly over 
MBO at ~1000 GMT 16 April 2009. A band of aerosol, 
which CALIPSO classified as dust, can be seen extending 
from 50°N to 28°S. In the region near MBO, CALIPSO 
indicates the aerosol layer extended from approximately 
1-3.5 km amsl. 

4. Optical Properties of Asian Plumes 
[52] Scatterplots of the relationship between the intensive 

aerosol optical properties are presented in Figure 5. The 
plumes clustered in tenns of their scattering and absorption 
Angstrom exponents, indicating a range of sizes and mate
rials present (Figure 5a). Plumes where mineral dust likely 
made a larger contribution to extinction (Plume B and G) 
had the lowest As, which suggests that the tail of the coarse 
mode aerosol extends below 1 jira. The MBO As distribu
tions during Plume B and G indicate that dust aerosol has a 
detectable influence on the observed submicrometer aerosol 
optical properties. Plume C stands apart from the other 
plumes, exhibiting the highest As; based on backward tra
jectory calculations, this plume had one of the longest travel 
times across Pacific. There is also some evidence that por
tions of this plume descended over the mid-Pacific possibly 
interacting with the marine boundary layer and precipitation. 
Both of these factors suggest activation and scavenging of 
the larger aerosol particles. 

[53] Using a plot analogous to Figure 5a, Clarke et al. 
[2007] showed that biomass burning smoke, pollution and 
dust aerosols observed over North America could be strat
ified by their combined spectral scattering and absoiption 
properties for the total aerosol sample. The optical mea
surements presented by Clarke et al. [2007] were accom
panied by chemical measurements which confirmed the 
source apportioning. A similar analysis was performed by 
Yang et al [2009] on aerosol plumes observed in Beijing, 
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Figure 5. (ac) Scatteiplots of the intensive aerosol optical properties of each Asian air mass. Angstrom 
exponents were calculated using the 450700 nm pair. Backscatter fraction (b) and single scatter albedo 
(w) are at 550 nm. (d) Single scatter albedo versus absoiption. None of these plots include data from 
11001900 Local Time when the local mixed layer may have been influencing MBO. There is strong 
evidence that dust made a large conuibution to the aerosol scattering in plumes B and G, and Siberian 
biomass burning smoke made a large contribution to plume A. 

and again dust plumes were easily identified by lower As 
distributions (mean As = 1.72 for submicrometer aerosols). 
In addition to size differences, dust aerosols can also have 
enhanced absorption at short wavelengths [Patterson, 1981] 
and thus plumes containing mineral dust can have a higher 
total aerosol Aa than plumes primarily composed of biomass 
burning smoke or anthropogenic pollution [Bergstrom et at, 
2007]. Figure 5a suggests that spectral signatures may offer 
a way to differentiate aerosol plumes observed at MBO 
without in situ measurements of chemical composition. We 
hypothesize that this approach would be more useful if it 
was extended from the submicrometer to the full aerosol 
size distribution. 

[54] There was a positive relationship between b and As; 
b was larger for smaller particles (Figure 5b). The spring 
2009 dust plume (G) had the lowest b. Model calculations 
suggest that the scattering phase function of shaip and inegu

larly shaped particles, such as dust, is larger than those of 
spherical particles at forward scattering angles (8 < 10°) and 
smaller at backscattering angles (9 > 150°) [Kalashnikova 
and Sokolik, 2002]. The observations of _ at MBO are 
broadly consistent with these modeling results. 

[55] Hourly averaged w ranged from 0.83 to 0.93 within 
the aged Asian plumes (Figures 5c and 5d). Plume C and 
the plumes hypothesized to contain large amounts of dust 

(B and G) had the highest co values. See auxiliary material 
Table SI for MBO 10 values calculated with several PSAP 
correction schemes. 

[56] There is a relatively large amount of variability in to 
compared to the variability in As. There are several points to 
note when inteipreting Figure 5c: (1) The PSAP has more 
uncertainty than the TSI nephelometer, so we would expect 
more variability in the intensive properties calculated using 
the PSAP absorption measurements. (2) The variability in 
As is somewhat constrained by the imposed 1 fim size cutoff. 
(3) Plumes can be layered, and contain several types of aero

sols with different scattering to absoiption ratios. CALIPSO 
provides strong satellite evidence that plume B contained 
layers of dust and smoke. Yang et al [2009] observed a 
similar standard deviation in their to measurements of pol

luted submicrometer dust. 
[57] Figure 5d is a plot of co versus absolute absorption at 

550 nm. Clarke et al [2007] used a similar plot (Figure 9a) 
along with measurements of the size distribution to show 
that they observed a larger absoiption to scattering ratio for 
smaller particles. Although direct measurements of the 
aerosol size distribution were not made at MBO, the plumes 
with a larger size distribution based on their As distributions 
do exhibit a higher range of co values. This is qualitatively 
consistent with the Clarke et al. [2007] analysis. Following 
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Figure 6. Comparison of single scatter albedo (co) during Asian Origin aerosol plumes measured at 
MBO during spring 2008 and spring 2009 with other data sets. All values are reported at 550 nm. Light 
gray, dark gray, and black bars are 1 standard deviation, the total uncertainty of the average, and the pre
cision uncertainty of the average, respectively. This plot does not include data from 11001900 Local 
Time when the local mixed layer may have been influencing MBO. The classifications for the 
McNaughton [2008] data are presented by McNaughton et al [2009]. Briefly, "LT Mixed" represents 
a mixture of pollution and dust observed in the lower troposphere, and "LT Anthro" represents fine mode 
dominated aerosol observed in the lower troposphere. The PSAP data from McNaughton [2008] were 
collected following the full Virkkula et al. [2005] correction scheme. See auxiliary material Table S1 for 
co values calculated for MBO using this con'ection scheme. 

from the analysis of Clarke et al. [2007] we expect Plume E 
to have a smaller size distribution compared to the other 
plumes. Plume C is possibly inconsistent with the Clarke 
et al. [2007] analysis. Plume C, which likely contains the 
smallest size distribution based on its As, also has a rela
tively high scattering to absoiption ratio. 

[58] Clarke et al. [2007] also observed a horizontal spread 
in absorption for the biomass burning plume they encoun
tered, and they concluded that osp and <7ap scale together 
in biomass burning plumes. A similar pattern is evident in 
plume A, which likely has a Siberian biomass burning source. 
However, we observed a much smaller range of o*ap. 

[59] The optical properties presented here were mea
sured on lowPJI submicrometer aerosol. Differences in 
the observed optical properties reflect variations in aerosol 
composition rather than humidity. To gain information on 
how the optical properties of Asian aerosols change when 
they cross the Pacific, we compare observations of the inten
sive optical properties at MBO with observations closer to 
the Asian coast. The comparison is with literature observa
tions of intensive aerosol properties which were not made 
in the same years as the MBO measurements. Interannual 

variability is a major issue, but our main conclusions appear 
to be robust across different years of measurements made on 
either side of the Pacific Ocean. 

[co] Figures 610 are not intended to be Lagrangian studies 
of the changing optical properties of aerosols within indi
vidual plumes. Scarcity of cloudfree satellite data and the 
difficulty of tracking individual plumes across the Pacific 
prevent this type of approach. Rather, our goal is to iden
tify patterns in how aerosol modification during transport 
changes the average intensive aerosol optical properties. We 
restrict die comparison to data collected using similar instru
ment configurations during spring months. This type of com
parison is inherently difficult, and this type of analysis would 
certainly be served by additional data. 

[6i] Doherty et al. [2005] present a comparison of the 
aerosol optical properties measured from multiple platforms 
during the spring 2001 ACEAsia field campaign [Doherty 
et al, 2005; Huebert et at, 2003]. Scattering and absorption 
were universally measured with TSI integrating nephel
ometers and singlewavelength PSAPs, respectively. We 
compare the observations from MBO with observation of 
Asian outflow made both in the FT [Anderson et al, 2003] 

13 of 21 



D20209 FISCHER ET AL.: OPTICAL PROPERTIES OF AGED AEROSOLS D20209 

e 
c o 
to 
u>, 
3 
£ 
_. A 
_ i « 

1.00-1 

0.95-

0.90-

0.85-

0.80-

0.75-

Asian Plumes Observed at MBO 
" McNaughton [2008} INTEX-B 
A Doherty et al. [2005] and Anderson et al., [2003], ACE-Asia 
-r'f Yang et a!. [2009], EAST-AIRE 
O Anderson and Ogren [1998], Cheeka Peak 

Linear Fit of Asian Plumes Observed at MBO, R! = 0.88 

10 
" 1 
12 

Approximate Transport Age (days) 

Figure 7. Summary plot for single scatter albedo (to) during Asian origin aerosol plumes measured 
at MBO during spring 2008 and spring 2009 with the same data sets presented in Figure 6. Here to is 
plotted as a function of processing time or atmospheric transport age. See text in section 4.1 for a detailed 
description of how transport age was assessed for each data set. Note the positive relationship between 
transport time and to. This relationship also holds for plumes observed at MBO, and the linear fit shown 
here was calculated using only plumes observed at MBO. We remind readers that McNaughton et al 
[2009] used the full Virkkula et al. [2005] correction scheme in processing airborne absoiption mea
surements from INTEX-B. See section 2.2.2 for a discussion of PSAP con-ection schemes. We have pro
cessed our data using several correction schemes (auxiliary material Table SI). When processed using the 
Virkkula et al [2005] scheme, the resulting to values are larger, closer to those reported by McNaughton et al. 
[2009]. 

and within the marine BL [Carrico et al, 2003; Quinn et at, 
2004], The scattering and absorption data collected from the 
cruise are presented by Quinn et al [2004] and were made 
at a constant RH ("-55%), but the data are presented by 
Doherty et at [2005] at low RH (-30%). The observations 
presented by Doherty et al [2005] from the marine 
BL represent several aerosol classes: pollution, mai'ine, dust 
and volcanic [Carrico et al, 2003]. The frill set of aircraft 
observations, presented by Anderson et al. [2003], were 
separately classified by their sources and the relative con
tributions of the fine and coarse modes to aerosol scattering. 

[62] Aerosol light scattering and absoiption were also 
measured more recently near Beijing as part of the EAST-
AIRE (East Asian Study of Tropospheric Aerosols: an Inter
national Regional Experiment) campaign during March 2005 
[Yang et al, 2009]. Yang et al. [2009] segregated the data 
into air masses dominated by dust, biomass burning, "fresh 
chimney plumes," other coal burning pollution, and rela
tively clean background air for Northern China. 

[63] Finally, we also include previous measurements from 
the eastern Pacific region. The first set of observations of o*sp 
and (Tap is from Cheeka Peak [Anderson et al, 1999], a 
coastal low elevation site in northwest Washington that occa
sionally sees Asian plumes. We have included data from this 
site during a period impacted by a plume of Asian origin. 
The second set of observations was from aircraft flights 
during the Photochemical Ozone Budget of the Eastern 
North Pacific Atmosphere (PHOBEA) research campaign 

[Jaffe et al, 2003b]. The most recent aircraft observations 
were made during spring 2006 as part of Phase B of the 
Intercontinental Chemical Transport Experiment (INTEX-B) 
[McNaughton, 2008; McNaughton et al, 2009]. 

[64] Figures 6 through 10 present the intensive aerosol 
optical properties of Asian plumes observed at MBO in the 
context of the other relevant data sets discussed above. As in 
Figure 5, the optical properties presented only represent 
periods when MBO was free from local BL influence. 

[65] On average, the aerosol plumes observed at MBO 
had a higher submicrometer dry co than plumes observed 
closer to the Asian source region (Figure 6). The asp mea
surements by Anderson et al [2003] and Yang et al [2009] 
were both made with a TSI integrating nephelometer so we 
can compare these measurements to those at MBO using the 
precision uncertainty; however, the trap measurements were 
made with a single-wavelength PSAP. The average to value 
reported by Anderson et al. [2003] and that reported for 
MBO in Figure 6 are significantly different if the precision 
uncertainty is considered. 

[66] The choice of collection scheme that is applied to 
the PSAP data will significantly impact the reported to. See 
auxiliary material Table SI and section 2.2.2 for a discus
sion of the corrections schemes applied across the litera
ture to PSAP data. If the MBO data presented in Figure 6 
were corrected following either of the other two correc
tion schemes cited in the literature, the to values would be 
larger and would constitute a larger increase compared to 
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Figure 8. Comparison of the mean scattering Angstrom exponent (As) during Asian Origin aerosol 
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observations closer to the Asian source region. In other 
words, all correction schemes indicate that the submicrometer 
dry co values observed at MBO in Asian plumes are larger 
than those observed closer to the Asian source region, and 
the difference may be larger than inferred from Figure 6. 

[67] Figure 7 presents the same set of data shown in 
Figure 6 as a function of processing time in the atmosphere. 
The horizontal axis presents the approximate times down
wind from sources as aerosols move from Asia across the 
Pacific to North America. Yang et al [2009] did not use 
back trajectories to identify specific emission sources 

because of the density and proximity of sources. We have 
assigned a transport age of 02 days to this data set. The 
Asian outflow measurements from the ACEAsia campaign 
presented by Quinn et al. [2004], Doherty et al [2005], and 
Anderson et al. [2003] were assigned an approximate age 
of 1 to 4 days based on the discussion and back trajectories 
presented in these papers. See Figure 1 of Anderson et al. 
[2003] and Figure 1 of Quinn etal [2004]. The McNaughton 
[2008] data were assigned an approximate age of 611 days 
based on the summary plot for the INTEXB aircraft mea
surements presented by Dunlea et al [2009]. Dunlea et al. 
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Figure 9. (a) Comparison of the absorption Angstrom exponent (Aa) during Asian Origin aerosol 
plumes measured at MBO during spring 2008 and spring 2009 with data from EAST-AIRE. Light gray 
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does not include data from 1100-1900 Local Time when the local mixed layer may have been influencing 
MBO. This work calculated Aa from the 450-700 nm pair, and it represents submicrometer aerosol only, 
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fresh chimney plumes and coal pollution. The project mean was 0.83. (b) Comparison of (Aa) during 
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[2009] present a summaiy figure for sulfate and organic 
aerosol processing as a fiinction of processing time in the 
atmosphere. Asian plumes observed at MBO were assigned 
an approximate age based on the back trajectory calculations 

and supporting satellite images. Figure 7 shows the increase 
of co with processing time in the atmosphere. This rela
tionship appears to hold for the individual plumes observed 
at MBO as well. 
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[6s] The larger average aerosol to at MBO could be the 
result of either the addition of a coating of scattering 
material to the primary aerosols, or the in-transit formation 
of secondary aerosols. The addition of scattering material 
to an absorbing core during transpacific transport would 
increase both scattering and absorption through lensing of 
incident light [Bond and Bergstrom, 2006; Bond et at, 
2006; Fuller et al, 1999]. The lensing effect is limited, but 
the scattering increase is not. The average w at MBO is larger 
than that observed in coal pollution and fresh plumes [Yang 
et at, 2009], but there is a relatively small difference between 
observations of aged Asian aerosol plumes observed at 
MBO and observations off the Asian coast [Anderson et al, 
2003], This suggests that the largest changes of to within 
aerosol plumes likely occur rapidly, on the time scale of 
a day. 

[69] It should be noted that biomass burning plumes were 
not specifically identified by Anderson et al [2003] or 
Quinn et al. [2004] in the ACE-Asia aerosol data. MBO 
plumes A, B and F likely all contain significant amounts of 
biomass burning smoke. The smoke in plumes A and B 
likely originated from a similar region (southeastern Russia) 
and therefore a similar fuel type; this was not the case for 
plume F which originated further west. The optical prop
erties of aerosols from fires also change with particle size 
and black carbon content, both of which are dependent on 
combustion phase [Reid and Hobbs, 1998]. Smoke aerosols 
generally become less absorbing (co increases) over time as 
gases and water vapor condense onto the particles [Haywood 
et al, 2003], but with low-RH sampling at MBO, water is 
less important. 

[70] The MBO As distributions (Figure 8) showed large 
plume-to-plume variability. From Figure 8 we can infer that 
there is a shift in the average aerosol size distribution toward 
mailer particles in the submicrometer distribution at MBO 

compared to the Asian source region. We are referring here 
to the project means highlighted in yellow in Figure 8. Aside 
from Plume C, all the Asian plumes observed at MBO had 
a smaller average As than the North American pollution 
plume observed by Anderson et al [1999] at Clieeka Peak 
(not shown in Figure 8). 

[71] Brock et al [2004] proposed a conceptual model for 
transpacific aerosol transport from Asia that could result in 
dramatic changes to the aerosol size distribution. During 
the first few days of transport downwind of Asia, gas-phase 
organic precursors form secondary organic aerosols (SOA) 
rapidly. This conversion is faster than the S02 conversion 
to sulfate aerosols. Polluted air masses are then lifted out of 
the boundary layer within warm conveyor belts (WCBs) 
which are associated with moisture and clouds [Cooper 
et al, 2004]. The aerosols that have already formed when 
the air mass is lifted out of the boundary layer are washed 
out, while less-soluble gas-phase species (e.g., S02) are not 
entirely removed. The remaining gas-phase species are 
enhanced in SO2, and sulfate forms in larger concentrations 
than SOA during transpacific transport [Brock et al, 2004]. 
This conceptual model is supported by recent observations of 
sulfate and organic aerosol in aged Asian pollution plumes 
encountered by the C-130 aircraft during INTEX-B in spring 
2006 [Dunlea et at, 2009], Dunlea et al. [2009] provided 
evidence for a shift in the sulfate size distribution overtime, 
but did not present the size distribution for the entire aerosol 
population. Their results showed a decrease in average par
ticle size for a plume recently exported from the BL to the 
FT, followed by an increase in particle size with processing 
time during transpacific transport in the FT. 

[72] However, there are a number of studies which appear 
inconsistent with the Brock et al. [2004] model. Observations 
of aerosols in the Northwest Pacific FT in 2001 showed high 
organic aerosol concentrations [Heald et al, 2005], Further 
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downwind, an analysis of surface PM2.s measurements from 
the U.S. IMPROVE network demonstrated that there is sub
stantial loss and removal of sulfate in Asian plumes during 
transit across the Pacific [Jaffe et al, 2005]. Dickerson et al 
[2007] illustrated that dry convection plays an important 
role in the export of pollutants from the Asian continental 
BL to the FT. They show that WCBs are more important in 
cyclonic systems that have moved further east off the coast 
[Dickerson et al, 2007]. These various BL-FT exchange 
mechanisms could be one source of the variability in As we 
observed at MBO. 

[73] Figure 9 indicates that the submicrometer aged Asian 
aerosols observed at MBO showed a strong spectral depen
dence on absorption, and the plume-to-plume variability was 
relatively small (refer to Table 2 for values). It should be 
noted that the Aa distributions presented for EAST-AIRE in 
Figure 9a are not directly comparable to those presented for 
MBO because the EAST-AIRB observations represent all 
aerosol sizes and the multiwavelength absorption measure
ments were made with an aethelometer. However, limited 
relevant measurements of Aa are available for a direct com
parison. See the caption of Figure 9 for details. The range of 
Aa values observed at MBO in aged Asian plumes is rela
tively small compared to reported observations of Aa closer 
to sources [Bergstrom et al, 2007; Yang et al, 2009]. 

[74] Figure lOindicatesthatplumesobservedatMBOhad 
a lower b than plumes observed closer to the Asian conti
nent. Our data are self consistent, smaller particles are 
associated with stronger scattering in the backward hemi
sphere. However, the MBO results are not consistent with 
data collected closer to Asia. Figure 10 is difficult to inter
pret because it shows a decrease in the backscattering ratio 
between plumes observed at MBO and those observed 
closer to Asia. The results presented in Figure 8, and dis
cussed previously in this section, suggest that on average 
there is a shift toward a smaller size distribution. Figure 5b 
confirms the expected inverse relationship between parti
cle size and b. It is possible that the difference in b is driven 
by a change in the average particle shape more than the 
average particle size, and b is not a robust indicator of 
particle size. The mean b for plumes observed at MBO is 
-20% lower than that reported by Anderson et al. [2003] for 
Asian outflow intercepted by the C-130 during spring 2001. 
On the basis of our propagation of uncertainty, these dif
ferences are significant. However, Doheriy et al. [2005] 
showed that we may not fully understand the precision 
uncertainty associated with the backscattering measurement 
in the TSI Model 3563 integrating nephelometer. 

[75] We have compared observations of the intensive 
aerosol optical properties at MBO with those observed 
closer to the Asian source region in an attempt to better 
understand how the optical properties change with aerosol 
age. It should be noted that neither Anderson et al [2003] or 
Quinn et al. [2004] made observations of Siberian biomass 
burning plumes, and there is strong evidence that such plumes 
were a major source of aerosols at MBO during spring 2008. 
Second Asian anthropogenic emissions of aerosols and their 
gas-phase precursors are dynamic, and the interannua! var
iability is not well quantified. In terms of natural aerosol 
emissions, specifically dust, we know there can be large 
interannual variability in the dust source strength and that 
there is an impact on observed fine particulate concentra

tions in the western United States [Fischer et al, 2009]. For 
these reasons, multiple observations in a single plume would 
certainly be a better way to determine how the average 
optical properties of Asian aerosols change as they age. 
However, this type of data is not available at this time. 

5. Conclusions and Recommendations for Future 
Work 

[76] We present observations of aerosol optical proper
ties associated with seven well-defined plumes of Asian 
origin observed at the MBO, When compared to literature 
observations, these measurements show a significant dif
ference between the optical properties of aerosols over the 
western versus eastern Pacific. While we understand some 
aspects of why this is, more data are needed to fully under
stand this. ICey results include the following. 

[77] 1. Plumes of Asian origin included many of the 
highest trsp (34.8 Mm-1 hourly average) and <xap (5.7 Mrrf! 

hourly average) values observed at MBO over the 2008 and 
2009 spring campaigns. 

[7s] 2. Intensive aerosol properties varied from plume to 
plume and within some of the plumes. This indicates that 
even after transpacific transport the aerosols are not neces
sarily well mixed and the plumes can be layered. It also 
reinforces the idea that each plume leaving Asia reflects a 
different mixture of sources. 

[79] 3. The plumes clustered in terms of their optical 
properties. Plumes hypothesized to contain a large fraction 
of mineral dust were the most distinct, characterized by a 
relatively higher scattering Angstrom (As) exponent. 

[so] 4. On average the plume mean As at MBO was larger 
than the project mean As reported for both ACE-Asia aircraft 
aerosol observations and EAST-AIRE surface observations 
near Beijing. This suggests a shift toward smaller particles 
during transpacific transport. The plume-to-plume variability 
in Ag could reflect different sources and/or various BL-FT 
exchange mechanisms. 

[si] 5. The average submicrometer dry aerosol w observed 
in Asian plumes at MBO (0,88 ± 0.01) was slightly larger 
than mean observations closer to the Asian coast. 

[82] 6. The average submicrometer dry aerosol b observed 
in Asian plumes at MBO (0.118 ± 0.006) was -20% smaller 
than mean observations closer to the Asian coast. This rela
tionship is robust based on our current understanding of 
measurement uncertainties, but it is not fully understood. 

[83] We have presented statistics on aerosol optical prop
erties measured over two spring seasons (April-May) at one 
location in the lower free troposphere. Addressing the rep
resentativeness of observations at MBO would be a pro
ductive step toward using these results to address larger 
research questions such as the regional climate forcing 
of Asian aerosols. An obvious next step is to systematically 
connect observations at MBO with concurrent satellite 
observations to determine plume heights and horizontal 
extent. However, of the seven plumes presented here, only 
two (Plumes A and B) were well covered in terms of sat
ellite observations [Thompson et al, 2009] indicating that a 
longer data set is required for this type of analysis. 

[84] Our results suggest a clear path forward for in situ 
aerosol observations at MBO. In addition to extending the 
optical measurements to include both the submicrometer 
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and supermicrometer aerosol fractions, we recommend add
ing measurements of aerosol chemical composition. Addi
tional measurements of the appropriate chemical tracers 
could be used to determine if aged Asian smoke, pollution 
and dust aerosols can be stratified by their combined spec
tral scattering and absorption properties. 

[85] We also need to improve our understanding of the 
relationship between size and b for nonspherical particles 
and particles with various mixing states. The interpretation 
of direct optical measurements of b, like those presented 
here, will continue to be challenging without a clear under
standing of the measurement uncertainty and a better theo
retical understanding. 
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Abstract. The concentrations of peroxyacetyl nitrate (PAN) 
in ambient air can be a good indicator of air quality and the 
effectiveness of control strategies for reducing ozone levels 
in urban areas. As PAN is formed by the oxidation of reactive 
hydrocarbons in the presence of nitrogen dioxide (NO2), it 
is a direct measure of the peroxyacyl radical levels produced 
from reactive organic emissions in the urban air shed. Carbon 
soot, known as black carbon (BC) or elemental carbon (EC), 
is a primary atmospheric aerosol species and is a good indica
tor of the levels of combustion emissions, particularly from 
diesel engines, in major cities. Mexico City is the second 
largest megacity in the world and has long suffered from poor 
air quality. Reported here are atmospheric measurements of 
PAN and BC obtained in Mexico City during the Mexico 
Megacity 2003 field study. These results are compared with 
measurements obtained earlier during the Investigation so-
bre Materia Particulada y Deteriow Atmosferico - Aerosol 
and Visibility Research (IMADA-AVER) campaign in 1997 
to obtain an estimate of the changes in emissions in Mex
ico City and the effectiveness of control strategies adopted 
during that time. Concentrations of PAN in 1997 reached 
a maximum of 34 ppb with an average daily maximum of 
15ppb. The PAN levels recorded in 2003 were quite differ
ent, with an average daily maximum of 3 ppb. This dramatic 
reduction in PAN levels observed in 2003 indicate that reac
tive hydrocarbon emissions have been reduced in the city due 
to controls on olefins in liquefied petroleum gas (LPG) and 
also due to the significant number of newer vehicles with cat
alytic converters that have replaced older higher emission ve
hicles. In contrast, black/elemental carbon levels were simi
lar in 1997 and 2003 indicating little improvement likely due 
to the lack of controls on diesel vehicles in the city. Thus, 

Correspondence to: J. S. Gaffney 
(j sgaffney@ualr.edu) 

while air quality and ozone production have improved, Mex
ico City and other megacities continue to be a major source 
of black caibon aerosols, which can be an important species 
in determining regional radiative balance and climate. 

1 Introduction 

Megacities are large urban and suburban complexes whose 
populations are in the tens of millions of inhabitants (Lynn, 
1999). With the rapid growth of the world's population and 
the continuing industrialization and migration of the pop
ulace towards major urban centers, the numbers of these 
megacities are increasing. Although New York City was the 
only megacity in the world in 1950, they now number 14 and 
their distribution is growing most rapidly in the tropical areas 
of South America and Asia. Today, the largest metropolitan 
complexes are centered at Tokyo, Japan, and Mexico City, 
Mexico (Molina and Molina, 2002a). Within the next 10 to 
15 years it is predicted that there will be more than 30 megac
ities worldwide. 

Megacities have become important global sources of air 
pollutants from the associated mobile and stationary sources 
and the emissions from megacities are leading to regional and 
global increases in many key trace gases as well as primary 
and secondary aerosols. The Mexico City metropolitan area 
(MCMA), which occupies ~1300Ian2 with a population of 
M8M, is one of the largest megacities in the world and is 
well known for its high levels of air pollution and visibility 
reduction (Molina and Molina, 2002b). It has been estimated 
that emissions from the Mexico City basin contribute 15 
Mega-tons of fine aerosol (PM2.5) per year to the surround
ing regions (Gaffney et al., 1999). This fine aerosol is com
posed of approximately 32% organic carbon, 15% elemental 
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carbon, 10% ammonium nitrate and 20% ammonium sulfate 
(Chow et al., 2002). The emissions of sulfate aerosols alone 
from the MCMA are estimated to amount to 1% of the total 
global burden (Barth and Church, 1999). While sulfate is an 
important light scattering aerosol species, black carbon is an 
important light absorbing aerosol species. The aerosol emis
sions from megacities such as Mexico City therefore play 
potentially important roles in regional radiative balance and 
climate (Jacobson, 2002; Gaffney and Marley, 2005). 

Elevated levels of ozone have been known for some time 
in Mexico City (Bravo et al., 1989; MARI, 1994; Streit and 
Guzman, 1996; Fast and Zhong, 1998). Mexico City is lo
cated at an altitude of 7200 ft in an air basin surrounded by 
mountains (Fast and Zhong, 1998; Doran et al., 1998) and at 
a latitude of 19° of North, which implies high levels of in
coming solar radiation all year long. In the past, peak ozone 
levels exceeding 300 ppb were not uncommon, particularly 
during the late dry winter months of February and March 
(The one-hour standard is 0.11 ppm (Molina and Molina, 
2002a)). These very high levels of ozone require high levels 
of reactive hydrocarbons as well as elevated levels of nitro
gen oxide (NO) emissions to produce the coupled OH and 
peroxyradical chemistry that is key to the formation of ur
ban ozone (Finlayson-Pitts and Pitts, 2000). Hydrocarbon 
measurements taken in Mexico City (Blake and Rowland, 
1995) showed that the heavy domestic and commercial use 
of LPG has led to very high levels of butane and propane in 
that megacity's air, exceeding parts-per-million (ppm) of car
bon in many cases. Indeed, LPG was proposed as an impor
tant source of the reactive volatile organic carbon compounds 
(VOCs) propene and butenes, which could account for an ap
preciable portion of the observed urban ozone in Mexico City 
(Blake and Rowland, 1995). Volatile organic carbon samples 
collected before and during a Mexican national holiday with 
reduced automobile traffic clearly showed that mobile emis
sions are equally important as LPG as sources of reactive 
olefins such as the butenes (Gaffney et al., 1999). In addition, 
earlier work suggested that mobile sources contribute 75% of 
the total hydrocarbons to the Mexico City air (Riveras et al., 
1998) and thatN02 was probably the most important contrib
utor to ozone production in Mexico City (Raga et al., 2001a). 

Peroxyacyl nitrates (PANs) are important indicator com
pounds of peroxyradical activity in an urban air shed 
(Finlayson-Pitts and Pitts, 2000; Gaffney et al., 1989). 
Formed by the reaction of peroxyacyl radicals with NO2, 
they exist in equilibrium with the peroxy radical species ac
cording to: 

R C = 0 - 0 2 + N0 2 -» R C = 0 - 0 ~ 0 - N 0 2 (1) 

where R is typically (in order of importance); CH3- (per-
oxyacetyl nitrate, PAN), CH3 CH2- (peroxypropionyl nitrate, 
PPN), and CH3CH2CH2- (peroxybutryl nitrate, PBN) in an 
urban environment. The peroxyacyl radicals are formed from 
the reactive olefins directly or via formation of aldehydes that 
can react with OH to form the peroxyacyl species. While the 
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PANs are thermally labile, the reverse reaction to reform the 
PANs is relatively fast leading to no net loss at elevated tem
peratures in areas of high NO2 concentrations (Finlayson-
Pitts and Pitts, 2000; Gaffney et al., 1989). 

Thus, measurements of the temporal variability of the 
PANs are useful in determining the oxidative reactions in
volved in the formation of ozone as well as other secondary 
air pollutants and aerosol species such as nitric acid and am
monium nitrate as they are a direct measure of the peroxya
cyl radical formation activity. The PANs therefore serve as 
a measure of the peroxy radical concentrations in the atmo
sphere. Since the PANs have low aqueous solubilities, low 
reactivity with OH, and are slow to photolyze, they can lead 
to the transport of NO2 over long distances and can simul
taneously act as a reservoir for NO2 during transport of the 
urban plume. This can have regional scale impacts on ozone, 
nitrate aerosols, and other pollutants associated with megac
ity plumes (Gaffney et al., 1989). 

Carbonaceous particulate matter or "soot" particles are 
produced from the partial combustion of hydrocarbons, par
ticularly from diesel fuels, and are therefore a measure of the 
combustion emissions in an urban area. Although the ele
mental composition of these particles is dominated by car
bon (>90%), soot particles may be regarded as a complex 
organic polymer, rather than an amorphous form of elemen
tal carbon (Andreae and Gelencser, 2006). The absolute 
identification of carbon soot is difficult and the techniques 
commonly used, such as Raman spectroscopy, electron mi
croscopy, and mass spectrometry are impractical for routine 
monitoring of this material. Various measurement methods 
have been developed for the routine quantitation of aerosol 
soot content that make use of some of its characteristic prop
erties. These methods have created operational definitions 
such as "black carbon" or "elemental carbon" depending 
on the key property being measured (Gaffney and Marley, 
2006). The term "black carbon" arises from the use of op
tical attenuation methods and refers to the highly absorbing 
nature of carbon soot aerosols. In contrast, the term "elemen
tal carbon" is used when thermal combustion methods are 
employed for detection and refers to the refractory nature of 
the aerosols at temperatures up to 350-400°C. Comparisons 
between the optical and thermal combustion methods in dif
ferent environments have yielded correlation coefficients of 
0.99 (Hansen andMcMurry, 1990), 0.97 (Allen et al., 1999), 
and 0.94 (Babich et al., 2000) and the various terms used 
to identify combustion derived aerosols are commonly used 
interchangeably. 

Although originally identified as a pollutant and a tracer 
for combustion emissions, caibon soot has more recently 
gained attention as a major light absorbing species with sig
nificant impacts on the radiative balance of the atmosphere 
(Ramanathan et al., 2005). Some model calculations sug
gest that the contribution of carbon soot aerosols to global 
warming may be as much as 0.3-0.4°C, rivaling the contribu
tions from atmospheric methane (Jacobson, 2004; Chung and 
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Seinfeld, 2005). The ultimate climate effects from carbon 
aerosols will depend on their physical and chemical proper
ties, as well as their residence times and distributions in the 
atmosphere (Jacobson, 2001). In order to adequately assess 
the aerosol impacts on global and regional climate, a better 
understanding of black carbon aerosol emission rates and at
mospheric distributions will be essential. 

In an attempt to better understand the Mexico City air 
chemistry with regard to oxidants and aerosols, a compre
hensive collaborative study was carried out during February-
March 1997 that included a wide variety of chemistry, 
aerosol and meteorological measurements (Edgerton et al., 
1999; Doran et al., 1998; Fast and Zhong, 1998). This 
field campaign (TMADA-AVER) was jointly sponsored by 
the U.S. Department of Energy's Office of Biological 
and Environmental Research Atmospheric Science Program 
(DOE/ASP) and Petrleos Mexicanos (PEMEX) through the 
Mexican Petroleum Institute (Instituto Mexicano de Petroleo, 
or IMP). 

As part of IMADA-AVER, measurements of near-surface 
tropospheric PANs were made at the IMP laboratories to de
termine the concentrations and temporal variability of these 
species in the megacity (Gaffney et al., 1999). Levels 
of the PANs were found to approach 40 ppb in the cen
tral metropolitan area. Peroxyacetyl nitrate was the major 
species, although PPN and PBN were also observed in the 
low ppb ranges. These are the highest values of the PANs 
seen in any urban area since 50ppb values were reported for 
PAN in the late 1970s downwind of Los Angeles hi the south 
coast air basin in southern California (Tuazon et al., 1981). 
Volatile organic carbon measurements obtained at IMP dur
ing the same time indicated that automobiles were responsi
ble for much of the reactive hydrocarbons in the atmosphere 
(Gaffney et al., 1999). The meteorological measurements 
demonstrated that the air basin was subject to a strong ad-
vection of the boundary layer in the afternoon leading to a 
clearing out of the pollutants emitted and formed during the 
day. This regional meteorology leads to very little carryover 
of the pollutants in Mexico City from day to day and atmo
spheric chemistry that is dominated by reactions that took 
place typically over a one day period (Gaffney et al., 1999; 
Fast and Zhong, 1998; Doran et al., 1998). The application 
of a simple box model indicated that considerable amounts of 
air pollutants, both oxidants and aerosols, were being trans
ported out of the Mexico City air basin (Gaffney et al., 1999; 
Elliott et al., 1997). 

In April 2003, the DOE/ASP again conducted a field 
study in Mexico City (Mexico Megacity 2003) in collabo
ration with the MCMA 2003 air quality study organized by 
M. J. Molina and L. T. Molina of the Massachusetts Institute 
of Technology. Continuous measurements of the PANs and 
black carbon aerosols were obtained during April 2003 at 
the National Center for Environmental Research and Train
ing (Centro National de Investigation y Capatitation Am
biental, or CENICA), on the Iztapalapa campus of the Uni-
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versidad Autonoma Metropolitana (UAM). Data were col
lected before and during the Easter holiday to assess changes 
in PAN and BC loadings as a function of vehicle traffic lev
els. 

Results are presented here for PAN and BC concentrations 
obtained in Mexico City during the Mexico Megacity 2003 
field study. These results are compared with those obtained 
6 years earlier during the IMADA-AVER study. Changes 
in PAN and carbonaceous aerosol levels are presented as an 
indication of changes hi emission levels during that time and 
the effectiveness of ozone control strategies that have been 
adopted in Mexico City since 1997. The black carbon aerosol 
comparisons are of particular importance in the evaluation 
of the regional impacts of the changing megacity emissions 
of this key absorbing aerosol species and its importance for 
regional climate considerations. 

2 Experimental methods 

Measurements were obtained from February 20 to March 
23, 1997 at Building No. 24 (Refinacion y Petroquimica) of 
the IMP laboratories (Eje Central Lazaro Cardenas No. 152, 
Delegation Gustavo A. Madero, Mexico, Districto Federale). 
This site is located in the north central part of Mexico City 
(19°29' 19.392//N, 99° 08' 50.258" W). The PANs were de
termined using an automated gas chromatograph equipped 
with an electron capture detection system (GC/ECD). This 
system has been described in detail elsewhere (Gaffney et 
al., 1993, 1997, 1998, 1999). A2-cm3 sample was injected 
automatically onto a packed GC carbowax 400 column every 
30min. Data were collected using a recording integrator and 
processed manually for each of 1380 samples. Calibration 
of the instrument for the PANs was accomplished by manual 
injection of standards synthesized by strong acid nitration of 
the corresponding peracids (Gaffney et al., 1984; Gaffney 
and Marley, 2005a). 

Data for ozone and N0 2 concentrations were obtained 
from the IMP monitoring station of the Mexico City ambi
ent air monitoring network (la Red Automatica de Monitoreo 
Atmosferico, or RAMA), operated at that time by the Di
rection General de Prevencin y Control de la Contaminacin 
de la Ciudad de Mexico. Nineteen of the 33 urban RAMA 
stations measure ozone by UV absoiption and nitrogen oxide 
(NO) and total nitrogen oxides (NOx) by chemiluminescence 
among other criteria pollutants, which are reported as hourly 
averages. As the chemiluminescent nitrogen oxides analyzer 
in the NOx mode measures the sum of NO2, NO and PAN 
concentrations, the 1997 NO2 concentrations were estimated 
by subtraction of the NO and PAN concentrations from NOx 
results (N02^NOx-NO-PAN). 

Measurements of the PANs, NO2 and fine aerosol black 
carbon content were obtained from 3 April to 1 May 2003 
on the rooftop of the CENICA laboratory building (19° 
21' 44.541"N, 99° 04' 16.425" W) on the UAM Iztapalapa 
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Fig. 1. (A) Concentration profiles for peroxyacetyl nitrate (PAN) 
measured in Mexico City from 20 February to 23 March 1997 and 
(B) from 3 March to 1 April 2003. 

campus (Calle "Sur 10" No. 230, Colonia La Vicentina, 
Delegation Iztapalapa, Mexico, D.F.). This site is approx
imately 16.1 km (10.0 mi) south-southwest of the site at the 
IMP site that was used in 1997. Measurements of the PANs 
andN02 were obtained by fast gas chromatography with lu-
minol detection. This system has been described in detail 
elsewhere (Marley, et al.5 2004) but will be briefly reviewed 
here. A 2-cm3 sample loop was used to automatically in
ject samples onto a 30-ft. capillary DB-1 column at 1-min 
intervals. Both NO2 and PAN were detected by the chemi-
luminescent reaction with luminol and the intensity of the 
emission at 425 nm was measured with a photon counting 
module. The instrument was controlled by a 1.8-GHz Note
book computer with a Windows 2000 operating system and a 
custom software application programmed in Lab VIEW. The 
instrument was calibrated for NO2 by dilution of a 2.8-ppm 
NO2 tank standard in air with a gas calibrator (Dasibi; Model 
1009-CP) and for the PANs with the synthetic standards de
scribed above. This instrument has been compared with the 
GC/ECD method in previous studies and found to give good 
agreement both in field studies and with synthetic PAN stan
dards (Gaffney et al., 1998,2005a; Marley et al., 2004). 

The black carbon content of fine aerosols was measured by 
using a seven-channel aethalometer (Andersen) with a sam

ple inlet designed to collect aerosols in the 0.1 to 2micron 
size range. The aerosols in the air sample are collected within 
the instrument by continuous filtration through a paper tape 
strip. The optical transmission of the deposited aerosol parti
cles is then measured sequentially at seven wavelengths (370, 
450, 520, 590, 660, 880, and 950 nm). Since black carbon 
is a strongly absorbing aerosol species with an absorption 
coefficient relatively constant over a broad spectral region 
(Marley et al., 2001) the instrument can automatically calcu
late the black carbon content from the transmission measure
ments by assuming black carbon to be the main absorbing 
aerosol species in the samples with a 1A. dependence typical 
of broadband absorbers and a mass specific absorption co
efficient of 16.6m2/g at 880nm (Hansen et al., 1982). The 
instrument is operated by an embedded computer with a dis
play screen and keypad that controls all instrument functions 
and automatically records the data to a built-in 3.5" floppy 
diskette. Data were recorded for each of the seven chan
nels at a two-minute time resolution. In addition, the analog 
output of the 520 nm channel was monitored continuously 
and one minute averages of this channel were recorded sepa
rately. 

Measurements of total PM2.5 mass concentrations were 
also obtained at the CENICA site by a Tapered Element 
Oscillating Microbalance (TEOM, Ruppert & Pastashnick) 
operated at 35°C. This instrument measures the total fine 
aerosol mass concentration by using a vibrating element 
whose frequency is dependent on the particle mass collected 
on a filter located at the end of the element (Hinds, 1999). 
Hourly averages of ozone for this time period were obtained 
from the RAMA station at Cerro de la Estrella (Calzada 
San Lorenzo, Colonia Paraje San Juan, Delegation Izta
palapa, Mexico D.F.). This site (19° 20' 09.184"N, 99° 04' 
28.829" W) is located 3.01cm (1.8 mi) from the main sam
pling site at CENICA, 

3 Results and discussion 

The 30-min concentrations of PAN measured in 1997 are 
shown in Fig. la. The strong diurnal concentration pattern 
observed is evidence of the regional afternoon clearing of the 
pollutants from the MCMA basin (see Fig. 3 for expansion 
of diurnal detail). The PAN concentrations reached a max
imum of 34ppb with an average daily maximum of 15ppb. 
The higher PAN analogs were also observed in 1997. Levels 
of PPN andPBN reached 5 and 1.1 ppb respectively, giving a 
total maximum concentration for all the PANs of 40 ppb, the 
highest reported since measurements taken near Los Angeles 
in the 1970s (Tuazon et al., 1981). Figure lb shows the time 
sequence observed for PAN in Mexico City in 2003. The 
PAN levels recorded in 2003 were quite different, reaching 
a maximum of only 8 ppb early in the study with an average 
daily maximum for the time period of 3 ppb. In addition, nei
ther PPN nor PBN were observed above the detection limit 
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Fig. 2. (A) The ratio of PAN to Ozone daily maximum concentra
tions in Mexico City from 20 February to 23 March 1997 and (B) 
from 3 March to 1 April 2003. 
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Fig. 3. (A) Concentration profiles for ozone, NO2, and PAN, for 
Julian Day 55 and 56, 1977 and (B) for ozone, NO2, PAN, and 
black carbon aerosols for Julian Day 98 and 99,2003. 

of 0.02ppb at any time during the 2003 study period. The 
typical diurnal concentration pattern is evident in the first 14 
days of the study, indicating the same daily meteorological 
patterns observed in 1997 leading to a daily clearing of the 
basin. 

18 April 2003 (Julian day 108) was Good Friday mark

ing the beginning of the holiday period accompanied with a 
decrease in traffic levels and a decrease in mobile and sta

tionary emissions. Average carbon monoxide concentrations 
dropped by a factor of 2 and peak concentrations dropped 
by a factor of 4 from the levels reported on the previous 
Friday. This resulted in even lower PAN levels after that 
day. The average daily maximum before 18 April was 4 ppb 
while the average daily maximum afterwards was 1.7 ppb. 
The IMADAAVER study in 1997 also incoiporated a Mexi

can national holiday (Benito Juarez's Birthday) on 21 March 
(Julian Day 80). The maximum PAN concentration observed 
on that day was 12 ppb. 

The hourly average ozone concentrations reached a max

imum of 242 ppb during the 1997 study period but only 
reached 135 ppb in 2003. The ratio of PAN to ozone daily 
maximum hourly average concentrations is shown in Fig. 2a 
for 1997 and Fig. 2b for 2003. Past measurements of PAN 
and ozone concentration in polluted air masses have yielded 
a ratio of 0.1 (Tuazon et al., 1981; FinlaysonPitts and 

Pitts, 2000; Gaffney et al., 1989). The observed ratio of 
PAN/ozone in 1997 generally agrees with the value of 0.1. 
However, many days exceeded 0.1 and 6 out of the 32 study 
days exceeded a ratio of 0.2. This has been attributed to 
the significant presence of PAN precursors, including higher 
aldehydes and olefins, in the Mexico City air during that time 
and also to the fact than the higher PAN levels act to tie up 
NO2 thus reducing the ozone production rate and the subse

quent atmospheric ozone levels (Gaffney et al, 1999). The 
PAN/ozone values observed in 2003 only reached the value 
of 0.1 the first two days of the study. The PAN/ozone ratios 
after 5 April (Julian Day 95) were significantly below 0.1 
with an average daily value of 0.02 for the rest of the study 
period and an average of 0.03 for the period before the Easter 
holiday. 

As expected, NO2 levels were also lower in 2003 than in 
1997. The maximum NO2 concentrations reached 205 ppb in 
1997 and 137 ppb in 2003. Figure 3a shows the concentra

tion profiles of ozone, NO2, and PAN for two representative 
days in 1997. Figure 3b shows similar concentration pro

files for 2003. Although the overall concentration levels are 
lower in 2003 than in 1997, the concentration profiles ap

pear to follow similar patterns. There is a rapid conversion 
of NO to N0 2 in the Mexico City air in both 1997 and 2003 
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Fig. 4. (A) Elemental carbon content of PM2.5 particulate samples 
collected during the IMADA-AVER study, 1997 (Edgerton et al., 
1999) and (B) black carbon and PM2.5 aerosol concentrations mea
sured during the Mexico Megacity 2003 study. 

as indicated by the fact that NO2 reaches a maximum before 
noon. At this time both ozone and PAN begin to be produced 
with PAN reaching a maximum earlier than ozone. Shortly 
after midday the boundary layer height increases leading in 
a reduction of NO2 atmospheric concentrations. In late af
ternoon PAN levels begin to drop faster than ozone. As this 
rapid decrease in PAN is not likely due to reaction with NO, 
because this would cause ozone to be lost faster than PAN, it 
was proposed in 1997 that this behavior might be due to het
erogeneous loss of PAN on carbonaceous aerosol surfaces 
(Gaffney et al., 1999). It has been shown in laboratory stud
ies that PAN can be lost on contact with soot surfaces at low 
ppb levels during relatively short contact times (Gaffney et 
al., 1998). Figure 3b also includes the black carbon aerosol 
profiles obtained in 2003. The NO2 concentration levels cor
respond well with the black carbon concentrations as both 
black carbon and NO, the NO2 precursor, are produced from 
combustion. The PAN levels in Fig. 3b begin to drop after the 
black carbon concentrations reach their maximum support
ing the suggestion of heterogeneous PAN loss. This same 
loss pattern has also been observed in Santiago, Chile where 
PAN levels have been seen to exceed 20 ppb (Rappengluck 

et al., 1998, 2000). This city has a large diesel bus fleet and 
the black carbon levels are likely to be even higher than those 
observed in Mexico City. 

Daily average PM2.5 concentrations have been reported 
elsewhere for La Merced site during the AMADA-AVER 
campaign in 1997 (Edgerton et al., 1999; Chow et al., 2002). 
These fine aerosol levels ranged from 21-60/xg/m3 in 1997 
with an average of 36 /Ag/m3. The daily average PM2.3 dur
ing the 2003 study ranged from 26-69 jttg/m3 with an average 
of 45 /Mg/w?. This is not a significant difference in fine atmo
spheric aerosols from 1997 to 2003. The samples collected 
in 1997 were also analyzed for elemental carbon content by 
thermal evolution analysis (Chow et al., 1993, 2001). Fig
ure 4a shows the elemental carbon content of the 1997 PM2.5 
aerosol fraction as calculated from the previously reported 
results (Edgerton et al., 1999; Chow et al., 2002). The per
cent elemental carbon in the fine aerosol samples collected 
in 1997 varied from 6-23% with an average during the cam
paign of 15(a=5)%. Figure 4b shows the daily average black 
carbon content of fine aerosols as determined from light ab
sorption and TEOM measurements made in 2003 (Salcedo 
et al., 2006). The daily average percent black carbon in fine 
aerosols measured in 2003 ranged from 5—18% with an av
erage of 10(cr=3)%. This may represent a slight decrease in 
black/elemental carbon aerosol content in 2003, especially 
at higher PM2.5 concentrations. However, the thermal evo
lution method used in 1997 to determine elemental carbon 
may sometimes result in high values if corrections are not 
adequately made for charring of the sample during analysis 
(Chow etal., 2004). 

The decreasing trend in PAN levels observed in Mexico 
City from 1997 to 2003 is similar to that observed in south
ern California where the maximum PAN concentrations have 
steadily decreased from 50-70ppb in the 1960s to 3-10ppb 
in the 1990s (Grosjean, 2003). The PPN concentrations in 
southern California have also decreased from 5-6 ppb in the 
1960s to less than lppb in the 1990s. Peak ozone concen
trations were about 540ppb in 1960 and 210 in 1997 (Gros
jean, 2003; South Coast Air Quality Management District, 
1995; www.aqmd.org). This trend in decreasing atmospheric 
oxidants reflects the increasingly stringent controls on VOC 
and NOx emissions in the state of California. Although the 
trend for both PAN and ozone in southern California is down
ward, the ambient levels of PAN have decreased faster than 
those of ozone yielding a decrease in the PAN/ozone ratio 
from 0.13 in the 1960s to 0.02 in 1997. Since California's 
emission controls have focused on reducing the most reactive 
VOCs thus reducing the overall photochemical reactivity of 
the emissions (Carter, 1994) it has been suggested that this 
may have resulted in a larger reduction of the PAN precur
sors compared to the VOCs that produce ozone but do not 
produce PAN (Grosjean, 2003). 

As the Mexico City and Los Angeles areas have many 
similarities in their air pollution problems including, a high 
density of mobile emissions resulting in similar atmospheric 
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chemistries, the Mexican government utilized a similar ap
proach to improving the air quality in the MCMA as that used 
by the state of California (Molina and Molina, 2002b). This 
included the removal of reactive olefins from LPG (Blake and 
Rowland, 1995; DDF et al., 1996), re-strengthening motor 
vehicle emission standards with limits on the most reactive 
VOCs and the introduction of two-way catalytic converters 
in new vehicles starting with the model year 1991 and three-
way catalytic converters stating with 1993 models (Molina 
and Molina, 2002b). Fuel-based motor vehicle emission in
ventories for Mexico City have subsequently estimated a de
crease in N O x and hydrocarbon emissions of 26% and 39%, 
respectively, from 1998 to 2000 (Schifter et al., 2003,2005). 
Vehicle remote sensing studies made in 2000 showed that 
tailpipe hydrocarbon emissions (measured in pounds of EEC 
per pound of fuel) were lowered to one ninth of those emit
ted by the 1991 fleet (Beaton et al., 1992; CAM/IMP, 2000). 
Atmospheric measurements have also reported a decrease in 
ambient hydrocarbon levels from 1992 to 1996 (Arriaga et 
al., 1997). It is therefore not surprising that results from the 
recent studies in Mexico City should yield results similar to 
those observed in the Los Angeles area with respect to at
mospheric oxidants, particularly the PANs. However, fine at
mospheric aerosols, including black carbon aerosols remain 
a problem in this megacity. This is primarily due to the lack 
of controls on diesel particulate emissions. 

The presence of the highly absorbing black carbon 
aerosols in Mexico City leads to a reduction in solar flux of 
17.6% locally (Raga et al., 2001b). The mass of these absorb
ing aerosols exported from this megacity into the surround
ing region is estimated to be 6000 metric tons per day or 2 
mega-tons per year of black carbon (Gaffney et al., 1999). 
Since freshly formed black carbon aerosols are hydropho
bic, they are expected to be more resistant to washout and 
have longer lifetimes than more hygroscopic aerosols such 
as sulfate and nitrate (Gaffney and Marley, 2005b; Dua et al., 
1999). In addition, since Mexico City is located at an altitude 
of 2.2 km above sea level these aerosols are introduced into 
the atmosphere at altitudes that would be considered to be in 
the free troposphere 300 Ion away and are therefore assumed 
to have longer lifetimes than aerosols released at lower alti
tudes (Raga et a l , 2001b). The Mexico City Metropolitan 
Area is therefore a major source of black carbon aerosols to 
the surrounding regions and the release of these highly ab
sorbing aerosols into the surrounding areas will have an im
pact on the radiative balance and climate on a regional scale. 

4 Conclusions and recommendations 

A comparison of results for PAN in Mexico City in 2003 with 
those obtained in 1997 indicate that the overall reactivity of 
the urban air chemistry has changed consistent with the con
trol strategies that have been put into place in Mexico City, 
i.e., reduction of olefin content in LPG sources and the re-
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placement of motor vehicles with those that employ the use 
of catalytic converters to reduce the reactive VOC emissions. 
Although the levels of PAN are still fairly high for an urban 
center, PAN and ozone levels are gradually dropping in Mex
ico City with similar trends to that observed over a number 
of decades in the Los Angeles air basin (Grosjean, 2003). 

The Mexico City urban air is generally transported down
wind of the city on a daily basis leading to the strong diurnal 
cycles observed for PAN at the urban sites. It is apparent 
that both NOx and reactive VOC emissions in Mexico City, 
although still high, are being reduced. Although the reduc
tion of reactive VOCs in the urban emissions leads to the re
duction of photochemical oxidants in the MCMA basin, the 
lower reactivity of the VOCs will certainly lead to the pro
duction of PANs downwind of Mexico City as the emissions 
are transported out of the area. This may lead to regional im
pacts that were not explored in this study. It is recommended 
that measurements of PANs in the outflow regions should be 
undertaken to evaluate the potential impacts of ozone and 
PAN on ecosystems in the region. 

The results for black carbon aerosol content indicate that 
this pollutant is not being reduced in Mexico City, consistent 
with no control strategies being put into place. It is clear that 
this and other megacities continue to be major sources of this 
key aerosol species on a global scale. As the lifetimes for 
black carbon aerosols are anticipated to be longer than that 
for the more hygroscopic aerosol species, the global impact 
of the emissions from megacities such as Mexico City must 
continue to be evaluated (Gaffney and Marley, 2005b). Con
sidering the importance of black carbon aerosols in radiative 
balance, these major sources of absorbing aerosols cannot be 
ignored if we are to adequately assess their role in climate 
change. 
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Abstract. Data from a recent field campaign in Mexico City 
are used to evaluate the performance of the EPA Federal Ref
erence Method for monitoring the ambient concentrations of 
NO2. Measurements of NO2 from standard chemilumines
cence monitors equipped with molybdenum oxide converters 
are compared with those from Tunable Infrared Laser Differ
ential Absorption Spectroscopy (TILDAS) and Differential 
Optical Absorption Spectroscopy (DOAS) instruments. A 
significant interference in the chemiluminescence measure
ment is shown to account for up to 50% of ambient NO2 con
centration during afternoon hours. As expected, this interfer
ence correlates well with non-NOx reactive nitrogen species 
(NOz) as well as with ambient O3 concentrations, indicat
ing a photochemical source for the interfering species. A 
combination of ambient gas phase nitric acid and alkyl and 
multifunctional alkyl nitrates is deduced to be the primary 
cause of the interference. Observations at four locations at 
vaiying proximities to emission sources indicate that the per
centage contribution of HNO3 to the interference decreases 
with time as the air parcel ages. Alkyl and multifunctional 
alkyl nitrate concentrations are calculated to reach concen-

Correspondence to: E. J. Dunlea 
(edward.dunlea@colorado.edu) 

trations as high as several ppb inside the city, on par with 
the highest values previously observed in other urban loca
tions. Averaged over the MCMA-2003 field campaign, the 
chemiluminescence monitor interference resulted in an av
erage measured NO2 concentration up to 22% greater than 
that from co-located spectroscopic measurements. Thus, this 
interference has the potential to initiate regulatory action in 
areas that are close to non-attainment and may mislead atmo
spheric photochemical models used to assess control strate
gies for photochemical oxidants. 

1 Introduction 

Nitrogen oxides (NOx = sum of nitrogen oxide (NO) and 
nitrogen dioxide (NO2)) are primarily emitted as byprod
ucts of combustion and participate in ozone (O3) formation 
and destruction, thus playing a key role in determining the 
air quality in urban environments (Finlayson-Pitts and Pitts, 
2000). NO2 is designated as one of the United States En
vironmental Protection Agency's (US EPA) "criteria pollu
tants", which also include O3, caibon monoxide (CO), sul
fur dioxide (SO2), airborne lead (Pb) and particulate mat
ter (PM). The US EPA initiates regulatory action if an urban 
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area has criteria pollutant concentrations that exceed a cer
tain threshold (either one hour averaged daily maxima, eight 
hour averaged daily maxima or annually averaged concen
trations), referred to as being in "non-attainment". While no 
counties in the US are currently in non-attainment for NO2, 
the US EPA has recently announced sweeping new regula
tions aimed at reducing NOx levels by 2015 (Environmental 
Protection Agency, 2005). Therefore, accurately measuring 
the concentration of NO2, as mandated under the 1990 Clean 
Air Act Amendments, Section 182 (c)(1) (Demerjian, 2000), 
will become increasingly important. Positive interferences in 
the measurement of NO2 may lead to the false classification 
of an urban area as being in non-attainment. 

In addition to the regulatory purposes of monitoring, am
bient measurements are also used by air quality models 
(AQM) for characterization and prediction of future high 
ozone episodes (Demerjian, 2000) and in validations of satel
lite measurements of NO2 (Ordonez et al, 2006; Schaub et 
al., 2006). Adequate diagnostic testing of AQM's requires 
uncertainties in NO2 measurements of less than ±10% Envi
ronmental Protection Agency, 2001; McClenny et al, 2002). 
There has also been considerable attention paid recently to 
the direct emissions of NO2 from diesel vehicles (Friedeburg 
et al., 2005; Jenkin, 2004a; Jimenez et al, 2000; Latham et 
al, 2001; Pundt et al, 2005) and their resulting health effects 
(Beauchamp et al., 2004). These and other studies that rely 
on the data from monitoring networks, such as recent NO2 
source apportionment (Carslaw and Beevers, 2004, 2005) 
and oxidant partitioning (Jenkin, 2004b) studies, could be 
significantly affected by interferences in the standard meth
ods for NO2 measurement. Satellite measurements of NO2 
are often most sensitive to surface NO2 concentrations; vali
dation of these measurements requires accurate NO2 surface 
measurements. In summary, assuring that NO2 monitors rou
tinely achieve a high level of precision is important for the 
accurate prediction of ah quality and validation of satellite 
measurements. 

Of the various techniques for measuring in situ NO and 
NO2 concentrations, the most prevalent, and the Federal Ref
erence Method as designated by the US EPA, is the chemi
luminescence instrument (CL NOx monitors) (Demerjian, 
2000). This technique has been described in detail elsewhere 
(Fontjin et al, 1970; Ridley and Flowlett, 1974). Briefly, it 
is based on the chemiluminescent reaction of NO with O3 
to form electronically excited NO2, which fluoresces at vis
ible and near infrared wavelengths. The technique is sim
ple and relatively reliable. The detection sensitivity ben
efits from small background signal levels because no light 
source is necessary to initiate the fluorescence. Only an O3-
generating lamp and a modestly cooled photomultiplier (typ
ically ~~4°C) are required; thus CL NOx monitors are rel
atively inexpensive. Calibration involves the sampling of a 
known standard to determine the absolute response of the in
strument; such standards are readily acquired. CL NOx mon
itors typically operate in a mode that alternates between two 
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states: one that measures the concentration of NO by sam
pling ambient air directly, and one that measures the sum of 
NO and NO2 by passing the ambient air stream over a cat
alyst (usually gold or molybdenum oxide, often heated) to 
convert NO2 to NO. The difference of the two values is re
ported as the NO2 concentration. Although instruments are 
available that utilize a flash lamp or laser to convert NO2 to 
NO, this study only examines CL NOx monitors with molyb
denum oxide catalysts, which are the most prevalent type 
(Parrish and Fehsenfeld, 2000). 

In addition to the advantages of CL NOx monitors listed 
above, however, there are known interferences for this stan
dard technique (see several recent reviews (Cavanagh and 
Verkouteren, 2001; Demerjian, 2000; Environmental Pro
tection Agency, 1993; McClenny et al, 2002; Parrish and 
Fehsenfeld, 2000; Sickles, 1992)). The most significant is
sue with standard CL NOx monitors is their inability to di
rectly and specifically detect NO2. It has been well estab
lished that other gas phase nitrogen containing compounds 
are converted by molybdenum oxide catalysts to NO and 
therefore can be reported as NO2 by a standard CL NOx 
monitor (Winer et al, 1974). As stated by the US EPA, 
"chemiluminescence NO/NOx/N02 analyzers will respond 
to other nitrogen containing compounds, such as peroxy
acetyl nitrate (PAN), which might be reduced to NO in the 
thermal converter. Atmospheric concentrations of these po
tential interferences are generally low relative to NO2 and 
valid NO2 measurements may be obtained. In certain ge
ographical areas, where the concentration of these poten
tial interferences is known or suspected to be high relative 
to NO2, the use of an equivalent method for the measure
ment of NO2 is recommended." (Environmental Protec
tion Agency, 2006) Additionally, manufacturers now use this 
same technology to make total reactive nitrogen (NOy) mea
surements. Molybdenum oxide catalysts are known to effi
ciently reduce compounds such as NO2, NO3, HNO3, N2O5, 
CH3ONO2, CH3CH2ONO2, n-C3H7ON02, n-C4H9ON02, 
and CH3CHONO and to a lesser extent also reduce HO2NO2, 
HONO, RO2NO2, NH3 and particulate phase nitrate. These 
catalysts do not efficiently reduce N2O, HCN, CH3CN or 
CH3NO2 at typical operating converter temperatures lower 
than 400°C (Fehsenfeld et al, 1987; Williams et al, 1998). 
To emphasize this point, consider that the only difference be
tween CL NOx and NOy monitors is the position of the cat
alyst: in a CL NOv monitor, the catalyst is placed veiy close 
to the front of sampling inlet so as to convert all NOy species, 
whereas in a CL NOx monitor, the catalyst is placed after a 
particulate filter and just before the detection chamber, allow
ing the conversion and detection as "NO2" of any gas phase 
nitrogen containing compounds not removed by passive loss 
on sutfaces upstream of the converter. 

Other more specific NO2 detection techniques have been 
developed, including a photolysis technique to specifically 
convert NO2 to NO that avoids using a metal catalyst while 
still employing the chemiluminescence reaction (Kley and 
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McFarland, 1980), an LIF technique (Thornton et al, 2000; 
Thornton et al, 2003), a fast gas chromatography luminol 
chemiluminescence detection (Marley et al, 2004), Differen
tial Optical Absorption Spectroscopy (DOAS) (Piatt, 1994; 
Piatt and Pemer, 1980), cavity ring down (Osthoff et al , 
2006) and a Tunable Infrared Laser Differential Absorption 
Spectroscopy (TILDAS) technique (Li et al, 2004) (also de
scribed below). Several recent reviews provide a more com
plete description of these and other NO2 measurement tech
niques (Demerjian, 2000; McClenny et al, 2002; Parrish 
and Fehsenfeld, 2000). Although several of these instru
ments have been shown to perform well in intercomparisons 
(Fehsenfeld et al, 1990; Gregoiy et al, 1990; Osthoff et al , 
2006; Thornton et al, 2003), the majority of these techniques 
are, at this time, research grade instruments unsuitable for 
use in routine monitoring. A newer technique, Cavity At
tenuated Phase Shift (CAPS) spectroscopy, has shown the 
potential to provide accurate spectroscopic measurements of 
NO2 (0.3 ppb detection limit in <10s) at a reasonable cost 
(Kebabian et al, 2005), but it is still in the development 
phase. Even if these other techniques gain prevalence in the 
coming years, the current widespread use of CL NOx mon
itors makes understanding and quantifying interferences to 
this technique critical Recent field studies have begun to 
quantify the magnitude of interferences to this technique, for 
example (Li et al , 2004) have shown a consistent positive 
measurement bias from CL NOx monitors relative to an ab
solute TILDAS measurement of NO2. Additionally, Stein-
bacher et al. (2007) have shown a persistent bias in CL NOx 
monitors with molybdenum oxide converters over a time pe
riod of more than 10 years at rural locations in Switzerland. 
However, our study is one of the first field intercomparisons 
to directly quantify this interference and characterize the spe
cific compounds responsible for it. 

Our study uses data from the recent Mexico City 
Metropolitan Area (MCMA) field campaign during April of 
2003 (MCMA-2003), which featured a comprehensive suite 
of both gas and particle phase instrumentation from numer
ous international laboratories, including multiple measure
ments of NO2 (Molina et al, 2007). Here, we utilize this 
unique data set to evaluate the performance of standard CL 
NOx monitors in a heavily polluted urban atmosphere, ex
amine possible interferences and make recommendations for 
monitoring networks in general Data from an exploratory 
field mission in the MCMA during February of 2002 are 
also presented. The meteorology during these campaigns 
has been discussed in detail elsewhere (de Foy et al , 2005; 
Molina et al , 2007). 

2 Measurements 

A major part of the MCMA-2002 and 2003 campaigns was 
the deployment of the Aerodyne Research, Inc. Mobile Lab
oratory (ARI Mobile Lab), a van equipped with a compre-
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hensive suite of research grade gas and particle phase instru
mentation (Herndon et al, 2005a; Kolb et al, 2004). The 
ARI Mobile Lab had two modes of operation during the cam
paigns: mobile and stationary. In mobile mode, the main ob
jectives were either sampling of on-road vehicle exhaust or 
mapping of emission sources. In stationaiy mode, the ARI 
Mobile Lab was parked a chosen site, typically making mea
surements for several days in a row. Stationary mode data 
in this study will be presented from four sites from the 2002 
and 2003 field campaigns, which are described in detail else
where (Dunlea et al, 2006); briefly they are (1) CENICA 
(Centro Nacional de Investigacion y Capacitacion Ambien
tal) - the "supersite" for the MCMA-2003 campaign located 
on a university campus to the south of the city center, which 
receives a mix of fresh pollution from area traffic corridors 
and aged pollution from more downtown locations, (2) La 
Merced - a downtown location near an open market and a 
large traffic corridor, (3) Pedregal - an affluent residential 
neighborhood downwind of the city center, and (4) Santa Ana 
- a boundaiy site outside of the city, which receives mostly 
aged urban air during the day and rural air overnight. 

The instruments on board the ARI Mobile Lab most rel
evant to this study were a TILDAS NO2 instrument and 
a standard CL NOx monitor. The TILDAS technique for 
measuring NO2 has been described in detail elsewhere (Li 
et al, 2004) and only a brief description is presented here. 
TILDAS is a tunable infrared laser differential absorption 
measurement that employs a low volume, long path length 
astigmatic Herriott multipass absorption cell (McManus et 
al , 1995) with liquid nitrogen cooled laser infrared diodes 
and detectors. The laser line width is small compared to 
the width of the absorption feature and the laser frequency 
position is rapidly swept over an entire absorption feature 
of the molecule to be detected, NO2 in this case. Accu
rate line strengths, positions and broadening coefficients are 
taken from the HITRAN data base (Rothman et al, 2003). 
Reference cells containing the gas of interest are used to lock 
the laser frequency position. Of the species in the HITRAN 
database in the NO2 \>2 wavelength region (1600 cm"1), the 
next strongest absorber (CH4) has nearby absorption lines 
which are six orders of magnitude weaker than the NO2 lines 
used in these measurements. Additionally, the CH4 lines are 
frequency shifted away from the main NO2 features and this 
is resolved with the typical linewidth of the lead salt diode 
lasers used. Therefore, the measmements of NO2 by tun
able diode laser spectroscopy are believed to be interference-
free. The mode purity of the diode was verified by mea
suring 'black' NO2 lines in a reference cell along another 
optical path present in the instrument. The absolute accu
racy of the concentrations measured by TILDAS is largely 
determined by how well the line strengths are known. For 
the absorption lines used in the two instrument channels, 
measuring NO and NO2 respectively, the presently accepted 
band strengths are known to within 6% for NO and 4% for 
N0 2 (Smith et al, 1985). It is important to note that this 
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technique is an absolute concentration measurement, which 
does not require a calibration, and thus served as the bench
mark against which to compare other NO2 measurements. In 
general, calibrations in the field do greatly improve the con
fidence in the measurement and assist in evaluating the over
all performance of the instrument. Though field calibrations 
have become routine now, via permeation sources and gas 
cylinders on the Mobile Lab platform, they were not done 
during the MCMA-2003 field campaign. On the particular 
instrument that did go to MCMA-2003, however, the second 
channel of the instrument was used to measure HCHO (Gar
cia et al, 2006; Herndon et al, 2005b); calibrations for this 
species demonstrated the pathlength was correct, and labo
ratory measurements of the pathlength using a pulsed light 
source indicate the cell was correctly aligned. Fortunately, 
for NO2 measurements, the spectroscopy (and potential other 
absorbers) near 1600 cm"1 is fairly well understood by virtue 
of being used so commonly. 

Standard CL NOx monitors have been described above and 
here we briefly describe the calibrations performed during 
the MCMA-2003 campaign. The standard calibration pro
cedure involves zeroing the monitors while measuring NOx-
ffee air and then adding several specified amounts of NO to 
the instrument covering the desired operating range. The CL 
NOx monitor on board the ARI Mobile lab was calibrated six 
times during die campaign, utilizing several different stan
dardized mixtures of NO in nitrogen and NO/CO/SO2 in 
nitrogen and resulting in no greater than an 8% deviation. 
Early in the campaign, technicians from RAMA, Red Au-
tomatica de Monitoreo Ambiental (RAMA, 2005), calibrated 
both the CL NOx monitor on board the Mobile Lab and the 
one on the CENICA rooftop during the same afternoon for 
consistency. RAMA operates 32 monitoring sites around the 
MCMA, many of which are equipped with standard CL NOx 
monitors, all of which are calibrated via this same method. 
The RAMA network has been audited by the US EPA (Envi
ronmental Protection Agency, 2003), and was concluded to 
be "accurate and well-implemented". 

For the discussion below, it is important to establish that 
ambient concentrations of O3 do not interfere with measured 
NO2 concentrations from a CL NOx monitor. O3 levels 
within the detection chamber of these CL NOx monitors are 
three orders of magnitude higher than ambient levels (Shiv
ers, personal communication, 2004); thus ambient O3 levels 
will not significantly influence the detection of NO in the CL 
NOx monitors. The difference in residence time in the sam
pling lines to the CL NOx monitor compared to the TILDAS 
instrument was small enough (<3 s) to preclude the reaction 
of ambient NO with ambient O3 from contributing signifi
cantly to the measured differences in NO2 concentrations. 

For this study, measurements from the ARI Mobile Lab 
are used in conjunction with measurements from instruments 
at the various stationary sites. The instrumentation at the 
CENICA site included two long-path DOAS (LP-DOAS) in
struments (Piatt, 1994; Piatt and Perner, 1980; Volkamer et 

Atmos. Chem. Phys., 7,2691-2704,2007 

al., 1998) which measured NO2 amongst a suite of other 
compounds. The detection limits for NO2 were 0.80 and 
0,45ppb for DOAS-1 and DOAS-2 respectively. The La 
Merced site also included side-by-side open path Fourier 
transform infrared (FTIR) and DOAS instruments (Grut-
ter, 2003). Both instruments measured numerous gas-phase 
compounds, but only data from the FTIR measurement of 
nitric acid (HNO3; detection limit of 4 ppb) and from the 
DOAS measurement of NO2 (detection limit of 3 ppb) are 
shown here. See companion paper (Dunlea et al , 2006) for 
more details on these stationary sites, including information 
about the inlets used for various measurement locations. 

Additional measurements are presented here from Aero
dyne Aerosol Mass Spectrometers (AMSs) (Jayne et al , 
2000) that were on board the ARI Mobile lab and on the 
roof of the CENICA building. The AMS measures the size-
resolved chemical composition of the non-refractory com
ponent of ambient particles smaller than 1.0/xm, including 
particulate phase nitrate (pNOJ). 

3 Results and discussions 

3.1 Observation of interference 

Simultaneous measurements of NO2 on board the ARI Mo
bile Lab by the CL NOx monitor and the TILDAS instrument 
revealed a recurring discrepancy where the CL NOx monitor 
reported a higher NO2 concentration than the TILDAS in
strument. We consider the TILDAS measurement to be an 
absolute concentration measurement and thus this discrep
ancy is concluded to be an interference in the CL monitor. 
We define this "CL NOx monitor interference" as the CL 
NOx monitor NO2 measurement minus a co-located spectro
scopic NO2 measurement. 

CLNOx monitor interference^ 
[NO2] (CLmonitor)—[NO2] (spectroscopic) (1) 

Figure 1 shows the CL NOx monitor interference as ob
served during specific periods in both the 2002 and 2003 field 
campaigns. The periods in Fig. 1 are typical of the observa
tions during both campaigns. The CL NOx monitor interfer
ence was observed to occur daily, peaking in the afternoons 
during periods when ambient O3 levels were highest. The 
CL NOx monitor interference accounted for as much as 50% 
of the total NO2 concentration reported by the CL NOx mon
itor (30 ppb out of a reported 60 ppb for the 2002 campaign 
and 50ppb out of lOOppb for the 2003 campaign). The in
terference was observed at all fixed site locations visited by 
the ARI Mobile Lab, but was more readily detectable at the 
urban sites than the Santa Ana boundary site, owing simply 
to the lower overall NO2 levels at the boundary site. Addi
tionally, this CL NOx monitor interference was present when 
comparing DOAS long path measurements of NO2 to CL 
NOx monitors at both the CENICA and La Merced sites. For 
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these sites, the CL NOx monitor interference was more vari

able in time owing to the loss of spatial coherence when com

paring a long path measurement with a point sampling data 
for a reactive species (for further discussion of open path ver

sus point sampling comparison, see Dunlea et al. (2006) and 
San Martini et al. (2006a)). 

The observation of such large CL NOx monitor interfer

ence levels directly contradicts previous conclusions that this 
will only be an issue at rural or remote locations (Jenkin, 
2004b). In summary, the CL NOx monitor interference was 
observed to occur regularly and to roughly correlate with the 
ambient O3 concentration; the subsequent section will ex

plore the cause of this interference in more detail 

3.2 Examination of possible sources of interference 

Potential sources for the interference in the chemilumines

cence NO2 measurement using the available data from the 
MCMA 2003 campaign are explored: (1) some portion of 
the nonNOx fraction of reactive nitrogen (NOz) and (2) gas 
phase olefinic hydrocarbons or gas phase ammonia. 

3.2.1 The NonNOx Fraction of Reactive Nitrogen (NOz) 

It has been long established that molybdenum converters 
within standard CL NOx monitors have a potential interfer

ence in the NO2 measurement due to gas phase reactive ni

trogen compounds (Demerjian, 2000; Environmental Protec

tion Agency, 2006; Parrish and Fehsenfeld, 2000). The ARI 
Mobile Lab as configured for the MCMA2003 campaign in

cluded a total NOy instrument (TECO 49C), which measures 
both NOy and NO using the chemiluminescence technique, 
but configured differently than a standard CL NOx monitor 
so as to purposely exploit the molybdenum converter's abil

ity to detect more gas phase reactive nitrogen species. From 
the CL NOy monitor NOy and NO measurements, along with 
the TILDAS NO2 measurement, we calculated the nonNOx 
fraction of NOy, referred to as NOz. Table 1 lists the results 
of linear leastsquares fits of the correlation plots of the CL 
NOx monitor interference versus NOz at the various loca

tions visited by the ARI Mobile Lab. The CL NOx monitor 
interference level varied linearly with the NOz concentration, 
and was smaller in magnitude, indicating that some portion 
of NOz was responsible for the interference. Fair to good 
correlation (R2=0.320.79) was observed at all sites visited 
by the ARI Mobile Lab, with ratios of the CL NOx monitor 
interference to NO2=(0.440.66). Thus, the obvious and ex

pected conclusion is that some reactive nitrogen compound 
or compounds are the cause of the observed CL NOx moni

tor interference. 

This type of comparison has a number of inherent limita

tions. Negative values for the CL NOx monitor interference 
are often recorded because this calculated value is the sub

traction of two measurements. In general, more variance in 
this subtracted quantity is expected when an open path spec
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Fig. 1. (a) Time series of NO2 measurements by standard CL NOx 
monitor and TILDAS spectroscopic instruments on board ARI Mo
bile Lab at the Pedregal fixed monitoring site during 2002 campaign 
for a specific period highlighting when the chemiluminescence in
strument showed an interference, (b) Time series for oneminute 
averaged measurements made on board ARI Mobile Lab at the Pe
dregal fixed monitoring site during MCMA2003 field campaign for 
a specific period. The CL NOx monitor interference is plotted on its 
own axis in this figure to show the correlation in time with ambient 
O3 levels, which indicates a photochemical source of the interfering 
compound(s). 

troscopic measurement is subtracted from a point sampling 
CL NOx monitor measurement, limiting the achievable R2 

values for these correlation plots. We also note here that the 
onset of the daily rise of the CL NOx monitor at CENICA is 
delayed relative to the other three sites by ~2 h: from 10 AM 
onset elsewhere to 12 PM onset at CENICA. CENICA also 
experiences the highest percentage of negative CL NOx mon

itor interference measurements indicating that the open path 
DOAS light paths may be influenced by NOx sources, such 
as roadways underneath the light paths, which do not advect 
to the CENICA rooftop sampling location. San Martini et 
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Table 1. Slopes of linear least squares fit of correlation plots of observed CL NOx monitor interference versus other measured species at 
series of locations. R2 values for fits are given in parentheses. All concentrations for correlation plots are 15 min averages and are reported 
in ppb or equivalent ppb. Maxima, minima, and averages for slopes are listed. Abbreviations: NA = measurement data Not Available at 
particular location, ID = Insufficient Data available at particular location, ML = data from ARI Mobile Lab in stationary mode, Roof = long 
path instruments at fixed site locations. Stationary sites are: STA = Santa Ana, PED = Pedregal, MER = La Merced and CEN = CENICA 
headquarters; see text for description. NOz, O3 and HNO3 are highlighted as showing the best correlations. 

Species Correlated with CL ML STA ML PED ML MER ML CEN Roof CEN Roof MER Min Max Avg 
NOx Monitor Interference 

PTRMS Olefin Proxy m/z 71 1.19(0.05) -1.56(0.03) -0.86 (0.03) ID NA NA - i .56 1.19 -0.41 
PTRMS Olefin Proxy m/z 43 0.36 (0.12) -0.2 (0.01) -0.15(0.06) ID NA NA -0.2 0.36 0.00 
FIS Monitor Total Olefins NA NA NA -0.13(0.04) -0.15 (0.32) NA -0.15 -0.13 -0.14 
NH3 -0.03 (0.03) 0.34 (0.04) -0.06 (0.17) 0.14 -0.05 (0.01) 0.49 (0.01) -0.06 0.49 0.14 
PAN NA NA NA ID 4.07 (0.09) NA 4.07 
AMS Particulate Nitrate 2.44(0.15) 1.74(0.12) -0.44(0.01) 1.68(0.01) 0.28 (0.01) NA -0.44 2.44 1.14 
NOz 0.54 (0.65) 0.66 (0.79) 0.44 (0.32) 0.49 (0.35) NA NA 0.44 0.66 0.53 
o3 0.06 (0.30) 0.09 (0.54) 0.09 (0.19) ID 0.11 (0.21) 0.15 (0.21) 0.06 0.19 0.10 
HNO3 NA NA NA NA NA 1.83 (0.44) 1.83 

al. (2006b) have discussed the limitations of this NO z mea
surement in more detail. 

As shown in Figs. 1 and 3, the CL NOx monitor inter
ference peaked in magnitude during the afternoons, corre
sponding to peaks in the ambient O3 concentration. The 
CL NOx monitor interference shows a fair correlation with 
the co-located measured O3 concentration at all locations 
(S2=0.19-0.54); see Fig. 2 and Table 1. The magnitude of 
the CL NO x monitor interference concentration was approx
imately 10% of the ambient O3 concentration. We have es
tablished above that ambient O3 does not represent an inter
ference to the NO2 measurement; this is further corroborated 
by the poor correlation of the measured CL NO x monitor 
interference with the product of ambient concentrations of 
[NO]*[03] (regression tf2=0.03). Thus, we conclude that 
the CL NO x monitor interference was primarily due to re
active nitrogen species that are produced photochemically 
along with O3. 

We now examine the individual species that make up 
NO z in order to determine the most likely contributors to 
the CL NO x monitor interference. We start by removing 
from consideration those reactive nitrogen species which 
are not converted by the molybdenum oxide catalyst, e.g., 
amines (Winer et al., 1974), or whose concentrations do not 
peak during the afternoon, specifically nitrous acid (HONO), 
other organic nitrites, the nitrate radical (NO3) and N2O5. 
HONO was measured directly by the DOAS instrument at 
the CENICA supersite and observed to have its highest con
centrations during the morning. Other organic nitrites are 
unlikely to have concentrations that approach ppb levels and 
will have photolytic loss rates that maximize in the afternoon, 
making it very unlikely that they could contribute signifi
cantly to the observed CL NO x monitor interferences. Lastly, 
measured concentrations ofN03 andNjOs are observed al
most exclusively at night, excluding them from possible con

tribution to the observed daytime interference. Thus, our 
most likely candidates are (a) particulate nitrate, (b) peroxy
acetyl nitrate and other peroxyacyl nitrates, (c) nitric acid (d) 
alkyl and multifunctional alkyl nitrates and (e) a combination 
of more than one of these species. 

(a) Particulate phase nitrate (pNO^~) may be converted by 
the CL NO x monitor and reported as NO2 if sufficiently par
ticles penetrate the particulate filter on the CL NOx monitor 
to reach the molybdenum oxide converter. The particulate 
filter on a CL NOx monitor typically filters out particles with 
diameters larger than 200 nm. Measurements from MCMA-
2003 with two AMS instruments reveal that only a small frac
tion of the particle mass was found to be contained in parti
cles with diameters <200 nm (Salcedo et al., 2006). Thus, of 
the measured levels of submicron pNO^~, only a small frac
tion would be expected to enter a CL NO x monitor result
ing in a potential interference. Additionally, the dissociation 
of particulate NH4NO3 to gas phase HNO3 from either the 
filter or surfaces within the instrument and/or sampling line 
could contribute to this interference. None of the inlets for 
the NO2 instruments listed in the experiment section were 
heated, such that this effect is likely to have been minimal. 
Thus, we do not expect pNO^" do contribute significantly to 
the CL NO x monitor interference. 

This is confirmed by comparing the diurnal profiles of 
pNOJ and the CL NOx monitor interference (Fig. 3); con
centrations of submicron pNOJ" (as converted to its equiva
lent gas phase concentration) were significantly smaller than 
the CL NO x monitor interference and peaked a few hours 
before the maximum in the CL NO x monitor interference. 
Table 1 reports only a weak correlation (R2<0.15) of the CL 
NO x monitor interference with the measured ambient sub
micron pNO^ levels for all sites. Overall, it is clear that 
pNOJ* does not contribute significantly to the observed CL 
NO x monitor interference in Mexico City. 
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Fig. 2. Linear regression plots for the CL NOx monitor interference 
plotted versus (a) gas phase olefins (CENICA), (b) gas phase NH3 
(Santa Ana), (c) gas phase O3 (Pedregal), (d) NOz (Pedregal), (e) 
gas phase PAN (CENICA), (1) particulate nitrate (La Merced), and 
(g) gas phase HNO3 (La Merced). See text for description of mea

surements. Results of the linear regressions are listed in Table 1. 

(b) Peroxyacetyl nitrate (PAN) is often found in large 
quantities in urban atmospheres and concentrations >30 ppb 
have been observed in the past in Mexico City (Gaffney 
et al., 1999) The MCMA2003 field campaign included a 
PAN measurement at the CENICA supersite (Marley et al., 
2007) reveling much lower PAN concentrations (maximum 
<15 ppb) that peak in midmorning (Fig. 3b); this does not 
match the diurnal pattern of the CL NO x monitor interfer

ence. The results of the correlation plots of the CLNO x mon

itor interference versus the measured PAN concentrations on 
the CENICA rooftop show an tf2=0.09. Modeling studies 
of the outflow of pollution from Mexico City (Madromch, 
2006) and more recent measurements downwind of the city 
(Farmer, D. K., Wooldridge, P. J., and Cohen, R. C , per

sonal communication, 2006) show that peroxyacyl nitrate 
compounds can account for a significant fraction of the NO z 

budget in the outflow from Mexico City. Although PAN is 
known to be converted to NO2 on heated surfaces, and as 

such, PAN may contribute more significantly to this interfer

ence in other locations that experience higher PAN concen

trations, we conclude that PAN does not contribute signifi

cantly to the observed CL NO x monitor interference in this 
study because of its low ambient concentrations. 

(c) Nitric acid (HNO3) is photochemically produced 
within urban atmospheres and has been observed in signifi

cant concentrations in Mexico City (Moya et al., 2004). Pro

duction of HNO3 is generally on the same time scale as pro

duction of O3, since both involve the formation of NO2. O3 
is formed when NO2 photolyzes via a two step process: 

N 0 2 + / i u  > N O + 0 

0 + 0 2 + M ^ 0 3 + M 

(2) 

(3) 

(where M represents a third body colliding molecule, pie

sumably N2 or O2). HNO3 is formed from the association 
reaction of OH with NO2 

N 0 2 + OH + M + HNO3 + M (4) 

The measured concentrations of NO2 and OH dur

ing MCMA2003 (Volkamer et al., 2005) indicate that 
HNO3 production rates via reaction (4) are quite large 
(>15ppbhr _ 1 at maximum). However, losses for HNO3 
within an urban area are also significant, and the ambient 
concentration depends on the balance between the produc

tion and loss rates. In the presence of NH3, HNO3 will read

ily form particle phase ammonium nitrate (NH4NO3). HNO3 
is also readily lost on surfaces by dry deposition (Neuman et 
al., 1999), but there is a large range of deposition velocities in 
the literature (426 cm s^1) and an exact loss rate is difficult 
to estimate (Neuman et al., 2004; Wesely and Hicks, 2000). 
It is thus preferable to rely on measurements of HNO3 as 
much as possible. During the MCMA2003 campaign, the 
only direct HNO3 concentration measurements were from 
the open path FTIR operated by the UNAM group at the La 
Merced site (Flores et al., 2004; Moya et a l , 2004). Al

though the measured HNO3 concentrations show reasonably 
good conelation with the CL NO x monitor interference con

centrations (ff2:=0.44), the slope of the conelation plot (1.41) 
indicates that HNO3 accounts for ~60% of the CL NO x mon

itor interference. 

For the locations that did not have a measurement of 
HNO3, we use modeled values to estimate the possible con

tribution of HNO3 to the CL NOx monitor. San Martini et 
al. (2006a, b) have used an ISORROPIA model embedded in 
a Markov Chain Monte Carlo algorithm to analyze aerosol 
data and to predict file gas phase HNO3 concentrations at the 
locations included in this study. Diurnal profiles of these pre

dicted HNO3 concentrations are included in Fig. 3. In gen

eral, HNO3 levels are shown to be large enough to account 
for the measured CL NOx monitor interference. However, we 
note that the measured HNO3 concentrations at La Merced 
are lower than the predicted levels. We therefore generally 
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Fig. 3. Diumally averaged profiles for measured CL NOx monitor interference, calculated alkyl nitrate concentrations, measured PAN 
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conclude that HNO3 accounts foi most, but not all, of the 
observed CL NOx monitoi interfeience. 

As an added complication, HNO3 is efficiently lost on 
stainless steel and other suifaces (Neuman et al., 1999). The 
efficiency with which HNO3 will reach the molybdenum 
converter within a particular CL NOx monitor is then depen

dent on the amount of stainless steel surface area in the inlet 
manifold, and thus unique to each monitor. Thus, it is not 
possible to easily exttapolate this result to all CL NOx mon

itois. We generally conclude, however, that HNO3 accounts 
for a significant portion of the CL NOx monitor interfeience. 

(d) Alkyl and multifunctional organic nitiates (from 
hereon lefened to as "alkyl nitrates") aie known to be pro

duced simultaneously with O3 from the minor blanch (5b) of 
the leaction of NO with peroxy radicals (Day et al., 2003; 
Rosen et al., 2004; Trainer et al., 1991). 

R0 2 +NO^N02r RO 

R02 +NO + M s RONO2 fM 

(5a) 

(5b) 

Theie were no diiect measurements of alkyl nitiates as pait 
of the MCMA2003 campaign of which we are awaie. In

stead, to study the formation of alkyl nitrates (and HNO3), 
we employ a flexible top photochemical box model, which 
was constrained by measurements conducted at the CENICA 
supersite for OH souices and sinks from VOC and NOx. 
Model simulations were perfoimed with the Mastei Chem

ical Mechanism (MCMv3.1) (Jenkin et al., 2003; Saunders 
et al., 2003) on a 24h basis constiained with 10minute av

eraged measurements of major inorganic species (NO, NO2, 
HONO, O3 and SO2), CO, 102 volatile organic compounds 
(VOC), HOx (=OH+H02) measurements, temperatuie, pres

sure, water vapor concentration, photolysis frequencies, and 
dilution. MCMv3.1 is a nearexplicit mechanism, i.e. with 
minimized lumping of VOC leaction pathways, and thus 
well suited for sourceapportionment of organic nitiates and 
HNO3 (Sheehy et al., 20071). Figure 3 shows the diurnal 

1 Sheehy, P. M., Volkamer, R. M., Molina, L. X, and Molina, 
M. J.: Radical Cycling in the Mexico City Metropolitan Area 
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profile of the modeled concentrations of alkyl nitrates and 
HNO3 from the MCM model. Note that the model does not 
account for horizontal transport and thus modeled concentra
tions of stable species begin accruing above realistic values 
after 4 PM local time due to planetary boundary layer dy
namics. 

Preliminary results from observations from a recent field 
campaign in 2006 (Farmer, D. K., Wooldridge, P. J., and 
Cohen, R. C, personal communication, 2006) as well as 
modeling of the outflow of pollution from Mexico City 
(Madronich, 2006) show that the sum of all alkyl nitrates, 
SAN, comprises roughly (10-30)% of NOz in the outflow 
of Mexico City. Additionally, preliminary results from air
craft measurements of alley! nitrates made during this same 
field campaign confirm the presence of alkyl nitrates in the 
outflow from Mexico City (Blake, D. R. and Atlas, E. L., per
sonal communication, 2006). Alkyl nitrates are thus a non-
negligible part of the NOz budget. 

For the locations where measurements of OH and other 
radicals were not available to constrain the MCM model, 
we make simple estimates of the alkyl nitrate concentrations 
based on the measured [O3]. Using the notation of Day et 
al. (2003), the branching ratio for the formation of an alkyl 
nitrate in channel (5b) is defined as a. A general correla
tion of alkyl nitrates with O3 is expected because both are 
photochemically generated in die atmosphere. Subsequent 
reactions of the alkoxy radical (RO2) in channel (5a) with 
O2 lead to the formation of an HO2 molecule which reacts 
to form a second NO2 molecule, which then produces O3 via 
reactions (2) and (3) above. Thus, for each reaction of RO2 
with NO in reaction (5), there is either the formation of one 
alkyl nitrate or two O3 molecules. As a result, the slope of a 
plot of ambient [O3] versus calculated [SAN] is 2(1— a)la. 
We use this relationship to make a simple estimate of [SAN] 
based on the measured [O3]. 

We estimate a value for a within Mexico City (G*MCMA) 
based on the measured volatile organic carbon (VOC) speci-
ation. The MCMA-2003 campaign included numerous mea
surements of the overall VOC loading and speciation thereof 
(Velasco et al., 2007). Using average speciated VOC con
centrations as measured during the campaign and measure
ments and/or estimates for the branching ratios for chan
nel (5b) of the individual VOC compounds, we calculate 
«MCMA in a similar manner to the calculations of Rosen et 
al. (2004) for La Porte, Texas. The ambient VOC mix in 
Mexico City is heavily dominated by propane (29% by vol
ume) and lighter alkanes (<C5, 25%), with additional con
tributions from alkenes (9%), aromatics (8%), heavier alka
nes (8%), acetylene (3%) andMTBE (2%), with 15% of the 
VOC loading left as unidentified. This unidentified portion of 
the VOC mixture most likely consists of oxygenated VOCs, 
with branching ratios for reaction (5b) similar to the analo-

(MCMA): Modeling ROx Using a Detailed Mechanism, to be sub
mitted, 2007. 
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gous alkanes and alkenes. We assume a value of a for this 
unidentified portion of the VOC loading equal to the aver
age of the identified VOCs. We then weight the value of a. 
for each VOC compound by its OH reactivity to determine a 
best estimate for «MCMA=0-063. Multiplying the measured 
[O3] by this &MCMA gives a time series of the estimated total 
concentration of alkyl nitrates, [SAN], for the various loca
tions in this study. Diurnal profiles of the estimated [SAN] 
are shown in Fig. 3. This simple estimate reveals maxima 
in [SAN] of nearly 5 ppb, which are as large as the largest 
observed [SAN] in other locations (Rosen et al., 2004). Al
though ambient VOC concentrations in MCMA are larger 
than in other urban locations, the MCMA VOC speciation 
is dominated by light alkanes that do not form alkyl nitrates 
as readily as longer chain VOCs. For the CENICA supersite, 
the MCM modeled profile of alkyl nitrates shows a maximum 
value in the morning, while this simple estimate based on the 
measured [O3] shows a peak in afternoon (corresponding to 
the peak in the O3 concentration). This is likely due to the 
suppression of O3 concentrations at the CENICA site dur
ing die morning hours due to nearby NOx sources mentioned 
earlier. Overall, the simple estimate provides a rough gauge 
to the magnitude of [SAN] expected in a given location. 

(e) From the previous sections, we have concluded that 
HNO3 and alkyl nitrates contribute to the CL NOx monitor 
interference in Mexico City. There is an observable trend 
in going from "fresh" to "aged" sites, where the contribu
tion of alkyl nitrates relative to the magnitude of the CL NOx 
monitor increases moving from the sites in closest proximity 
to high emissions levels (La Merced and then CENICA) to 
the sites that are furthest away from large emission sources 
(Pedregal and then Santa Ana). The estimated [SAN] is 
roughly constant at all locations such that the decreasing 
magnitude of the CL NOx monitor interference in going from 
fresh to aged sites is explained by decreasing amounts of 
HNO3, i.e., as the air parcel ages, HNO3 is lost from the 
gas phase to either particulate nitrate or via dry deposition. 
If we examine the La Merced (the "freshest" site), the sum 
of the measured HNO3 and the estimated SAN results in a 
significantly better agreement of the linear correlation plot 
(slope=0.97, i?2=0.53). The diurnal profile shown in Fig. 4 
closely matches that of the interference. In summary, we 
conclude that close to the sources of the emissions, the com
bination of HNO3 and SAN account for the CL NOx moni
tor interference, and as the urban air parcel ages, SAN com
prises a larger percentage of the interference. 

3.2.2 Gas phase olefins and ammonia 

The chemiluminescent reaction of ambient gas phase olefins 
with excess O3 within the CL NOx monitor reaction cham
ber, where the resulting fluorescence is recorded as NO2, is 
a potential interference to the CL NOx monitor. However, 
no con-elation of the measured CL NOx monitor interference 
was observed with olefin concentrations measured during the 
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Fig. 4. Diumally averaged profiles for measured CL NOx monitor 
interfeience, measured HNO3 concentiations and calculated alkyl 
nitiate concentrations at La Meiced site. Piofiles averaged over the 
entile MCMA-2003 campaign. Also included is a profile of the 
sum of the measuied HNO3 concentiation plus the estimated alkyl 
nitiate concentration (see text). Time of day is for local time. 

MCMA-2003 field campaign from either a Proton Transfer 
Reaction Mass Spectrometer (PTRMS) on board the ARI 
Mobile Lab (Rogers et al., 2006) or a Fast Isoprene Sensor 
(FIS) at the CENICA supersite (Velasco et al., 2007). Re
sults from the linear correlation plots are listed in Table 1. 
The daily peak in the olefin levels was observed during the 
morning hours, which does not coincide with the afternoon 
peak in the CL NO x monitor interference. 

Another possibility for the cause of the CL NO x monitor 
interference is gas phase ammonia (NH3), which has been 
shown to be converted by molybdenum oxide catalysts with 
an efficiency somewhere between a few percent (Williams 
et al., 1998) and 10% (Shivers, personal communication, 
2004). A TILDAS system utilizing a Quantum Cascade 
Laser (QCL) to monitor gaseous ammonia was deployed on 
board the ARI Mobile Lab for the MCMA-2003 campaign. 
Measured ambient NH3 concentrations were not sufficient to 
account for the observed CL NOx monitor interferences (typ
ical [NH3]<30ppb) and NH3 concentrations peaked during 
the morning before the bieak up of the boundary layer (ear
lier than 11 AM local time), indicating a significant source 
from automobiles (San Martini et al., 2006a), which does not 
correspond to the afternoon maxima in the CL NO x moni
tor interference. The slopes of correlation plots of the CL 
NO x monitor interference versus die measuied NH3 concen
trations were less than 0.34 and R2 values did not exceed 
0.17, indicating no significant con-elation (see Table 1). 

Based on these observations, we conclude that neither gas 
phase olefins nor ammonia contributed significantly to the 
obseived CL NOx monitor interference. 

Atmos. Chem. Phys., 7,2691-2704,2007 

3.3 Impact of CL NOx monitor interference 

The CL NOx monitor interference has been shown to ac
count for up to 50% of the measured NO2 concentration in 
Mexico City; interfeiences of this order could impact the 
non-attainment status of urban areas. The diurnal profile 
of the CL NOx monitor interference peaks in the afternoon 
when NO2 concentrations are relatively low, impacting an
nual standaids for NO2, such as those used by Canada and 
the United States (Demerjian, 2000), more so than daily 1-
h maxima standards. For the MCMA-2003 campaign, the 
averaged NO2 concentration (the closest comparison to the 
annual standard we can do with this data) as measured by 
CLNO x monitois was higher than co-located spectroscopic 
techniques by up to 22% at the four sites in this study (see 
Table 2). For example, the averaged NO2 concentration 
measured at La Merced by the CL NO x monitor was 49.5 
ppb veisus 40.6 ppb measured by the co-located DOAS in
strument; the foimer measurement comes much closer to 
the 53 ppb US EPA annually aveiaged threshold for non-
attainment (Enviionmental Protection Agency, 1993). (We 
note that our maximum observed NO2 concentration in this 
study for a 1-h averaged of 185 ppb was significantly lower 
than the Mexican air quality standard of 210 ppb for a 1-h 
averaged concentration (Finlayson-Pitts and Pitts, 2000).) 

Air quality models require uncertainties in NO2 measure
ments ofroughly ±10%. As such, the observed interferences 
of up to 50% are unacceptable for the proper evaluation of air 
quality models (McClenny et a l , 2002). In the following sec
tion we make several recommendations for how to avoid this 
interference in the future. 

4 Conclusions 

It has been shown that high levels of ambient leactive nitro
gen species can lead to a severe overestimation of ambient 
NO2 concentrations by standard chemiluminescence moni
tors equipped with molybdenum oxide converters. This study 
is one of the first to quantify this CL NOx monitor interfer
ence and explore its causes in detail. In Mexico City, the ob
served CL NOx monitor interference was shown to have no 
significant contribution from gas phase olefins or ammonia. 
The good conelation of the CL NO x monitor interference 
with ambient O3 and NO z concentiations and poor conela
tion with PAN and particulate nitrate lead to the conclusion 
that a combination of photochemically produced gas phase 
nitric acid and alkyl and multifunctional alkyl nitrates is pri
marily responsible for this interference in this study. It is ex
pected that in other environments with larger ambient PAN 
concentiations, PAN will contribute to this CL NO x monitor 
interference even though it did not in this study. The per
centage contribution of HNO3 to the interference decreases 
as the air parcel moves away from fresh emission sources. 
Modeling and calculations reveal that ambient alkyl nitrates 
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Table 2. Averaged measured NO2 concentrations for 5 week MCMA-2003 campaign by spectroscopic techniques compared to co-located 
CL NOx monitors at 4 locations. 

Site Spectroscopic Instrument MCMA Campaign Average CL NOx Monitor MCMA Campaign Average % Difference 

La Merced DOAS-UNAM 40.6 RAMA 49.5 +22% 
CENICA DOAS-l 34.1 CENICA 31.0 - 9 % a 

DOAS-2 28.0 +11% 
Pedregai TILDAS-MLb 27.6 MLb 29.4 +7% 

RAMA 30.7 +11% 
Santa Ana TILDAS-MLb 3.8 MLb 9.1 140% 

a DOAS-l believed to have larger NOx concenti'ations than CENICA rooftop owing to major roadway beneath the light path, see discussion 
above and (Dunlea et al., 2006). 

The ARI Mobile Lab visit each location for only a few days, which may not be a representative sample of the average NO2 concentration 
at each location. 

concentrations in the MCMA are significant, up to several 
ppb, which is as high as those observed in other urban lo
cations, and plausible given the high VOC loadings in Mex
ico City. During the MCMA-2003 field campaign, the CL 
NO x monitor interference caused the average measured NO2 
concentration to be larger than co-located spectroscopic mea
surements by up to 22%. This magnitude of interference is 
inappropriately large for use in modeling studies and may 
lead to a non-attainment status for NO2 to be incorrectly as
signed in certain urban areas. 

To finish, we make several recommendations: (1) There 
exists the possibility that currently employed CL NO x mon
itors could be retrofitted with photolytic converters to re
place molybdenum oxide converters. Such photolytic con
verters have been shown to perform well in the field (Thorn
ton et al., 2003; Williams et al., 1998). (2) In order to 
avoid this interference in the long term, instrument man
ufacturers should pursue low-cosl, interference-free tech
niques for measuring NO2, which would significantly im
prove the quality of data from ambient monitoring networks. 
These include photolytic converters and spectroscopic tech
niques, including instruments that are already on the market 
(www.ecophysics.com and www.dropletmeasurement.com). 
We are not aware, however, of any that have been thoroughly 
tested in a polluted urban environment. (3) CL NO x moni
tors are capable of measuring NO reliably; rather man dis
card currently m-use CL NO x monitors, it is possible that 
those instruments with molybdenum oxide converters could 
be configured to exploit the ability of the molybdenum oxide 
converter to reduce reactive nitrogen species to NO, i.e., to 
measure NO and NOy . As mentioned above, commercially 
instruments are currently available that do just this. Moni
toring networks could then report NO and NOy with this in
strument instead of NO and NO2. (4) Post-correction of NO2 
measurements from CL NO x monitors with molybdenum ox
ide converters may prove effective in certain circumstances, 
but must be done carefully, as discussed in Steinbacher et 
al. (2007). 
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Abstract. As part of the Megacities Initiative: Local and 
Global Research Observations (MILAGRO) study in the 
Mexico City Metropolitan Area in March 2006, we mea
sured particulate polycyclic aromatic hydrocarbons (PAHs) 
and other gaseous species and particulate properties, includ
ing light absorbing carbon or effective black carbon (BC), 
at six locations throughout the city. The measurements were 
intended to support the following objectives: to describe spa
tial and temporal patterns in PAH concentrations, to gain 
insight into sources and transformations of PAHs and BC, 
and to quantify the relationships between PAHs and other 
pollutants. Total particulate PAHs at the Instituto Mexi-
cano del Petroleo (TO supersite) located near downtown av
eraged 50ngm - 3 , and aerosol active surface area averaged 
80 mm2 m"3. PAHs were also measured on board the Aero
dyne Mobile Laboratory, which visited six sites encompass
ing a mixture of different land uses and a range of ages of 
air parcels transported from the city core. A combination 
of analyses of time series, back trajectories, concentration 
fields, pollutant ratios, and correlation coefficients supports 
the concept of TO as an urban source site, Tl as a receptor 
site with strong local sources, Pedregal and PEMEX as inter
mediate sites, Pico Tres Padres as a vertical receptor site, and 
Santa Ana as a downwind receptor site. Weak intersite corre
lations suggest that local sources are important and variable 
and that exposure to PAHs and BC cannot be represented by a 

cc Correspondence to: L. C. Marr 
(Imarr@vt.edu) 

single regional-scale value. The relationships between PAHs 
and other pollutants suggest that a variety of sources and ages 
of particles are present. Among carbon monoxide, nitrogen 
oxides (NOx), and carbon dioxide, particulate PAHs are most 
strongly correlated with NOx. Mexico City's PAH/BC mass 
ratio of 0.01 is similar to that found on a freeway loop in the 
Los Angeles area and approximately 8-30 times higher than 
that found in other cities. Evidence also suggests that pri
mary combustion particles are rapidly coated by secondary 
aerosol in Mexico City. If so, their optical properties may 
change, and the lifetime of PAHs may be prolonged if the 
coating protects them against photodegradation or heteroge
neous reactions. 

1 Introduction 

The Mexico City Metropolitan Area (MCMA) is home to 
some of the highest measured concentrations of particulate 
polycyclic aromatic hydrocarbons (PAHs) in the world (Marr 
et al., 2004; Velasco et al, 2004). PAHs are a class of 
semi-volatile compounds that are formed during combustion. 
Many are known or suspected carcinogens. In their con
densed form, they are associated mainly with fine particles 
(Eiguren-Fernandez et al, 2004; Miguel et al, 1998). PAH 
exposure has been associated with low birth weights (Choi 
et al, 2006; Tang et al , 2006) and respiratory symptoms in 
infants (Jedrychowski et al, 2005). Thus, the extremely high 
concentrations of PAHs in Mexico City may pose a serious 
health hazard and demand more complete information about 
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their spatial and temporal patterns, sources, and transforma
tions in the atmosphere. 

Like PAHs, light absorbing carbon, also known as black 
carbon (BC) or elemental carbon depending on the measure
ment technique, originates from combustion sources (Bond 
and Bergstrom, 2006). BC is important because of its sus
pected toxicity, at least in the form of diesel exhaust par
ticulate matter, and its role in radiative forcing. Coating of 
BC by condensation of non light-absorbing material changes 
throughout the day in Mexico City and alters the particles' 
optical properties, typically enhancing absorption (Baum-
gardner et al , 2007). 

Aerosol surface area has also been implicated as an in
dicator of the health impacts of particulate pollution. Toxi
cology studies suggest that the dose-response relationship is 
more closely tied to surface area than to mass, number, or 
size (Brown et al , 2001; Oberdorster, 2000; Stoeger et al , 
2006; Tran et al, 2005). Especially for low-solubility par
ticles, surface area may be a more appropriate measure of 
exposure (Maynard, 2003). Tandem measurements of both 
PAHs and surface area in laboratoiy and field experiments 
have been shown to discriminate between different types of 
combustion sources and to indicate the degree of particle ag
ing (Bukowiecki et al, 2002; Burtscher et al, 1993; Marr et 
al, 2004; Ott and Siegmann, 2006; Siegmann et al , 1999). 

In April 2003, a multi-national team of scientists con
ducted an intensive five-week field campaign in the Mexico 
City Metropolitan Area (MCMA-2003) to contribute to the 
understanding of air quality problems in megacities (Molina 
et al , 2007). Measurements of PAHs by three different tech
niques suggested that PAH concentrations on the surfaces of 
particles diminish rapidly during the mid-morning hours due 
to coating by secondary aerosol in the highly photochem-
ically active environment of Mexico City (Dzepina et al, 
2007; Marr et al , 2006). However, detailed PAH measure
ments in 2003 were limited to a single site, so the spatial 
and temporal variations in their concentrations, which are 
important from a standpoint of exposure and control, are not 
known. 

In March 2006, an even larger field campaign in Mex
ico City took place to study air pollution in megacities not 
only at the local scale, but also at the regional and global 
scales. The Megacity Initiative: Local and Global Research 
Observations (MILAGRO) campaign consisted of four com
ponents whose goals ranged from providing the scientific ba
sis for policies that would reduce pollutant levels in Mexico 
City itself to describing the long-range transport of pollution 
emitted by a megacity. As part of the MCMA-2006 ground-
based component focusing on local impacts, we measured 
particulate PAHs, aerosol active surface area (AS), and other 
gaseous, particulate, and meteorological parameters at six 
locations throughout Mexico City. Measurements were sit
uated at the Instituto Mexicano del Petroleo supersite near 
the city center and on board the Aerodyne Mobile Labora
tory (AML). Li addition to visiting the supersite, the AML 
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also traveled to five other suburban, exurban, and rural sites 
(Fig. 1) that encompassed residential, industrial, commercial, 
undeveloped, and mixed settings. 

The objective of this study is to describe the temporal 
and spatial variations in PAH, BC, and AS concenti'ations 
in Mexico City. Furthermore, we investigate the relation
ships between ambient PAHs and other pollutants to gain 
new knowledge about combustion particles' sources and evo
lution as they are transported throughout the megacity atmo
sphere. Transformations are important because they could af
fect the particles' toxicity, optical properties, and long-range 
transport impacts. We compare and contrast concentrations 
in fresh, mixed, and aged emissions by considering a busy 
downtown location, suburban areas, the city outskirts, and a 
mountaintop location at the edge of the city. The knowledge 
gained fiom the study will provide the scientific basis for the 
development of risk assessments for exposure to these pollu
tants in Mexico City and the crafting of control strategies to 
reduce their emissions and health impacts. 

2 Experimental 

2.1 Particle surface characterization 

PAHs were measured using real-time sensors (EcoChem PAS 
2000 CE) that photoionize particle-bound PAHs by expos
ing the aerosol to ultraviolet light at a wavelength of 254 nm, 
which is specific to condensed-phase PAHs. The current gen
erated by the flow of charged particles is then measured. The 
analyzer produces a semi-quantitative estimate of total PAHs 
adsorbed on particles' surfaces at 10-s resolution with a de
tection limit of 1 ngm"3. Although the technique does not 
provide speciation information, its strengths are its sensitiv
ity and high time resolution, both of which are limitations 
of traditional filter-based methods. Our previous work has 
shown that the method is sensitive only to PAHs on the sur
faces of particles and not those buried under olher aerosol 
components (Marr et al, 2006), so measurements reported by 
the PAS are henceforth referred to as surface PAHs (SPAHs). 
In the Results section, we describe an approach for identify
ing measurements from the PAS that are not confounded by 
coating of the particles. 

Aerosol active surface area, or Fuchs surface, is defined 
as that which is accessible to a molecule that might diffuse 
to a particle's surface. It was measured by diffusion charg
ing (EcoChem DC 2000 CE). The DC analyzer generates a 
corona discharge which produces a cascade of electrons and 
ions that can attach to particles. As with the photoemission 
aerosol sensor for PAHs, a sensitive electrometer is then used 
to measure the current generated by the flow of charged 
particles. The analyzer reports active surface area of parti
cles smaller than ~100nm at 10-s resolution with a detec
tion limit of lmm 2 m - 3 . The simultaneous measurement 
of particle surface properties with the PAS and DC sensors 
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Table 1. Mobile-laboiatory-based SPAH statistics at different sites. 

Site (Dates in March) SPAH (ng m~3) 

Average3 Maximum1 

Pedregal (4th-6th) 7±16 143 
Pico Tres Padres (7th-19th) 2±2 18 
Tl (19th-22nd) 20±33 229 
Santa Ana (22nd-25th) 4±4 29 
PEMEX (25th-27th) 13±14 80 
T0(27th-31st) 114±121 604 

a Mean ± one standard deviation of 1-min concentrations. 
b Maximum of 1-min concentrations. 

has been described as a technique for fingerprinting different 
types of combustion particles (Bukowiecki et al , 2002). 

All the PAH and AS analyzers were factory calibiated 
three months prior to the field campaign. At the beginning 
of the field campaign, we co-located and cross-calibrated the 
instruments against each other while measuring ambient air 
in Mexico City and then applied the lesulting correction fac
tors to all data. To facilitate analysis using diagnostic latios 
and multivariate statistics, we averaged all data over a com
mon 2- or 10-min interval. Effective black carbon (BC), op
erationally defined as the light-absoibing component of par
ticles, was measured at 2-min intervals using an aethalometer 
(Magee Scientific AE-3) at a wavelength of 880 nm. 

2.2 Measurement sites 

During the month-long MCMA field campaign in March 
2006, we conducted measurements at the Instituto Mexicano 
del Petroleo (TO supersite) and on board the Aerodyne Mo
bile Laboratory (AML), which visited six sites including the 
TO supersite (Fig. 1). The supeisite is located 10 km north 
of downtown Mexico City in the midst of a residential, com-
meicial, and sei vices area. It is surrounded by stieets that aie 
heavily traveled by light-duty vehicles and modern heavy-
duty diesel buses. The PAH and AS analyzers were situ
ated on a building rooftop, approximately 15 m above ground 
level. The nearest major roads were 40 m away. To fulfill the 
objective of observing aged plumes, we selected the location 
and timing of the AML visits (Table 1) on the basis of me
teorological analyses that identified sites that were generally 
downwind of the urban plume on certain days (de Foy et al , 
2008). 

The AML was designed and built by Aerodyne Reseaich 
Inc. (Kolb et al, 2004). It was equipped with a comprehen
sive suite of gas and particle analyzeis that measure carbon 
monoxide (CO), carbon dioxide (CO2), nitric oxide (NO), 
nitrogen dioxide (NO2), total nitrogen oxides (NOy), speci-
ated volatile organic compounds (VOCs), SPAHs, AS, and 
BC, among others. The AML's PAH analyzer was identi
cal to that used at TO. BC was measured using a Multi An-
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Fig. 1. Supersites (squares) and mobile laboratoiy measurement 
sites (diamonds) in the MCMA during the MILAGRO field cam
paign. The numbers in white are the linear correlation coefficients 
between SPAH measurements by the mobile laboratory and contin
uous measurements at TO. 

gle Absorption Photometer (Theimo Electron Model 5012). 
During the field campaign, the AML drove to six sites and 
remained parked for 2-12 days at each location (Table 1). 
These sites encompassed varying environments, including 
residential, commercial, industrial, undeveloped, and mixed 
land use areas. 

The AML visited the TO and Tl supersites, Pedregal, Pico 
Tres Padres, Santa Ana, and PEMEX (Fig. 1). Intended to 
represent a mixture of fresh emissions and the partially aged 
Mexico City plume as it drifts downwind under certain mete
orological conditions, the Tl supersite is located at the Uni-
versidad Technologica de Tecamac ~30km northeast of TO. 
Tecamac is a suburb in the State of Mexico and has a mix
ture of commercial and residential areas. The supeisite is 
within 2 km of the town center, and the nearest road is sev
eral hundred meters away. Pedregal is located ~25 km south
west of downtown Mexico City in a suburbaniesidential area 
whose roads are lightly traveled. The sampling site was the 
JFK Elementary School, which is also one of the routine air 
quality monitoring sites for the environmental agency of the 
Mexico City Federal District Government. Pico Tres Padres, 
the site of the main television transmitters for the MCMA, 
is an isolated mountain ~15 km noith-northeast of TO and 
3000 m above sea-level, or ™800m above the valley floor. 
A single, mostly unused road runs up the mountain, and the 
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Fig. 2. AS and SPAH concenti'ations at TO during the entire field 
campaign. Raw 1-min measurements are shown by the colored 
lines, where color indicates the wind transport episode, and 1-h av
erages are shown in black. 

surrounding area is not well traveled. Santa Ana is located in 
a rural area at the southern tip of the city, ~-401cm southeast 
of TO. Its roads are lightly traveled. Under certain meteoro
logical conditions, Santa Ana represents an outflow receptor 
for air pollution coming from the city center. Located ap
proximately 40 km north of the city, the PEMEX site is in a 
highly industrialized area closely situated to a major oil re
finery (5 km away), cement plants, chemical factories, agri
cultural activities, and a power plant. 

During the MCMA-2006 field campaign, air flow trajec
tories within the Mexico City basin and the fate of the ur
ban plume were simulated, and five types of wind circulation 
patterns were identified (de Foy et al, 2005; de Foy et al., 
2008): Cold Surge, South Venting, 03-North, 03-South, and 
Convection (North and South). During the 31 days of the 
MCMA-2006 field campaign, three were Cold Surge (14,21, 
23 March), eight were South Venting (1-7, 13 March), five 
were 03-South (8, 12, 15-17 March), seven were 03-North 
(9-11, 18-20, 22 March), and eight were Convection (24-
31 March). The prevailing meteorological conditions can 
strongly influence ambient pollutant concenti'ations for given 
emission levels and also determine the regional impacts of 
the urban plume (de Foy et al, 2006). 

To evaluate transport to sites and identify source areas, we 
carried out residence time analysis and concentration field 
analysis (Ashbaugh et al, 1985; de Foy et al , 2007; Seibert 

et al, 1994). Residence time analysis, calculated by sum
ming back trajectories over a grid, produces a time exposure 
image of the back trajectories for a site, i.e. where the wind 
was coming from, over multiple hours. Concentration field 
analysis is the product of residence time analysis and pollu
tant concentrations at the receptor site each hour. The result
ing concentration fields indicate the source areas or transport 
paths associated with high pollutant levels at a receptor site. 

3 Results 

Figure 2 displays time series of AS and total particulate 
SPAH concentrations at the TO supersite. The raw 1-min 
measurements are shown by colored lines, whose color in
dicates the wind transport episode defined for each day. The 
black lines represent l~h averages and are intended to high
light diurnal patterns in the measurements. The highest AS 
concentrations occurred on 03-North and Convection days, 
while the highest average SPAH concentrations occurred on 
Convection days, which are defined by weak winds aloft (de 
Foy et al, 2008). 

Strong diurnal patterns are evident in both AS and SPAHs. 
AS concentrations at TO averaged 80 mm2 m - 3 during the 
campaign, with a maximum 10-s value of 760mm2m~3 

on 30 March at 09:58. Typically, concentrations rose 
above 100 mm2 m - 3 between 06:30-08:30 and then de
creased throughout the remainder of the morning and af
ternoon to ~50mm2m - 3 . SPAH concentrations averaged 
50ngm - 3 throughout the campaign with a maximum value 
of 3660ngm~3 on 30 March at 10:02, within minutes of 
the maximum AS observation. During the morning rush 
hour, SPAH concentrations generally rose to a maximum 
of ~250ngm~3 between 06:30-08:30 and then decreased 
throughout the remainder of the morning and afternoon to 
~20ngm~3. The daily minima in AS were more variable 
than in SPAHs. Overnight concentrations rose as high as 
75ngm3. The daily maxima were nearly twice as high as 
observed at a site 17 Ion to the southeast in 2003 (Marr et 
al, 2006) and 1.5 times as high as observed at a site 13 Ian 
to the southwest in 2003 and 2005 (Baumgardner et al, 
2007). In all three studies, the SPAH concentration mea
sured by aerosol photoionization falls off more rapidly be
tween 08:00-10:00 than do concentrations of other primary 
pollutants. 

Table 1 summarizes SPAH concentrations at each site vis
ited by the AML in chronological order. The highest average 
SPAH concentration was observed at TO and the lowest at 
Pico Tres Padres and Santa Ana, the mountaintop and south
ern outflow sites, respectively. The maximum SPAH con
centration occurred at TO. Figure 3 shows SPAH time series 
at each site. At Pedregal, SPAH concentrations were high
est between 06:00-08:00 on Monday 6 March. They were 
slightly elevated in the hours before midnight on the evening 
of Satui'day 4 March. These periods probably correspond 
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Fig. 3. SPAH concentiations (10min averages) at sites visited by the AML. The yaxis maximum is larger in the TO panel. 

to the times of heaviest traffic and lowest boundary layer 
height. At Pico Tres Padres, SPAH concentiations lemained 
below 10 ng m~3, even though fine particulate mass concen

trations (PM2 5), not shown, routinely rose at approximately 
10:00 each day, as the boundary layer lifted up past the site. 
AtTl, SPAH concentrations increased to 100200ngm3 in 
the morning hours, well before 06:00. 

Santa Ana lies at the southern edge of the basin, and here 
SPAH concentrations were always less than 30 ngm"3. Cold 
Surge conditions, in which the wind flushes from the cen

ter of the basin toward the south and past the site late into 
the evening (de Foy et al, 2008), prevailed on 23 March and 
may have contributed to the increase in SPAH concentrations 
centered around midnight of the 24th. At PEMEX, concen

trations did not exceed 80 ngmT3 and the temporal patterns 
were iiregular. The AML's observation period at TO coin

cided with the highest observed concentrations of the field 
campaign. 

The simultaneous measurement of SPAHs at TO and other 
sites allows examination of their spatial variability in the 
MCMA. Figure 1 presents the Pearson correlation coeffi

cients of 10min SPAH concentiations at various sites vis

ited by the AML against those measured continuously at the 
TO supersite during peiiods of simultaneous measurements. 
A correlation factor could not be calculated for Pedregal be

cause monitoring at TO had not yet begun. Of course, the 
correlation was strongest when the AML was parked at TO. 
It was moderate at Tl and poor at all other sites. Correla

tions of BC between TO and other sites were similar: —0.01 
at Pico Tres Padres, 0.70 at Tl, 0.06 at Santa Ana, 0.31 at 
PEMEX, and 0.95 at TO. 

Next, we examine transport within the basin. Figure 4 
shows the residence time and BC concentration field anal

yses for TO during 2731 March, which were all Convection 
days, and Tl during 1922 Mai eh, which were 03North and 
Cold Surge days. We chose to use BC as a proxy for PAHs 
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Fig. 4. Residence time (top) and BC concentration field (bottom) analyses at TO on 27-31 March (left) and Tl on 19-22 Maich (light) 
Topography is indicated by black lines and the MCMA border by the pink line. 

because SPAHs can be diminished by coating of the aerosol, 
as desciibed later in the text. In the residence time analysis, 
the magnitude in each grid cell repiesents the probability of 
a back trajectoiy passing through the cell lelative to the to
tal time interval of the trajectory. In the concentiation field 
analysis, areas with high values are the result of back tra
jectories associated with high concentrations at the receptor 
site, wheieas low values lesult from back tiajectories associ
ated with low concentiations. For both analyses, the values 
aie normalized, with the maximum color value conespond-
ing to the 90th percentile for that grid. The residence time 
analyses are plotted on a log scale, as they decrease rapidly 
away from the receptor site; and the concentration field anal
yses are plotted on a linear scale. 

While the residence time analysis shows that aii parcels 
arriving at TO are coming fiom all diiections but less from 
the east, the concentration field analysis shows that high BC 
is associated with transport fiom the south, the center of the 

MCMA. For Tl, the lesidence time analysis shows three pie-
feired diiections: northwest, east and south (gap flow). How
ever, the concentiation field analysis shows that high BC is 
not associated with transport from the gap flow, but rather 
with tiansport from the northeast, where the highway to the 
MCMA is located. The gap flow is strong and clean. For 
Pedi'egal, PEMEX, and Santa Ana, the residence time anal
yses agree with the wind transpoit episodes on those days; 
and the concentration field analyses all show that high BC is 
associated with transpoit fiom the central uiban area of the 
MCMA. The results for Pico Ties Padres-transpoit fiom all 
diiections and high BC associated with the urban area-aie 
more uncertain because of the challenges hi obtaining accu
rate tiajectories on this hilltop site. 

The relationship between SPAHs and AS has been shown 
to be lelated to the souice type and aging of the particles 
(Bukowiecki et al, 2002; Marr et al , 2004; Siegmann et al, 
1999). Figure 5 illustrates the lelationship between SPAH 
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Fig. 5. SPAH v. AS and SPAH v. BC concentrations at TO colored by hour. The dark solid line is the linear regression for all times, and 
the lighter solid line is the regiession for uncoated particles. The dotted lines labeled 05:00-07:00 and 12:00-14:00 are the regressions for a 
subset of data specific to these time periods. The equations of these lines are given in the text. 

and AS (10-min averages) at TO. The color indicates the time 
of day of each measurement. Theie is considerable scatter 
in the data; the correlation involving all data is fair, with 
R2=0A5. For the subset of data between 05:00-07:00, just 
before sunrise, the equation of the line is SPAH=T.17xAS-
3.20 with ff2=0.58. For the subset of data between 12:00-
14:00, the equation of the line is SPAH=0.03xAS-H6.33 
with R2=QM. Figure 5 shows that higher SPAH/AS ratios, 
i.e. those points falling above the regression line, and those 
with high absolute SPAH and AS values, tend to occur dur
ing the early morning hours. The slope of the regression line 
is 39 times higher hi the morning compared to the afternoon. 
The regression line for the subset of data representing par

ticles that have not been coated by secondary aerosol (de
scribed below) falls between the lines for all data and the 
subset between 05:00-07:00; of the four lines shown, it has 
the highest R2. There is no clear relationship between the 
ratio and wind transport episode. 

Figure 5 also shows SPAHs versus BC at TO, classified 
by time of day. PAHs and BC are expected to be corre
lated since both originate fiom combustion sources. For all 
times, the correlation between SPAHs and BC is stronger 
(tf2=0.77) than between SPAHs and AS, and the slope of 
the line, H J i O . l n g ^ g " ' , indicates that SPAHs are 1% 
of BC by mass. As with SPAH/AS, higher SPAH/BC ra
tios tend to occur during the morning rush hour period. 
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Fig. 6. Weekday aveiage diurnal patterns in SPAH/AS and BC/AS. 

As the day progresses, SPAH/BC ratios tend to decrease 
and are lowest between 12:00-18:00. The equation of the 
regression line between 05:00-07:00 is SPAH=14.4xBC-
13.8 with fl2=0.82, where SPAH is in ngm"3 and BC is 
in /zgm~3. Later in the afternoon, between 12:00-14:00, 
the relationship is SPAH=0.76xBC+16.2 with #2=0.02. The 
slope is 19 times higher in the morning. The regression line 
for the subset of data representing particles that have not been 
coated by secondaiy aerosol is similar to that for the hours of 
05:00-07:00; of the four lines shown, it has the highest R2. 

Figure 6 shows average weekday diurnal patterns of the 
ratios SPAH/AS and BC/AS. The latter is an indicator of the 
fraction of particles that are of combustion origin at any time 
(Burtscher et al, 1993), as BC is expected to be minimally 
reactive. The BC/AS latio peaks around the morning rush 
hour and then falls off steadily throughout the late morning 
and early afternoon. During this period, growth of secondary 
aerosol in Mexico City is considerable (Molina et al , 2007; 
Salcedo et al , 2006; Volkamer et al, 2006) and contributes 
to AS but not BC. Even though both PAHs and BC are of 
combustion origin, their ratios to AS diverge between 07:00-
12:00, with SPAH/AS failing off more rapidly than BC/AS. 
This observation is probably due to physical coating of the 
particles by secondary aerosol, which shields the PAHs from 
detection by the photoemission method (Marr et al, 2006). 

Pollutant ratios can provide insight into sources of emis
sions, chemical transformations, and spatial and temporal 
variability in concentrations. Because of the measurement 
artifact associated with the photoemission method, i.e. that 
it does not detect PAHs that are buried under other aerosol 
components, we must screen out such measurements when 
calculating ratios. To do so, we assume that the ratio of to
tal PAHs to BC should be approximately constant. Based 
on the regression results shown in Fig. 5, we examine the 
time series of (SPAH + 10) / BC, with SPAH in ngm - 3 and 
BC in /igm~3. Excluding the period corresponding to the 
most active photochemistry between 08:00-13:00 when pri
mary combustion particles are most likely to be coated by 
secondary aerosol, the diurnal average is l3.6±Q.6ngiJ,g~i. 
The coefficient of variation is only 4.4%. Between 08:00-
13:00, the value is significantly lower, ranging from 7.2 to 
\0.2ngfig~1. We therefore apply the criterion (SPAH+10) 
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/ BC>llng/Ag to identify data points representing un
coated particles. 

Table 2 shows the slope and standard error of the least-
squares linear regression and correlation coefficient (R2) be
tween SPAHs and carbon monoxide (CO), total nitrogen ox
ides (NOy), carbon dioxide (CO2), and BC measured by the 
AML. The table presents results calculated using all SPAH 
data and only uncoated SPAH data, screened using the cri
terion previously described. In most cases, except for Pico 
Tres Padres, focusing on fresh SPAH pioduces higher slopes 
and stronger correlations. Measurements at Pedregal took 
place over a weekend, so results from this site may not be 
representative. 

At the remaining sites (Tl, Santa Ana, PEMEX, and TO), 
the strongest correlations and highest slopes tend to be ob
served at the more urbanized locations, TO and Tl. The dif
ferent slopes are likely to be indicative of a different mix of 
sources at each site. Fresh SPAHs are reasonably well cor
related with CO, with an R2 of 0.72 to 0.93. The SPAH/CO 
slope is similar at Tl, PEMEX, and TO and an order of mag
nitude lower at Santa Ana. Fresh SPAHs are even more 
strongly correlated with NOy; R2 values range from 0.86 to 
0.96 at the last four sites shown in Table 2. The SPAH7NOy 
and SPAH/CO2 slopes are highest at Tl and TO, moderate at 
PEMEX, and lowest at Santa Ana. The regressions between 
SPAHs and true NOx are not significantly different from 
those with NOy, so henceforth, we will refer to the relation
ship as with NOx. This notation will facilitate comparison 
with other studies, the majority of which use chemilummes
cence and report results as NOx. When all data are consid
ered, SPAH/BC ratios are highest, approximately 10 ng fig-1 

at Pedregal, Tl, and TO; and the correlations are strongest at 
these three sites and PEMEX. The correlations improve con
siderably for uncoated particles. 

Table 3 contrasts SPAH/BC ratios at TO in Mexico City 
with those measured in three other cities, where the same 
aerosol photoionization method was used to measure SPAHs. 
The mass ratio of SPAHs to BC in Mexico City is similar to 
that measured along a freeway loop in the Los Angeles area 
and approximately 8—30 times higher than in diluted vehicle 
exhaust in Ogden, Utah and ambient air in Fresno, Califor
nia. The correlation factors between SPAHs and BC arc sim
ilar in all cities. Limiting the analysis to uncoated PAHs in 
Mexico City does not have a large effect on the ratio. 

4 Discussion 

4.1 PAH and AS concentrations, sources, and aging 

PAH concentrations may vary considerably between cities 
due to differences in emission sources and meteorological 
conditions. Mexico City's SPAH concentrations, a lower 
limit of total particulate PAHs, are substantially higher than 
those measured in other large cities. Eiguren-Fernandez 
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Table 2. Least-squares linear regression slopeistandard error and R2 between SPAHs and gaseous pollutants for all SPAH data (top set of 
numbers) and uncoated particles only (bottom set of numbers). 

Site SPAH/CO slope 
(ngm - 3ppb_ 1) 

R2 SPAH/NOy slope 
(ngm~3ppb_ i) 

R2 SPAH/C02 slope 
(ngmr3ppm-1) 

R2 SPAH/BC slope 
(ng /ig~3) 

R2 

Pedregal 0.0208±0.0009 0.69 0.12±0.02 0.18 0.61±0.04 0.51 10.4±0.5 0.59 
0.0285±0.0005 0.98 0.2±0.1 0.15 0.94±0.04 0.88 15.7±0.3 0.09 

Pico Tres Padres 0.0027±0.0002 0.17 0.060±0.002 0.26 0.121±0.007 0.16 0.077±0.008 0.06 
0.003±0.007 0.04 0.04±0.01 0.03 0.03±0.01 0.02 0.6±0.1 0.04 

Tl 0.090±0.003 0.77 1.10±0.02 0.87 1.4±0.2 0.38 10.0±0.2 0.88 
0.087±0.005 0.93 1.20±0.04 0.96 4±2 0.72 11.32±0.09 1.00 

Santa Ana 0.0122±0.0007 0.44 0.22±0.02 0.34 0.29±0.02 0.33 1.8±0.2 0.17 
0.0171±0.0007 0.80 0.34±0.01 0.86 0.46±0.02 0.68 8.7±0.3 0.87 

PEMEX 0.047±0.004 0.34 0.62±0.02 0.86 1.1±0.1 0.37 6.5±0.2 0.77 
0.13±0.Ol 0.75 0.79±0.02 0.95 3.1±0.2 0.87 11.2±0.3 0.96 

TO 0.066±0.004 0.47 1.19±0.03 0.77 3.3±0.1 0.70 10.0±0.2 0.85 
0.096±0.005 0.72 1.45±0.03 0.95 4.3±0.1 0.87 11.5±0.2 0.97 

a NOy is total nitrogen oxides measured by chemiluminescence with a molybdenum converter. The ratios are not significantly different when 
true NOx = NO + NO2 is used instead. 

et al. (2004) measured total particulate PAH concentrations 
of 0.5ngm -3 and 2ngm~3 in rural and urban areas of 
Los Angeles, respectively. In contrast, concentrations in ru
ral and urban areas of Mexico City are nearly 25 times higher. 
In Hong Kong, particulate PAH concentrations ranged from 
0.41 ngm~3 to 48 ngm"3 in rural to urban areas (Zheng and 
Fang, 2000). These values compare more closely with Mex
ico City; however, PAH concentrations in Mexico City are 
still higher. PAHs have also been measured in different en
vironments of Greece (Mantis et al , 2005), where total par
ticulate concentrations ranged from 2ngm"3 to 52ngm"3 

in rural to urban areas. Again, these values compare more 
closely with the results seen in Mexico City, but the values 
for Mexico City are higher yet. 

The database of measurements of ambient AS in other 
cities is considerably smaller. Mexico City's mean AS 
concentration of 80 mm2 m - 3 at TO is comparable to that 
found in Los Angeles, where mean concentrations of 69 and 
53mm2m"3 were recorded at two ambient locations (Ntzi-
achristos et al , 2007). AS in a residential area of Redwood 
City ranged between 40-300 mm2 m~3, with the higher con
centrations attributed to wood burning and fireplaces in the 
neighborhood (Ott and Siegmann, 2006). It appears that 
while particulate PAH loading in Mexico City is higher than 
in many other cities, its aerosol surface area loading is not 
comparatively extraordinary. 

Vehicular traffic has been recognized as the major contrib
utor to PAH emissions in urban areas (Kittleson et al , 2004; 
Lee et al, 1995), and therefore it is not surprising that the 
highest average SPAH and AS concentrations are found at 
TO, where traffic is heaviest. The timing of SPAH and AS 
peaks at the more urban locations corresponds to periods of 
rush hour traffic. Burtscher et al. (1993) also found the high-

Table 3. Total particulate SPAH/BC mass ratios in Mexico City 
compared to other locations. 

Location SPAH/BC 
(mass ratio) 

R2 Reference 

Mexico City (TO) 
Ail data i.2xi<r2 0.77 This study 
Uncoated SPAH i.4xi<r2 0.93 This study 

Ogden, UT1 I.25xl<r3 0.75 (Aniott et ai., 2005) 
Fresno, CA (Winter) 1.2xl0~3 0.78 (Amott et al., 2005) 
Fresno, CA (Summer) 3.3 x lO - 4 0.75 (Arnott et al., 2005) 
Los Angefes, CA Ix lO - 2 0.82 (Westerdahi et at, 2005) 

a Diluted vehicle exhaust, not ambient air. 

est PAH and AS values in Zurich to occm- during rush hour 
and ascribed them to motor vehicles. 

At some locations, including Pedregal, Tl, and PEMEX, 
increases in SPAH concentrations occur at nighttime between 
23:00 and 04:00 (Fig. 3). The increase in SPAHs maybe due 
to transport of particles emitted earlier in the evening during 
times of high traffic density, or it may indicate the presence 
of other nighttime sources. Spcciation measurements in 2003 
suggest that wood and trash burning contribute to PAHs ob
served at night (Marr et al, 2006). The impact of emissions 
at nighttime can be magnified because of stable atmospheric 
conditions. Some industries are thought to switch to using 
dirtier fuels and processes at night, when enforcement of reg
ulations is less likely. Furthermore, at Tl during the first two 
weeks of the field campaign, Doran et al (2007) observed in
creased organic and elemental carbon during nighttime hours 
with peak values attained in the morning hours near sunrise. 

www.atmos-chem-phys.net/8/3093/2008/ Atmos. Chem. Phys., 8, 3093-3105, 2008 

http://www.atmos-chem-phys.net/8/3093/2008/


3102 D. A. Thornhill et al: Particulate PAH spatial variability and aging in Mexico City 

A similar pattern occurred at Tl on 21 March. The tempo
ral variations imply that at night a buildup of pollution from 
nearby urban sources is occurring, followed by a subsequent 
dilution during the next morning as the boundary layer ex
pands. 

Spatial and temporal patterns in concentrations indicate 
not only potential sources of PAHs but also the degree of 
atmospheric processing the particles undergo. As emissions 
are transported, they are subject to dilution and other trans
formations. This behavior is supported by Fig. 3, which 
shows that in general, higher SPAH concentrations occur at 
TO and PEMEX, which are dominated by fresh emissions. 
Lower concenti'ations occm- at Pico Tres Padres and Santa 
Ana, which are receptor sites where emissions have under
gone dilution and aging by the time they arrive. Intermediate 
concentrations occur at Tl and Pedregal, which lie between 
the two extremes. 

SPAHs as detected by the surface-specific photoemission 
method may diminish due to coating by secondaiy aerosol, 
and Figs. 4 and 5 support this hypothesis. PAH loss by pho-
todegradation, heterogeneous reactions, or volatilization is 
less likely because measurements in 2003 showed that even 
when surface-bound PAHs diminish, PAHs are still detected 
by aerosol mass spectrometry, a method that is able to de
tect them anywhere in the particles, not just on the surface 
(Marr et al, 2006). An increase in secondary aerosol in the 
mid-morning hours contributes to aerosol surface area and is 
expected to cause a reduction in both SPAH/AS and BC/AS 
ratios, but it does not explain the decrease in SPAH/BC ratio 
(Fig. 5) or the divergence between the two (Fig. 6). Stud
ies using a variety of techniques have shown that primary 
combustion particles are rapidly coated by secondary aerosol 
within a few hours in Mexico City (Baumgardner et al, 2007; 
Dzepina et al, 2007; Johnson et al , 2005; Marr et al, 2006; 
Salcedo et al, 2006). This finding could explain the tem
poral patterns observed in SPAH/AS and SPAH/BC ratios 
because secondary aerosol formation would not increase the 
total mass of PAHs but could contribute to it being coated. 
After condensation of secondaiy aerosol on primary com
bustion particles, the PAHs on the surfaces of primary par
ticles would no longer be detectable by the photoionization 
method, but BC would remain detectable by the light ab
sorption method. In contrast, the ratios of SPAH/AS and 
SPAH/BC were found to be much more constant through
out the day at a port south of Los Angeles (Polidori et al, 
2008). The difference may be due to the upwind location of 
this site, which experiences relatively clean inflow from the 
Pacific Ocean and thus less secondary aerosol formation. 

Pico Tres Padres is of special interest because it sits 800 m 
above the valley floor, and during the morning hours, it is 
above the mixing (boundary) layer that contains freshly emit
ted pollutants. Its diurnal patterns of particulate mass loading 
differ from those at sites on the valley floor. PM2.5 concentra
tions increase around 10:00 each day, coinciding with the ris
ing of the boundary layer, verified visually, up to the AML's 

Atmos. Chem. Phys., 8,3093-3105,2008 

location on the mountain. Particle surface PAH concentra
tions, however, do not rise concomitantly, further support
ing the proposition that initially fresh combustion emissions 
from the valley below have undergone transformations that 
inhibit the detection of surface-bound PAHs. 

The rapid coating of primary combustion particles in the 
megacity environment could have important implications for 
PAH longevity in the atmosphere. Experiments have shown 
that particulate PAHs can decay in the presence of sunlight 
(Kamens et al , 1988) and can undergo heterogeneous re
actions with the hydroxyl radical, ozone, and NOx (Esteve 
et al, 2006; Kwamena et al , 2007; Molina et al, 2004). 
However, if the PAHs are coated by secondaiy aerosol, they 
may be less susceptible to degradation and may persist long 
enough to be transported to remote areas. 

4.2 Intersite correlations of SPAH and BC 

Figure 1 shows that SPAH intersite correlation coefficients 
calculated for other sites versus TO are quite weak, except 
for Tl. It is possible that the spatial correlations for aged 
PAHs might be stronger, but the intersite correlations for 
BC, which serves as a proxy for total particulate PAHs, 
are similar to those for SPAH. While strong intersite cor
relations would indicate spatially uniform emission patterns 
and sources and regional-scale mixing of pollutants, the re
sults for Mexico City suggest that PAHs vary considerably 
in space. Concentrations at individual sites are largely inde
pendent of one another and are instead dominated by local 
sources, and/or fresh combustion particles have been suffi
ciently transformed that surface-bound PAHs are no longer 
present by the time the particles reach other sites. This con
clusion is further supported by the lack of a consistent re
lationship between SPAH and AS concentrations and wind 
transport episodes (Fig. 2); regional-scale meteorological 
patterns do not have a strong effect on concentrations. 

Mantis et al (2005) and Siegmann et al. (1999) report gen
erally higher correlation coefficients for their intersite com
parisons during studies of PAHs in Greece and Switzerland, 
respectively. The study in the Greater Athens area of Greece 
found an intersite correlation of r=0.61 between two urban 
locations, }-=0.76 between an urban location and a back
ground location, and ^=0.57 between an urban location and 
a mixed-urban industrial location. An important implication 
for risk assessment studies is that a single monitoring site in 
Mexico City will not adequately represent the population's 
exposure. 

4.3 Correlation of SPAHs with AS, NOx, C02, CO, and 
BC 

The ratio of SPAH to AS concentrations has been described 
as a fingerprint for different types of combustion particles 
(Bukowieckietal, 2002; Matter etal, 1999; Siegmann etal, 
1999). The relationship between these parameters provides 
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a qualitative means of identifying different sources and de
scribing the physical and chemical properties of particles. In 
contrast to previous studies which have shown tighter rela
tionships between SPAHs and AS for specific sources such 
as diesel exhaust, roadway vehicle emissions, candles, fires, 
and cigarettes (Bukowiecki et a l , 2002; Marr et a l , 2004; 
Siegmann et a l , 1999), the relationship shown in Fig. 5 con
tains significantly more scatter. For a single source, the rela
tionship between SPAHs and AS is expected to be linear with 
a characteristic slope. The spread of the data indicates that 
the aerosol represents a mixture of different sources and par
ticles of different ages. Ambient measurements in complex 
environments are expected to produce such results. 

The stronger correlation of SPAHs with NO x and BC, ver
sus with CO and CO2 (Table 2), likely reflects the importance 
of diesel engines as sources of bothPAH andNO x emissions 
(Harley et a l , 2005; Marr et a l , 1999). CO is emitted mainly 
by gasoline-powered vehicles, which emit far lower particu
late PAHs than do diesel engines (Marr et a l , 2002). Weak 
positive correlations between PAHs and NO x have also been 
reported in Brisbane, Australia (Muller et a l , 1998). 

The ratios should be higher and correlations stronger in 
source areas and receptor sites with a large impact of local 
sources, and the results shown in Table 2 support this hypoth
esis. The highest ratios of SPAH to the four other pollutants 
and strongest correlations occur at Tl and TO. InMILAGRO, 
Tl is generally considered a receptor site, but concentration 
field analysis (Fig. 4) shows that it has strong local sources; 
and TO is the closest site to the center of the MCMA. Values 
are intermediate at Pedregal and PEMEX, both of which are 
located toward the outskirts of the MCMA. Values are low
est at Pico Tres Padres and Santa Ana, the first of which can 
be thought of as a vertically downwind receptor site and the 
second of which is an outflow point of the MCMA basin. 

Pollutant ratios can be useful for estimating emissions 
and for describing the evolution of source strengths over 
decadal time scales (Marr et a l , 2002). The mass ratio 
of particulate SPAH/NOx measured along roads during the 
MCMA-2003 field campaign was 4 . 7 ± 5 . 9 x l 0 " 4 (Jiang et 
a l , 2005). During the MCMA-2006 field campaign, this ra
tio was 1.09±0.05 ng m - 3 ppb" 1 , or 7.7±0.4x 10~4 in mass 
terms, at TO (and similar at the other urbanized sites Tl and 
PEMEX). The ratio in 2006 has not changed significantly 
from that measured in 2003, within the precision of the meth
ods used. 

While the mass ratio of SPAH/BC at TO (Table 3) is sim
ilar to that observed along a freeway loop in the Los Ange
les area (Westerdahl et a l , 2005), lower ratios were found 
in ambient air in Fresno, California and diluted vehicle ex
haust in Ogden, Utah (Arnott ct a l , 2005). The similarity in 
SPAH/BC between TO and the Los Angeles freeway may in
dicate that vehicular sources are similar in the two locations 
and dominate measurements at TO or alternatively, if parti
cles have aged slightly by the time they reach the elevated 
TO measurement site, may indicate that the SPAH/BC ratio 
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in fresh emissions in Mexico City is actually higher than in 
Los Angeles. The ambient ratio in Mexico City is nearly 10 
times higher than in Fresno. Direct measurements of exhaust 
are needed to determine whether particulate emissions from 
Mexico City's vehicles contain higher amounts of PAHs than 
in the U.S. If so, PAH emissions could be minimized by re
ducing the PAH content of fuels (Marr et a l , 1999). 

5 Conclusions 

It is apparent that PAH pollution is a major problem in the 
more heavily trafficked areas of the MCMA. SPAH concen
trations near downtown exhibit a consistent diurnal pattern 
and routinely exceed 200 ng m " 3 during the morning rush 
hour. Weak correlations between SPAHs and AS are in
dicative of the wide variety of sources and ages of particles 
present in Mexico City. SPAH concentrations are poorly cor
related in space, and therefore PAHs should not be treated as 
a regional-scale pollutant. An important implication of this 
result is that for risk assessment studies, a single monitoring 
site will not adequately represent an individual's exposure. 
The stronger correlation of SPAHs with NOx , rather than 
with CO and CO2, probably reflects the importance of diesel 
engines as sources of both PAH and NOx emissions. Mexico 
City's SPAH/BC ratio is similar to that found along freeways 
in Los Angeles and 8-30 times higher than that found in two 
other cities. Aging of primary combustion particles by coat
ing with secondary aerosol appears to result in a decrease 
in surface SPAH/AS and SPAH/BC ratios over the course 
of the day and may prolong the lifetime of PAHs in the at
mosphere. The photoemission method used in this study to 
measure PAHs detects only those on particles' surfaces. This 
specificity can be considered a strength if PAHs' toxicity is 
mediated via interactions with only the outer surfaces of par
ticles but a weakness if one is attempting to characterize total 
particulate PAH concentrations. Measurements using other 
techniques such as aerosol mass spectrometry may be more 
representative of the total, although photoemission is a more 
sensitive technique at present. 
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Abstract. In March 2006, a multiagency field campaign was 
undertaken in Mexico City called the Megacities Initiative: 
Local and Global Research Observations (MILAGRO). Two 
of the five field components of the MILAGRO study focused 
a major part of their efforts on atmospheric particulate emis
sions from the Mexico City basin and their effects on radia
tive balance as a function of time, location and processing 
conditions. As part of these two MILAGRO components, 
measurements of aerosol optical properties were obtained at 
a site located in the northern part of Mexico City (TO) and 
also at a site located 29Ian northwest (Tl) to estimate the 
regional effects of aerosol emissions from the basin. 

Measurements of aerosol absorption and scattering for fine 
mode aerosols were obtained at both sites. Aerosol absorp
tion at 550 nm was similar at both sites, ranging from 7-
107 Mm - 1 at TO and from 3-147 Mm - 1 at Tl. Aerosol scat
tering measured at 550nm at TO ranged from 16-344Mm"1 

while the aerosol scattering values at Tl were much lower 
than at TO ranging from 2-136Mm -1. Aerosol single scat
tering albedos (SSAs) were calculated at 550 nm for the fine 
mode aerosols at both sites using these data. The SSAs at TO 
ranged from 0.47-0.92 while SSAs at Tl ranged from 0.35-

cc ffl 
Correspondence to: J. S. Gaffney 
(j sgaffney@ualr.edu) 

0.86. The presence of these highly absorbing fine aerosols in 
the lower atmosphere of the Mexico City area will result in a 
positive climate forcing and a local wanning of the boundary 
layer in the region. 

Broadband UVB intensity was found to be higher at site 
TO, with an average of 64 /i-W/cm2 at solar noon, than at 
site Tl, which had an average of 54/iW/cm2 at solar noon. 
Comparisons of clear-sky modeled UVB intensities with 
the simultaneous UVB measurements obtained at sites TO 
and Tl for cloudless days indicate a larger diffuse radia
tion field at site TO than at site Tl. The determination of 
aerosol Angstrom scattering coefficients at TO suggests that 
this is due to the predominance of aerosols in the size range 
of 0.3 micron, which leads to scattering of UVB radiation 
peaked in the forward direction and to an enhanced UVB ra
diation observed at ground level. This enhancement of the 
UVB diffuse radiation field would explain the enhanced pho
tochemistry observed in the Mexico City area despite the re
duction in UVB anticipated from light absorbing species. 

1 Introduction 

Megacities, large urban and suburban centers whose popu
lations exceed ten million inhabitants, are steadily increas
ing worldwide with the most rapid growth in the tropical 
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areas of South America and Asia. In 1800 only 3% of the 
world's population lived in urban areas. This increased to 
47% by the end of the 20th century. In 1950 there were 
83 cities with populations exceeding one million and New 
York City was the only megacity (UNEP/WHO, 1992). By 
2007 there were 468 urban centers of more than one million 
and of these 14 are classified as megacities with the largest 
metropolitan complexes centered at Tokyo, Japan, and Mex
ico City, Mexico (Molina and Molina, 2002). If this trend 
continues, the world's urban populations will double every 
38 years and within the next 10 to 15 years it is predicted 
that there will be more than 30 megacities worldwide. 

The Mexico City metropolitan area (MCMA) is the largest 
urban center in North America and the second largest megac
ity worldwide. It occupies ~-3540 Ian2 with a population 
of ~19 million (CAM, 2002). In general, megacities suf
fer from poor air quality due to the cumulative effects of 
rapid population growth and industrialization accompanied 
with increased traffic densities and total energy consump
tion. However, the topography of the MCMA also acts to 
exacerbate the poor air quality (Fast et al., 2007; Fast and 
Zhong, 1998; Doran et al, 1998) as Mexico City is located 
in a basin on the central Mexican plateau at an altitude of 
2240 m and latitude of 19° N. The basin is surrounded on 
the west, south, and east by mountain ranges that rise up to 
1000-3000 m above the basin floor. This topography serves 
to inhibit dispersion of emissions within the basin during the 
early morning hours and the high levels of incoming solar 
radiation at this latitude and elevation promotes atmospheric 
photochemical reactions that rapidly form secondary pollu
tants (Whiteman et al., 2000). 

Due to the elevation and topography of Mexico City, the 
height of the boundary layer may reach up to 2-4 Ion above 
the surface (Raga et al., 2001a; de Foy et al., 2007). There
fore, pollutants are emitted from the basin at altitudes that are 
considered to be free troposphere elsewhere and are expected 
to travel long distances affecting the surrounding regions 
(Gaffney and Marley, 1998; Williams et al., 2002). Mod
eling results have indicated that the effects of this exported 
pollution can impact background levels 300 km or more from 
the urban area (Barth and Church, 1999; Whiteman et al., 
2000). Indeed, past studies have found that the Mexico City 
air pollutants are typically vented during the late afternoon 
on a daily basis (Gaffney and Marley, 1998; Whiteman et al., 
2000) 

Past studies in the Mexico City area have estimated that 
emissions from the basin contribute 15 megatons of fine 
aerosol (PM2.5) per year to the surrounding regions (Gaffney 
et al., 1999). This fine aerosol was found to be composed 
of approximately 32% organic carbon (OC), 15% elemental 
carbon (EC), 10% ammonium nitrate and 20% ammonium 
sulfate by elemental and thermal/optical methods (Chow et 
al, 1993, 2001, 2002; Vega et al, 2004). More recently, in 
2003 the composition of fine aerosols was found to be 11% 
black carbon (BC), 32% OC, 13% ammonium nitrate, and 
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14% ammonium sulfate by aerosol mass spectrometry and 
optical attenuation methods (Salcedo et al, 2006; Aiken et 
al, 2008). This is an indication that although the emissions 
of reactive hydrocarbon have been reduced in the city due 
to the significant number of newer vehicles with catalytic 
converters that have replaced older higher emission vehicles, 
the aerosol composition has not changed significantly likely 
due to the lack of controls on diesel vehicles and biomass 
burning in the region (Marley et al, 2007). Thus, while air 
quality and ozone production has improved, Mexico City and 
25 other megacities continue to be a major source of black 
carbon aerosols, which can be an important species hi deter
mining regional radiative balance and climate. 

While sulfate is well known as an important light scat
tering aerosol species contributing to atmospheric cooling 
(Charlson et al , 1992), BC and associated OC (including 
secondary organic aerosol, SOA) have more recently gained 
attention as major light absorbing aerosol species exerting 
a positive radiative forcing and reinforcing the atmospheric 
warming due to increases in the greenhouse gases (Jacobson, 
2002; Ramanathan et al, 2005). Some model calculations 
suggest that the contribution of carbon soot aerosols to global 
warming may be as much as 0.3-0.4°C, rivaling the contribu
tions from atmospheric methane (Jacobson, 2004; Chung and 
Seinfeld, 2005). The ultimate climate effects from carbon 
aerosols will depend on their physical and chemical proper
ties, as well as their residence times and distributions in the 
atmosphere (Jacobson, 2001). 

The presence of the highly absorbing BC aerosols in Mex
ico City leads to a reduction in overall solar flux of 17.6% 
locally (Raga et al, 2001b). The mass of these absorb
ing aerosols exported from this megacity into the surround
ing region is estimated to be 6.000 metric tons per day or 
2 megatons per year of BC (Gaffhey et al , 1999). Since 
freshly emitted BC aerosols are hydrophobic, they are ex
pected to be more resistant to washout and have longer life
times than more hygroscopic aerosols such as sulfate and ni
trate (Gaffney and Marley, 2005; Dua et al, 1999). In addi
tion, since the aerosols emitted from the Mexico City basin 
are introduced into the atmosphere at higher altitudes, they 
are assumed to have longer lifetimes than similar aerosols 
released at lower altitudes (Raga et al, 2001b). The MCMA 
is therefore a major source of BC aerosols to the surround
ing regions and the release of these highly absorbing aerosols 
will have an impact on the radiative balance and climate on a 
regional scale. 

The influences of aerosols on climate are much more com
plex than those of the greenhouse gasses (Schwartz and 
Buseck, 2000). Aerosol composition is highly variable, with 
different species present within the same particle, due to the 
different sources, production mechanisms and atmospheric 
transformations (Posfai et al, 1999). In addition, these dif
ferent aerosol species can be either internally or externally 
mixed within the particle yielding different optical and mi-
crophysical properties and different radiative effects (Posfai 
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et al , 1999; Schnaiter et al , 2005). Aerosol distributions 
are also variable both spatially and temporally and although 
aerosol lifetimes are much shorter than those of the green
house gases, estimates of their atmospheric residence times 
range from less than a day to more than a month resulting 
in transport distances from a few miles to hemispheric scales 
(Marley et al , 2000; Williams et al, 2002). This variability 
in composition and distributions makes it difficult to quantify 
the aerosol impacts on climate and to represent these effecls 
in climate models. 

In order to better understand the evolution and transport 
of pollutant aerosols and gases from emissions in the Mex
ico City basin and their resulting impacts on regional cli
mate, a multiagency field campaign was undertaken called 
the Megacities Initiative: Local and Global Research Obser
vations (MILAGRO). The MILAGRO study was composed 
of five collaborative field experiments. Two of the compo
nents of the MILAGRO study focused a major part of their 
efforts on aerosol emissions. The Megacity Aerosol Exper
iment, Mexico City 2006 (MAX-Mex) was sponsored by 
the US Department of Energy (DOE) to investigate the di
rect radiative effect of aerosols in the Mexico City plume 
as a function of time, location and processing conditions. 
The MCMA-2006 study, supported by various Mexican in
stitutions, the US National Science Foundation (NSF) and 
the DOE, deployed ground based instrumentation to exam
ine fine particles and secondaiy aerosol precursor gas emis
sions within the Mexico City Basin. As part of these two 
MILAGRO components, aerosol scattering and absorption 
measurements were obtained at a site located at the Insti-
tuto Mexicano del Petroleo (IMP- Mexican Petroleum Insti
tute), in the northwestern part of the Mexico City center. This 
site, known as TO, was chosen to represent the fresh emis
sions within the MCMA. Measurements were also obtained 
at the Universidad Tecnologica de Tecamac (Technological 
University of Tecamac), located approximately 29 Ian north
west of TO. This site, known as Tl, was expected to represent 
a mixture of both fresh and aged pollutants as they exit the 
basin. 

The evolution of absorbing aerosols downwind of Mexico 
City has been described previously in a comparison of mea
surements obtained at site Tl with those obtained at site T2 
(Rancho La Bisnaga), located approximately 3 5 Ion north-
northeast of Tl (Doranetal, 2007,2008; Doran, 2007). This 
study focused primarily on the changes in the carbonaceous 
aerosol composition and the resulting effects on the aerosol 
mass specific absorption coefficients. It was concluded from 
this work that emission sources outside the MCMA, includ
ing biomass-burning sources, are important contributors to 
the regional aerosol burden. Other aerosol studies conducted 
in the Mexico City area have reported similar conclusions 
(Kleinman et al, 2008; Molina et al, 2007; Stone et al, 
2008; Yokelson et al, 2007; DeCarlo et al, 2008; Salcedo 
et al, 2006). 

Presented here is a comparison of measurements of aerosol 
absorption and aerosol scattering at 550 nm obtained at sites 
TO and Tl during the MILAGRO campaign. In addition, the 
mass specific aerosol absorption coefficients were calculated 
at 550 nm by using total carbon (TC) measurements taken 
from high-volume quartz filters. These results are compared 
with absorption coefficients reported previously by Doran et 
al. (2007). Also reported here is a comparison of UVB radi
ation measurements obtained simultaneously at sites TO and 
T1, under cloudless conditions, with clear sky modeled UVB 
values. These data are discussed with regard to the light scat
tering and absorption measurements obtained at both sites. 

2 Experimental methods 

2.1 Sample Sites 

2.1.1 Site TO 

Measurements were obtained from 10 March (day 69) to 29 
March (day 88) 2006 at the Institute Mexicano del Pctr61eo 
(IMP) laboratories [Mexico, D. F.]. This site, known as TO, 
is located in the north central part of Mexico City at latitude 
19°29'N, longitude 99°09'W, and at an altitude of 2240 m 
above sea level. The IMP complex is a campus of 33 build
ings located in an industrial and commercial area of Mexico 
City surrounded by streets that are very heavily trafficked by 
light duty vehicles and diesel buses. The nearest major roads 
are approximately 300 m away from the measurement site. 

Relative humidity and rain intensity at site TO during the 
study are shown in Fig. 1 (top). Rain events occurred during 
the last week of the study period, 23-28 March (days 82-87). 
Daily maximum relative humidity ranged from a low of 35% 
during the first week to a high of 89% during the last week of 
March 2006. Winds ranged from 0.1 to 9 m/s with an average 
of 2m/s from the south, southwest. 

2.1.2 SiteTl 

Measurements were also obtained from 1 March (day 60) 
to 29 March (day 88) 2006 at the Technological University 
of Tecamac, State of Mexico, 30 km north of Mexico City. 
This site, known as Tl, is at latitude 19°43'N and longi
tude 98°58'W at an altitude of 2340 m a.s.l Tecamac has a 
recorded population of 172 410, as of the 2000 census, and is 
primarily commercial with a total of 3070 small businesses, 
of which 1923 are food related. The principal mode of trans
portation in the area consists of light duty vehicles, and small 
diesel buses. The main transportation route is public road 
#85, which runs south to north from Mexico City to Pachuca. 
The municipality of Pachuca, which is located 94 Ion north
east of Mexico City and 64 km northeast of Tecamac, is the 
capital of the state of Hidalgo with a recorded population of 
267751 in 2005. 
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Fig. 1. Relative humidity and rain intensity (blue) measured at sites 
TO (top) and Tl (bottom) from 10 Maich (day 69) to 29 March (day 
88) 2006 during the MILAGRO field campaign. 

Relative humidity and rain intensity at site TO during the 
study are shown in Fig. 1 (bottom). Rains events occurred at 
site Tl on 16,17, 21,22, and24-28 March (days 75, 76, 80, 
81, 83-87). Relative humidity ranged from a mid-day low of 
40% during the first week to a high of 99% during the last 
week of March 2006. Winds ranged from 0.1 to lOm/s with 
an average of 2m/s from the south, southwest. 

Aerosol Optical Properties 

2.1.3 Site TO 

The aerosol instrumentation at site TO was located on 
the rooftop of Building No. 32 (Hector Lara Sosa Build
ing, IMP) 15 m above ground level. The sample inlets 
were designed to collect aerosols in the size range of 0.1 
to 2 micron aerodynamic diameter (Hermann et al, 2001). 
Aerosol scattering was measured with a three wavelength in
tegrating nephelometer (TSI Model 3563) operating at 450, 
550, and 700 nm (Anderson and Ogren, 1998). Results ob
tained at 550 nm are reported here. 

The instrument was calibrated by using CO2 according 
to the manufacturer's specifications. An internal high effi
ciency particulate filter (HEPA) is used to provide a clean air 
measurement periodically for background subtraction. The 
TSI nephelometer was operated at ambient relative humid
ity. However, two single wavelength (550 nm) nephelome-
ters (Meteorology Research Incorporated) were operated at 
low (20%) and high (80%) relative humidity for comparison. 

Aerosol absoiption was measured with a multi-angle 
absorption photometer, or MAAP (Thermo Electron 
Model 5012). The aerosols in the air sample are collected 
within the instrument by continuous filtration through a glass 
fiber tape strip and the aerosol absorption is determined 
by measuring the attenuation of 670 nm light as it passes 
through the particle laden filter. As the sample is deposited 
on the filter tape, the light attenuation steadily increases. At 
high sample loadings the high absorption can cause detec
tion limits to increase. To prevent this, the instrument auto
matically advances the tape to a new sample spot when light 
attenuation reaches 25% of its initial value. After the tape 
advance, a background measurement is taken to correct for 
variations in filter surfaces and source light intensities. 

The use of the filter based aerosol absoiption methods have 
been met with some controversy due to artifacts introduced 
by depositing the aerosol particles on a filter substrate prior 
to measurement (Schmid et al , 2005; Arnott et al , 2005). 
Since these instruments rely on the measurement of light 
transmitted through a particle laden quartz fiber filter, scat
tering from the filter surface causes a reduction in light inten
sity not associated with absoiption, which results in a posi
tive error in the attenuation measurement. The MAAP repre
sents a significant improvement over other filter-based meth
ods in that it uses multiple detectors to simultaneously mea
sure the light intensity both transmitted through and scattered 
from the filter tape. The instrument then uses a two-stream-
approximation radiative transfer scheme to determine the 
aerosol absorption. This explicit treatment of light scattering 
effects caused by the aerosol and filter matrix in the radia
tive transfer scheme improves the determination of aerosol 
absoiption considerably over methods that rely on the mea
surement of tiansmission alone (Petzold et al, 2005). 

The MAAP automatically calculates the BC content in the 
aerosol samples from the aerosol absorption measurements 
by assuming BC to be the main absorbing aerosol species 
in the samples with a mass specific absorption coefficient of 
6.6m2/g at 670nm. However, these results are easily recon
verted to the initial aerosol absoiption measurement using 
the manufacturer's absorption coefficient. 

The aerosol absoiption measurements obtained by the 
MAAP at 670nm were corrected to 550nm for direct com
parison of the aerosol scattering measurements. The wave
length dependence of the extinction of light by fine aerosol 
particles (r) is defined by Angstrom's turbidity formula as 
r—£lX~a; where £, known as the Angstrom turbidity coef
ficient, is the value of r at a wavelength of 1 (zm and a, is 
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the Angstrom exponent. The total aerosol extinction is the 
sum of aerosol scattering and absorption as described in the 
expanded turbidity formula, 

r = / U - a s + / U - a ° (1) 
where as is the Angstrom exponent for aerosol scattering, 
aa is the Angstrom exponent for aerosol absorption, and fis 
and pa are the corresponding values of aerosol scattering and 
absorption at a wavelength of 1 /zm. The wavelength depen
dence of aerosol absorption can be determined independently 
by 

A = px~aa and (2) 

ln(A) = - « > ( ! ) (3) 

Once determined, aa can then be used to convert absorption 
measurements made at one wavelength to values at another 
wavelength. 

The aerosol absoiption Angstrom coefficients were cal
culated from Eq. (2) by using aerosol absorption measure
ments at 7 wavelengths (370, 450, 520, 590, 660, 880, and 
950 nm) made with a 7-channel aethalometer (Hansen et al , 
1982). The 7-channei aethalometer is currently the best 
method available for the determination of aa in the field. The 
aethalometer is the only instrument available that allows for 
the measurement of aerosol absorption at more than 2 wave
lengths and includes the UVB spectral range. It is impor
tant to include the UV measurement in the determination 
of aa since most enhanced absoiption occurs in this range 
(Bergstrom et al, 2002; Kirchstetter et al, 2004; Andreae 
and Gelencser, 2006; Barnard et al , 2008). Therefore, instru
ments that use only visible wavelengths to determine aa will 
greatly underestimate the wavelength dependence of aerosol 
absorption. 

For small spherical particles with a constant refrac
tive index across the wavelength range of interest, o;n=l 
(Bergstrom, 1973). This has been determined to be a good 
approximation for aerosols composed mostly of BC or for 
particles containing a significant fraction of OC over a nar
row wavelength range <600nm (Bergstrom el al , 2002; 
Kirchstetter et al , 2004). However, the aerosol absoiption 
Angstrom coefficients of mixed carbon aerosols containing 
BC, secondary OC, and primary OC from biomass burning 
has been found to be closer to 1.5 (Sclrmid et al 2006). In 
areas impacted heavily by biomass burning, aa can be closer 
to 2 to 2.5 (Dubovik et al, 1998; Kirchstetter et al, 2004; 
Swap et al, 2003). It is therefore important to determine aa 
at the same time resolution as the absorption measurements 
to reduce errors in calculating aerosol absorption at different 
wavelengths. The aerosol absorption Angstrom coefficients 
were calculated simultaneously with the aerosol absoiption 
measurements obtained at 670 nm by the MAAP and these 
values were used to calculate aerosol absorption at 550 nm. 
The results obtained for aa at site TO varied from 0.54 to 1.52 
with an overall average of 0.93 (Marley et al, 2008). 
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The analog outputs of the MAAP absorption photome
ter and the nephelometers were monitored continuously and 
one-minute averages of aerosol absorption and scattering 
were recorded by a laptop computer operating with Lab-
VIEW software. The data reported here are an hourly run
ning average of the one-minute values for aerosol scatter
ing at 550 nm and aerosol absorption corrected to 550nmby 
Eq.(2). 

The aerosol scattering measurements made at 550 nm and 
the aerosol absorption measurements corrected to 550 nm 
were used to calculate the fine mode aerosol single scatter
ing albedo (SSA). The SSA is defined as the ratio of aerosol 
scattering to total light extinction (absoiption + scattering) as 

SSA = <*/(<*+<ra) (4) 

where as is the aerosol scattering coefficient and aa is aerosol 
absorption coefficient. The SSA is therefore the fraction of 
total light extinction that is due to scattering by aerosols. The 
results reported here for aerosol SSAs are for the fine mode 
aerosols only. These are expected to be lower than that for 
the total aerosol burden due to the fact that the highly absorb
ing carbonaceous aerosols exist principally in the fine mode. 
However, the more highly scattering coarse mode aerosols 
in the size range of 2-10 micron aerodynamic diameter have 
settling velocities from 60-1000 cm/h and will not be trans
ported as far into the surrounding region unless they are ac
companied by high winds and/or are lofted to significant al
titude (Finlayson-Pitts and Pitts, 2000). 

2.1.4 SiteTl 

The sample inlet at site Tlwas located at a height of 10m 
above ground level and collected aerosols in the size range 
of 0.1 to 2 micron aerodynamic diameter at a flow rate of 
16.7l/min at ambient temperature and pressure. Aerosol 
scattering was measured at site Tl with a portable integrat
ing nephelometer (Radiance Research Model 903) operating 
at 530 nm, which was calibrated by comparison to a second 
nephelometer (Radiance Research Model 903) located at the 
Universidad Nacional Aut6noma de Mexico (UNAM). The 
scattering measurements were recorded by internal data log
gers at 1 min intervals. The stored data was retrieved using a 
personal computer through an RS232 port. These data are re
ported here as an hourly running average of these one minute 
values. 

Aerosol absorption was obtained by a particle soot absorp
tion photometer, or PSAP (Radiance Research), which is also 
a filter based measurement technique. The particle laden air 
stream is first passed through a primary filter and the aerosol 
absoiption is determined by measuring the light attenuation 
at 550 nm. The clean air stream is then passed through a sec
ond filter adjacent to the primary filter, which is used as a 
reference in order to ensure that the observed change in pri
mary filter transmittance is not due to changes in the intensity 
of the light source. 
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Fig. 2. Measurements of fine (0.12 micron) aerosol absorption 
(red) and scattering (blue) obtained at sites TO (top) and Tl (bot
tom) from 10 March (day 69) to 29 March (day 88) 2006 during the 
MILAGRO field campaign. 

The PSAP is also susceptible to errors associated with 
measuring light transmission through a particle laden filter 
substrate. Light scattering from the filter surface as well as 
multiple scattering within the filter medium results in an en

hancement of the absorption measurements (Arnott et al, 
2005). The instrument manufacturer has empirically deter

mined calibration factors to correct for both the magnifica

tion of the absoiption by the filter medium as well as for non

linearities in the instrument response as the filter is loaded 
with particulates. The aerosol absorbances {aa) reported here 
for 550 nm were calculated from the measured aerosol ab

sorbances (omeas) by Eq. (5); 

On = (omeas " K i a J / K 2 (5) 

where as is the measured aerosol scattering, Ki=0.02, and 
K2=1.2 (Bond et al, 1999). In addition, hansmittance values 
below 0.5 have been omitted as invalid due to low particle 
loadings on the filter. 
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2.2 Meteorology and UVB measurements 

Broadband ultravioletB (UVB) radiation measurements 
were taken at both site TO and site Tl with Robertson

Berger (RB) radiometers (Solar Light Co. Model 501). These 
radiometers record continuous measurement of global (direct 
+ diffuse) broadband ultraviolet radiation from 280320 nm. 
Since the output of the detectors vaiy 1% per degree C, the 
internal temperatures of the radiometers are maintained at 
25±1°C with Peltier elements inside the housings and the 
internal temperature is monitored to assure stability. Both ra

diometers were factory calibrated with a 200 W quartz halo

gen lamp traceable to NIST. After calibration, stability of the 
detectors has been shown to be excellent over the life of the 
meter (Deluisi et al, 1992; Weatherhead et al, 1997; Xu 
and Huang, 2003). The detector has a spectral response that 
mirrors the erythemal action spectra (McKinlay and Diffy, 
1987). They are calibrated in units of minimum erythe

mal dose per hour (MED/h) where one MED/h is defined as 
0.0583 W/m2. Results reported here have been converted to 
/iW/cm2. 

Measurements of wind speed, wind direction, rain inten

sity, pressure, tempeiature, and relative humidity (RH) were 
obtained at both sites with weather multisensor packages 
(Vaisala, WXT150). Rain intensity measurements reported 
here were made by the RAINCAP sensor included in the 
weather package. The sensor detects the impact of individ

ual raindrops by a piezoelectric sensor. The resulting volt

age signal is proportional to the volume of the drop and is 
converted into total accumulated precipitation. All measure

ments were collected at a fiveminute time resolution with a 
laptop computer operating with LabVIEW software. 

2.3 Total Carbon Determinations 

Samples of fine (<1.0micron) aerosols were collected in 
Mexico City from 128 March 2006 (day 60day 68) at 
site TO and site Tl. The Aerosol samples were collected 
on quartz fiber filters by using high volume samplers (HiQ 
Environmental. Products, Model HVP3800AFC) equipped 
with cascade hnpactors (Thermo Anderson), The air sam

plers were equipped with brushless, three stage centrifugal 
fan blowers controlled by an electronic mass flow sensor that 
detects changes in preset flow rate caused by changes in 
temperature, barometric pressure, and pressure drop due to 
particulate loading on filter media. The highvolume sam

pler compensates for these changes by adjusting the motor 
speed to maintain the preset flow rate at 1.1 cubicm/min or 
40scfm. Three separate LCD's, display elapsed time, total 
volume of air sampled, and instantaneous flow rate. 

The quartz filter samples were taken at 12h intervals fiom 
05:30 to 17:30 and from 17:30 to 05:301ocal standard time 
(LST). The volume of air sampled during the 12h time pe

riod averaged 740 m3. The aerosol samples were analyzed 
for TC content by thermal combustion. Each sample was 
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sealed under vacuum in a quartz tube with copper oxide, 
metallic copper and silver and combusted at 900°C. The CO2 
produced from combustion was cryogenically isolated from 
other combustion products and its amount measured mano-
metrically(±0.2%). 

3 Results and discussion 

The results of fine aerosol absorption and scattering at sites 
TO and Tl are shown in Fig. 2. Aerosol absorption at site 
TO ranged from 7-107 Mm"1 with an overall average of 
37 Mm - 1 and followed a diurnal pattern that reached a max
imum at around 06:30 (range of 05:00 to 08:00)LST and a 
minimum at 13:00 (range of 12:00 to 14:00)LST. Previous 
measurements of aerosol absoiption have been reported for 
the Centro de Ciencias de la Atmosphera inside the cam
pus of UNAM in the southwest quadrant of the Mexico City 
basin (Baumgardner et al, 2007). Results averaged over 
14 days between the years 2003 and 2005 were found to fol
low a similar diurnal pattern as observed at site TO but results 
were much lower than reported here. Aerosol absoiption 
ranged from a low of 7 Mm - 1 in the early morning (01:00) 
to a maximum of 33 Mm"1 at 06:00 LST. A comparison of 
the aerosol absorption at TO showed excellent agreement 
with data obtained from co-located aethalometer and pho-
toacoustic specfrometer instrumentation (Paredes-Miranda et 
al, 2008). 

The values obtained in this study can also be compared 
to aerosol absorption measurements reported for Santiago, 
Chile, which has a similar terrain but a lower altitude. The 
major sources of absorbing aerosols in both Mexico City and 
Santiago are motor vehicle traffic, especially diesel buses 
(Horvath et al, 1997; Molina and Molina, 2002). Aerosol 
absoiption in Santiago was found to reach maximum values 
of 100-200 Mm - 1 at around 09:00 LST and correlated with 
peak traffic hours (Horvath et al, 1997). 

Aerosol absorption measurements at site Tl ranged from 
3-147Mm~1 with an overall average of 27Mm - 1 . The same 
diurnal pattern observed at TO was also evident at site Tl 
(maximum at 06:30 and minimum at 13:00 LST). While the 
daily maximum absorption values at Tl exceeded those at 
TO on 9 of the days studied, these high levels were of much 
shorter duration, lasting only about 1 to 2 h as compared to 
7 to 9h of peak levels at site TO. In addition, the minimum 
aerosol absorption observed at site Tl routinely fell below 
those observed at site TO. 

Forty-six minute averages of aerosol absorption obtained 
from day 74 (15 March) through day 85 (26 March) with a 
photoacoustic spectrometer operating at 870 nm have been 
reported previously for site Tl (Doran et al , 2007). A com
parison of the daily absorbance maxima reported at 870 nm 
(Doran et a l , 2007) with those recorded by the PSAP at 
550 nm, assuming an aa of 1, yields a difference between the 
data sets of —0.1 to +83 Mm with an average difference of 
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31 Mm"1. The major source of error in this comparison is 
probably due to the assumption of aa~l. During much of the 
MILAGRO study, site Tl was impacted by local grass fires 
(Gaffney et al , 2008; Yokelson et al, 2008), which could 
have contributed significantly to the overall aerosol loadings 
and to a larger aa (Kirchstetter et al , 2004). Carbon-14 anal
ysis of 12-h aerosol samples collected at site Tl found that 
70% of the carbon in the aerosols was from modem sources 
(Gaffney et al, 2008), which confirms that much of the car
bon aerosol burden in the area arises from biomass derived 
sources. Determinations of cta in areas impacted by biomass 
burning have been shown to be closer to 2 (Dubovik et al, 
1998; Kirchstetter et al, 2004; Swap et al, 2003). If afl=2 is 
used to convert the values reported at 870 nm to 550 nm, the 
difference in the two data sets becomes 1 Mm"1 ±30 Mm - 1 . 
The major source of error in this comparison is most likely 
due to the differences used in data averaging. 

Aerosol scattering measurements obtained at site TO 
ranged from 16-344 Mm - 1 with an overall average of 
105 Mm"1. Scattering values generally reached a maximum 
at 10:30 (range of 07:30 to 13:00) LST. Measurements of 
aerosol scattering species obtained in Mexico City in April 
2003 found that both nitrate and ammonium concentrations 
showed a shaip diurnal pattern with a maximum of 10-
20 /Ag/m3 for nitrate and 4-8 /xg/m3 for ammonium occur
ring from 10:00-12:00 LST, while sulfate concentrations did 
not vaiy significantly, remaining at round 2-3 /Ag/m3 most of 
the time (Salcedo et al , 2006). The sharp diurnal pattern of 
nitrate is due to the photochemical formation of nitric acid 
from the reaction of NO2 and OH, and subsequent reaction 
with ammonia to form the highly scattering aerosol species 
ammonium nitrate. 

Similar rapid photochemical production of secondaiy or
ganic aerosols (SOA) has also been observed in the Mexico 
City area (Salcedo et al , 2006; Hennigan et al, 2008; Aiken 
et al , 2008; Volkamer et al, 2006). The formation of par
ticulate nitrate and SOA were found to be highly correlated 
suggesting that reaction with OH was also the primaiy source 
of the morning rise in SOA (Salcedo et al, 2006; Hennigan 
et al, 2008). The photochemical SOA formation showed ap
proximately the same enhancement as for ammonium nitrate 
and occurred between the hours of 08:00-12:45 (Hennigan 
et al , 2008; Salcedo et al , 2006). This late morning forma
tion of both ammonium nitrate and SOA in Mexico City con
tributes to the aerosol scattering in the diurnal profile shown 
in Fig. 2. 

Aerosol scattering measured in Denver during the win
ter reached a maximum of 60-140 Mm - 1 at approximately 
14:00-19:00 LST, 6h later than observed in Mexico City 
(Groblicld et al, 1981). The primary aerosol scattering 
species in Denver is ammonium sulfate formed from the at
mospheric oxidation of SO2, with significant contributions 
from ammonium nitrate, as well. The photochemical forma
tion of these secondaiy aerosol species would be expected to 
be slower in Denver due to the lower actinic flux in the winter 
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Fig. 3. Aerosol single scattering albedo (SSA) determined at site 
TO (top) and Tl (bottom) from 10 March (day 69) to 29 March (day 
88) 2006 during the MILAGRO field campaign. 

at these higher latitudes, resulting in the later scattering max
ima than observed in Mexico City. Aerosol scattering values 
at Tl were in general much lower than at TO, ranging from 2 -
136 Mm"1 with an overall average of 53 Mm"1, and reached 
a maximum at 08:30 (range of 06:00 to 13:30) LST. On clear 
days the boundaiy layer in Mexico City during March-April 
grows slowly after sunrise at 06:40 to a height of approxi
mately 1000m by 11:00LST (Doran et al., 1998, 2007; de 
Foy et al , 2008; Fast and Zhong, 1998; Fast et al., 2007). 
This serves to dilute the pollutants already present in the 
boundary layer. After 12:00LST the boundary layer grows 
rapidly to 3000 m or greater. The maximum scattering values 
at site TO occurred 2 h later than the maximum scattering val
ues seen at Tl and 4 h later than the peak aerosol absorption 
values. This suggests that the high aerosol scattering values 
measured at TO were primarily due to rapid SOA formation 
in the city. Although the overall SOA levels atTl were found 
to be similar to those at TO (Hennigan et al., 2008; Stone et 
al, 2008), the diurnal pattern of aerosol scattering at site Tl 
appeared to be controlled primarily by changes in the bound
aiy layer height in the early morning, and by the presence 
of photochemically aged aerosols in the afternoon (Carabali, 
2008; Stone et al., 2008; Aiken, et al., 2008). 

The fine mode aerosol SSAs calculated from the ground 
level absorption and scattering measurements at 550 nm are 
shown in Fig. 3. The lower aerosol scattering observed at site 
Tl translates into lower values for fine aerosol SSAs at Tl 
with arange of 0.35-0.86 and an overall average of 0.68. The 
very low values for SSAs at site Tl are of very short dura
tion, indicating a local source of absorbing BC aerosol. The 
fine aerosol SSAs calculated for site TO ranged from 0.47-
0.92 with an overall average of 0.73. While the total aerosol 
SSAs recorded over most of the Northern Hemisphere are 
usually about 0.85-0.95 (Jacobson, 2001), values as low as 
0.68 have been reported over the southern Atlantic Ocean 
(Clarke, 1989). The occurrence of lower total aerosol SSAs 
is an indication of higher levels of more absorbing fine mode 
aerosols. 

The SSA is a function of aerosol chemical composition 
and morphology. For a completely scattering aerosol, such 
as sulfate, the SSA~1 and for a highly absorbing aerosol, 
such as freshly emitted BC, the SSA theoretically would ap
proach zero. The SSA of freshly emitted diesel soot has been 
reported at 0.2 (Ramanathan et al., 2001; Ban-Weiss et al., 
2008). Therefore, aerosols with an SSA>0.95 will have a 
negative climate forcing and an overall cooling effect on the 
atmosphere, while an SSA<0.85 will result in a positive cli
mate forcing and an overall warming effect due to the en
hanced aerosol absorption (Ramanathan et al., 2001). In ad
dition, the presence of highly absorbing fine mode aerosols 
in the lower atmosphere will result in heating of the particles 
and significant local warming of the boundary layer (Her
mann andHanel, 1997; Ramanathan and Carmichael, 2008). 
This can result in an increase in the convective available po
tential energy of the boundary layer and a large scale rising 
motion over time (Chung and Zhang, 2004). This may help 
to explain the rapid increase in the boundaiy layer height ob
served in this area (Shaw et al., 2008; Fast and Zhong, 1998; 
Whitemanetal.,2000). 

Doran et al. (2007) have calculated forward and back tra
jectories of air masses at 1000 m above ground level (a.g.l.) 
over site Tl during daylight hours (06:00-18:00LST) for a 
20-day period during the month of March 2006. The most fa
vorable conditions for transport from site TO to site Tl were 
seen to occur on days 69, 70, 77, 78, 79, 81, 83, 86 and 
87 (10-11, 18-20, 22, 24, 27-28 March). On days 71-76 
(12-17 March) and day 82 (23 March) the back trajectories 
indicate that transport would have likely been from site Tl 
towards Mexico City and site TO. 

The aerosol absorption, scattering, and SSAs obtained at 
site TO and Tl have been averaged over the same daylight 
hours reported by Doran et al. (2007) for direct compari
son to their calculated back trajectories. The daily average 
aerosol absorption at sites TO and Tl is shown in Fig. 4 
along with the measurement ranges observed during each 
day. The daily average absorption values are similar at 
both sites ranging from 16-SOMm"1 with an overall aver
age value of 35 Mm - ! at TO and a range of 15-41 Mm - 1 
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Fig. 4. Daily aerosol absorption averaged from 06:00 18:00 LST 
and absorption ranges measured at sites TO (top) and Tl (bottom) 
from 10 March (day 69) to 29 March (day 88) 2006 during the MI-
LAGRO field campaign. 

with an overall average of 29 Mm - 1 atsiteTl. The two sites 
differ primarily in the range of aerosol absorption values ob
served during the day. While the lower limits on the ranges 
are similar at both sites, indicating a regional background of 
around 5 Mm"1, the upper limits of the aerosol absorption 
measurements arc more variable at site Tl with a range of 
21-162Mm"1 as compared to site TO with a range of 36-
101 Mm"1. There also appears to be no clear conelation of 
absorption values with transport from the Mexico City area, 
again indicating a local source of absorbing aerosols at site 
Tl. Days 77, 86 and 87 (18,27,28 March), which were iden
tified as likely transport days from site TO to site Tl, show 
high maximum aerosol absorbance. However, high maxima 
were also observed on days 72 and 74 (13 and 14 March) 
when transport has been identified as from the north. This 
suggests an impact at site Tl from Pachuca and/or Tizayuca 
(an important industrial center), which are located 10 and 
64Ian northeast of Tl. Concentrations of TC obtained on 
fine mode aerosol samples collected over the daylight hours 
at sites TO and Tl are shown in Fig. 5. The overall profile 
of the daily carbon concentrations during the study period is 
similar at both sites with the highest values (25-35 /xg/m3) 
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70 72 74 76 78 82 84 
Day of Year 

Fig. 5. Total carbon concentrations measured on fine (0.1-1 micron) 
aerosol samples collected from 05:30-17:30 at site TO (red) and Tl 
(blue) from 10 March (day 69) to 29 March (day 88) 2006 during 
the MILAGRO field campaign. 

observed on the first two days of the study period and lower 
values (5-15 /ig/m3) during the rest of the study. The mass 
absorption coefficients for BC at 550 nm were estimated as
suming that the TC content of the <1 micron aerosols was 
30% BC. This is in good agreement with past measurements 
made in the Mexico City area (Chow et al., 2002; Vega et al , 
2004) as well as for measurements made in other urban areas 
(Tanner etal., 1982; Gaffney et al., 1984). The adjusted val
ues reported for OC/EC ratios measured at site Tl are also 
in this range (Doran, 2007) as well as estimates made from 
aerosol mass spectrometry measurements (Aiken et al., 2008; 
Salcedo et al., 2006). The BC mass absorption coefficients 
shown in Fig. 6 range from 3.0-12.2 m2/g with an average 
of 7.7 m2/g at TO and from 2.7-12.3 m2/g with an average of 
7.7m2/gatTl. 

The mass absorption for EC reported for Tl by continuous 
OC/EC analysis was 5.6m2/g with a range of l-18m2/g at 
870nm and 8.9m2/g at 550nm assuming an aa of 1 (Doran, 
2007). Other reported estimates of BC mass absoiption in 
Mexico City vaiy from 4.8 m2/g (Baumgardiier et al., 2007) 
to 9.5ra2/g (Schuster et al., 2005) at 550 nm. The mass ab
sorption coefficient for BC calculated from a multi-filter ro
tating shadow-band radiometer (MFRSR) measurements in 
Mexico City was reported to be 8.2-8.9 m2/g at 550 nm as 
(Barnard et al., 2007, 2008). However, these estimations are 
based on assumptions of BC density, BC refractive index, 
and aerosol mixing state and may have a "worst case" uncer
tainty of about 70% (Barnard et al., 2008). 

While the mass absorption coefficient of freshly emit
ted BC aerosols is estimated to be in the range of 6.3-
8.7m2/g at 550 nm (Bond and Bergstrom, 2006), OC aerosol 
species such as humic-like substances (HULIS) derived from 
biomass burning or secondary organic aerosols generated 
photochemically have mass absorption coefficients < 1 m2/g 
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Fig. 6. Daily average mass absorption coefficient calculated for 
black carbon at site TO (red) and Tl (blue) from 10 March (day 69) 
to 29 March (day 88) 2006 during the MILAGRO field campaign. 

at 550 nm (Hoffer et al., 2006; Patterson and McMahon, 
1984). The overall mass absorption coefficients measured 
for total carbon (BC+OC) will be dependent on the relative 
concentrations of BC and OC as well as their mixing state 
(Hitzenberger and Pauxbaum, 1993; Bond et al., 2006). The 
similarity of the mass absorption for both sites TO and Tl 
suggests that the aerosol carbon composition was similar at 
both sites. The fine mode aerosol scattering averaged over 
the daylight hours is shown in Fig. 7 for sites TO and Tl 
along with the measurement ranges for each day. The daily 
averages vary from 60-187Mm-1 with an overall average 
of 123 Mm - 1 at TO. The daily average aerosol scattering 
was lower and more consistent at site Tl with a range of 
38-105 Mm"1 and an overall average of 57 Mm - 1 . There 
also does not seem to be a general trend of major impacts on 
aerosol scattering at Tl due to transport from Mexico City 
except for possibly day 81 (22 March). Day 81 was iden
tified as having favorable conditions for transport from site 
TO to site Tl (Doran et al., 2007) and that day showed high 
scattering values for both sites. 

The period from day 82 (23 March) to day 87 (24 March) 
was dominated by heavy regional rains and an overall in
crease in relative humidity (see Fig. 1). Rain totals before 
day 82 were 0mm at site TO and 6.7mm at site Tl. Af
ter day 82 rain totals were 19.2 mm at TO and 59.5 mm at 
Tl. This was accompanied by an increase in the average 
daily maximum RH from 59% to 76% at TO and from 73% 
to 89% at Tl. The increased rains resulted in a decrease in 
aerosol scattering at both sites by approximately the same 
amount. The average aerosol scattering at site TO before 
the rainy period was ^ M m " 1 (range of 62-197Mm"1) 
and during the rainy period the aerosol scattering dropped 
to HSMm"1 (range of 85-157Mm"1). The same values 
for site Tl were 61Mm -1 (range of 39-105Mm_1) before 
day 82 and 50 Mm"1 (range of 38-66 Mm"1) after day 82. 
However, the aerosol absorption remained the same at site 
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Fig. 7. Daily aerosol scattering averaged from 06:00-18:00 LST 
and scattering ranges measured at sites TO (top) and Tl (bottom) 
from 10 March (day 69) to 29 March (day 88) 2006 during the MI
LAGRO field campaign. 

TO with a value before day 82 of 35 Mm"1 (range of 16-
50Mm_1) and a value of 35 Mm"1 (range of 21-42Mm-1) 
after day 82. The aerosol absoiption atTl decreased slightly 
from 30 Mm - 1 (range of 19-41 Mm"1) before the rainy pe
riod to 26 Mm"1 (range of 15-37 Mm -1) during the rainy 
period. Since a significant fraction of highly scattering non-
absorbing aerosols are primarily inorganic and hydrophilic, it 
is expected that they will wash out more readily during rain 
events than the freshly emitted absorbing BC aerosols that 
are more hydrophobic in nature (Marley et al., 2000; Gaffney 
and Marley, 2005; Marley and Gaffney, 2007). However, as 
the BC aerosols become coated with SOA, they will become 
more hydrophilic in nature and their washout rates would be 
expected to increase. 

The fine mode aerosol SSAs averaged over the daylight 
hours at site TO and Tl are shown in Fig. 8. The average fine 
aerosol SSA at site TO ranged from 0.72-0.83 with an overall 
average of 0.78 while the average fine aerosol SSA at Tl was 
slightly lower and ranged from 0.63-0.78 with an overall av
erage of 0.70. Doran et al. (2007) reported daily average total 
column aerosol SSAs at Tl at 500 nm deteimined by using 
a MFRSR. These results were reported for days 71, 78 and 
86 as 0.84, 0.85 and 0.89 (12, 19, and 27 March) (Doran et 
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Fig. 8. Daily aerosol single scattering albedo (SSA) averaged from 
06:00-18:00LST and SSA ranges measured at sites TO (top) and 
Tl (bottom) from 10 March (day 69) to 29 March (day 88) 2006 
during the MILAGRO field campaign. 

al., 2007). The corresponding average fine aerosol SSAs re
ported here from ground-based aerosol absorbance and scat
tering measurements at 550 are 0.69, 0.73, and 0.68. The 
MFRSR SSA values are for the total aerosol burden while the 
values calculated in this work represent a surface measure
ment of fine mode aerosols only. The line aerosol fraction 
measured here (0.1 to 2 micron diameter) contains the more 
highly absorbing carbonaceous aerosols. The much larger 
mechanically generated coarse mode aerosols (>2micron), 
which are included in the MFRSR measurements are veiy 
highly scattering species. The total aerosol SSAs are there
fore generally expected to be higher than the SSAs measured 
for the fine aerosol fraction alone. 

Daily average fine mode aerosol SSAs have also been re
ported for La Merced, located in central Mexico City, and Pe-
dregal, a suburban neighborhood in the southwest portion of 
Mexico City during March of 1997 (Eidels-Dubovoi, 2002). 
These SSA values were calculated from ground level aerosol 
absorption measurements obtained with a single channel 
aethalometer and aerosol scattering measurements obtained 
by an open air integrating nephelometer at 530 nm. The SSA 
values reported at La Merced varied from 0.63-0.86 with an 
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Fig. 9. Broadband UVB measured at sites TO (top) and Tl (bot
tom) from 10 March (day 69) to 29 March (day 88) 2006 during the 
MILAGRO field campaign. 

average of 0.72 and those reported at Pedregal ranged from 
0.60-0.84 with an average of 0.68. These results compare 
well with the fine mode aerosol SSAs reported here. 

Broadband UVB measurements obtained at sites TO and 
Tl are shown in Fig. 9. The UVB intensity was higher at 
site TO, with an average of 64 /iW/cm2 and a range of 50-
70 fXW/cm2 at solar noon, than at site Tl, which had an av
erage of 54 fiW/cm2 and a range of 48-58 /tW/cm2 at solar 
noon. In general, UVB reached a maximum at both sites 
at 12:30 LST. However, the variability of the daily maxi
mum was larger at site TO (11:30-14:00 LST) than at site 
Tl (12:00-13:00 LST). A comparison of simultaneous mea
surements from site TO and Tl for cloudless days gave a 
correlation coefficient of 0.931 (slope of 1.18, intercept of 
1.01). The measured UVB irradiances have been compared 
to that expected for clear slcy conditions as determined by 
a radiative transfer model developed at The University of 
Chicago (Frederick and Lubin, 1988). The input to this 
model includes column ozone, determined from the Total 
Ozone Mapping Spectrometer (TOMS) satellite data, atmo
spheric optical thickness, UVB surface albedo, site location, 
day of year and time of day. The results of this comparison 
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Fig. 10. Broadband UVB measured at sites TO (red) and Tl (blue) 
compared to calculated clear sky UVB on days without rain events 
during the MILAGRO field campaign. 

are shown in Fig. 10 for days without rain events. Both sites 
show reduced UVB radiation when compared to the clear sky 
modeled values, as expected for sites with significant UVB 
absorbing gases and aerosols (Castro et al., 2001; Gaffney et 
al., 2002; Barnard et al., 2008). However, the UVB radiation 
field observed at site Tl is reduced further than that observed 
at site TO. The measured UVB at both sites showed good 
correlation with the modeled UVB values (r2=0.95, 0.96). 
However, the slope for site TO was 0.87 while that for site Tl 
was 0.72. It should be noted that ozone, an important UVB 
absorbing gas was at similar or higher levels at TO than Tl, 
and the difference in observed UVB at the sites was not due 
to higher ozone at Tl for the clear days examined. 

The ratio of UVB measurements obtained simultaneously 
at site TO and site Tl for cloudless days are shown in Fig. 11 
as a function of solar zenith angle (SZA). This ratio of mea

sured UVB at TO to UVB atTl increases dramatically at high 
SZAs. At high SZAs, when the sun is close to the horizon, 
the optical path is sufficiently long that the majority of radia

tion measured by the RB meters is from the diffuse radiation 
field. The ratio of direct to diffuse insolation measured by 
the RB meter is 1.3 at a SZA of 20deg. and reaches 0.1 at 
an SZA of 70deg. (Granger et al., 1993). Therefore, since 
magnitude of the ratio of the UVB radiation at both sites is so 
strongly tied to the SZA, the data shown in Fig. 11 suggests 
that the diffuse radiation field at site TO is much larger than 
that at site Tl. 

The aerosol scattering values measured by the three

wavelength nephelometer located at site TO were used to 
calculate the average aerosol scattering Angstrom coefficient 
(as). The Angstrom coefficient for aerosol scattering is de

pendent on the particle size distribution with higher values 
(as>l) typically observed for accumulation mode particles 
(0.12 micron diameter) and lower values (as^0) for coarse 
mode particles (>2micron) (Hand et al., 2004). The values 
calculated for the fine mode particles at site TO ranged from 
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Fig. 11. Ratio of broadband UVB measured at sites TO and Tl on 
days without rain events as a function of solar zenith angle (SZA) 
during the MILAGRO field campaign. 

0.93 to 1.30 with anaverageofl.il over the entire study pe

riod. This corresponds to an average effective particle radius 
of 0.3 micron. (O'NiellandRoyer, 1993; Lenoble and Brog

niez, 1985). The direction of light scattered by particles is 
also dependent on the size of the particle. This is described 
by the particle scattering asymmetry factor (g). Mie scatter

ing theory predicts that particles that approach the same size 
as that of the wavelength of the incoming radiation will scat

ter the radiation most favorably toward the forward direction. 
The dominant particle size of the fine mode particles at site 
TO, as determined by the Angstrom coefficient for scattering, 
is 0.3 micron (300 nm), which is of a similar size as the in

coming UVB radiation. Therefore the UVB spectral range 
will be scattered most efficiently toward this forward direc

tion by these fine mode particles. In addition, the Angstrom 
scattering exponent of 1.1 corresponds to a g of 0.7 (Leno

ble and Brogniez, 1985), which implies that the aerosol scat

tering intensity will be peaked 45 deg. toward the forward 
direction. Therefore, the predominance of highly scattering 
submicron aerosols at TO results in a larger amount of dif

fusely scattered UVB radiation and a higher UVB intensity 
at ground level than was observed at site TL 

The presence of highly absorbing fine mode aerosols in 
the Mexico City area, as indicated by the low SSAs, are ex

pected to reduce the UV flux at ground level and therefore 
to reduce the photochemical production of oxidants such as 
ozone (Dickerson et al., 1997; Castro et al., 2001). How

ever, as seen in Figs. 10 and 11, the presence of fine mode 
scattering aerosols in the boundary layer that approach the 
same size as the wavelength of the incoming UV radiation 
may also increase the UV flux at ground level due to their 
ability to strongly scatter light towards the forward direction 
and this increase in UVB flux also leads to an increase in 
photochemical oxidant production (Dickerson et al, 1997). 
Therefore, the larger UVB radiation measured at site TO than 
at site Tl helps to explain the high levels of photochemical 
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activity observed in the Mexico City area during MILAGRO, 
despite the reduction in UVB anticipated from the presence 
of light absorbing species (Thompson et al., 2008; Stephens 
et al., 2008; Shim et al., 2008; Shon et al., 2008; Dusanter et 
al., 2008; Wood et al., 2008). 

4 Conclusions 

Measurements of fine mode aerosol absorption and scattering 
were obtained in Mexico City at site TO located in the north
ern part of Mexico City at the IMP (Instiruto Mexicano del 
Petroleo) laboratories and for site T l located at the Technical 
University of Tecamac, 29 km northwest of TO. Hourly aver
ages of aerosol absorption at 550 nm was similar at both sites, 
ranging from. 7 -107Mm - 1 with an average of 37Mm~1 at 
TO; and from 3-147 M m - 1 with an average of 27 M m - 1 at 
T l . Aerosol scattering measured at 550nm at TO ranged 
from 16-344Mm - 1 with an average of lOSMm"1; while 
the aerosol scattering values at Tl were much lower than at 
TO ranging from 2 -136Mm - 1 with an average of 53 Mm" 1 . 
The maximum scattering values at site TO occurred 2 h later 
than the maximum scattering values seen at Tl and 4 h later 
than the peak aerosol absorption values at either site. This 
suggests that the high aerosol scattering values measured at 
TO were primarily due to rapid secondary aerosol formation 
in the city, while the lower aerosol scattering values at Tl 
were controlled primarily by changes in the boundary layer 
height in the early morning. 

Fine mode aerosol SSAs were calculated at 550nm for 
both sites using these data. The lower aerosol scattering val
ues result in lower values for aerosol SSA at TL The SSAs 
at TO ranged from 0.47-0.92 with an average of 0.73 while 
SSAs at Tl ranged from 0.35-0.86 with an average 0.68. The 
low SSA determined for the fine mode aerosols indicate the 
presence of highly absorbing fine mode aerosols in the lower 
atmosphere. These fine mode aerosols will have a much 
slower settling velocity (0.3-60 cm/h) than the more highly 
scattering coarse mode aerosols (60-1000 cm/h) and will be 
transported more readily from the Mexico City basin into the 
surrounding regions (Finlayson-Pitts and Pitts, 2000). The 
absorption of solar radiation by these highly absorbing fine 
mode aerosols in the lower atmosphere will result in a heat
ing of the particles and a significant local warming of the 
boundaiy layer (Hermann and Hanel, 1997; Ramanathan and 
Carmichael, 2008). This can result in an increase in the con-
vective available potential energy of the boundary layer and a 
large scale rising motion over time (Chung and Zhang, 2004) 
and may help to explain the rapid increase in the boundary 
layer height observed in past studies in this area (Fast and 
Zhong, 1998; Whiteman et al., 2000; Shaw et a l , 2008). 
Therefore, studies of boundary layer meteorology processes 
need to consider absorbing aerosol species when calculating 
heating rates (Fast and Zhong, 1998; Whiteman ct al., 2000). 

Comparisons of aerosol absorption averaged over the day
light hours with back trajectories reported by Doran et 
al. (2007) showed no clear correlation with transport from 
the Mexico City area, indicating a local source of absorb
ing aerosols at site T l , as suggested earlier (Doran et al., 
2007). Similar comparisons of scattering measurements av
eraged over the daylight hours also do not seem to show a 
general trend of major effects on aerosol scattering at Tl due 
to transport from Mexico City except for possibly day 81 (22 
March). Day 81 was identified as having favorable condi
tions for transport from site TO to site Tl (Doran et al., 2007) 
and that day showed high scattering values for both sites. 

Broadband UVB intensity was higher at site TO, with an 
average of 64 /iW/cm2 and a range of 50-70 fiW/cm2 at so
lar noon, than at site T1, which had an average of 54 /iW/cm2 

and a range of 48-58 /tW/cm2 at solar noon. Comparisons of 
modeled UVB intensities with the simultaneous UVB mea
surements obtained at site TO and at site Tl for cloudless 
days imply a larger diffuse radiation field at site TO than at 
site T l . The determination of aerosol scattering Angstrom 
coefficients at TO suggests the predominance of aerosols at 
TO in the size range of 0.3 micron. This results in aerosol 
scattering peaked 45 deg. toward the foiward direction lead
ing to the enhanced diffuse radiation at TO. This enhanced 
diffuse UVB radiation would help to explain the significant 
photochemistry observed in the Mexico City area during MI
LAGRO, despite the reduction in UVB anticipated from the 
high levels of light absorbing aerosol species (Thompson et 
a l , 2008; Stephens et a l , 2008; Shim et a l , 2008; Shon et 
a l , 2008; Dusanter et a l , 2008; Wood et a l , 2008). 

The results of this study confirm that the Mexico City 
megacity environment has significant levels of fine mode 
absorbing aerosols. The high loadings of BC aerosols 
from fossil fuel emissions in the urban environment along 
with biomass burning contributions contribute to significant 
aerosol absorption, which will lead to local warming in the 
boundaiy layer at both the urban and regional sites. The pres
ence of these high concentrations of absorbing aerosols in the 
urban area will contribute to the urban heat island effects and 
the transport of these absorbing aerosols into the surrounding 
areas will result in a positive climate forcing and an overall 
warming effect in the region. 
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Abstract. A photoacoustic spectrometer, a nephelometer, an 
aethalometer, and an aerosol mass spectrometer were used 
to measure at ground level real-time aerosol light absorp
tion, scattering, and chemistry at an urban site located in 
North East Mexico City (Instituto Mexicano del Petroleo, 
Mexican Petroleum Institute, denoted by IMP), as part of 
the Megacity Impact on Regional and Global Environments 
field experiment, MILAGRO, in March 2006. Photoacous
tic and reciprocal nephelometer measurements at 532 nm ac
complished with a single instrument compare favorably with 
conventional measurements made with an aethalometer and 
a TSI nephelometer. The diumally averaged single scatter
ing albedo at 532 nm was found to vary from 0.60 to 0.85 
with the peak value at midday and the minimum value al 
07:00 a.m. local time, indicating that the Mexico City plume 
is likely to have a net warming effect on local climate. The 
peak value is associated with strong photochemical genera
tion of secondary aerosol. It is estimated that the photochem
ical production of secondary aerosol (inorganic and organic) 
is approximately 75% of the aerosol mass concentration and 
light scattering in association with the peak single scattering 
albedo. A strong correlation of aerosol scatterhig at 532 nm 
and total aerosol mass concentration was found, and an av
erage mass scattering efficiency factor of 3.8 m2/g was de
termined. Comparisons of photoacoustic and aethalometer 
light absorption with oxygenated organic aerosol concentra
tion (OOA) indicate a very small systematic bias of the fil
ter based measurement associated with OOA and the peak 
aerosol single scattering albedo. 

Correspondence to: G. Paredes-Miranda 
(gparedes@physics .unr.edu) 

1 Introduction 

About 20% of the Mexican population lives in the Mexico 
City metropolitan area (MCMA) in a megacity environment 
with approximately 23 million occupying less than 1% of 
the Mexican territory according to the 2005 census. Mexico 
City consists of 125 town councils, and 16 delegations and 
consists of 23 842 Ian2 of territory, although a large part of 
this area includes mountains and rural zones without urban
ization (http://www.inegi.gob.mx). This megacity has devel
oped with a significant dependence on its transportation sys
tem. Most of the air pollution in Mexico City comes from 
the combustion of fossil fuels (gasoline and diesel) in motor 
vehicles. Approximately 75% of the 4 million tons of pol
lutants generated yearly in the metropolitan area comes from 
motor vehicles according to the Mexican emissions inventory 
(Mar et al., 2001). Biomass burning (BB) can also be a rel
evant pollution source during the dry season (March-June), 
especially for particulate matter (PM) (DeCarlo et al., 2008; 
Molina et al., 2007; Yokelson et al, 2007), although the im
portance is significantly higher aloft and in the outflow than 
on the ground inside the city, and BB impacts on the ground 
were highly variable in time during MILAGRO (Aiken et al., 
2009; Stone et al., 2008). 

The seasonal variation of the daily maximum vertical com
ponent of solar iiradiance at the top of the atmosphere above 
Mexico City varies between 1040 W/m2 at the winter mini
mum and 1327 W/m2 at the summer maximum due to its sub
tropical location at latitude 19 degrees north. Solar radiation 
and the relatively high elevation of Mexico City give rise to 
strong ventilation of the city where residence times for pol
lutants is on the order of 7 h and the atmospheric boundary 
layer height can vary from 2 Ian to 4 Ian above ground level 
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(de Foy ct al., 2006). Stagnant conditions associated with 
low wind speeds can produce locally high concentrations of 
pollutants, depending on the wind direction. The topogra
phy surrounding the MCMA basin gives rise to characteristic 
flow patterns on different days with flow associated with con
vergence and pollution buildup in the south of MCMA, flow 
that drains to the northeast, and "cold surges" associated with 
low atmospheric boundary layer heights where cold air from 
the north drains through the Chaico passage in the southeast 
of the MCMA (de Foy et al., 2006). These flow patterns give 
rise to pollutant concentrations that can vary markedly from 
day to day; however, it is the purpose of this paper to seek an 
understanding of the average diuinal behavior of aerosol con
centrations and optical properties during the month of March, 
2006. 

Aerosol light scattering and absoiption have considerable 
radiative impacts that can lead to cooling or heating, respec
tively. A comparison of the intensity of global radiation in 
Mexico City with that over a nearby rural area for the same 
time was performed to estimate attenuation of the solar beam 
by the smog layer (Jauregui and Luyando, 1999). These 
authors found that reduction of total solar incoming radia
tion is on the order of 21-22% on non-cloudy days during 
both the dry and me rainy seasons. Inorganic and organic 
aerosols tend to strongly scatter and backscatter visible so
lar radiation, and are associated with a cooling effect on 
climate (Charlson et al., 1992; Haywood and Ramaswamy, 
1998). Black carbon aerosols strongly absorb radiation from 
the near infrared through the ultraviolet and tend to have a 
warming effect on climate (Andreae, 2001; Haywood and 
Ramaswamy, 1998; Jacobson, 2001). Black carbon has long 
been associated with "elemental carbon", though other car
bonaceous species absorb light as well, particularly at UV 
wavelengths (Andreae and Gelencser, 2006; Kirchstetter et 
al., 2004). A more apt name for aerosol light absorption by 
organic carbon species is brown carbon because of their se
lective absorption at shorter wavelengths (Sun et al., 2007). 

Filter-based measurement of aerosol light absoiption by 
organic species is complicated because they can exist in the 
liquid state and wet the filter material (Subramanian et al., 
2007). Calibration efforts for the filter-based measurement 
of aerosol light absorption have only considered aerosol as 
solids rather than as liquids (Arnott et al., 2005; Bond et al., 
1999; Virkkula et al., 2007; Weingartner et al., 2003). A 
recent review of aerosol light absorption issues is available 
(Bond and Bergstrom, 2006). Recent measurements in Hous
ton, TX, USA indicate a systematic positive bias of the filter-
based instrument, the particle soot absorption photometer in 
the presence of high secondary organic aerosol concentration 
(Lack etal., 2008). 

Analyses of aerosol measurements during the MCMA-
2003 field campaign (Molina et al., 2007; Salcedo et al., 
2006; Volkamer et al., 2006, 2007) show that the submicron 
aerosol mass in Mexico City during the spring is dominated 
by secondary species (nitrate, sulfate, ammonium, chloride, 
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and secondary organic aerosol or SOA) with the main pri
mary species being primary organic aerosol or POA, black 
carbon, and crustal material. Salcedo et al. (2006) described 
the rapid formation of ammonium nitrate in the local Mex
ico City atmosphere, while ammonium sulfate seemed to be 
formed more slowly and over larger regional scales. Ammo
nium chloride was also observed in small concentrations, but 
its diurnal cycle seemed to reflect primarily its semivolatile 
character. Volkamer et al. (2006) showed that formation of 
SOA was rapid and exceeded the predictions of current mod
els by almost an order of magnitude. 

This paper reports diumally averaged aerosol light scatter
ing and absorption measurements made using photoacous
tic, nephelometer, and aethalometer instruments during the 
MILAGRO campaign in March, 2006. Aerosol mass spec
trometer measurements of the submicron speciated organics 
and inorganics were also diumally averaged. These measure
ments are combined to show the radiative and chemical im
pacts of primary and secondary aerosols in the MCMA. The 
diurnal variation of aerosol chemistry and optics is used to 
estimate the contributions of secondary aerosol formation to 
particulate mass and light scattering. 

2 Experimental 

2.1 Sites 

The MILAGRO (Megacity Initiative: Local and Global Re
search Observations) campaign took place in Mexico City in 
the MCMA during the month of March 2006 (http://www. 
eol.ucar.edu/projects/milagro). The campaign was carried 
out to better understand the local, regional and global impact 
of pollutants generated in megacities, considering health ef
fects and visibility issues as well as climate impacts. The MI
LAGRO field experiment involved more than 400 researchers 
from over 120 institutions in the USA, Mexico, and sev
eral other countries. The campaign involved coordinated air
craft and ground-based measurements supported by exten
sive modeling and satellite observations (de Almeida Cas-
tanho et al., 2007). Three main sites were strategically cho
sen to characterize the transport and transformation of the 
pollutants carried from the urban area of the city, and to take 
measurements on the ground; one in the urban area of Mex
ico City designated TO located in Northeast Mexico City at 
the Instituto Mexicano del Petroleo (IMP), and the other two, 
Tl and T2 were located, respectively at urban and rural lo
cations with approximated 32 km and 63 Ian north of IMP 
(Querol et al., 2008). 

2.2 Measurement methods 

Aerosol light scattering and absorption instruments were cal
ibrated, installed, and operated at the TO site. Aerosol light 
absorption was measured by the photoacoustic spectrometer 
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(PAS) method. The PAS provides a fundamental measure
ment of aerosol light absorption based on use of a calibrated 
microphone to measure the sound produced when light ab
sorbing aerosol in the acoustical resonator are heated by laser 
light absoiption and transfer that heat to the sun-ounding air 
(Arnott et al., 1999). The PAS instrument accuracy has been 
evaluated and confirmed using both gaseous light absorption 
by NO2 (Arnott et al , 2000) and through the use of the sub
traction of aerosol light scattering from aerosol extinction for 
laboratory generated external mixtures of kerosene soot and 
ammonium sulfate (Sheridan et al., 2005). The PAS used 
at IMP was operated at 532 nm, and conveniently allowed 
for characterization of gaseous (i.e. NO2) absorption at this 
wavelength as well when a particle filter was used on the 
inlet. Simultaneous light scattering measurements are ac
complished within the PAS by use of an optical sensor con
figured to operate as a reciprocal nephelometer (Rahmah et 
al, 2006). The reciprocal nephelometer measurements of 
scattering coefficient have a systematic relative uncertainty 
of 15%, and the photoacoustic absorption coefficient mea
surements have a 5% relative uncertainty (Lewis et al , 2008) 
associated with systematic errors noted during repeated cal
ibrations. Independent light scattering measurements were 
also obtained at the site by using a three-wavelength TSI 
Model 3550 nephelometer at 450 nm, 550 nm, and 700 nm 
(Anderson et al. 1996). 

Aerosol light absorption data were also obtained with 
a filter-based method, the 7-wavelength aethalometer (370, 
470, 520, 590, 660, 880 and 950 nm). The use of the 
aethalometer to estimate aerosol light absorption in urban lo
cations has been discussed previously (Arnott et al, 2005). 
In brief, the aethalometer measurement uses light transmis
sion measurements through an aerosol laden quartz fiber fil
ter. The change of light transmission with time is first used 
to obtain the aerosol absoiption optical depth as affected by 
multiple scattering enhancements by the fiber media. Then 
the instrument algorithm computes a black carbon mass con
centration (BC) with use of the measured flow rate, sam
ple time, and an assumed filter multiple-scattering-enhanced 
mass-absorption-efficiency that is about a factor of two larger 
than would be appropriate for the same particles dispersed in 
air as an aerosol. The factor of two comes about because 
it is equally possible for light to be going through the fil
ter in either direction as a consequence of multiple scatter
ing so that for a clean filter, particles deposited on the filter 
have two chances for absorbing a given photon. Finally, an 
empirically derived mass absorption efiiciency of 8.8m2/g 
was determined, using a PAS and an aethalometer in urban 
Las Vegas, Nevada, USA, to be relevant for converting the 
aethalometer BC measurements at 520 nm to aerosol light 
absorption at 532 nm to correct for the filter enhancement of 
absorption (Arnott et al, 2005). 

Real time chemical characterization of the PMi aerosol 

composition was obtained with a High-Resolution Aerosol 

Mass Spectrometer (AMS) (Canagaratna et al, 2007; De-
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Carlo et al, 2006; Jimenez et al, 2003). The AMS pro
vides mass concentration of non-refractory inorganic (ni
trate, ammonium, sulfate, and chloride) and organic aerosol 
(OA). The organic aerosol can be apportioned among dif
ferent components using factor analysis techniques on the 
AMS spectra (Zhang et al, 2005, 2007). For this study 
the Positive Matrix Factorization (PMF) method was ap
plied on the unit-resolution AMS spectra (Paatero and Tap
per, 1994; Ulbrich et al , 2008) which allowed the quantifi
cation of hydrocarbon-like OA (HOA), oxygenated organic 
aerosol (OOA) as a surrogate for secondary organic aerosol 
(SOA), andbiomass-burning OA (BBOA). PMF of the high-
resolution spectra, which is in progress and will be presented 
in a future publication, shows similar results with more de
tail on the apportionment (Aiken et al, 2008; Aiken et al , 
2009). The mass concentration measurements obtained with 
the AMS have an uncertainty of about 20% due to the uncer
tainty of particle collection efficiency (Huffman et al, 2005; 
Salcedo et al , 2006). 

Aerosol optics measurements were accomplished under 
dry conditions owing to the generally low relative humid
ity (below 50%) observed in the instruments. In addition, all 
measurements are reported at Central Standard Time (CST), 
the local time in Mexico City. All measurements are reported 
at ambient pressure and temperature. To convert concentra
tions to standard temperature and pressure conditions (STP, 
1 arm and 273 K) the values reported here should be multi
plied by approximately 1.42. It was estimated that the sam
pling inlets on the instrumentation resulted in an effective 
size cut of PMi (i.e. one micron). The fraction of the PM2.5 
mass between PMi and PM2.5 in Mexico City is typically 
small (Salcedo et al , 2006; Querol et al, 2008), so slight 
differences in the detailed size cuts of the different instru
ments should only lead to small differences on the aerosols 
sampled. 

3 Results and discussion 

Comparisons of PAS with aethalometer absorption and TSI 
nephelometer scattering data are presented in Figs. 1 and 2. 
The data demonstrate good agreement of the PAS measure
ments for scattering and absoiption with these other com
monly employed methods. These comparisons are consistent 
with the accuracy demonstrated in previous comparisons of 
light absorption and scattering using similar instrumentation 
(Arnott et al , 2005; Rahmah et al, 2006). 

Significant diurnal variations of aerosol light absorption 
and scattering were observed and are attributed in part due 
to changes in the meteorology in the Mexico City Basin 
and the sources of aerosols impacting the IMP site (see 
Fig. 3). On the diurnal average, the aerosol light absoip
tion and scattering coefficients were found to vary between 
20 and 80 Mm"1 and between 60 and 170 Mm - 1 , respec
tively. Gaseous light absoiption at 532 nm, likely associated 
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Fig. 1. Light absoiption comparison of PAS with Aethalometer at 
532 nm and 520 nm at the IMP site. Each point represents a 30 min 
average. 
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Fig. 2. Light scattering comparison of PAS with TSI at 532nm and 
550nmattheIMPsite. Each point is a 30 min average. 

with NO2, was less than 2 0 M m _ i on average. The peak 
in aerosol light scattering occuis several hours later in the 
day than the absoiption peak because of aeiosol light scatter
ing contributions from photochemically-generated secondary 
aerosol mass and perhaps due to diurnal changes in the pri
mary aeiosol sources. Note that the aeiosol concentration at 
night above the boundaiy layer is typically small (e.g. OOA 
background levels are &2-~3 figm~3 under ambient condi
tions (Heindon et a l , 2008)) and thus the air which is being 
mixed down with the uiban air during the boundaiy layer rise 
in the morning does not greatly peiturb the observations pre
sented here. The peak in aerosol light absoiption is likely 
to coincide with the time of early morning tiaffic rush hour 
under low atmospheric boundary layer height before sunrise. 
Previous diumally averaged aethalometer measurements at 
the Centra Nacional de Investigacion y Capacitacion Ambi-
ental (CENICA) supersite located southeast of the TO site 
in Mexico City in April 2003 showed an equivalent aerosol 
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Fig. 3. Diuinal variation of aerosol light absorption, scattering, and 
extinction at 532nm. 
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Fig. 4. Diurnal single scattering albedo (daik curve and circles) 
varies between 0.6 and 0.85 at 532 nm, and begins to flatten out 
around 10 as extinction (shaded curve and triangles) diminishes. 
Nighttime is the shaded region. 

light absoiption at 532 nm ranging fiom 22 to 66 Mm" 1 , with 
a similai timing of the peak value when the CENICA mea
surements are converted from Central Daylight Savings Time 
to Cenhal Standard Time (Salcedo et a l , 2006). The 30 min 
averaged maximum aeiosol extinction coefficient on an av-
eiage day is about 230 Mm" 1 . It is associated with both pri
mary emissions and secondary formation and extends fiom 
around 06:00 a.m. until 10:00 a.m. 

The aerosol single scattering albedo (SSA) at 532 nm was 
calculated fiom the scatteiing and extinction measurements 
shown in Fig. 3. The SSA absolute uncertainty varies some
what during the day, but it is typically about 0.03, just as 
in McComiskey et a l (2008). Significant diuinal variation 
of the aerosol single scattering albedo (SSA) was observed 
as shown in Fig. 4. Daily aveiaged minimum SSA values 
are 0.60 coincident with absoiption peaks in the early morn
ing. By noon local time the maximum averaged SSA value 
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Fig. 5. Correlation of aerosol Sight scattering at 532nm with total 
submicron aerosol mass. The mass scattering efficiency is 3.8m2/g. 
Data are from the diurnal average shown in Fig. 6. 
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Fig. 6. Diurnal variation of aerosol chemistry and optics. 

of 0.85 is observed, coincident with boundaiy layer height 
development and ventilation that dilute primary emissions 
of light absorbing aerosol. Photochemically generated sec
ondary particle mass produces a rapid increase in SSA as 
soon as the sun rises to a peak around noon. The diur-
nally averaged single scattering albedo is roughly the same 
for approximately 3h centered on local 14:00 as boundaiy 
layer dilution is balanced by secondary aerosol formation 
and continuing primary emissions of scattering and absorb
ing aerosol. Direct measurements of aerosol single scattering 
albedo is especially important because ofits strong impact on 
direct aerosol radiative forcing (McComiskey et a l , 2008). 
Aerosol single scattering albedo values are strongly depen
dent on primary sources and secondaty atmospheric chem
istry, as well as other parameters such as the combustion 
intensity and flaming and smoldering fraction of biomass 
burning events. For example, the flaming stage of bushes 
such as sage produces smoke with a SSA of around 0.3 at 
532 nm (Lewis et a l , 2008), very similar to the value found 
for kerosene and diesel soot (Arnott et a l , 2000; Sheridan 
et a l , 2005), while combustion of pines and duffs results in 
SSAs between 0.9 and 1.0 (Lewis et a l , 2008). Aerosol mix
ing state and chemistry impact optical properties. 

Previous measurements of total PM2.5 in Mexico City, 
2003, have been shown to agree well with the sum of aerosol 
species from the AMS plus refractory BC and soil (Salcedo 
et a l , 2006), and most of the aerosol mass in MCMA is likely 
in internally mixed particles by the afternoon (Johnson et a l , 
2005; Salcedo et a l , 2007). In the current study, total aeiosol 
scattering at 532 nm correlates well with total PMi aerosol 
mass as obtained from the AMS plus refractory BC obtained 
from the photoacoustic measurements of light absorption and 
use of a mass absorption efficiency factor of 8.8 m2/gram, as 
shown in Fig. 5. The mass scattering efficiency of 3.8m2/g 
was determined from the linear regression, which is the same 
as the value found by DeCarlo et al. (2008) with measure

ments around the Mexico City region from the NCAR C-13 0 
aircraft. For comparison, other mass scattering efficiency 
factors at 550 nm found in megacity environments include 
values of 4.9m2/g in India, and 3.4m2/g in Beijing (Bergin 
et a l , 2001; Mayol-Bracero et a l , 2002). The linear regres
sion shown in Fig. 5 shows a small systematic variation of 
the aerosol mass scattering efficiency that will be discussed 
later. 

Figure 6 displays the diurnal variation of PMi along with 
its components, and the aerosol scattering coefficient at 
532 nm. Figure 6 illustrates the close relationship of PMi 
and aerosol light scattering throughout the average day with 
a slight tendency of increased aerosol mass scattering effi
ciency during daylight hours. The PMi used here is a sum of 
BC, the inorganic species, and the total organic aerosol mass 
(OA). A small negative bias is associated with die omission 
of crustal material, which however usually only constitutes a 
few percent of the PMf aerosol (Salcedo et a l , 2006). BC 
was estimated by dividing the photoacoustic light absorp
tion measurements at 532 nm by a mass absorption efficiency 
factor of 8.8m2/g. The oxygenated organic aerosol (OOA), 
NH4, and NO3, all have a diurnal trend that is distinctly dif
ferent from the BC diurnal trend, strongly suggesting that a 
substantial fraction of the OOA, NH4, and NO3 are produced 
by same-day secondary photochemical processes in addition 
to a fraction that appeal's to arise from carryover from the 
previous day and/or from regional background. It should be 
noted that the biomass burning organic aerosol (BBOA) and 
hydrocarbon-like organic aerosol (HOA) (not shown) gener
ally follow a diurnal trend very similar to that of BC (Aiken 
et a l , 2009). In summary, certain species and properties such 
as BC and aerosol light absoiption, HOA, and BBOA tend to 
follow diurnal emission patterns and atmospheric boundaiy 
layer dynamics, while others such as aerosol light scattering, 
PMi, OOA, NH4, and N 0 3 have a strong diurnal compo
nent. We next develop an estimate of the fraction of aerosol 
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Fig. 7. Mass scattering efficiency as a function of time of day, and 
the OOA. 
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Fig. 8. Average diurnal variation of the air temperature, black car
bon mass concentration (BC), and reciprocal wind speed. Recip
rocal wind speed is proportional to air parcel residence time in the 
city and is a measure of stagnation. 

light scattering and mass concentration with a diurnal trend 
suggestive of same-day secondary photochemical processes. 

Figure 7 shows the diurnal variation of the mass scattering 
efficiency and OOA. The peak value of mass scattering effi
ciency, 4.1 m2/g, is observed to occur at midday coincident 
with the peak OOA concentration, while the lowest values 
~3.3 m2/g occur in the late evening and early morning, con
sistent with the increased fraction of smaller primary parti
cles. Both aerosol size and composition may affect the mass 
scattering efficiency. 

The diurnal variation of some of the planetary boundaiy 
layer (PBL) characteristics, andBC are shown in Fig. 8. The 
reciprocal of wind speed is directly proportional to the res
idence time of air parcels in the city, and is a measure of 
stagnation. BC peaks at sunrise when the air temperature 
is lowest and the air is most stagnant. By 02:00p.m. the 
air temperature is maximum, the air is least stagnant, and 
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Fig. 9. BC and PMi mass concentration scaled to a constant plan
etary boundary layer. The peak PM] lags the peak solar irradiance 
at the top of the atmosphere by two hours. 

black carbon concentration is also lowest. If BC were emit
ted at a constant rate through out the day, and the deposition 
rate is constant, then BC would be a measure of the dilu
tion during the day as the PBL develops. Figure 9 shows the 
PMj and BC concentration scaled so that BC is at its peak 
value all day long. The purpose of this figure is to estimate 
what the PMi concentration would be during the day if only 
secondary aerosol generation mechanisms were active, but 
the PBL was otherwise constant at a fixed height. The peak 
normalized-PMi occurs a few hours after the peak solar ir
radiance during the day due to generation of aerosol of mass 
by secondary photochemical processes. A second peak oc
curs in the early morning hours possibly as a consequence of 
the diminishing air temperature that favors condensation of 
vapors on existing particles. The effect of biomass burning 
POA is approximately accounted for by the normalization to 
BC, since this component has a similar diuinal cycle as BC 
(Aiken et al , 2009). 

In estimating the contributions of aerosol scattering from 
primary emissions plus carryover from the previous day and 
same-day secondary mechanisms, we will assume that Mex
ico City aerosol concentration and optics are due to pri
mary sources that have concentrations determined mostly 
by diurnal variations in boundaiy layer dynamics and emis
sion strengths, plus secondary sources that are affected both 
by boundary layer dynamics and photochemical transforma
tions. Details of the myriad specific emission rates and sec
ondary formation processes and their temporal variations are 
simplified into these two classes of aerosols. Denote by /sca 
the fraction of scattering due to secondaiy as 

/sea — 

^secondary £js (r- -) ^abs 

SR B„ (1) 

In Eq. (1), ftjprim is the single scattering albedo asso
ciated with primary emissions. The numerical value of 
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[a)prim/(l—«pnm)]"L16 was determined by best fit of the 
/Sca curve to the fmass curve discussed below. A value of 
<»priiI1:=0,54 was found, commensurate with 75% of the pri
mary aerosol extinction coming from compression ignition 
vehicle exhaust having a SSA of 0.4, and 25% of the primary 
aerosol extinction coming from sources like spark ignition 
vehicles and biomass combustion having a SSA of 0.95. The 
value of copnm is lower than the lowest value of the diumally 
averaged SSA in Fig. 4 likely as a result that on the average, 
some aerosol carryover occurs from day to day. SSA values 
around a>prjm were observed in the morning hours following 
days with significant wind and rain that cleared out much of 
the background aerosol. The second term in Eq. (l)isaproxy 
for the primary emission of light scattering aerosol during all 
hours of the day. Equation (1) assumes that the sources of 
primary aerosol emissions that contribute most of the scatter
ing and absorbing aerosols do not dramatically change on av
erage during the course of the day. This assumption is likely 
to be valid during day light hours associated with the normal 
business workday since traffic related emissions dominate in 
Mexico City, and biomass burning impacts appear to have 
a similar diurnal cycle (Aiken et al, 2009). The quantity 
fsca is further discussed below after a similar definition of 
the fraction of aerosol mass concentration due to secondary 
processes is developed. 

The fractional aerosol mass due to photochemical produc
tion can also be estimated. Comparisons of the aerosol mass 
concentration with speciated data given in Fig. 6 are consis
tent with the secondary aerosol species (NPLi, NO3, SO4, and 
OOA interpreted as a surrogate for SOA) being photochemi
cally produced and are hence correlated to the observed diui
nal variations in precursor concentrations and solar radiation, 
with the exception of sulfate which is produced more region
ally as described above. This interpretation is also consistent 
with previous studies (Salcedo et al, 2006; Volkamer et al , 
2007). The total secondaiy aerosol mass concentration can 
be obtained from a sum of these species. The ratio, /mass, of 
the sum of species having sunlight related diurnal variation 
to the total aerosol mass concentration is given in Eq. 2: 

, _ OOA + NH4-bN03 + S04 
/mass- OA + BC + IO ' K) 

where IO is the sum of all of the inorganic species measured 
by the AMS as given in Fig. 6. Note that chloride has both 
primaiy and secondaiy sources in Mexico City (Salcedo et 
al , 2007; DeCarlo et al, 2007) and since its concentration is 
very small, it is not included in this calculation. This rela
tionship is perhaps specific to Mexico City and may not be 
applicable to other locations having different geography and 
aerosol sources, but does give a measure of secondaiy aerosol 
production in a tropical megacity. The species in the numer
ator of Eq. (2) have a carryover from daylight hours and/or 
a regional background, so that /mass would be non-zero even 
in nighttime hours. 
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Fig. 10. Diurnal variation of the fraction of aerosol scatteiing and 
mass due to secondary photochemically related processes. The min
imum occurs at sunrise due to relatively strong aeiosol contributions 
by primary sources compared with carryover of secondary aerosol 
from the previous day. By noon, about 75% of the aerosol mass and 
scattering is due to secondary photochemically related production 
of aerosol. 

The diurnal variation of the fraction of aerosol scatter
ing and mass due to secondary photochemically related pro
cesses is shown in Fig. 10. The minimum of/sca and/maSsis 
associated with secondaiy aerosol from regional background 
or carried over from the previous day. Some of the NH4 
is associated with SO4 rather than NO3. The aerosol frac
tion arising from secondary processes increases abruptly at 
sunrise, peaks at 11:00a.m. to 02:00p.m. and diminishes 
more gradually into the evening hours. The increase in the 
secondary contribution during daylight hours is inferred as 
the part of the curve for /masS in the non-shaded region of 
Fig. 10. Around 75% of the aerosol scattering and mass is 
due to same-day secondaiy aerosol mass. While Fig. 10 is 
a rough approximation and in particular ignores the impact 
of crustal species, an estimate of the relative fraction of sec
ondary aerosol impacts is useful to help frame the problem 
for the modeling community. 

Figure 11 shows the diurnal variations of aerosol light ab
sorption measured with the photoacoustic instrument and the 
aethalometer along with the percentage difference of these 
values, with the photoacoustic values in the denominator. 
The aethalometer values are around 15% lower than PAS 
values from 03:00 a.m. until 06:00 a.m., consistent with a 
reduction of the multiple scattering enhancement factor of 
the aethalometer filter media during the time of the lowest 
SSA (Arnott et al, 2005) . The percentage difference be
tween PAS and aethalometer instruments has a daily varia
tion of about 25% in total (from a maximum of about+15% 
to a minimum of about —10%). The OOA diurnal varia
tion is also displayed as an indicator of time when secondaiy 
organic aerosol concentration is highest. The aethalometer 
data is about 10% greater than photoacoustic values from 
10:00 a.m. to 01:00p.m. coincident with the peak OOA and 
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Fig. I t . Percentage difference between PAS and aethalometer in
struments as a function of time of day, and the OOA. 

SSA. This is in contrast to the report by Lack et al. (2008) of 
a strong positive bias of greater than 40% for a filter based 
measurement of aerosol light absorption by the particle soot 
absoiption photometer (PSAP) compared with photoacoustic 
values when OOA concentration was high in Houston, Texas, 
USA. The difference in the present work and that reported by 
Lack may be due to aerosol composition differences and/or 
PSAP and aethalometer filter media differences (Arnott et a l , 
2005). 

4 Conclusions 

Peak absorption in Mexico City occurs early in the morning 
before boundaiy layer expansion. Aerosol scattering peaks 
several hours later than absoiption, and photochemically pro
duced aerosol mass is likely the cause of this increase in 
aerosol light scattering at the Mexico City urban site. Peak 
scattering occurs as a balance between photochemical pro
duction and aerosol dilution as the atmospheric boundaiy 
layer extends to larger heights during daylight hours, and av
erage wind speeds increase. Aerosol SSA has a minimum 
value of 0.60 in the early morning hours as the rush hour 
traffic is most intense and dilution is limited in a shallow 
boundaiy layer. For comparison, the SSA for diesel soot 
alone would be anticipated to be 0.4 at 532 nm (Sheridan 
et a l , 2005). Values at night are somewhat greater than in 
the early morning hours, indicating that on average there is 
some carryover from the previous day to the next. As well, 
other aerosol sources such as cooking and spark ignition ve
hicle traffic may contribute to the observed SSA variance. 
The strong diurnal behavior of the SSA clearly shows that 
secondaiy aerosol formation from photochemical processes 
in Mexico City begins to affect the aerosol radiative forcing 
values as soon as the sun rises, which is consistent with the 
strong secondary source observed in previous studies (Sal
cedo et a l , 2006; Volkamer et a l , 2006). The SSA val
ues increase at the MCMA site until about 11:00 a.m. when 

the atmospheric boundaiy layer height increases and dilutes 
the accumulated primary and secondaiy aerosol. At this 
time, 75% of the scattering and aerosol mass is due to same-
day secondaiy aerosol production during daylight hours. A 
10% systematic bias was detected for filter-based measure
ment of aerosol light absorption in the presence of substan
tial secondary organic aerosol mass concentration and peak 
SSA. The average diurnal range of single scattering albedo 
and secondaiy aerosol mass and scattering coefficient pro
vide a reasonable estimate of the range of radiative values 
for aerosols being produced and transported from a tropical 
megacity. Further work will be needed to make use of this 
data and other MILAGRO data sets in conjunction with at
mospheric models to refine the variability important for as
sessment of the impact of aerosols on radiative forcing as 
well as photochemical production of oxidants and secondary 
aerosols relevant to air quality issues. 
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Abstract. Simulated primary organic aerosols (POA), as 
well as other particulates and trace gases, in the vicinity 
of Mexico City are evaluated using measurements collected 
during the 2006 Megacity Initiative: Local and Global Re
search Observations (MILAGRO) field campaigns. Since the 
emission inventories, transport, and turbulent mixing will di
rectly affect predictions of total organic matter and conse
quently total particulate matter, our objective is to assess the 
uncertainties in predicted POA before testing and evaluating 
the performance of secondaiy organic aerosol (SOA) treat
ments. Carbon monoxide (CO) is well simulated on most 
days both over the city and downwind, indicating that trans
port and mixing processes were usually consistent with the 
meteorological conditions observed during MILAGRO. Pre-

IgcfeaXEE Correspondence to: J. D. Fast 
(jerome.fast@pnl.gov) 

dieted and observed elemental carbon (EC) in the city was 
similar, but larger errors occurred at remote locations since 
the overall CO/EC emission ratios in the national emission 
inventory were lower than in the metropolitan emission in
ventory. Components of organic aerosols derived from Pos
itive Matrix Factorization of data from several Aerodyne 
Aerosol Mass Spectrometer instruments deployed both at 
ground sites and on research aircraft are used to evaluate 
the model. Modeled POA was consistently lower than the 
measured organic matter at the ground sites, which is con
sistent with the expectation that SOA should be a large frac
tion of the total organic matter mass, A much better agree
ment was found when modeled POA was compared with 
the sum of "primary anthropogenic" and "biomass burn
ing" components derived from Positive Matrix Factorization 
(PMF) on most days, especially at the surface sites, sug
gesting that the overall magnitude of primary organic par
ticulates released was reasonable. However, simulated POA 
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from anthropogenic sources was often lower than "primaiy 
anthropogenic" components derived from PMF, consistent 
with two recent reports that these emissions are underesti
mated. The modeled POA was greater than the total observed 
organic matter when the aircraft flew directly downwind of 
large fires, suggesting that biomass burning emission esti
mates from some large fires may be too high. 

1 Introduction 

Most predictions of organic matter made by three-
dimensional particulate models are currently significantly 
too low because the processes contributing to secondaiy or
ganic aerosol (SOA) formation and transformation are not 
well understood. One objective of the Megacity Initiative: 
Local and Global Research Observations (MILAGRO) field 
campaign (Molina et al, 2008) conducted during March 
2006 was to obtain measurements of organic aerosols and 
precursors of secondary organic aerosols (SOA). Measure
ments during MILAGRO (e.g. Kleinman et al, 2008; de 
Gouw et al , 2009) and other field campaigns worldwide (de 
Gouw et al., 2005; Simpson et al, 2007; Hodzic et al, 2006; 
Zhang et al , 2007) have indicated that, as a result of sec
ondary organic aerosol (SOA) formation processes, organic 
aerosol mass is much higher than one would expect from pri
mary emissions and dispersion. However, the understanding 
of how anthropogenic and biogenic precursors contribute to 
SOA formation is far from complete. It is therefore not sur
prising that simulated organic aerosol mass from recent mod
eling studies have been shown to be a factor of five or more 
lower than observed (e.g. Volkamer et al, 2006). 

Many 3-D chemical transport models employ SOA formu
lations based on Koo et al. (2003) and Odum et al. (1996). 
Additional SOA precursors that were previously ignored 
have been proposed (e.g. Robinson et al , 2007) that can pro
duce significantly more SOA mass (Dzepina et al, 2009) 
than traditional approaches, but the newer approaches have 
their own set of assumptions that await additional testing and 
evaluation. Improving predictions of organic aerosols is im
portant in terms of both ah quality and climate applications. 
For climate applications, the current under-prediction of or
ganic aerosol mass will subsequently affect predictions of di
rect radiative forcing by affecting scattering and absorption 
of radiation in the atmosphere. Predictions of indirect radia
tive forcing will be affected as well because the size distri
bution and chemical composition will affect aerosol hygro
scopic properties, activation of cloud condensation nuclei, 
ice nuclei, and cloud chemistry. 

The goal of this study is to determine whether regional 
3-D models operated in a reasonable configuration can ad
equately predict concentrations of primary organic aerosols 
(POA). Accurate predictions of POA are needed since it con
tributes to the total particulate mass and influences the inter-
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pretation of total organic matter (OM). Factor analysis meth
ods, such as Positive Matrix Factorization (PMF), combined 
with mass spectra from the Aerodyne Aerosol Mass Spec
trometer (AMS) have recently been applied to derive com
ponents of organic aerosols including: hydrocarbon-like or
ganic aerosol (HOA), oxidized organic aerosol (OOA), and 
biomass burning organic aerosols (BBOA) (e.g. Zhang et 
al, 2005, 2007; Lanz et al, 2007; Ulbrich et al, 2009). 
The temporal variation of HOA has been shown to be sim
ilar to that of primary emissions of other species in urban 
areas, whereas OOA is better correlated with species that are 
formed as a result of photochemical activity (Kondo et al , 
2007; Docherty et al, 2008; Herndon et al, 2008). PMF of 
high-resolution AMS spectra (DeCarlo et al, 2006) results 
in better separation of the components due to the larger dif
ferences in the spectra, especially between HOA and BBOA 
which have more similar unit-resolution spectra but very dif
ferent high-resolution spectra (Aiken et al, 2009a; Ulbrich et 
al, 2009). The BBOA retrieved from PMF is assumed to be 
composed mainly of primary biomass burning aerosols; the 
spectra of secondary organic aerosols from biomass burning 
precursors are more similar to OOA (Grieshop, 2009). 

In this study, the WRF-chem model is used with trace gas 
and particulate release rates derived from gridded versions of 
the 1999 National Emissions Inventory and the 2002 Mexico 
City Metropolitan Area (MCMA) as adjusted by Lei et al. 
(2007) to predict POA and other tracers in the vicinity of 
Mexico City during the 2006 Megacity Initiative: Local and 
Global Research Observations (MILAGRO) field campaigns. 
Uncertainties in both the primaiy emission estimates and the 
simulated meteorological processes will affect predictions of 
total organic matter and consequently total particulate mat
ter; therefore, our objective is to assess the uncertainties in 
predicted POA before testing and evaluating the performance 
of SOA treatments. In contrast to many large cities, Mexico 
City is a challenging location to evaluate particulate mod
els because of the multiple anthropogenic, biomass burn
ing, volcanic, and dust sources of primary particulates and 
particulate precursors. SOA in the vicinity of Mexico City 
originating from biogenic precursors are expected to be low 
in concentration during the dry season, although biogenic 
SOA formed from emissions on the coastal ranges may make 
a contribution to background organic aerosols over Central 
Mexico (Hodzic et al, 2009). A wide range of continu
ous surface measurements and intermittent aircraft measure
ments is used to evaluate the model. Organic aerosol predic
tions are evaluated using data from AMS instruments (e.g. 
Canagaratna et al, 2007) deployed at four ground sites and 
onboard two research aircraft. Estimates of POA from PMF 
analysis are currently available for three of the ground sites 
and for some aircraft flights. 

We first briefly discuss the performance of simulated me
teorology and carbon monoxide (CO) to show that transport 
and mixing is reasonably represented on most days during 
the simulation period over Mexico and that CO emission 
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Table 1. Selected WRF-Chem configuration options for this study. 

Atmospheric Process WRF-Chem Option 

Advection 
Longwave radiation 
Shortwave radiation 
Surface layer 
Land surface 
Boundary layer 
Cumulus clouds 
Cloud microphysics 
Gas phase chemistry 
Aerosol chemistry 
Aqueous chemistry 
Photolysis 

Positive Definite 
RRTM 
Goddard 
MM5 similarity theory 
Noah 
YSU 
Kain-Fritsch (outer domain only) 
Enhanced Purdue Lin 
CBM-Z 
MOSAIC 
Fahey and Pandis 
Fast-J 

estimates are adequate. Then, predictions of black carbon 
and organic matter are evaluated with the available measure
ments made during MILAGRO. Modeled POA was consis
tently lower than the measured organic matter at the ground 
sites, which is consistent with the expectation that SOA is 
typically a large fraction of the total organic aerosol mass. A 
much better agreement was found when modeled POA was 
compared with the sum of measured HOA and BBOA, sug
gesting that the emission rates were reasonable overall. A 
similar conclusion was obtained using the AMS instruments 
on the aircraft on days with relatively low biomass burning. 
On days with a significant number of fires, the predicted POA 
was greater than the total observed organic matter as the air
craft flew directly downwind of the biomass burning sources. 
One or more factors may contribute to this error including 
biomass burning emissions that were too high, the validity of 
assumptions employed to derived biomass burning estimates 
from satellite remote sensing, and errors in way the model 
treated plume rise or horizontal mixing of point sources. 

2 Model description 

Version 3 of the Weather Research and Forecasting (WRF) 
community model that simulates trace gases and particulates 
simultaneously with meteorological fields (Grell et a l , 2005) 
is used in this study. The chemistry version of WRF, known 
as WRF-Chem, contains several treatments for photochem
istry and aerosols developed by the user community. 

Table 1 lists the specific treatments employed for meteo
rology, trace gas, and particulate processes used in this study 
that are described elsewhere (Skamarock et a l , 2008). At
mospheric chemistry is simulated using the CBM-Z photo
chemical mechanism (Zaveri and Peters, 1999), the Fast-
J photolysis scheme (Wild et a l , 2000), and the MOSAIC 
aeiosol model (Zaveri, et a l , 2008). MOSAIC employs 
the sectional approach for the aeiosol size distribution in 

which both mass and number are predicted for each size bin. 
Eight size bins are used ranging from 0.039 (lower bound) 
to 10 jim (upper bound). An internal mixture assumption is 
used so that all particles within a bin have the same chemi
cal composition. There are no separate hydrophilic and hy
drophobic species of organic matter and elemental carbon. 
The hygroscopic properties for all particles within a size 
bin are computed assuming internal mixing as the volume-
weighted bulk hygroscopicity for each chemical composi
tion. MOSAIC includes treatments for nucleation (Wexler 
et a l , 1994), coagulation (Jacobson et a l , 1994), and dry 
deposition (Binkowski and Shankar, 1995). Aerosols influ
ence the scattering and absorption of solar radiation (i.e. the 
aerosol direct effect) and photolysis rates through the use 
of extinction, single-scattering albedo, and asymmetry factor 
parameters. These parameters are computed as a function of 
wavelength using refractive indices based on predicted par
ticulate mass, composition, and wet radius for each size bin 
(Fast et a l , 2006). Treatments for aqueous chemistry, cloud-
aerosol interactions, aerosol indirect effects, and wet deposi
tion (Gustafson et a l , 2007; Chapman et a l , 2008) are also 
included; however, these processes were not significant prior 
to the cold surge on 23 March (Fast et a l , 2007) since mostly 
sunny conditions were observed and simulated over the cen
tral Mexican plateau. 

It is important to note that MOSAIC does not include a 
treatment of SOA for version 3 of WRF-Chem and that all 
organic matter is treated as non-volatile POA. A more recent 
0-D version of MOSAIC now incorporates gas-to-particle 
partitioning processes for SOA similar to the approach used 
by the MADE/SORGAM aerosol model (Ackermann et a l , 
1998; Schell et a l , 2001); nevertheless, a test simulation us
ing MADE/SORGAM in WRF-Chem produced SOA con
centrations less than 1 / t g m - 3 that were considerably lower 
than observed SOA during MILAGRO (e.g. Herndon et a l , 
2008; Kleinman et a l , 2008; Aiken et a l , 2009). Under
standing the specific gas-to-particle partitioning processes 
responsible for SOA formation and translating those findings 
into treatments suitable for models is the subject of on-going 
research. 

Therefore, the puipose of this study is to evaluate predic
tions of POA so that SOA treatments can be evaluated later 
(e.g. Hodzic et a l , 2009) using the current assessment of the 
uncertainties in dispersion and the emission inventories. If 
one assumes POA is non-volatile, then errors in POA pre
dictions will results from uncertainties in the emission in
ventories, transport and mixing processes, and deposition. 
Some studies (including those for Mexico City) have recently 
shown that POA is semi-volatile (Robinson et a l , 2007; 
Huffman et a l , 2008,2009a, b), but this issue and its imple
mentation into models have not been fully resolved, The im
plications of assuming non-volatile POA are described later. 
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Table 2. List of MILAGRO instrumentation and measurements employed in this study. All particulate concentrations in this paper are for 
ambient conditions, rather than at standard temperature and pressure (STP). 

Instrument or Platform Location(s) Measurements 
RAMA air quality monitoring network 
Radar wind profiler 
Radiosondes 
Micropulse Lidar 
Thenno Environmental Systems, Model 48C 
Tapered Element Oscillating Microbalance (TEOM) 
Aethelometer 
Particle Soot Aerosol Photometer & 
Photoacoustic Aerosol Spectrometer 
Sunset Laboratory OC/EC Carbon Aerosol Analyzer 
Aerodyne Aerosol Mass Spectrometer (AMS) 

Gas chromafograph with flame-ionization (GC-FID) 
Proton-transfer Ion Trap Mass Spectrometry (PIT-MS) 
G-l aircraft 
C-130 aircraft 
DC-8 aircraft 

Mexico City winds, CO, PM2.s, PMio 
Tl and Veracruz winds. PBL depth 
Tl PBL depth 
Tl PBL depth 
Tl CO 
Tl PM2.5 mass 
TO black carbon 
Paso de Cortes black carbon 

T1,T2 organic and black carbon (PW 
TO*, Tl, Paso de Cortes, organic matter (PMj) 
Pico Tres Padres 
Tl alkanes, alkenes, acetylene 
Tl aromatics, oxygenated VOCs 
variable winds, CO, organic matter 
variable winds, CO, organic matter 
variable winds, CO 

* AMS instruments deployed at TO and on the C-l 30 were high-resolution versions (DeCarlo et al, 2006), while the rest were unit resolution 
versions (Canagaratna et al, 2007) 

3 Experimental method 

3.1 MILAGRO measurements 

MILAGRO was composed of five collaborative field experi
ments conducted during March 2006 (Molina et al, 2008). 
The MCMA-2006 field experiment, supported by various 
Mexican institutions and the US National Science Founda
tion (NSF) and Department of Energy (DOE), obtained mea
surements at several surface sites over the city. Measure
ments over the city and up to a hundred kilometers downwind 
of the city were obtained from six research aircraft associ
ated with the Megacities Aerosol Experiment (MAX-Mex) 
supported by the DOE, the Megacities Impact on Regional 
and Global Environments - Mexico (MIRAGE-Mex) field 
experiment, supported by the NSF and Mexican agencies, the 
Intercontinental Transport Experiment B (INTEX-B), sup
ported by the National Aeronautical and Space Administra
tion (NASA), and a biomass burning effort supported by the 
USDA Forest Service and the NSF. MILAGRO is the largest 
of a series of international campaigns in and around Mexico 
City, which also includes IMADA-AVER in 1997 (Edgerton 
et al , 1999) andMCMA-2003 (Molina et al, 2007). 

One objective of MILAGRO was to collect measurements 
over a wide range of spatial scales to describe the evolution 
of the Mexico City pollutant plume from its source and up 
to several hundred kilometers downwind. The flight paths 
for three of the research aircraft are shown in Fig. la and b. 
The G-l aircraft flew primarily over and northeast of the city 
to obtain information on the local processing of pollutants 

(Kleinman et al, 2008). Regional-scale measurements over 
Mexico City, the central Mexican plateau, and the Gulf of 
Mexico were obtained fiom the C-130 aircraft (e.g. DeCarlo 
et al, 2008; Shon et al, 2008). The DC-8 aircraft obtained 
measurements over the largest spatial scales between Mex
ico City and Houston (Molina et al, 2008). Extensive sur
face chemistry and meteorological profiling measurements 
were made at three "supersites" denoted by TO, Tl, and T2 
in Fig. Ic (e.g. Doran et al , 2007; Shaw et al, 2007). A 
more limited set of measurements was obtained at several 
other sites in the vicinity of Mexico City. 

The specific measurements used in this study, listed in 
Table 2, are discussed later in more detail when compared 
against model predictions. 

3.2 Model configuration 

A simulation period between 06:00 UTC (midnight local 
standard time) 6 March and 06:00 UTC 30 March was chosen 
that included most of the airborne and surface measurements 
that were operational during MILAGRO. Two computational 
domains were employed. The outer domain (Fig. la) encom
passes Mexico east of Baja California, southern Texas, and a 
portion of Cenhal America using a 12-km grid spacing. The 
extent of the inner domain (Fig. lb), encompassing cenhal 
Mexico and a large portion of the Gulf of Mexico using a 
3-km grid spacing, was chosen to include a large fraction of 
the aircraft flight paths. 

The initial and boundaiy conditions at 6-h intervals for 
the meteorological variables were obtained from the National 
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(a) M 

Fig. 1. WRF-chem modeling domains that depict topographic varia
tions over the (a) outer domain (Ax =12 km) encompassing Mexico 
and (b) inner domain (Ax=3 km) encompassing the central Mexi
can plateau and portions of the Gulf of Mexico. Lines denote local, 
regional, and synoptic-scale flight paths made by the G-l, C-130 
and DC-8 airciaft. The locations of the three supersites, other re
search sites, and operational monitoring network in the vicinity of 
Mexico City are shown in (c). Emissions of CO over central Mex
ico based on the 1999 National Emissions Inventory and the 2002 
MCMA emissions inventory is shown in (d), wheie green dots de
note the locations of biomass burning sources during March 2006 
obtained from MODIS thermal anomaly satellite data. 

Center for Environmental Prediction's Global Forecast Sys
tem (GFS) model. Initial ocean temperatures, soil temper
atures, and soil moisture were also obtained from the GFS 
model. In addition to constraining the boundary conditions to 
the large-scale analyzed meteorology, four-dimensional data 
assimilation was used to nudge (Liu et al., 2006; Dorart et al., 
2008) the predicted wind, temperature, and specific humid
ity to the observations obtained from the radar wind profilers 
and the radiosondes at the TO, Tl, T2 sites (Fig. lc) and the 
operational radiosondes in Mexico. 

The initial and boundary conditions at 6-h intervals for 
CBM-Z and MOSAIC variables were obtained from 34 trace 
gases and 12 particulate species produced by the MOZART-
4 global chemistry model (Pfister et al., 2008) run with a grid 
spacing of 2.8x2.8 degrees. Boundary condition values for 
long-lived species, such as CO and ozone, have an impact on 
WRF-Chem predictions over central Mexico. The concentra
tions of most other species are produced primarily by emis
sions within the modeling domain rather than by long-range 
transport. For example, ambient background particulate con
centrations in the lower to middle troposphere over the Pa
cific Ocean were typically between 1 and 5 jttgm"3. Most of 
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this mass was composed primarily of SO4, NO3, NH4, and 
dust. Elemental carbon (EC) and organic matter (OM) was 
usually much less than 0.1 and 0.5 /xgm"3, respectively, and 
consequently contributed little to the overall concentration of 
carbonaceous particulates over central Mexico. 

3.3 Emission inventories 

Emissions of trace gases and particulates were obtained from 
two inventories: the 2002 Mexico City Metropolitan Area 
(MCMA) inventoiy as adjusted by Lei et al. (2007) and the 
1999 National Emissions Inventory (NEI). 

The original 2002 MCMA inventory was developed by the 
Comisi6n Ambiental Metropolitana (CAM, 2004). Lei et 
al. (2007) describe how the annual emissions were mapped 
into grid cells with a resolution of 2.25 km encompassing the 
Mexico City Valley. Previous studies have suggested that 
volatile organic compounds (VOC) emission estimates were 
too low when compared with measurements made during re
cent field campaigns (e.g. Molina and Molina, 2002). Con
sequently, Lei et al. (2007) increased the total mass of VOC 
released by 65%, although their adjustment factors varied 
among the specific hydrocarbon species. The resulting Lei et 
al. (2007) gridded inventory contains diurnally-varying mo
bile, area, and point source emission rates for 26 trace-gas 
and 13 particulate species representative of a typical week
day. As in Lei et al. (2007), typical weekday emissions from 
mobile sources in our investigation were reduced by 10% 
on Saturdays and 30% on Sundays and holidays to capture 
weekdays/weekend variations. The PM2.5 emissions were 
composed of four components: primary organic matter, ele
mental carbon, other inorganic material, and crustal material. 
The ratio of the mass emitted by each component to the total 
PM2.5 mass varied over the Mexico City basin. Total PM2.5 
and PMi 0 emissions in this study were not adjusted from the 
original inventoiy. 

The 1999 NEI inventory was developed by Mexico's Sec
retariat of the Environment and National Resources, the 
US Environmental Protection Agency, and several other 
groups (http://www.epa.gov/ttn/chief/net/mexico.html). An
nual emission estimates of CO, NOx, SO2, total VOCs, NH3, 
PM2.5, and PM[o were developed for point, area, and mo
bile sources. This inventory was converted to a ~2.5 Ion grid 
that is more useful to modelers by using population and road 
proxies. Emissions of CO, NOx, S02 , VOC, NH3) PM2.5, 
and PMJO are available for point, area, and mobile sources. 
Due to the absence of speciation recommendations from in
ventory developers, total VOCs were divided by mass into 
13 hydrocarbons using a mean speciation profile derived by 
averaging over all the grid cells in the Lei et al. (2007) mod
ified 2002 MCMA inventoiy. Similarly, 1999 NEI inventory 
estimates of fine and coarse particulate matter was divided 
into primary organic, black carbon, and inorganic species by 
computing an average ratio of these species to the total PM2.5 
emitted over all the grid cells in the 2002 MCMA inventory. 
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Table 3. Annual particulate and trace gas emission rates (tons/year) over the MCMA and at the Tula industrial complex, located ~45 km 
north of the MCMA. Also included are the emission estimates from biomass burning and volcanic sources for March 2006. 

Inventoiy PM10 PM2.5 S0 2 CO NOx VOC NH3 

2000 MCMA 10341 6033 10 004 2035,425 193451 429755 15446 
2002 MCMA1 23 542 6777 8585 1 941 593 188262 490100 16 933 
2004 MCMA 20 686 6662 6646 1792,081 179996 532168 17514 
2006 MCMA 22951 6089 6913 1990336 191 262 576616 19936 
1999 NEI2 31890 25159 38195 1592665 177599 477137 47651 
Tula3 17227 12 307 382917 5768 203 481 2293 -
Biomass4 12 670 11635 770 86588 6178 5945 890 
Volcanic5 - _ 52 598 - - _ -

1 Estimates from the original MCMA emissions inventory; VOC emissions were increased by 65% in this study as in Lei et al. (2007). 
2 Only for area encompassing the MCMA inventory 
3 Includes multiple stack information 
4 Encompassing the MCMA and surrounding valleys between 100-98° W and 18.5-20.5°N fo March 2006 
5 Only from Popocatepetl, located —60 km southeast of Mexico City, for March 2006 

This ratio is adjusted slightly to include a small amount of 
SO4 (2%) and NO3 (0.2%) emissions based on typical ur
ban emissions in the US While PM2.5 emission rates vary 
over Mexico, the relative amount of organic, black carbon, 
inorganic, SO4, and NO3 is constant. Since the inventory 
contains annual estimates for each grid cell, we assumed that 
the hourly and weekend/weekday variations were the same 
as employed for the 2002 MCMA inventory and Lei et al. 
(2007). 

Gridded versions of the 2006 MCMA inventory were not 
yet available at the time of this study, but the annual emis
sions estimates for the 2002 and 2006 inventories were sim
ilar as indicated in Table 3. Also listed in Table 3 are values 
for the subset of the 1999 NEI inventory obtained by sum
ming over the same area covered by the MCMA inventoiy. 
The NEI values over Mexico City are all significantly differ
ent than those reported by the local inventory for 2000, es
pecially for PM, S 0 2 and NH3 . In this study, 2002 MCMA 
emissions with VOCs adjusted as in Lei et al. (2007) are 
used in the Mexico Valley and the 1999 NEI emissions are 
used elsewhere. Figure Id shows the resulting yearly emis
sion of particulate matter in the vicinity of Mexico City for 
the 3-km grid in relation to the MILAGRO primary surface 
sampling sites. TO is located close to the highest emission 
rates in the city while Tl is located at the edge of the city. 
The emission rates in the immediate vicinity of the remote 
T2 site are low. 

In addition to anthropogenic sources within Mexico City, 
there are also other large emission sources over central Mex
ico. While most of the point sources within the Mexico 
City valley are relatively small, the Tula industrial complex 
located ~ 4 5 k m north of the MCMA (Fig. Id) emits large 
amounts of NOX; S 0 2 , and PM, according to the 1999 NEI 
emission inventory (Table 3). NO x and PM annual emissions 
are about the same order of magnitude as in Mexico City, 

while SO2 is ~5 0 times higher than Mexico City. Emis
sions of CO and VOCs are much lower than Mexico City. 
When the winds are from the north, emissions from Tula can 
be transported over Mexico City (e.g. de Foy et al., 2007). 
When the winds are southerly to southwesterly, it is possi
ble that the Mexico City and Tula pollutant plumes meige as 
they are transported northeastward. 

Biomass burning is also a significant source of trace gas 
and particulates over Mexico (Yokelson et al., 2007; Molina 
et al., 2007; DeCarlo et al., 2008; Aiken ct a l , 2009). Daily 
estimates of trace gas and particulate emissions from fires 
were obtained using the MODIS thermal anomalies product 
on the Terra and Aqua satellites and land cover information 
as described by Wiedinmyer et al. (2006). A diurnal vari
ation in the emission rates, with a peak value at 20:00UTC 
(14:00 LT) and a minimum value at sunrise, was applied to 
distribute the daily estimates over time. The emissions were 
distributed uniformly within ~-300 m of the ground, because 
insufficient information was available to perform plume rise 
calculations. The MODIS thermal anomaly methodology 
can underestimate the number of fires for two reasons: clouds 
that obscure fires from the measurements and twice-daily 
oveipass times that do not provide enough temporal infor
mation on short-lived fires. For example, many fires sampled 
by aircraft were small shrub and agricultural clearing fires 
that were not detected by satellite (Yokelson et al., 2007). 
The MODIS thermal anomaly methodology may also assume 
most of a pixel area is burning even when a fire occupies a 
small portion of the pixel. Flaming versus smoldering com
bustion that varies during the coarse of a fire is not taken into 
account as well. While biomass burning estimates derived 
from MODIS are the most readily available information for 
models, their uncertainties must be taken into account when 
assessing smoke plumes predicted by models. 
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Fig. 2. Scatter plots of POA and EC emissions versus those for 
CO over the central Mexican plateau where red and blue dots de
note grid cells that employ the 2002 MCMA inventory and 1999 
National Emissions Inventory, respectively. Green lines denote 
biomass burning ratios derived from the MODIS "hotspot" inven
tory during March 2006 and red line denotes best fit of the MCMA 
grid cells. 

The satellite thermal anomaly data indicated many large 
fires occurred close to Mexico City during March 2006. Most 
of those fires were located along the mountain ridge just east 
of Mexico City (Fig. Id). As indicated by Table 3, PM from 
biomass burning during this month is estimated to be larger 
than the annual emissions in Mexico City. This comparison, 
however, does not account for SOA formation, which is pro
portionally much larger from the urban emissions (Volkamer 
et al., 2006; Yokelson et al., 2007) and the possible overesti-
mation of biomass burning emission ratios as discussed later 
and also by Aiken et al. (2009). 

Scatter plots of POA and EC emissions versus those of 
CO over central Mexico for both anthropogenic and biomass-
buming sources are shown in Fig. 2. Over Mexico City, CO 
emission rates are well correlated with emission rates of POA 
and EC. The slope of 3.29 * 10~3 kilogram ofurbanPOAper 
kilogram of CO from the entire MCMA inventory is similar 
to values estimated for other urban areas (Zhang et al., 2005; 
Docherty et at, 2008), but is 30-75% lower than the values 
of 4.3-5.7x 10 - 3 observed in ambient air at TO during 2006 
and at CENICA during 2003 (Dzepina et al., 2007; Aiken et 
al., 2009). Outside of Mexico City, emissions of POA and 
EC are relatively higher when compared with CO and tliere 
is more scatter. The differences between the two inventories 
are consistent with the total emissions listed in Table 3. The 
implications of the differences in the emission inventories on 
CO, EC, and POA predictions will be described later. 

Recently Christian et al. (2009) suggested that trash burn
ing at municipal landfills could be responsible for about 29% 
of the PM2.5 present in the urban Mexico City area. How
ever, their estimate has a high uncertainty, since it is based 
on extrapolating measurements from four short-term trash 
burning events and the use of antimony (chemical symbol 
Sb) as a tracer for trash burning. Querol et al. (2008) also 
attributed their measurements of Sb in Mexico City partic-
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ulates to a road traffic source, specifically abrasion of mo
tor vehicle brake pads, consistent with a large literature on 
this source (e.g. Thorpe and Harrison, 2008; Amato et al., 
2009). Insufficient activity information (e.g., frequency, du
ration, location, timing, etc.) is available to modify existing 
emissions inventories to include trash burning as a potential 
source of PM2.5. 

4 Results 

Even though a wide range of trace gases and particulates are 
included in the model, this study focuses on parameters use
ful to evaluate the simulated transport and mixing of POA 
over central Mexico. Inorganic particulate matter (i.e. SO4, 
NO3, NH4, dust) will be described in a subsequent study. The 
predicted POA will provide information needed to assess the 
overall magnitude of organic matter emission estimates (the 
largest component of total particulate matter emissions) from 
anthropogenic and biomass burning sources. 

We first describe the performance of the model in simu
lating the circulations and boundary layer depth over central 
Mexico, since transport and mixing processes will directly 
affect the predicted spatial distribution of particulates. Pre
dictions of CO are then evaluated to further assess simulated 
transport and mixing. The reactions associated with CO are 
very slow, thus CO can be treated as a passive scalar for the 
time scales in this study. Another passive scalar, EC, is evalu
ated because the sources of EC are similar to those of organic 
matter. Finally, predictions of primary organic aerosols are 
evaluated using components of organic matter derived from 
PMF analysis at the surface and aloft. All particulate concen
trations in this paper are for ambient conditions, rather than 
at standard temperature and pressure (STP). 

4.1 Winds and boundary layer depth 

The overall meteorological conditions during MILAGRO are 
described in Fast et al. (2007) and de Foy et al. (2008). 
Near-surface winds over the central Mexican plateau are in
fluenced by interactions between the heating and cooling as
sociated with terrain variations and the larger-scale synoptic 
flow. Because Mexico City is located in a basin, the complex
ity of the local meteorology affects the transport and mixing 
of trace gases and particulates directly over their emission 
sources before they are transported downwind. 

Several studies have assessed the performance of 
mesoscale models in simulating near-surface winds and 
boundary layer structure over Mexico City (e.g. de Foy et al., 
2006; Fast and Zhong, 1998; Jazcilevich, et al., 2003). While 
there are difficulties simulating the details of the near-surface 
winds at specific locations and times, mesoscale models usu
ally capture the primary thermally-driven circulations and 
their interactions that are observed, such as diumally-varying 
upslope and downslope flows, northerly daytime flow into 
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Fig. 3. Observed and predicted wind roses by (a) time of day (UTC) 
and (b) wind speed within 22.5 degree wind direction intervals dur
ing MELAGRO between 6 and 30 March for selected RAMA sta
tions. Black lines denote terrain contours at 250 m intervals. 

the basin, afternoon southerly gap winds through the south
eastern end of the basin, and propagating density currents 
that bring in cool moist air from the coastal plain into the 
basin late in the afternoon. 

Wind roses are employed in Fig. 3 to summarize the ob
served and predicted winds between 6 and 30 March at select 
RAMA operational monitoring stations. Inspection of indi
vidual time series of wind speed and direction (not shown) 
indicated that the simulated circulations were often qualita
tively consistent with the observations. For example, the sim
ulated north to northeasterly afternoon winds were similar 
to the observations (Fig. 3a). During the late afternoon, the 
model tended to over-predict the extent of the gap flow to the 
XAL and VIF stations as it propagated over the basin. While 
the winds were predicted reasonably well over the eastern 
side of the basin at the CHA station, the model propagated 
this southerly flow over the XLA and VIF stations that usu
ally had northerly winds during the late afternoon. At night, 
the model produced downslope westerly flows that were ob
served at CUA; however, the simulated downslope flows did 
not propagate a few kilometers farther into the basin as ob
served after midnight at EAC, TAC, PLA, PED, and TPN. 
The simulated wind speeds were frequently larger than ob
served over the city center because heat, moisture, and mo
mentum fluxes computed by the surface layer parameteri
zation depend on similarity theory and a single roughness 
length for urban grid cells. A more complex urban canopy 
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parameterization is required to create additional drag and that 
would reduce the simulated near-surface wind speeds. WRF 
does have an urban canopy, but databases that employ Mex
ico City buildings are still being developed. Surface wind 
measurements in an urban area are not likely to be repre
sentative over a large area, so some caution is needed when 
comparing observed and simulated quantities at specific lo
cations. 

Simulating the details of near-surface winds in areas of 
complex terrain and urban areas is still challenging for 
mesoscale models; however, model performance is much 
better aloft. An example of the simulated winds at the Tl and 
Veracruz sites compared with radar wind profiler measure
ments is shown in Fig. 4. Since the model employs the radar 
wind profiler measurements in the data assimilation scheme, 
it is not surprising that the simulated multi-day variations in 
the winds are very similar to the observations. For exam
ple, the winds at Tl between 9 and 11 March and 18 and 
20 March are associated southwesterly flow ahead of troughs 
located over western Mexico that are strong enough to sup
press local diurnal variability. At Veracruz, the most promi
nent feature is the passage of cold surges on 14, 22, and 23 
March that bring strong northerly flows over the coast of the 
Gulf of Mexico. These flows occur below the height of the 
plateau and have a small impact on the winds over central 
Mexico. 

Figure 5 is an example of an independent evaluation of the 
large-scale wind fields in which the predictions are compared. 
with measurements from three aircraft on March 19 that are 
not employed by the data assimilation scheme. The aircraft 
flew at various altitudes: 0-5.5 km MSL for the G-l and C-
130, and 0-11 Ian MSL for the DC-8. The simulated winds 
are consistent with the measurements over the largest spatial 
scales associated with the C-130 and DC-8 aircraft. Some
what larger differences between the observed and simulated 
southwesterly winds occurred along the G-l flight path just 
downwind of Mexico City. The wind speed correlation coef
ficients for the G-l, C-130, and DC-8 flights are 0.45, 0.70, 
and 0.89, respectively. These results suggest that the model 
captures the overall synoptic scale flows well, but some un
certainties in the simulated local variability of the winds over 
the central Mexican plateau are associated with the interac
tion of the synoptic and thermally driven flows. 

The continuous measurements of boundary layer (BL) 
depth at the TO, Tl, and T2 sites can be used to assess the 
simulated depth of vertical mixing that will affect the dis
persion of primary trace gas and particulate emissions. An 
example of the variation in the obseived and predicted BL 
depth at Tl between March 17 and 23 is shown in Fig. 6a. 
Obseived BL depths were obtained from radar wind profiler 
and Iidar measurements as described by Shaw et al. (2007) 
and there may be uncertainties in the observed BL depth as 
much as a few hundred meters. The simulated magnitude and 
multi-day variations in BL depth were similar to the mea
surements. Observed and simulated BL depths on 17 March 
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Fig. 4. Observed radar wind profiler wind speed and direction (dots) and predicted wind speed and direction (lines) at (a) Tl and (b) 
Veracruz, where UTC=local standard time + 6 h. 
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Fig. 5. Observed and predicted wind speed and direction along the G-l, C-130, and DC-8 flight paths on 19 March where gray shading 
denotes predicted values within one grid cell surrounding the aircraft position. Panel on right depicts the flight paths for each aircraft along 
positions at select times for the C-130 and DC-8 aircraft. 

were as high as 4.3 and 3.8 km AGL, respectively, while ob
served and simulated BL depths on 19 March were as high 
as 1.8 and 2.31cm AGL, respectively. There are differences 
in the rate of BL growth on some days, such as 20 March in 
which the simulated BL grew too quickly between 16:00 and 
20:00 UTC (10:00-14:00 LT). The YSU scheme in version 
3 of WRF also had a tendency to collapse the afternoon BL 
too quickly, such as on 18 March. The typical differences 
between die observed and simulated BL depth can also be 
seen by examining the mean and range of BL depths over the 
entire field campaign at the TO, Tl, and T2 sites shown in 
Figs. 6b, 6c, and 6d, respectively. The simulated BL growth 
is similar to the observations until about 20:00-21:00 UTC 

(14:00-16:00 LT), but the tendency to collapse the BL too 
quickly occurred at all sites. It must be noted that radar wind 
profilers and lidars have difficulty detecting shallow stable 
layers that develop around sunset; therefore, the reported BL 
depths are really the vertical extent of mixing in a decaying 
residual layer during the transition between day and night. 

4.2 Carbon monoxide 

We next examine variations in carbon monoxide (CO) to 
evaluate the impact of simulated winds and BL depth dur
ing MILAGRO on the transport and mixing of trace gases in 
the region. 
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Fig. 6. (a) Observed (dots) and simulated (line) boundary layer depth at Tl between 17 and 23 March. Average daytime boundary layer 
height and range of values during the field campaign at the (b) TO, (c) Tl, and (d) T2 sites. Dashed lines denote the elevation of each site. 
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Fig. 7. Observed (dots) and simulated (gray line) (a) CO mixing ratio averaged among 25 RAMA operational monitoring stations within the 
Mexico City basin and CO mixing ratio at the (b) Tl site and (c) Paso de Cortes site. Correlation coefficient and mean bias denoted by r 
and b, respectively. The panels on the right are averages the observed (black) and simulated (gray) values during night (18:00-05:00LST), 
morning (05:00-10:00LST), and daytime (10:00-18:00LST) periods. 
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The observed and simulated diurnal variation in the aver
age CO computed among the RAMA operational monitors in 
Mexico City is shown in Fig. 7a. The model reproduced the 
magnitude and timing of CO reasonably well with a correla
tion coefficient of 0.79. Observed and simulated peak values 
occurred just after sunrise and are associated with the morn
ing rush-hour traffic and shallow BL depths. Simulated CO 
was somewhat too high at night that is likely the result of 
an underestimation of BL mixing during some nights. While 
there were no direct continuous measurements of BL depth 
at night over the city, we suspect that the heating and rough
ness elements associated with buildings would enhance ver
tical mixing (e.g. Sarrat et al., 2006) not presently accounted 
for in the model. Inspection of potential temperature pro
files obtained from radiosondes launched several kilometers 
southwest of TO at 06 UTC (midnight) indicate that the noc
turnal boundary layer could be as high as 500 m AGL on a 
few nights (not shown); however, a 200 m minimum noctur
nal boundary layer depth was employed by the model based 
on lidar backscatter data at Tl (Fig. 7a). Therefore, the 
effect of vertical mixing in the city could be about a fac
tor of two too low at times during the night. The CO val
ues are also averaged for nighttime periods between 00:00 
and 1L00UTC (18:00-05:00LT), morning periods between 
11:00 and 16:00 (05:00-10:00 LT) and afternoon periods be
tween 16:00 and 00:00 UTC (10:0-18:00 LT). Simulated CO 
was ~20% higher that observed when averaged among all 
the nighttime periods. The simulated errors in CO were less 
during the day, with morning values being ~ 7 % higher than 
observed. 

The consistency of the monitoring data and simulated CO 
suggests that the overall emission estimates of CO over the 
city are reasonable. However, there is evidence to suggest 
that the diurnally varying emission rates may be off some
what because CO was somewhat lower than obseived during 
the afternoon. The tendency of the model to collapse the 
boundary layer 1—2 h before sunset should have produced a 
positive bias in CO. 

The observed and simulated CO just outside of the city at 
the Tl site is shown in Fig. 7b. While the model qualitatively 
captured the magnitude and temporal variations in the ob
seived CO, errors in simulated CO are somewhat larger than 
over the city as indicated by the lower correlation coefficient 
of 0.46. When the results are averaged over the three time pe
riods, it is evident that most of the errors are associated with 
the under-predictions during the morning period between 11 
and 16 UTC (05:00-10:00LT). This would suggest that BL 
depths would be over-predicted, but this is not supported by 
Fig. 6. We suspect that uncertainties in the emission invento
ries contribute to uncertainties in predicted CO at this loca
tion. Rapid changes in urban growth at the edge of the city 
and/or traffic along the highway just to the south of Tl during 
the morning rush hour period may not be represented well. 

At the Paso de Cortes site (Baumgarder et al., 2009), lo
cated ~1.8km above the basin, the model captured much 

of the multi-day variations in CO (Fig. 7c). However, the 
simulated peak values were too low. Peak CO mixing ratios 
ranged between 0.4 and 1.0 ppm on twelve days between 6 
and 24 March, but simulated CO exceeded 0.4ppm only on 
one day. The observed and simulated peaks occurred dur
ing both daytime and nighttime periods, but they are not well 
correlated. The CO averages do not show the same diurnal 
variations in the city, as expected at this remote site. The 
lower CO/EC anthropogenic emission ratios outside of Mex
ico City (Fig. 2) likely contributed to the negative bias in the 
predicted CO. Additionally, the 3 Ion horizontal grid spacing 
may be insufficient to represent local terrain-induced flows 
along the mountain ridge and subsequently affects the trans
port and mixing of smoke plumes from nearby fires (Fig. 1 d). 

Predictions of CO further downwind were also evaluated 
using data averaged over 10-s intervals from the research air
craft. An example of the spatial and temporal variations on 
March 19 is shown in Fig. 8, the same time period as the 
winds shown in Fig. 5. Close to the city, the simulated CO 
was similar to the measurements along most of the G-l flight 
path (Fig. 8a) with a correlation coefficient of 0.63. Sim
ulated CO was higher than observed during four periods in 
which the aircraft passed over the cast side of the Mexico 
City valley where a large number of fires occurred. Sev
eral factors could have contributed to the over-prediction in 
CO at this location including estimates for biomass burning 
that were too high, estimates of the peak burning rate that is 
assumed to occur at 20:00UTC (14:00 LT) every afternoon, 
and the simulated vertical mixing that may not loft the CO 
plume to the correct altitudes. Observed and simulated BL 
height over the city at the time of the G-l flight was ~4km 
MSL (Fig. 6a) and the aircraft was flying just below this al
titude. Measurements of potential temperature also suggest 
the aircraft was within the BL at this time. While the simu
lated BL depth is reasonable, the model does not account for 
enhanced vertical mixing associated with the higher temper
atures associated with fires that could account for a portion 
of the over-prediction in CO close to the location of the fires. 

Further downwind along the C-130 flight path (Fig. 8b) the 
simulated variations in CO between the plateau and the Gulf 
of Mexico qualitatively similar to the measurements, with 
a correlation coefficient of 0.58 that was higher than along 
the G-l path. The differences are associated primarily with 
the background mixing ratios and specific biomass burning 
plumes. The simulated background values of ~80 ppb were 
about 20 ppb higher than observed, and are likely due to 
background values obtained from the MOZART model. The 
peak in simulated CO of ~600ppb at 01:00UTC (19:00 LT) 
was also associated with biomass burning plumes just north
east of Mexico City and was 350ppb higher than observed. 
Along the DC-8 flight path (Fig. 8c) the observed and sim
ulated CO increased between 17:00 and 19:00 UTC (11:00 
and 13:00 LT) as the aircraft approached Mexico City. Peak 
values were observed directly over Mexico City, but the sim
ulated values were higher than observed for a short period of 

www. atmos-chem-phys .net/9/6191/2009/ Atmos. Chem. Phys., 9,6191-6215,2009 



6202 J. Fast et al.: Evaluating simulated primary anthropogenic and biomass burning organic aerosols 

10001 

100-1 

10001 

100-

10001 

100-̂  

flight paths 

19 ao 21 
time (UTC) 

Fig. 8. Obseived (dots) and simulated (lines) CO mixing ratio along three aircraft flight paths on 19 March where gray shading denotes 
predicted values within one grid cell surrounding the aircraft position. Couelation coefficient and mean bias denoted by r and b, respectively. 
Panel on right depicts the flight paths for each aircraft along positions at select times for the C-130 and DC-8 aircraft. 

time. Both the obseived and simulated CO was low between 
20:00 and21:00UTC (14:00-15:00 LT) when the aircraft as
cended to high altitudes northwest of Mexico City, but the 
simulated CO was lower than obseived closer to the surface 
over Texas when the aircraft was flying back to Houston. 

A summary of the statistical performance of the simulated 
CO using percentiles, correlation coefficient (r), and mean 
bias (b) for all G-l, C-130 and DC-8 flights is shown in 
Fig. 9. A much larger range for both the observed and sim
ulated percentiles is seen in for G-l aircraft since it usually 
flew in the immediate vicinity of the Mexico City and was 
frequently within the anthropogenic plume. The percentiles 
show that the model overestimated the measured range of CO 
on some days and underestimated the range of CO on others. 
Both the observed and simulated percentiles were lower for 
the C-130 aircraft since a large fraction of the flight time was 
spent downwind of Mexico City, and the simulated range of 
CO was higher and lower than obseived depending on the 
day. In contrast, the simulated range of CO along the DC-8 
flight paths was usually less than obseived. When averaged 
among all the aircraft, the percentiles were veiy similar to the 
measurements, mean values somewhat lower than obseived 
with a correlation coefficient of 0.61. The correlation coef
ficients that measure the skill in predicting the magnitude of 
CO in space and time ranged from 0.30 to 0.89 among the 
aircraft flights. The results shown in Fig. 9 suggest that the 
model adequately reproduced the overall transport and mix
ing of CO downwind of Mexico City, although there were 
occasional errors in space and time for the exact position of 
CO plumes and magnitude of smoke plumes. 

4.3 Elemental carbon 

Obseived and predicted concentration of elemental carbon 
(EC) at the TO, Tl, T2, and Paso de Cortes sites is shown 
in Fig. 10. The model performed the best at TO, the urban 
site located closest to the highest emission rates. The magni
tude and temporal variation of the simulated EC was similar 
to the measurements with a correlation coefficient of 0.56. 
The average values during nighttime periods between 00:00 
and 11:00UTC (18:00-05:00LT) and afternoon periods be
tween 16:00 and 00:OOUTC (10:00-18:00LT) periods were 
predicted quite well over the period. However, simulated EC 
during the morning between 11:00 and 16:00UTC (05:00-
10:00 LT) was significantly underestimated in contrast with 
CO predictions over the city (Fig. 7a). Since errors in BL 
depth will affect CO and EC similarly, one must conclude 
that differences are likely the result of greater uncertainties 
in EC emissions over the city. One factor could be the rela
tive contribution of diesel vehicles at that time of day in the 
city, since the CO/EC ratios from the MCMA emission in
ventoiy was somewhat higher during the morning rash hours 
between 12:00 and 15:00 UTC (06:00-09:00 LT) than during 
the rest of the day. 

EC predictions at the Tl site were nearly always lower 
than observed, although the correlation of 0.45 indicates that 
the simulated diurnal variation in EC was somewhat similar 
to the observations. As with CO at this site (Fig. 7b), the 
largest errors occurred during the morning hours and emis
sion rates of EC may be more problematic at this location 
than in the city. 

Both the observed and simulated EC were usually below 
2jU.gm"3 further downwind at the remote T2 site. Since the 
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Fig, 9. Comparison of observed and simulated CO along the air
craft flight paths, where horizontal lines denote the median, boxes 
denote 25th and 75th percentiles, and vertical lines denote 10th and 
90th percentiles. Correlation coefficient (r) and mean bias (b) for 
each flight are included along the top. Gl and C130 values were 
obtained over domain 2 and DC8 values obtained over domain 1. 
(a) and (b) denote morning and afternoon flight periods for the Gl 
aircraft. 

T2 site is remote, the time series of EC indicates multiday 
variations and short time scale fluctuations instead of the di

urnal variations observed at the TO and Tl sites. While it is 
likely that T2 is impacted by Mexico City emissions when 
the regional winds are southwesterly (e.g. higher EC concen

trations between March 18 and 22), transport from Mexico 
City to T2 does not occur every day (Doran et al., 2008). In

stead, EC obseived at T2 is from dilute plumes originating 
from many urban and biomass burning sources. While simu

lating the exact timing of dilute plumes transported over T2 
is challenging, the similarity of the observed and simulated 
average EC concentrations is nevertheless encouraging. 

At the Paso de Cortes remote site, the model reasonably 
simulated the magnitude and temporal variations in EC prior 
to 23 March (Fig. 7c). The observed and simulated peaks in 
EC during the late afternoon on many days (e.g. 16 and 17 
March) indicates that some time is required to transport Mex

ico City EC to this site and that the BL must be sufficiently 
high since the site located ~ 1.8 Ian above the basin floor. Af

ter 23 March, the simulated EC is significantly higher than 
observed. Increased convective activity after the third cold 
surge on 23 March (Fast et al., 2007) likely led to increased 
vertical mixing and removal by wet deposition. While the 
model did produce more cloudiness over the region after 23 
March, vertical mixing associated with convection and wet 
removal were underestimated. 

The lower CO/EC anthropogenic emission ratios outside 
of Mexico City (Fig. 2) likely contributed to the negative bias 
in the predicted CO at the remote Paso de Cortes site. Both of 
these sites would he impacted by emissions from cities other 
than Mexico City during the field campaign, and changing 
the slope of the regional CO/EC emissions rates to be more 
like the MCMA inventoiy (Fig. 2) would improve predictions 
of both CO and EC at theses locations. 

4.4 Organic matter 

As described previously, the current version of MOSAIC in

cludes only primary organic aerosols and does not treat SOA. 
Consequently, predictions of organic matter should be sig

nificantly underestimated when compared with the available 
measurements of total organic matter in the vicinity of Mex

ico City. If predicted organic matter is higher than obseived, 
then one would conclude that the estimates of primary emis

sions of organic aerosols are too high because we have shown 
that transport and mixing is simulated reasonably well during 
the MILAGRO field campaign period. AMS data in conjunc

tion with PMF analysis also provides a new tool to evaluate 
POA predicted over both urban and remote locations. 

Examples of how PMF analysis can be used to evaluate 
POA are shown in Fig. 11, in which the time series of ob

served total organic matter, HOA, HOA+BBOA, and OOA 
(Aiken et al., 2008, 2009) is compared with predicted POA 
at the TO site on 15 and 20 March. Simulated POA is based 
on the sum of the mass in the first four model size bins (from 
0.39 to 0.625 £tm), since the number of particles with an 
estimated volumeequivalent diameter, dve (DeCarlo et al., 
2004), larger than 0.7/zm observed by the AMS instrument 
was very low. Adding mass from the fifth model size bin 
(from 0625 to 1.25 /Am) did not increase the simulated POA 
shown in Fig. 11 significantly. 

The diurnal variation in HOA on 15 March (Fig. 11a) is 
similar to primary emissions (e.g. CO) with the highest con

centrations shortly after sunrise at the time of peak traffic ac

tivity and within a shallow boundary layer. HOA is reduced 
by vertical mixing as the convective boundary layer grows 
during the morning after 14:00 UTC (08:00 LT); however, 
concentrations are quite variable between 14 and 18:00UTC 
(08:0012:00 LT) as a result of light and variable winds that 
likely transport primary emissions over TO from different 
parts of the surrounding urban area. HOA subsequently in

creases somewhat just before sunset as primaiy emissions 
build up within the shallow nocturnal boundary layer. In 
contrast, OOA increases during the late morning despite in

creased boundary layer vertical mixing, suggesting that a 
photochemical secondary process is responsible for the pro

duction of OOA. BBOA has the same temporal variation 
as HOA. There was only one fire reported in the vicinity 
of Mexico City on this day; therefore, BBOA likely repre

sents dilute smoke from multiday regional scale transport 
and many smallscale burning events within the city that can

not be detected by the MODIS hotspot data. 
The diurnal variation of simulated POA on this day was 

more consistent with HOA, although POA concentrations 
were higher than HOA concentrations most of the day. Emis

sion rates that were too high, simulated ventilation of the 
basin that was too weak, and vertical mixing within the noc

turnal boundary layer that was too weak could all explain the 
positive bias in organic aerosols. While the simulated bound

ary layer depth was similar to estimates from the radar wind 
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Fig. 10. Time series of observed (black) and modeled (gray) elemental carbon at the (a) TO, (b) Tl, (c) T2, and (d) Paso de Cortes sites 
(left) and average concentrations during the night (18:0005:00 LST), morning (05:0010:00 LST), and daytime (10:0018:00 LST) periods 
(right). Correlation coefficient and mean bias denoted by r and b, respectively. 

profiler at TO during the day, the simulated nocturnal bound

ary layer depth was 200 m while the sounding launched sev

eral kilometers southwest of TO at 06:00 UTC (midnight) 16 
March indicated a neutral layer up to 500 m AGL. Thus, the 
model likely underestimated the amount of mechanical mix

ing associated with the urban canopy and/or the basin circu

lations. This would also explain why simulated CO mixing 
ratios that were also higher than observed that night (Fig. 7a) 

In contrast with 15 March, observed organic aerosol con

centrations during the afternoon of 20 March (Fig. 1 lb) were 
much lower and the temporal variations of HOA and OOA 
were not typical of the more frequently observed morning 
build up of primary emissions followed by increased bound

ary layer vertical mixing and photochemistry. Instead, rela

tively strong southwesterly ambient winds ventilated pollu

tants out of the basin to the north and kept afternoon con

centrations relatively low. Observed HOA did have a sharp 
peak between 12:00 and 14:00 UTC (06:0008:00 LT) in the 
morning because obseived wind speeds from the radar wind 
profiler were less than 1ms  1 within the shallow boundary 
layer (not shown) that likely permitted the buildup of pri

mary emissions, but concentrations dropped rapidly as the 

boundary layer grew and nearsurface winds became coupled 
with the stronger winds aloft. BBOA increases around sunset 
as a result of a smoke plume transported from a fire on the 
mountain ridge south of the city. 

Simulated POA was similar to the sum of HOA+BBOA 
most of the day, except for a brief period shortly after sunrise. 
While the model captured the increase in organic aerosol 
associated with a smoke plume late in the day, it failed to 
capture the peak in anthropogenic organic aerosols between 
12:00 and 14:00 UTC (06:0008:00 LT). At this time near

surface simulated wind speeds were between 2 and 3ms _ 1 

and consequently simulated POA concentrations as high as 
9 (A.g m  3 were transported northeast of TO. 

Predictions of POA have been compared with organic mat

ter measurements from the available AMS and OC/EC data 
made at the TO, Pico Tres Padres, Tl, T2, and Paso dc Cortes 
sites as shown in Fig 12. Instead of showing the entire time 
series, mean diurnal variations of organic components are 
computed for the measurement period at each site. The diur

nal variation of organic components over the entire field cam

paign period at TO (Fig. 12a) is similar to the 15 March time 
series shown in Fig. 11a. Predicted POA has a magnitude 
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Fig. 11. Time series of observed and modeled average diurnal variations of total oigamc matter at the TO site and the components of organic 
matter derived using the PMF analysis technique on (a) 15 March and (b) 20 March. Right panels depict simulated POA resulting fiom 
anthropogenic and biomass burning sources compared to HOA and BBOA, respectively. Most of the mass from the AMS instrument is 
assumed to be for particles with diameters less than 0.7 /tm, 
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Fig. 12. Time series of observed, PMF components, and modeled average diurnal variations of oiganic matter at the (a) TO, (b) Pico 
Tres Padres, and (c) Tl sites. Bottom panels depict simulated anthropogenic and biomass burning POA compared with HOA and BBOA, 
lespectively. 
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and diurnal variation that is more consistent with HOA or 
HOA+BBOA, depending on the time of day, than with total 
organic matter. The simulated peak in POA occurred one or 
two hours earlier than the peaks in HOA+BBOA and HOA, 
respectively. The consistent overprediction of POA at night 
may be attributed to insufficient vertical mixing within the 
nocturnal boundary layer in the city. 

PMF analysis was also available from the AMS instru

ments at the Pico Tres Padres (Fig. 12b) and Tl (Fig. 12c) 
sites. As with TO, the daily averaged predicted POA was 
between daily averaged HOA and HOA+BBOA concentra

tions. While the predicted diurnal variations in POA are 
consistent with variations in HOA at TO, the diurnal vari

ation in predicted POA and measured HOA differ more at 
Pico Tres Padres and Tl. At Pico Ties Padres, the most 
likely explanation for the discrepancy is that the 3km grid 
spacing in the model cannot adequately resolve the local 
slope flows and boundary layer evolution at the mountain

top sampling site. The observations show a dramatic in

crease in organics at 15:00UTC (09:00LT), which occurs 
when the convective boundary layer grows above the altitude 
of the mountain (Herndon et al., 2008). Smoothing of the 
topography associated with the 3km grid spacing produced 
a mountaintop elevation of 2500m (~400m lower than the 
actual elevation); therefore, the simulated atmosphere was 
not fully decoupled from Mexico City emission sources at 
night At the Tl site, the model produced a peak in POA at 
13:00 UTC (07:00 LT) similar to the measurements of HOA 
and HOA+BBOA. But the subsequent decrease in simulated 
POA reversed at 17:00UTC (11:00LT) instead of continu

ing to decrease for four more hours during the afternoon. As 
discussed previously with CO and EC, there are likely uncer

tainties in the local emissions that may contribute to errors on 
POA at this site, including brick kilns (Christian et al., 2009) 
and other local sources. 

Comparisons of predicted POA and total organic matter 
from the OC/EC instrument at the T2 site and the AMS in

strument at the Paso de Cortes site is shown in Fig. 13a and 
b, respectively. Predicted POA concentrations were usually 
less than half the observed total organic matter at both sites. 
Increases in observed afternoon total organic matter is likely 
the result of SOA formation as anthropogenic particulates are 
transported over both of these sites. The increase in observed 
afternoon total organic matter is more dramatic at Paso de 
Cortes than at T2 because the Paso de Cortes site is located 
at a much higher elevation. Measurements at Paso de Cortes 
during the night are likely to be more representative of the 
free atmosphere. As the convective boundary layer grows 
during the morning the site is entrained into the convective 
boundary layer that contains much higher concentrations of 
anthropogenic particulates. 

The range of total obseived organic aerosol, HOA, 
HOA+BBOA, and predicted POA at the TO, Pico Tres Padres 
and Tl sites is depicted in terms of percentiles, biases, and 
correlation coefficients in Fig. 14. The median and range 
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Fig. 13. Time series of observed and modeled average diurnal vari
ations of organic matter at the (a) T2 site using Sunset Laboratory 
EC/OC data and the (b) Paso de Cortes site using Aerodyne Aerosol 
Mass Spectrometer (AMS) data. PMF components not currently 
available at the Paso de Cortez site. 

1 10-

b = -B.a 
r^O.aa 

$v 

b = -4.a b = -1.7 
r=0.13 r = 0,26 

observed total OM 
simulated POA 

L^V r^ £ 
: 1 

fa = -1.2 
r = 0.4 

b e 0.9 
r = 0.O7 

b = -0.3 
r = 0.21 

PMF HOA+BBOA 
simulated POA 

W * 
TO Pico Tres Padres T1 

20' 

^ 1 5 . 

■2 10' 
e 

b = 0. 
r = 0.6! 

b = 0.2 
r = 0.03 

b = 0.9 
r = 0.34 

PMF HOA 
simulated anthropogenic 

^w^i'
s
: 

t6' 
h I 4-

fj = -1.4 
t = 0.1 I 

Picn Tres Padrss T l 

_J L 
b=0.7 
r = 0.13 

b = -o,2 
f = 0.02 

PMF BBOA 
simulated biomass burning 

$y ^ w 
TO Pico Tres Padres T1 TO Pico Tres Padres T1 

Fig. 14. Boxandwhisker plots of observed organic matter, PMF 
components, and simulated primary organic matter at the TO, Pico 
Tres Padres, and Tl sites during the field campaign, where the box 
denotes the range of the 25th and 75th percentiles, the vertical lines 
denote the 5th an 95th percentiles, and the horizontal line denotes 
the median. Mean bias and correlation coefficient for each observed 
and simulated pair included along the top of each panel. 

of predicted POA at each of these sites is more consistent 
with concentrations of HOA+BBOA. This makes sense be

cause predicted POA contains emissions from both anthro

pogenic and biomass burning sources. However, the sim

ulated POA temporal variations are not well correlated with 
HOA+BBOA. A correlation coefficient of 0.41 was obtained 
in the city at the TO site, but at the edge of the city the cor

relation was only 0.21. The correlation of simulated anthro

pogenic POA and HOA was somewhat higher at both sites. 
As explained earlier, the poor correlation at the Pico Tres 
Padres site is likely the result of the 31cm grid spacing poorly 
representing the smallscale topography The correlation be

tween simulated biomass burning POA and BBOA was low 
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Fig. 15. Observed and simulated (a) CO and (b) total organic mater, (c) anthropogenic organic matter, and (d) biomass burning organic 
matter along the G-l flight path during the morning of March 15 on a day with relatively low biomass burning over central Mexico. Right 
panel depicts biomass-buming sources (green dots) and the G-l flight path divided into transects over the city and TO (black), north of the 
city over the Tl site (light blue), and remote regions between Mexico City and Veracruz (purple). 

at all sites because the emissions did not include all types of 
fires and narrow smoke plumes could easily miss the surface 
sampling sites even with small transport errors. While there 
are large errors in the timing of predicted POA, the results 
indicate that the overall simulated POA mass based on the 
emission inventories from anthropogenic and biomass burn
ing sources is consistent with primary components of ob
served organic aerosols. Both the simulated biomass burning 
POA and BBOA are a larger fraction of the total organic mat
ter mass at the edge of the city at Tl than downtown at TO, 
indicating that biomass burning sources become relatively 
more important farther away from anthropogenic sources. 

AMS instruments were also deployed aboard the G-l 
(Kleinman et al., 2008) and C-130 (DeCarlo el al., 2008) air
craft and PMF analysis was performed for a select number of 
flights. The information on organic components enables pre
dictions of POA to be evaluated further downwind of Mex
ico City. An example of the observed and predicted CO and 
organics for the morning flight of the G-l on 15 March is 
shown in Fig. 15. Overall, spatial variations of predicted CO 
were qualitatively similar to the measurements along aircraft 
flight path (Fig. 15a). The simulated peak of 2.3 ppm just af
ter 17:00UTC (11:00 LT) was 0.7ppm higher than observed 
as the aircraft passed over the TO site. As the aircraft returned 
over the city the simulated peak of 1.0 ppm was 0.9 ppm 
lower than observed. The largest scatter in the observed and 
simulated CO occurred over the city since timing and loca

tion of the simulated plume was not exactly right. As with 
the analysis of surface organic aerosols, predicted POA was 
usually less than the concentration of obseived total organic 
aerosols as seen in the time series and scatter plot in Fig. 15. 
Mean predicted POA was 2.3 /Agm"3, while the mean ob
seived total organic matter was 7.7 /igm~3. A somewhat 
better agreement is reached for the scatter plot of predicted 
POA with HOA+BBOA (mean value of 4.7/igm"3), but 
Fig. 15c and d show that most of the differences result from 
an underestimation of anthropogenic POA just south and 
west of the city. 

Simulated spatial variations in anthropogenic POA were 
similar to HOA obtained over the northwestern part of the 
city as die aircraft passed over TO, although the magnitude of 
POA was somewhat lower than HOA (Fig. 15c). However, 
the simulated anthropogenic POA was significantly lower 
than HOA along the flight legs over the mountains to the 
south and west of the city. Simulated biomass burning POA 
and BBOA within the boundary layer along the aircraft flight 
path over Tl and the city was usually around 1 (igm~^y with 
no significant peaks to suggest the presence of large fires. 
Over the city, peak values of biomass burning POA and 
BBOA were both as high as 2-3 £igm~3. The distribution of 
predicted biomass burning POA (not shown) suggested that 
multi-day accumulation of smoke contributed to the bound
ary layer concentrations, rather than the fires surrounding the 
city on this day. Note that simulated biomass burning POA 
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Fig. 16. Same as Fig. 15, except during the morning of 19 March on 

does not include grass fire and other burning sources in the 
city that may be important. 

In contrast to 15 March, 19 March was a day with a many 
large fires in the vicinity of Mexico City. CO was pre
dicted reasonably well along the G-l flight path, as shown 
in Fig. 16a, and CO originating from biomass burning was 
a significant fraction of the total CO (not shown). Unlike 
15 March, predicted POA on this day was equal to or higher 
than the obseived total organic matter over many portions 
of the flight path (Fig. 16b). The average predicted POA 
over the central plateau was 3.9 / tgni - 3 , while the observed 
total organic matter was 4.2/xgm-3 and HOA+BBOA was 
2.6/zgm~3. Figure 16c indicates that the simulated anthro
pogenic POA was much higher than HOA in the vicinity of 
TO, but was too low in the vicinity of T2 because the simu
lated wind were too westerly and transport the Mexico City 
plume just southeast of T2. Simulated biomass burning POA 
was almost always higher than BBOA (Fig. 16d), except di
rectly north of the mountain ridge east of the city. For ex
ample, predicted biomass burning POA over the fire near TO 
was 15 /xg m - 3 even though there was no evidence of smoke 
from the BBOA time series at that time. 

Percentiles are used to summarize the range of observed 
total organic matter, HOA, HOA+BBOA, and simulated 
POA along all of the available G-l and C-130 aircraft flight 
paths, as shown in Fig. 17. In contrast with the percentiles 
obtained over many days from the surface sites shown in 
Fig. 14, the range of simulated POA did not consistently 
agree better with HOA+BBOA than with observed total or
ganic matter. On some days simulated POA is similar to 

0 5 10 16 20 23 
observed HOAiBEOA {ug ni*) 

day with relatively high biomass burning over central Mexico. 

HOA+BBOA, such as the G-l flights on March 15. On other 
days predicted POA was lower than the observed total or
ganic aerosols but still higher than the range of HOA+BBOA 
(e.g. 29 March C-130 flight). For the G-l flights on 18 
and 20 March, the simulated POA was frequently less than 
HOA+BBOA. On 18 March, the predicted OM plume was 
transported several kilometers north of the aircraft flight path. 
While the location of the observed and predicted OM plume 
was similar on 20 March, errors in the simulated boundary 
layer growth near-surface winds may have diluted the Mex
ico City plume too fast. When all the flights are considered 
together, the simulated POA was closest to the HOA+BBOA 
as with the analysis of the surface AMS instrument sites. 

Scatter plots that relate primary organic aerosol concen
trations and CO mixing ratios for four geographic regions 
are shown in Fig. 18 including: (a) at the TO site and G-l 
transects over Mexico City, (b) at the Pico Tres Padres site, 
(c) at the Tl site and G-l transects in the vicinity of Tl, 
and G-l transects in the vicinity of T2 and between Mex
ico City and Veracruz. At the surface, hourly averages are 
used and the simulated quantities correspond to the mea
surement period at each site. Scatter plots for the simu
lated quantities are qualitatively similar to the observations 
both at the surface and aloft for all four regions, with some 
exceptions. Modeled POA rarely exceeded 15//,gm~3 in 
the city (Fig. 18a), although the number of hours observed 
HOA+BBOA exceeded 15//.gm-3 was asmallpercentageof 
the measurement period. Most of the observed peak primaiy 
organic aerosols were composed primarily of HOA during 
the morning, indicating that the modeled POA was too low 
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Fig. 17. Comparison of observed organic matter, PMF components, and simulated primary organic matter along the aircraft flight track 
where horizontal lines denote the median, boxes denote 25th and 75th percentiles, and vertical lines denote 5th and 95th percentiles. Data at 
high altitudes outside of the Mexico City basin have been excluded from the G-l flight tracks. Asterisk denotes days with five or more large 
fires within 60 km of Mexico City. 
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Fig. 18. Primary organic aerosol concentrations versus CO mixing ratios at surface sampling sites and along G-l flight paths for four 
geographic regions including: (a) at the TO site and G-l transects over Mexico City, (b) at the Pico Tres Padres site, (c) at the Tl site and 
G-l transects in the vicinity of Tl, and G-l transects in the vicinity of T2 and between Mexico City and Veracruz. Observed and simulated 
quantities on the top and bottom panels, respectively. 

when traffic emissions are the greatest. At Pico Tres Padres 
(Fig. 18b)andTl (Fig. 18c), both the observed and simulated 
scatter plots had points clustered around two slopes. Those 
with high primary organic aerosol concentrations and low 
CO mixing ratios originated mostly from biomass burning 
sources, while those with higher CO mixing ratios originated 
mostly from anthropogenic sources. The modeled POA/CO 
for biomass burning exhibited less scatter than the observa
tions, suggesting that there is more variability in the biomass 
burning POA/CO ratios than indicated in the emission inven

tory (Fig. 2). Further downwind in the vicinity of the T2 
site (Fig. 18d), biomass burning sources contributed a larger 
fraction of both the observed and simulated total primary or
ganic aerosols. As with Fig. 18c, the modeled POA/CO for 
biomass burning aerosols exhibited less variability and ap
peared to represent the upper limit of the observations. 
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5 Discussion 

Predictions of POA depend upon the anthropogenic and 
biomass burning estimates as well as the representation of 
transport and mixing that affects downwind dispersion of 
particulates. While the meteorology was simulated reason
ably well overall, errors in the simulated circulations will 
undoubtedly affect the predicted timing and concentration 
of trace gas and particulate plumes at times. These errors 
are usually associated with details of the local circulations, 
rather than the large-scale synoptic circulations as shown in 
Fig. 5. But based on the evaluation of predicted scalars using 
data collected at a number of surface sites and from aircraft 
over a three-week period, we believe that overall magnitude 
of POA can be assessed using the present model configura
tion. For the purposes of evaluating emission inventories, it 
would have been useful to bring the meteorological quanti
ties into even closer agreement with observations, especially 
near the surface in the vicinity of Mexico City. Data assimi
lation cannot solve all these issues, however, even for sophis
ticated variational techniques (e.g. Bei et al., 2008). 

In general, CO was better simulated than EC and POA. 
All three of these quantities were better simulated in the city 
at the TO site than at other locations. This is not surprising 
since particulate emission estimates are likely to be less un
derstood and more uncertain than emission sources of CO. 
While the location of Tl at the edge of the city is useful for 
understanding chemical evolution over a few hours as pollu
tants are transported out of the city, the spatial and tempo
ral variations of local emissions will affect local-scale varia
tions in predicted trace gases and particulates in the vicinity 
Tl. The diurnal variations in CO and EC was simulated rea
sonably well at Tl, but the EC concentrations were much 
lower than observed during the morning between 11:00 and 
16:00UTC (05:00-10:00LT). Although the overall magni
tude of modeled POA and the sum of HOA and BBOA at 
Tl was similar, the simulated temporal variations of these 
quantities were not correlated as well as modeled and mea
sured CO or EC. Two factors contributing the uncertainties 
in particulate predictions at Tl could be the characterization 
of the relative number of gasoline and diesel vehicles along 
the nearby highway that varies during the day and changes in 
urban growth at the city edge not accounted for in the emis
sions inventoiy. 

At remote sites, such as T2 and Paso dc Cortes, the simula
tion results suggest that there would be some improvements 
in predicted CO and EC if the slope of the regional CO/EC 
emission rates were closer to those within the metropolitan 
area. This also implies that the slope of the regional CO/POA 
emission rates may need to be closer to those within the 
metropolitan area. This would lead to lowering of simu
lated POA outside of the city at the remote sampling sites 
and along the aircraft transects that are not the Mexico City 
plume. 

At remote sites, biomass burning is also expected to con
tribute a relatively larger fraction of the obseived carbona
ceous aerosols. However, biomass burning in this study orig
inates only from large fires and it is not currently possible for 
models to account for numerous smaller fires that occurred in 
the region (Yokelson et al., 2007). As with the measurements 
shown in Fig. 14, numerous small burning sources in the city 
not accounted by metropolitan emission inventory, may also 
contribute to observed carbonaceous aerosols. For example, 
grass fires could be important in this region on some days 
and have significantly lower PM emission factors (e.g. Sinha 
et al., 2004) even though most of the aircraft measurements 
focused on pine forest fires (Yokelson et al., 2007). 

The horizontal grid spacing employed in this study also 
affects the conclusions regarding smoke plumes. The grid 
spacing artificially spreads a smoke plume at the source over 
a 9 km2 area; therefore, downwind simulated smoke plumes 
are likely wider than in reality. While resolution primarily 
affects the comparisons of model predictions along aircraft 
flight paths that intersect smoke plumes just downwind of 
their source (e.g. Fig. 15), uncertainties in the fuel loading for 
the vegetation types located on the mountains surrounding 
Mexico City may also contribute to the over-estimations in 
the emission of particulates for some fires. 

Another issue contributing to uncertainties in the POA pre
dictions is volatility. Since emitted organic particulates are 
semi-volatile (Robinson et al., 2007; Huffman et al., 2008, 
2009a, b), then they can evaporate and possibly re-condense 
further downwind to form SOA. The degree of POA evapo
ration is unclear. Ambient measurements suggest a volatil
ity somewhat lower than that in the Robinson et al. (2007) 
model at ambient concentrations (Dzepina et al., 2009), but 
the volatility under higher concentrations which are most rel
evant for the evaporation of fresh emissions remains poorly 
characterized. To the extent that it occurs, evaporation of 
anthropogenic POA emissions would increase their underes
timation, since we assume POA to be non-volatile and pre
dicted POA was similar to HOA+BBOA in the city. On the 
other hand, the over-prediction of POA downwind of large 
fires would be improved if a portion of the biomass burn
ing particulates were assumed to be semi-volatile or if lower 
emission factors were used. 

The AMS instrument is now being used widely to ob
tain information on the composition and size distribution of 
aerosols (e.g. Zhang et al., 2007). Nevertheless, some cau
tion is warranted when comparing model predictions and 
AMS measurements. The size cut of the particles that can 
be measured by the AMS is reported to he 1 /Am in vacuum 
aerodynamic diameter (PMi in dva) (e.g. Canagaratna et al., 
2007). This size cut corresponds to slightly smaller particles 
than the 1 /xm cut in transition-regime aerodynamic diameter 
(d[a)that is typically used to define PMi ambient measure
ments using cyclone or impactor inlets operated at ambient 
pressure, with the exact correspondence being dependent on 
ambient pressure and on particle density and shape and thus 
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composition (DeCarlo et al., 2004). For example, for the 
average density of 1.4 g cm - 3 calculated from the chemical 
composition measurements at TO or CENICA (Aiken et al., 
2009; Salcedo et al., 2006) and the pressure of Mexico City, 
a PMi cut in dva corresponds to a PMn,9 cut in dta- There 
can be some variation in individual aerodynamic lenses as 
well, which in some cases lead to smaller size cuts (Liu et al., 
2007). The PMi cut in dm corresponds to 0.7 /zm physical 
diameter for spherical particles under the average conditions 
in Mexico City. Therefore, only predicted organic aerosols 
from the four size bins below 0.7 /Am were to compare with 
the AMS measurements. 

The primary source of uncertainty on the measured AMS 
mass is the collection efficiency (CE). A CE of 0.5 has been 
determined from many field inter-comparisons for diy non-
highly-acidic particles (e.g. Takegawa et al., 2005; Cana-
garatna et al., 2007 and references therein) that is expected to 
apply to the Mexico City conditions, and also with internal 
AMS light scattering (Cross et al., 2007). This value of CE 
has been verified with extensive inter-comparisons for Mex
ico City (Salcedo et al., 2006, 2007; Johnson et al., 2008; 
DeCarlo et al., 2008; Dunlea et al , 2008; Aiken et al., 2009; 
Kleinman et al., 2008). However, some uncertainty exists 
in this value which results in an uncertainty in the measured 
mass of ~20-25%. Some additional uncertainty on the rela
tive amounts of the PMF components on the order of 5-10% 
of the total OM arises from the PMF separation (Ulbiich et 
al., 2009), which is higher for the unit-resolution data (Aiken 
et al., 2009). Estimates of the temporal variations and rela
tive contribution of primary anthropogenic, primaiy biomass 
burning, and secondary organic aerosols seem qualitatively 
reasonable, but uncertainties in AMS quantification and PMF 
output need to be reduced for a more precise evaluation of 
model predictions of organic aerosols. 

Finally, comparing modeled POA in the city using data 
derived from the AMS instrument at the TO site to draw 
conclusions regarding whether estimates of organic aerosol 
emissions are reasonable must be put into perspective. More 
firm conclusions over the urban area could be drawn once 
the AMS data from the 'flux tower' site (Fig. lc) becomes 
available and another simulation is performed using a much 
smaller grid spacing to resolve the terrain of Pico Tres Padres 
and the gradients in emissions around the Pico Tres Padres 
and Tl sites. In contrast, there are 25 CO monitoring sites 
located across the metropolitan area. While mesoscale mod
els may not simulate temporal variations in CO at each site 
perfectly, the spatially averaged obseived and simulated val
ues agi'ee reasonably well (Fig. 7) because small errors in 
transport that move pollutants from one part of the basin to 
another (Fast and Zhong, 1998) are averaged out. 

These issues stress the complexity of modeling organic 
aerosols and evaluating the predictions of POA using the 
available measurements. This does not yet consider the ad
ditional complexity of understanding SOA processes, such 
as hydrocarbon precursor photochemistry and gas-to-particle 
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partitioning, and developing schemes that represent those 
processes in models. Coupling the extensive trace gas hy
drocarbon and particulate organic matter measurements to 
compute the total observed organic carbon (TOOC) in the 
atmosphere, a concept introduced by Heald et al., (2008), 
is needed to understand how organic carbon moves between 
the gas and particle phases. An analysis of TOOC has al
ready been performed using measurements at the Tl site (de 
Gouw et al., 2009), and comparisons of simulated TOOC 
with TOOC derived at all the sites that have both hydrocar
bon and organic matter data is needed to evaluate treatments 
of SOA in the future. 

6 Summary 

This study employs a wide range of measurements made 
at the surface and aloft to examine the performance of the 
WRF-Chem chemical transport model in simulating POA 
in the vicinity of Mexico City during the March 2006 MI-
LAGRO field campaigns. Since the emission inventories 
and dispersion will affect predictions of total organic mat
ter and consequently total particulate matter, our objective is 
to assess the uncertainties in predicted POA before testing 
and evaluating the performance of secondary organic aerosol 
(SOA) treatments in future studies. 

The predicted meteorology was constrained by wind, tem
perature, and humidity profiles obtained from radar wind 
profilers and radiosondes by using data assimilation. Inde
pendent measurements, such as those from research aircraft, 
indicate that the model captured the overall local, regional, 
and synoptic scale circulations. However, errors in the tim
ing and interaction of various thermally driven circulations 
associated with complex terrain were produced at times near 
the surface within the Mexico City basin. The growth of 
the boundary layer depth was predicted reasonably well on 
most days, except that the afternoon convective boundary 
layer usually collapsed too quickly around sunset. The model 
did not include a detailed urban canopy parameterization that 
would influence local heating and vertical wind shears so that 
vertical mixing was likely too shallow over the city during 
some nights. 

Before evaluating predicted POA, scalars such as CO and 
EC were first used to further assess the role of the predicted 
thermally-driven circulations, boundary-layer mixing, and 
their interaction with the larger-scale flows on transport and 
mixing in the region. CO was well simulated on most days 
both over the city and downwind, indicating that transport 
and mixing processes were usually consistent with the ob
served meteorological conditions. Predicted and observed 
diurnal variations of EC in the city were similar, except that 
simulated EC concentrations during the morning were half 
of the observed concentrations. Larger errors in EC occurred 
at remote locations. If the slope of the CO/EC emission 
rates in the national emission inventoiy were changed to he 
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more consistent with the metropolitan emission inventory, 
then predictions of both CO and EC would likely improve 
at remote locations. 

In contrast with many previous field campaigns, AMS 
measurements during MILAGRO were available both at 
ground sites and on research aircraft so that components 
of organic aerosols derived from PMF at many locations 
could be used to evaluate the model. Predicted POA was 
consistently lower than the measured organic matter at the 
ground sites, which is consistent with the expectation that 
SOA should be a large fraction of the total organic mat
ter mass. A much better agreement was found when the 
overall predicted POA was compared with the sum of "pri
mary anthropogenic" (HOA) and "primary biomass burning" 
(BBOA), suggesting that the overall magnitude of primaiy 
organic particulates released was reasonable. The predicted 
POA was greater than the total observed organic matter for 
short periods when the aircraft flew directly downwind of 
large fires, suggesting that biomass burning emission esti
mates from some large fires may be too high. 

Uncertainties in the predictions of organic aerosols will 
affect estimates of aerosol direct radiative forcing. Global 
models with their coarse spatial grid spacing cannot resolve 
strong gradients in particulates, such as those originating 
from emissions in the vicinity of megacities, so it is problem
atic to evaluate global model predictions of organic aerosols 
using point observations. Regional models, however, should 
be able to resolve most of the spatially and temporally vary
ing processes responsible for the emission, transport, mix
ing, and removal of POA in the atmosphere. In this study, 
the magnitude and diurnal variation of POA was predicted 
reasonably well in the city, but errors increased downwind of 
Mexico City. While time-averaged observed and predicted 
magnitude of POA was similar downwind, errors in the pre
dicted diurnal variability produced differences up to a factor 
of two. These errors in diurnal variability would likely af
fect the magnitude of aerosol direct radiative forcing during 
the day as well as influence the amount secondary species 
condensing on pre-existing particulates. These issues will he 
examined in subsequent studies that employ WRF-Chem and 
new treatments of SOA. 
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Abstract. Submicron aerosol was analyzed during the MI
LAGRO field campaign in March 2006 at the TO urban super-
site in Mexico City with a High-Resolution Time-of-Flight 
Aerosol Mass Spectrometer (HR-ToF-AMS) and comple
mentary instrumentation. Mass concentrations, diurnal cy
cles, and size distributions of inorganic and organic species 
are similar to results from the CENICA supersite in April 
2003 with organic aerosol (OA) comprising about half of the 

(cg);^0 Correspondence to: J. L. Jimenez 
(jose.jimenez@colorado.edu) 

fine PM mass. Positive Matrix Factorization (PMF) analy
sis of the high lesolution OA spectra identified three major 
components: chemically-reduced urban primary emissions 
(hydrocarbon-like OA, HOA), oxygenated OA (OOA, mostly 
secondary OA or SOA), and biomass burning OA (BBOA) 
that correlates with levoglucosan and acetonitrile. BBOA 
includes several very large plumes from regional fires and 
likely also some refuse burning. A fourth OA component 
is a small local nitrogen-containing reduced OA component 
(LOA) which accounts for 9% of the OA mass but one third 
of the organic nitrogen, likely as amines. OOA accounts for 
almost half of the OA on aveiage, consistent with previous 
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observations. OA apportionment results from PMF-AMS are 
compared to the PM2.5 chemical mass balance of organic 
molecular markers (CMB-OMM, from GC/MS analysis of 
filters). Results from both methods are overall consistent. 
Both assign the major components of OA to primary urban, 
biomass burning/woodsmoke, and secondary sources at sim
ilar magnitudes. The 2006 Mexico City emissions inventory 
underestimates the urban primary PM2.5 emissions by a fac
tor of ^4 , and it is ^ 16 times lower than affernoon concen
trations when secondary species are included. Additionally, 
the forest fire contribution is at least an order-of-magnitude 
larger than in the inventory. 

1 Introduction 

Ambient aerosols are of interest due to their effects on hu
man health, regional visibility, and climate (Watson, 2002; 
Pope and Dockery, 2006; IPCC, 2007). As the number and 
fraction of the global population living in megacities (de
fined as having > 10 million people) are increasing, the ef
fects of megacity aerosols on human health, in addition to 
downwind chemistry and radiation (Madronich, 2006), are 
becoming more important. Most megacities are located in 
the tropics, while most atmospheric chemistry field research 
has been conducted in the mid-latitudes. The MILAGRO 
project (Megacity Initiative: Local and Global Research Ob
servations) is the first large-scale field campaign that fo
cuses on a tropical megacity (Molina et al., 2008) and fol
lows smaller campaigns carried out in Mexico City such as 
IMADA-AVER (Edgerton et al., 1999) and MCMA-2003 
(Molina etal., 2007). 

The Mexico City Metropolitan Area (MCMA) is the 
largest megacity in North America and is one of the five 
largest cities in the world with over 20 million people hi 
~1500km2. The MCMA has a history of severe air qual
ity problems due to a large number of pollution sources with 
uneven levels of emission control, which can be further ex
acerbated by the topography and meteorology of the basin 
(Molina and Molina, 2002). The tropical location (19° N) 
and high altitude (2240 m above sea level) result in high UV 
fluxes and intense photochemistry. The basin is surrounded 
by mountains on three sides, reducing ventilation of pollu
tants, especially at night and in the early morning. However, 
the boundary layer grows to several Ian above ground, where 
wind speeds tend to be larger, resulting in significant daily 
ventilation and limited overnight accumulation or pollutant 
recirculation (Fast and Zhong, 1998; de Foy et al., 2006b, 
2009). Basin ventilation patterns are strongly influenced by 
a gap flow which forms a convergence line over the MCMA 
(Whiteman et al., 2000; de Foy et al., 2006a). A classification 
of weather patterns based on the wind shift and convergence 
line found three characteristic episode types during MCMA-
2003 (de Foy et al., 2005), which was expanded to six for 
MILAGRO (de Foy et al., 2008). 

The MCMA-2006 campaign, a component of MILA
GRO, focused on measurements within the basin to better 
quantify emission sources, photochemistry, and air circula
tion in the basin. Figure S-l in the Supplemental Infor
mation (see http://www.atmos-chem-phys.net/9/6 63 3/2009/ 
acp-9-6633-2009-supplement.pdf) shows the location of the 
major measurement sites during the campaign. The TO Su
persite was located 9kmNNE of the city center and 16 Ion 
NNW of the CENICA (Centro Nacional de Investigaci6n 
y Capacitacion Ambiental) Supersite used during MCMA-
2003. Besides providing a local characterization site for ur
ban pollution, TO was also designed to provide initial condi
tions for regional evolution studies of the urban plume (e.g. 
DeCarlo et al., 2008; Kleinman et al, 2008). 

Fine particulate matter (PM) is one of the most serious air 
quality problems in Mexico City (Molina et al., 2007). Pre
vious campaigns have concluded that about half of the fine 
PM is organic aerosol (OA) (Chow et al, 2002; Salcedo et 
al, 2006). OA has numerous sources and can be classified as 
either primary OA (POA), material directly emitted as par
ticles, or secondary OA (SOA), species formed in the atmo
sphere via chemical reactions (Hallquist et al, 2009). Data 
from MCMA-2003 indicated the importance of secondary in
organic (i.e. ammonium nitrate) and organic (SOA) produc
tion within the city and their resultant large contributions to 
the fine PM concentrations (Salcedo et al, 2006; Volkamer et 
al, 2006,2007; Dzepina et al , 2009). These results are con
sistent with those from other locations (Zhang et al, 2005c; 
Lonati et al , 2007; Weber et al, 2007; Zhang et al, 2007a; 
Docherty et al, 2008; Fine et al, 2008), and the importance 
of SOA as a fraction of PM is again apparent during MI
LAGRO (DeCarlo et al , 2008; Herndon et al, 2008; Klein-
man et al, 2008; Stone et al , 2008; de Gouw et al, 2009; 
Paredes-Miranda et al , 2009; Fast et al, 2009; Hodzic et al, 
2009). For example, Kleinman et al. (2008) and de Gouw et 
al. (2009) report a growth in the OA/ACO(g) ratio with pho
tochemical age due to SOA formation that is consistent with 
previous observations in the US (e.g. de Gouw et al, 2005). 
Paredes-Miranda et al. (2009) report that on average the sec
ondary species accounts for about 75% of the fine PM mass 
and light-scattering in the mid-afternoon, while Herndon et 
al. report a strong correlation between the observed growth 
of SOA and Ox (03(g)+N02(g)). DeCarlo et al. (2008) re
port an OA/ACO for urban air that is much greater than that 
of primaiy emissions and a rapid increase in the O/C ratio of 
OA with photochemical age, both indicating strong SOA for
mation from MCMA emissions. Based on comparisons with 
water-soluble OC, Stone et al (2008) attribute the unappor-
tioned OC from CMB-OMM as secondary OC for MCMA, 
resulting in 39% on average of the OC (and thus a larger 
fraction of the OA) being secondary at TO. Fast et al. (2009) 
and Hodzic et al (2009) report a large underestimation of the 
measured OA when only POA sources are considered, sup
porting the importance of SOA. 
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The MCMA is also impacted by biomass burning (BB) 
emissions during the dry season (March-June, Bravo et al., 
2002; Salcedo et al, 2006; Molina et al , 2007). During the 
later portion of the MCMA-2003 campaign, an important re
gional impact from fires in the Yucatan was reported (Sal
cedo et al, 2006; Molina et al, 2007). During part of MI
LAGRO, forest fires from pine savannas in the nearby moun
tains surrounding the city were very intense and resulted in a 
significant contribution to the outflow of pollutants from the 
Mexico City region (Yokelson et al, 2007; DeCarlo et al, 
2008; Crounse et al, 2009). The relative impact of BB to 
ground receptor sites in the city appears to have been highly 
variable and lower than was observed aloft from several after
noon flights (Querol et al, 2008; Stone et al , 2008; de Gouw 
et al , 2009). The mountain fires tended to start around noon 
(Yokelson et al., 2007) and were often carried away from the 
city by the prevailing winds (Yokelson et al , 2007; DeCarlo 
et al, 2008; Crounse et al, 2009). Stone et al. (2008) report 
that an average of 12% (range 5-26%) of the organic carbon 
(OC) in PM2.5 at TO originated from BB sources, and that 
this impact was highly variable from day to day. Querol et 
al. (2008) estimate that the BB contribution to total PM2.5 at 
TO was -5-15%. Moffet et al. (2008a) report that 40% of the 
single-particles at the upper end of the accumulation mode 
showed signatures characteristic of biomass/biofuel burning 
but do not quantify the fraction of OA due to these particles. 
Fast et al (2009) reports a large overestimation of OA down
wind of some large wildfires by a model which only includes 
POA, suggesting that the POA emissions of at least some 
fires are overestimated. In summary, significant uncertain
ties still exist in determining the sources and contribution of 
BB within the MCMA basin. 

In this paper, we present results from ground-based mea
surements inside the MCMA at the TO Supersite, including: 
(1) an overview of the species contributing to submicron PM, 
their diurnal cycles, size distributions, and comparison with 
MCMA-2003 and IMADA-AVER results; (2) a determina
tion of OA components using Positive Matrix Factorization 
(PMF) of high-resolution AMS data (PMF-AMS); (3) a com
parison of PMF-AMS results with source apportionment re
sults from the chemical mass balance of organic molecular 
markers (CMB-OMM); and (4) a comparison of our results 
with the MCMA PM2.5 emissions inventoiy. The impact of 
biomass burning at TO is analyzed in detail in the companion 
paper (Aiken et al, 2009). 

2 Methods 

2.1 General 

Data were collected at the TO Supersite, located at the Insti-
tuto Mexicano delPefroleo (IMP, 19°29'23"N, 99°08'55" W, 
2240 m altitude, —780 mbar ambient pressure), 9 km NNE of 
the city center, near a combination of residential, commer-

www. atmos-chem-phys .net/9/663 3/2009/ 

cial and light industrial areas. The closest sheet with sig
nificant road traffic was 200 m from the site. Aerosol data 
were collected from the top of building 32, —28 m above 
ground level, from 10 to 31 March 2006, unless otherwise 
stated. All aerosol data are reported in /xg m~3 at local ambi
ent pressure and temperature conditions. To avoid confusion 
with concentrations reported in other studies that use stan
dard conditions (STP), we use the units symbol of /zgam -3 

to make it clear that the measurements are reported under am
bient conditions. To convert to STP (1 atm, 273 K, fig sm - 3), 
the particle concentrations reported here need to be multi
plied by —1.42. Note that some studies use different stan
dard conditions from those mentioned above, e.g. Kleinman 
et al. (2008) reported concentrations under 1 atm and 293 K 
and that volume mixing ratios (ppbv, pptv, etc.) are invariant 
and do not depend on the pressure or temperature. All mea
surements are reported in local standard time (LST, equiva
lent to US CST and UTC minus 6 h, and the same as local 
time during the campaign). All regression lines are fit by 
orthogonal distance regression. 

2.2 AMS sampling and analysis 

A High Resolution Time-of-Flight Aerosol Mass Spectrome
ter (HR-ToF-AMS, Aerodyne Research Inc., Billerica, MA) 
sampled from a common inlet using a PM2.5 cyclone (URG-
2000-30EN, URG, Chapel Hill, NC) at a fiowrate of-101pm 
through a —3 m insulated copper inlet line (1/2 inch o.d.) lo
cated —5 m above the roof and —2 m above the roof struc
ture where the instruments where housed. The total inlet 
residence time was 16s under laminar flow. A nation drier 
(Perma-Pure, Toms River, NJ) was used to dry the air prior 
to sampling with the AMS. The HR-ToF-AMS (abbrevi
ated as AMS hereafter) has been described in detail pre
viously (DeCarlo et al, 2006; Canagaratna et al., 2007). 
AMS data were saved every 2.5 min, combining total non-
refractory (NR) PMi concentrations from the mass spectrum 
(MS) mode and size distributions from the particle time-of-
flight (PToF) mode (Jimenez et al , 2003). The main ad
vantage of the HR-ToF-AMS over previous AMS versions 
(Jayne et al, 2000; Drewnick et al , 2005) is the ability to 
resolve the elemental composition of most mass fragments, 
especially for the low m/z (<100) ions. The increased chem
ical information enables more direct chemical characteriza
tion of organic and inorganic species in addition to improved 
differentiation of organic components with tracer ions and 
factor analysis. The "V" and "W" ion paths of the AMS (De-
Carlo et al, 2006) were alternated every 5 minutes, and this 
was the first campaign in which such alternation was per
formed automatically due to the newly developed ability to 
remotely control the TOF mass spectrometer power supply 
(TPS). Size distributions were acquired only in V-mode as 
their signal-to-noise in W-mode is limited. During differ
ent periods of the campaign, the AMS also intermittently 
sampled through a thermal denuder (Huffman et al, 2008, 

Atmos. Chem. Phys., 9,6633-6653,2009 



6636 A. C. Aiken et al.: Fine particle composition and organic source apportionment 

2009a, b), aerosol concentrator (Khlystov et al., 2005) or 
CCN selector (Osborn et al., 2008). The analysis here only 
includes the ambient data as the more specialized alternating 
data will be presented elsewhere. All data were analyzed us
ing standard AMS data analysis software (SQUIRREL vl.43 
and PIKA V.1.03E, Sueper, 2008) within Igor Pro 6 (Wave-
metrics, Lake Oswego, OR). A collection efficiency (CE) of 
0.5 was used for all data based on the observed composi
tion and the composition-CE relationships observed in pre
vious campaigns (Canagaratna et al., 2007), consistent with 
other recent studies in Mexico City and during MILAGRO 
(Salcedo et al., 2006, 2007; DeCarlo et al., 2008; Klein-
man et al., 2008), and also consistent with the intercompar-
isons presented below. Elemental analysis of the OA was 
carried out with the methods described previously (Aiken et 
al., 2007,2008). Positive matrix factorization (PMF, Paatero 
and Tapper, 1994; Lanz et al., 2007; Ulbrich et al., 2009) 
was conducted on unit mass-resolution (UMR) spectra and 
on the combined high mass resolution (HR, for m/z<100) 
and UMR (m/z>l00) OA spectra as has been done previ
ously (Docherty et al., 2008). Results from both analyses 
were similar, but the HR data showed improved separation, 
as expected given the increased differentiation of HR spec
tra for the different sources (Ulbrich et al., 2009). There
fore, only results of the PMF analysis including HR data are 
presented here. The identification of OA components from 
the AMS data provides high time resolution data and diurnal 
cycles not possible with source apportionment methods that 
require off-line analysis of filters. 

2.3 Co-located measurements used in this study 

Additional measurements were collected at TO and are used 
in this analysis. A Scanning Mobility Particle Sizer (SMPS, 
Wang and Flagan, 1989) measured number distributions be
tween 15 and 436nm in diameter. Apparent volume dis
tributions were calculated while assuming sphericity, which 
could lead to an overestimation of the actual volume in the 
presence of fractal particles from combustion processes (De-
Carlo et al., 2004). Black carbon (BC) absorption mea
surements were made with an aethalometer (Marley et al., 
2009). Hourly PM], PM2.5 and PM10 mass concentrations 
were acquired with an optical particle counter (OPC)ZIaser 
spectrometer (Grimm) corrected by gravimetric measure
ments (Querol et al., 2008). Additional optical measure
ments, including light scattering and absorption, were made 
with a nephelometer (Marley et al., 2009) at 530 nm (scat
tering at 450 nm, 550 nm, 700 nm and absorption at 670 nm 
shown in Supp. Info.: http://www.atmos-chem-phys.net/9/ 
6633/2009/acp-9-6633-2009-supplement.pdi) and a photoa-
coustic spectrometer (PAS) for light absorption and recip
rocal nephelometer light scattering measurements at 532 nm 
(Paredes-Miranda et al., 2009). Two sets of filters and im-
pactor samples were collected and analyzed: (1) elemental 
concentrations with 6-h time resolution using proton-induced 

X-ray emission (PIXE; (Johnson et al., 2006, 2008); (2) or
ganic molecular markers using gas-chromatography mass-
speclrometry (GC-MS) from PM2.5 filter samples at 24-h 
resolution (Stone et al., 2008). The chemical mass balance 
of organic molecular markers (CMB-OMM) identified and 
quantified by GC-MS was applied to determine the contri
butions of various sources to OC (Stone et al., 2008). For 
comparison with the PMF-AMS results, OC was converted 
to OM using previously published OM/OC values for the dif
ferent sources (Turpin and Lim, 2001; Aiken et al., 2008). 

Gas-phase measurements include NO2, O3, and aromat-
ics by Differential Optical Absorption Spectroscopy (DOAS, 
Volkamer et al., 1998, 2005), and acetonitrile from two 
proton-transfer reaction mass spectrometers (PTR-MS, Zhao 
and Zhang, 2004; Knighton et al., 2007; Fortner et al., 
2009). CO was obtained from the Mexico City ambient 
air monitoring network (RAMA, Red Automatica de Mon-
itoreo Atmosferico, http://www.sma.df.gob.mx/simat/home.. 
base.php) station at IMP at one minute time resolution 
and compared well with intermittent data acquired by two 
other groups, D. Blake (UC-Irvine, personal communica
tion, 2008) andM. Dubey (LANL; personal communication, 
2008). Meteorological data, including temperature, relative 
humidity, precipitation, wind speed and direction, pressure, 
and precipitation were collected by Marley et al. (2009). 

3 Results 

3.1 Total submicron aerosol - mass concentrations, 
time series, and size distributions 

First, we compare the sum of the chemically-speciated mass 
concentrations with co-located total fine PM instrumentation 
to establish the consistency of the different measurements at 
TO. The non-refractory (NR) species measured by the AMS 
are summed with soil and metals from PIXE, and BC from 
the aethalometer to include the refractory species not mea
sured by the AMS ("AMS+Refractory") due to their neg
ligible vapor pressure at 600°C (Canagaratna et al., 2007). 
Soil mass is estimated from the PIXE measurements by the 
method of Malm et al. (Malm et al., 1994; Salcedo et al., 
2006). Metal concentrations in fine PM are estimated us
ing averaged chemical compositions reported by Moffet et 
al. (2008b) for those with high concentrations (from highest 
to lowest cation concentration: Zn: ZnCl2, Zn(N03)2 and 
ZnO; Pb: PbCl2 and Pb(N03)2; Na: NaCl and NaN03; P04) 
and the average soil factor for the metals with very small 
concentrations (Cu, Cr, Hg, Mg, Mn, Ni, Sn, V, and W). 
PIXE data are summed for stages B and C (0.07-1.15/Am) 
of the DRUM impactor used to collect these samples, in
cluding some particles beyond the PMi cut. Similarly, the 
BC concentrations are approximately PM2.0 (Marley et al., 
2009), resulting in an upper limit for their mass contribu
tion as all other measurements are ~PMi. The total fine 
PM measurements used for comparison include the Grimm 
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OPC PMj, the mass estimated from the SMPS data, and the 
light scattering at 532 nm from the PAS and 530 nm from the 
nephelometer. Note that none of these measurements is a true 
PMi mass measurement. The Grimm instrument is based on 
an optical particle counter, which does not detect particles 
below ~300nm in diameter nor use an aerodynamic size 
cut curve. It attempts to account for these effects by using 
corrections from gravimetric measurements. The apparent 
volume calculated from the SMPS number distributions is 
converted to mass (assuming sphericity) with a composition-
dependent density estimated from the AMS+refractory mea
surements (Fig. S-2: http://www.atmos-chem-phys.net/9/ 
6633/2009/acp-9-6633-2009-supplement.pdf) and only in
cludes particles from 15—436nm dm (mobility diameter). 
Figure S-3 shows the time series, diurnal cycles, and scat
ter plots of the different measurements. The different mea
surements are highly correlated and have similar diurnal cy
cles. The SMPS peaks a few hours earlier in the day, possi
bly due to an overestimation of the volume from fractal soot 
particles in the rush hour and to particle growth in the af
ternoon increasing the fraction of the mass beyond its size 
range. The OPC PMi data have a slightly later peak than the 
other measurements, likely due to a similar effect of parti
cle growth increasing the fraction of particles above its min
imum size range. In Fig. S-3, we show that the AMS CE 
of 0.5 estimated from the measured composition results hi 
consistent comparisons with all other ~PMi measurements. 
The largest discrepancy is with the SMPS and is most likely 
due to the lower size cut of that instrument, as is mentioned 
above. Figure S-4 shows the comparison of the measured 
size distributions from the AMS and SMPS. To explore the 
possible causes of the observed differences, different CEs 
were applied sequentially for each organic PMF-AMS com
ponent and also the inorganic components. There was not 
a clear improvement in the comparison with the other co-
located HPM] measurements for the various perturbations 
of CE. The sum of speciated (AMS+Refractory) fine PM is 
similar to the OPC PMi estimate and higher than the SMPS 
estimates. The difference between both PMi datasets and the 
SMPS is likely due to the differences in the size cuts. Some 
of the scatter may also be due to the use of 6-h averages for 
the dust (a.k.a. soil) and metal concentrations for the speci
ated fine PM. Overall, this level of agreement is typical for 
previous studies (Takegawa et al., 2005; Zhang et al., 2005b; 
DeCarlo et al., 2008; Dunlea et al., 2008), and we conclude 
that the AMS and the other instruments discussed performed 
well during MILAGRO. Table S-l and Fig. S-3(h) show the 
R2 values between all the mentioned total fine PM measure
ments, indicating that the agreement between all instruments, 
not just the AMS, have similar levels of scatter, with slightly 
less when comparing two optical measurements, as would 
be expected. This comparison indicates that the limitations 
in accuracy and precision evidenced by these comparisons 
are distributed among the different instruments and not dom
inated by the AMS. 
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Figure 1 shows the time series of the different species, 
while Fig. 2 includes the average mass fractions, size dis
tributions, and diurnal cycles of the different species. On 
average, the non-refractory species quantified with the AMS 
account for 80% of the fine PM mass, while the refractory 
species account for 20%. Figure la and f shows the dom
inance of OA during the majority of the campaign, consis
tent with previous studies (Chow et al., 2002; Salcedo et al., 
2006; DeCarlo et al., 2008). Most species have a clear diur
nal cycle (Fig. 2d), with the exception of soil and a weak cy
cle for sulfate. The diurnal cycle of submicron nitrate is con
trolled by HNO3 production from OH+NO2, gas-to-particle 
partitioning to form ammonium nitrate with abundant gas-
phase NH3, reaction of HNO3 with dust, and HNO3 diy de
position, which have been discussed in detail before for Mex
ico City (Salcedo et al., 2006; DeCarlo et al., 2008; Hennigan 
et al., 2008; Querol et al., 2008; Zheng et al., 2008; Foun-
toukis et al., 2009). The submicron nitrate increases during 
the latter part of the campaign, consistent with the decreased 
concentration of supermicron dust (Querol et al., 2008) due 
to precipitation during this period (Fast et al., 2007), result
ing in reduced irreversible reactions of HNO3 with dust to 
form supermicron nitrates (Querol et al., 2008; Zheng et al., 
2008; Fountoukis et al , 2009). Figure S-5 shows the in
creased precipitation and decreased coarse PM during this 
latter period that coincides with increased nitrate. Addition
ally, the slightly lower temperature and increased RH during 
this period may also favor the partitioning of HNO3 to fine 
aerosols, but are insufficient to explain the observed change. 

Sulfate is present in a similar fraction to nitrate, yet with 
a much weaker diurnal cycle and a larger background, con
sistent with the non-volatile character of sulfate and the more 
regional character of this species in Mexico City and the Cen
tral Mexican Plateau (Salcedo et al., 2006; DeCarlo et al., 
2008; Huffman et al., 2009a). The ammonium concentration 
follows those of nitrate and sulfate, as expected for nearly 
fully neutralized acids as described in previous studies (Sal
cedo et al., 2006; DeCarlo et al., 2008). Note that the pH of 
these aerosols when they are liquid will still be well below 7 
(San Martini et al., 2006; Zhang et al., 2007b). The ammo
nium balance (Fig. S-6) determined from the high resolution 
ions is consistent with neutralized aerosols within the accu
racy of this determination. It also shows a clear reduction hi 
the scatter due to the reduction in NH4 measurement noise, 
mainly due to the use of a ToF-AMS, compared to Fig. 10 of 
Salcedo et al. (2006) which used the interference-subtracted 
UMR ions from a quadrupole-AMS. The reduction in noise 
due to the use of the directly-measured HR NH+ ions instead 
of the estimation of the same ions with the fragmentation ta
ble (Allan et al., 2004) is minor in this case, although it may 
be more important at lower NH4 concentrations. In terms of 
the organic nitrates (ONs), at present we are only able to state 
that their contribution to total nitrate and total OA is minor 
based on the ammonium balance. If the AMS nitrate signal 
was dominated by ONs there would be a large "ammonium 
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Fig. 1. Time series of mass concentrations as sampled by the AMSin/xgam-3: (a) OA, AMS total, and AMS+refractory; (b) ammonium, 
nitrate, and sulfate; (c) chloride; (d) BC; (e) metals and soil. Panel (f) shows all species in the same colors the same as panels (a-e) as a 
percentage of the total mass (AMS+BC+metals+soil). Holidays and weekends are indicated with boxes. 
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Fig. 2. PMi aerosol mass concentiations, size distributions, and diurnal profiles. AMS species plus refractory species (a) average mass 
concentiations, (b) size distributions, (c) NR-PMj size distributions by percent mass, and (d) diurnal profiles. 
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deficit" and large scatter when the ammonium balance anal
ysis is performed assuming that all of the AMS nitrate signal 
is ammonium nitrate. Neither effect is observed in Fig. S-5, 
which indicates that ammonium nitrate is the dominant form 
of nitrate in Mexico City, consistent with the aircraft mea
surements (DeCarlo et al., 2008), PILS measurements at Tl 
(Hennigan et al., 2008), and previous studies (Salcedo et al., 
2006). This is also consistent with Gilardoni et al. (2009), 
who report the contribution of ONs and organosulfates to be 
small based on FTIR measurements on MILAGRO samples 
at several sites. In Mexico City ONs should make a similar 
fractional contribution to submicron OA (when the mass of 
all OA molecules that have a nitrate group is summed) than 
to submicron nitrate. For example, if 5% of the nitrate signal 
was due to ONs and we assume a MW of 250 amu for these 
species, the contribution of ONs to OA mass would be 4%. 
Additional laboratory calibrations in the HR-ToF-AMS with 
organonitrate standards are needed before a detailed assess
ment of their contribution to ambient OA can be performed. 
Our group and several other groups in the AMS community 
are active in that area (Farmer et al., 2008). 

Chloride is a very small (^-1%) fraction of the fine PM 
observed at TO, as it was during MCMA-2003, but does not 
show the very numerous and large (up to 40/igam~3) late 
night/early morning spikes of NH4CI observed during that 
campaign (Salcedo et al., 2006). Thermal denuder analy
sis (Huffman et al., 2009a) suggests that approximately two-
thirds of the AMS chloride is due to NH4CI or species of 
similarly high volatility, while the rest may be due to more 
refractory species such as PbCb, which were identified with 
the ATOFMS (Moffet et al., 2008b). BC represents a signif
icant fraction, 12% on average, of the aerosol and has a time 
series indicative of the interaction between primary emis
sions that peak during the morning traffic hours (M)6:00-
08:00 a.m. LST) and the boundary layer dilution peaking in 
the afternoon, as has been reported previously for the area 
(Salcedo et al., 2006; Marley et al., 2009). The soil fraction, 
5%, is similar to that determined during MCMA-2003 and 
may be due to both urban sources, e.g. dust re-suspension 
by vehicles, and non-urban sources. The metal concentration 
represents a small fraction of the fine PM mass with an av
erage of 3%. The range in species fractional composition of 
the fine PM does not show major deviations from the average 
composition shown in Fig. 2a. (Fig. S-7 shows histograms 
of the mass concentrations and the percent of the PMi mass 
contributions for all species mentioned from the sampling pe
riod.) OA ranges from 20-80% of the fine PM mass with the 
NR inorganic species comprising 5-50% of the PM mass and 
BC rarely exceeding 30% of the fine PM. 

The campaign-average mass concentrations and fractional 
composition are compared with those from two previous 
campaigns (Chow et al , 2002; Salcedo et al., 2006) and air
craft data aloft over Mexico City during several afternoons 
during MILAGRO (DeCarlo et al., 2008) in Fig. S-8. (The 
locations of the three ground sites within the basin can be 
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seen in Fig. S-l). All ground campaigns have similar fine PM 
mass concentrations and species fractions across the time
frame of the campaigns, 1997-2006. The data from 1997 
have ~15% more mass than the later studies, a larger refrac
tory fraction, and a slightly lower OA fraction. The MCMA-
2003 data have both the largest OA mass concentration and 
fraction, likely due to the large impact of BB emissions from 
the Yucatan during the latter part of that campaign (Salcedo 
et al., 2006; Molina et al., 2007). However, it is not clear 
that any interannual trends can be derived from these com
parisons due to the different locations and times of the mea
surements in addition to the short duration of all the cam
paigns. The aircraft data have less non-refractory mass (19 
vs. 25 /ig am - 3 under TO conditions) than measurements on 
the ground. The organic concentration measured by the air
craft in the afternoons is only 2/3 of that observed on the 
ground as a 24-h average. The nitrate fraction is larger in the 
aircraft than at TO, likely because the flights were in the af
ternoon when nitrate is also higher at the ground compared to 
the 24-h average (Fig. 2) and also likely due to increased par
titioning due to the lower temperatures and higher humidities 
aloft (Neuman et al., 2003; Morino et al., 2006). Species di
urnal cycles from MILAGRO are compared with those from 
MCMA-2003 in Fig. S-9 and are overall similar. Average 
AMS mass spectra from the entire MCMA-2003 and 2006 
campaigns (Fig. S-9) are also similar. 

Species size distributions are shown in Fig. 2b. The BC 
size distribution was estimated from the signal at w/z57 
(corrected for the OOA signal fraction) and then normal
ized to the BC mass (Zhang et al., 2005c; Cubison et al., 
2008a). The distributions peak at 300-400 nm (dva), and be
low 100 nm they are overwhelmingly dominated by OA and 
BC, presumably due to combustion emissions (Slowik et al , 
2004). These distributions and mass fractions are very simi
lar to the MCMA-2003 results (Salcedo et al, 2006) (Fig. S-
11). Figure S-4 shows a comparison of the size distribution 
from the speciated measurements with that from the SMPS. 
The increased mass detected by the AMS under 200 nm dva 
is likely due to different sizing of fractal particles between 
the two instruments (DeCarlo et al, 2004; Slowik et al , 
2004). 

3.2 Investigating OA components/sources with Positive 
Matrix Factorization (PMF) 

Four OA components were identified from AMS spectra 
using PMF: chemically-reduced urban primary emissions 
(hydrocarbon-like OA, HOA), oxygenated OA (OOA, mostly 
a surrogate for secondary OA or SOA), biomass burning OA 
(BBOA), and a local primary nitrogen-containing source (lo
cal OA or LOA) with a hydrocarbon-like backbone and an 
atomic nitiogen-to-carbon ratio four times higher than for 
the other factors (N/C-0.06). Figure S-12 includes PMF 
diagnostic plots (Ulbrich et al, 2009). In this section we 
describe each component, identify tracer ions, and compare 
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the component mass spectra (MS) and ambient ratios with 
components from previous campaigns and the component 
time series with tracer species from co-located measure
ments. 

3.2.1 Identification of PMF components using MS 
profiles and comparison with tracer time series 

PMF components are identified by their MS signatures and 
the correlation of their time series with tracers, and then con
firmed with additional information such as diurnal cycles 
and ratios to tracers (Zhang et al , 2005c; Ulbrich et al, 
2009). Figure 3 shows the mass spectral (MS) profiles of 
the four components identified by PMF for the entire cam
paign, which are similar to those reported in several previous 
studies (e.g. Zhang et al, 2005c; Lanz et al, 2007; Nemitz 
et al., 2008; Ulbrich et al, 2009). Figures 4 and 5 compare 
the time series of the mass concentrations of the four OA 
components with co-located measurements, while the time 
series and fractional mass composition of the four PMF fac
tors are shown in Fig. S-13. The elemental compositions 
of these components are similar to those reported previously 
(Aiken et al , 2008). The average contribution of each PMF-
AMS component to the mass from each element in the OA 
(C,H,0,N) is shown in Fig. 6. On average, 61% of the OA 
mass is from carbon, 29% from oxygen, 9% from hydrogen, 
and 1% from nitrogen. Of the organic oxygen, 2/3 of it is 
found within the OOA component, while 1/3 of the organic 
nitrogen is within the LOA component. Compared with a 
PMF solution using only the UMR spectra, the increased in
formation from the HR ions allows for a more direct sep
aration of the components, especially of HOA and BBOA, 
as BBOA has some hydrocarbon-like structure in its UMR 
MS profile. The differences in the mass spectral signatures 
of HOA and BBOA are enhanced in high-resolution in com
parison to unit mass resolution since BBOA has an increased 
oxygen-content (Aiken et al, 2008), as shown in Fig. 3 and 
with a scatter plot of the MS profiles in Fig. S-14, (£2=0.88 
in UMR; 0.64 in HR). 

The HOA mass spectrum is similar to that determined in 
Pittsburgh (Zhang et al, 2005a, c), as compared in Fig. S-
15. Its O/C is 0.16±0.055 which is higher than the val
ues of 0.03-0.04 determined for motor vehicle exhaust and 
more similar to the 0,11-0.14 determined for meat cook
ing aerosols and 0.08 for plastic burning, all of which have 
hydrocarbon-like mass spectra in UMR (Mohr et al., 2009). 
This may indicate that the HOA identified here contains some 
mass from other combustion-related urban sources such as 
food cooking and trash burning, and possibly also some 
lightly oxidized SOA formed from e.g. large alkanes (Kroll 
et al, 2007). Also, it is possible that the HOA still contains 
some residual BBOA that is not completely separated even 
in the HR analysis. An upper limit for this effect is that up to 
15% of the HOA during the high fire periods may arise from 
BB sources (Aiken et al, 2009), with this interference being 
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negligible during the low fire periods as is discussed in more 
detail in the companion paper. The HOA mass concentra
tion shows a high correlation in time with BC (i?2=0.65) and 
CO(g) (i?2=0.57), which is consistent with the identification 
of HOA as being dominated by primary combustion sources 
and consistent with analyses from previous campaigns (e.g. 
Zhang et al, 2005c; Volkamer et al, 2006). Lastly, the av
erage ratio of HOA/BC is similar to previous US campaigns, 
while the ratio of HOA/CO(g) is somewhat higher. 

The OOA mass spectrum is also similar to what was found 
in Pittsburgh (Zhang et al , 2005a, c), compared in Fig. S-16. 
A recent study showed that the AMS mass spectra of sev
eral primary sources (meat-cooking, trash-burning, and vehi
cle emissions; Mohr et al, 2009) were veiy different from 
that of OOA and more similar to HOA (and to BBOA in 
the case of paper burning). OOA has been associated with 
SOA in multiple previous studies (Zhang et al, 2005a, c; 
Takegawa et al, 2006; Volkamer et al., 2006; Kondo et al, 
2007; Herndon et al, 2008) and SOA is formed veiy effi
ciently from urban emissions in Mexico City (Volkamer et 
al, 2006; Kleinman et al, 2008; de Gouw et al, 2009). 
Therefore, the time series of OOA is compared with those of 
two secondary tracers, submicron particulate nitrate and Ox 
(N02(g)+03(g)). O3 has been shown to correlate with SOA 
production in Mexico City (Volkamer et al, 2006) and else
where (Zhang et al, 2005c), but Ox is abetter tracer of photo
chemical oxidant production because it eliminates the effect 
of the titration of O3 by fresh NO(g) emissions (Herndon et 
al, 2008). Particulate nitrate is formed due to photochem
istry starting at sunrise and partially evaporates in the after
noons (Salcedo et al, 2006; Hennigan et al, 2008; Zheng et 
al, 2008). The correlation of OOA with particulate nitrate 
(#2=0.71, Fig. 5c) is slightly better than with Ox (fl2=0.55, 
Fig. 5d), yet both show veiy similar temporal changes with 
OOA in the time series comparison (Fig. 4b). This correla
tion is especially clear during periods with low background 
concentrations, such as 24 March which follows a cold surge 
event that brought clean air to the Mexico City area, similar 
to a case study from MCMA-2003 which has been studied 
in some detail (Volkamer et al, 2006, 2007; Dzepina et al, 
2009). The observed ratio of OOA/Ox is similar to that deter
mined by Herndon et al. (2008) at the Pico Tres Padres site 
above Mexico City for periods dominated by SOA produc
tion for less-aged airmasses, consistent with the relative loca
tions of the two sites (Fig. 5d). All of these pieces of evidence 
strongly suggest that OOA is dominated by SOA. A fraction 
of the background OOA, of the order of 1-15 fig am"3 is due 
to regional biogenic SOA formed over the coastal ranges and 
advected over the Central Mexican Plateau, according to both 
3-D modeling and tracer-derived estimates (Hodzic et al, 
2009). Some of the SOA may be formed from BB emissions 
(Grieshop et al, 2009), although field studies report a wide 
variation of the relative importance of net BB SOA formation 
from negligible to comparable to the BB POA (Capes et al, 
2008; Cubison et al, 2008b; Yokelson et al, 2009). For this 
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Fig. 4. Time series of PMF-AMS sources and corresponding tracers. Time series of (a) HOA, BC, and CO, (b) OOA, NO3, and Ox, (c) 
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dataset, several pieces of evidence such as the low levels of 
the BB tracer acetonitrile during the afternoons when OOA 
is highest (Fig. 10), and a lack of change of OOA levels be

tween high and low lire periods (Aiken et al., 2009) suggests 
that the contribution of SOA arising from BB emissions to 
total OOA at TO is not major, with the exception of one pe

riod described below. This may be due to the fact that the 
higher BBOA impacts are observed in the early morning (see 
below), often from plumes emitted from fires burning during 
the evening and night, and for which photochemistry has not 
yet acted on the emissions (Aiken et al., 2009). 

The background level of OOA at night averages 
4.6^tgam"3 during the campaign (defined as the average 
from 08:00p.m.04:00a.m.), part of which is likely due 
to some carryover from the previous day, which would 
be expected to be higher for OOA than particulate nitrate 
due to the much lower volatility of OOA, resulting in less 
evaporation (Huffman et al., 2009a). Some of the back

ground OOA is also likely due to regional more aged aerosol 
from pollution, biomass burning, and biogenic SOA sources. 
This OOA background does not show major variation across 
periods of higher and lower BBOA impact (Aiken et al, 
2009). One exception occurs during the nights of 20 and 21 
March, which follows a period of intense fire impact and has 
a higher OOA concentration, probably due to SOA formed 
from BB emissions. Further evidence of this SOA is de

scribed in the paper by Stone et al. (2008) where elevated 
pinonic acid and maximum OC fractions from SOA sources 
were found in the samples collected during the night of 21 
March and the following day. Pinonic acid has been identi

fied in the SOA produced from the photochemical oxidation 
of apinene in chamber studies (Yu et al., 1999). apinene is 
emitted during pine burning (Grieshop et al., 2009), and the 
correlations in Stone et al. (2008) support the hypothesis that 
the increased OOA during this period is due to SOA formed 
from biomass burning emissions. 

The BBOA mass spectrum, which is well constrained due 
to periods of large BB impact at TO, is similar to a source 
spectrum from a combination of smoldering and flaming pine 
burning OA (Aiken et al., 2008) as shown in Fig. 7. It is 
also very similar to the spectrum of paper burning (Mohr et 
al., 2009) and to spectra from refuse burning sampled at a 
rural site near Mexico City during MCMA2003 (not shown; 
T. Onasch, personal communication, 2009). The BBOA time 
series is compared with levogiucosan measurements from 
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Fig. 7. High resolution mass spectra from (a) primary pine burning emissions and (b) Mexico City BBOA with a (c) scatter plot and linear 
regression of the high resolution mass spectra. Mass spectral signals are colored by ion type. 
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GCMS analysis (Figs. 4c and 5e, Stone et al, 2008). BBOA 
was averaged onto the filter timescales resulting in an R2 

of 0.73. The slope of the regression indicates that levogiu

cosan is present at 6.1% of the BBOA mass detected by the 
PMFAMS, which falls within the range of previous studies. 
Sullivan et al. (2008) reports an average mass percentage of 
7.0(±3.8)% for levoglucosan/OC from different biomasses, 
equivalent to ~4.4(±2.4)% of the OM, using a conversion 
value of 1.60M/OC, which encompasses the value deter

mined here. 

Additionally, the AMS signal at UMR m/z6Q has been used 
previously as a tracer for BBOA (e.g. Alfarra et al, 2007) 
and can be used to derive a levoglucosanequivalent con

centration from AMS measurements. First, w/z60 is almost 
completely C2H4OJ, as shown in Fig. 8d, consistent with a 
recent AMS analysis of multiple POA sources (Mohr et al, 
2009), and is formed at ~13% of the total signal for lev

ogiucosan standards in the AMS (Aiken et al, 2007). It has 
been shown to be a clear marker ion for BBOA that is el

evated during periods of high smoke impact (Alfarra et al, 
2007) and persists despite some reduction with aging in BB 
plumes measured thousands of km away from the fire lo

cations (Cubison et al, 2008b). This ion is also produced 
in smaller amounts from some other sources (such as car

boxylic acids from SOA formation and also meat cooking; 
Mohr et al, 2009), and urban areas typically have a level of 
m/z60/OAof ~0.3% in the absence of biomass burning im

pacts (DeCarlo et al , 2008; Docherty et al, 2008; Ulbrich 
et al, 2009). We refer to the signal at m/z60 after sub

traction of 0.3% of the OA as "excess w/z60", and define 
the "levoglucosanequivalent" ("levog.eq.") concentration 
as the concentration of levogiucosan that would be needed to 
produce the observed level of excess m/z60. Figure 9 shows 
the comparison of levogiucosan from filterGC/MS measure

ments (Stone et al, 2008) with the AMS levog.eq. mass 
concentrations. The two quantities have an R2 correlation 
of 0.79, with the levog.eq. mass being ~3.2 times that of 
levogiucosan. Sullivan et al (2008) identified other carbohy

drate anhydrides similar to levogiucosan such as mannosan 
and galactosan in woodsmoke WSOC for multiple fuel types. 
Although AMS mass spectra of these species are not avail

able to our knowledge, it is expected that such species also 
produce m/z60 in the AMS as they do in other electron ion

ization instruments, resulting in an "excess m/z60" signal. 
Therefore, "excess m/z60" in the AMS is still a good primary 
BBOA tracer, but represents a mass that exceeds that of lev

ogiucosan alone. The regression between the AMS levog.

eq. mass and BBOA has a R2 of 0.93 with a ratio of 0.24 
for levog.eq. mass/BBOA mass, which could potentially be 
used to approximate BBOA in the absence of PMFAMS. 
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Fig. 9. Mass concentration of levoglucosanequivalent compounds (a) as sampled with the AMS, including averages onto the same time 
scale as the levogiucosan measured by GC/MS (Stone et al, 2008), and (b) a scatter plot with linear regression of the comparison. 

Figure 4d shows the time series of the LOA mass con

centration along with two nitrogencontaining ions (C3HgN+ 

at m/z5S and CsHi2N+ at m/zSS), which are often large 
peaks in aliphatic amine spectra (McLafferty and Turecek, 
1993), showing that their spiky signals are correlated in time. 
The highly variable time series (Fig. 4d) and a diurnal cy

cle enhanced in the morning (Fig. 10b) strongly suggest a 
primary origin for this source. Further support is provided 
by the lower autocorrelation values for LOA (compared to 
other components: PMFAMS factors, AMS inorganics, gas

phase species) shown in Fig. S17, which indicates a smaller 
spatial/temporal extent for this aerosol. Additionally, the 
LOA time series correlates with the colocated ATOFMS 
nitrogencontaining organic carbon (NOC) particle type that 
was "hypothesized to be amines from local industrial emis

sions based on the time series profile and back trajectory 
analysis" (Moffet et al, 2008a). Beyond the unusually high 
nitrogen fraction for the LOA component, of note are the 
high signals at w/z's 91 (C^}^) and 105 that distinguish its 
mass spectral profile from the more common primary compo

nent, HOA. The LOA component also comprises a high frac

tion of the OA (20%) on the night of 23 March and the early 
morning of 24 March (Fig. S13e) when the ATOFMS PbZn 
number count is high and is low during the weekend period 
of 26 March, where the ATOFMS also reports low concentra

tion of these industrial particles. The source of LOA may or 
may not be the same as the PbZn source identified by the 
ATOFMS, and their correlation may reflect instead indus

trial emissions from the same localized area. Note that the 
LOA time series does not correlate with AMS NR chloride 
(tf2=0.09). 

The average mass fraction of the PMF OA components 
is shown in Fig. 10a, which is almost half (46%) OOA and 
a third (29%) HOA. The diurnal profiles in Fig. 10b point to 
the formation of OOA/SOA due to photochemistry beginning 
as early as 07:0008:00 a.m. and peaking from 09:00 a.m.— 
03:00p.m. at ~12.7/xgam3. HOA shows a peak in the 
morning consistent with the rush hour and the effects of the 
low boundary layer height in the morning. BBOA and ace

tonitrile have similar diurnal profiles (Fig. 10c) which are 

(a) (b) 

■T10

Hour of the Day 

0 4 8 J ! 16 20 
Hour of Hie Day HouroflheDay 

Fig. 10. PMF source (a) mass contributions to "PMj OA, (b) di
urnal profiles, (c) BBOA diurnal profile compared with that of ace
tonitrile and GOES fire counts, and (d) diurnal profiles by percent 
mass. 

similar to the rush hour profile but with an earlier start, as 
was also observed at the Tl site for CH3CN (de Gouw et 
al, 2009). There is a second weaker peak in the BBOA 
diurnal cycle (reaching 2.3jU,gam~3 at 06:00p.m.) in the 
afternoon to early evening that follows the afternoon peak 
in fire counts from 02:0009:00p.m. as detected by the 
GOES satellite (http://www.goes.noaa.gov/) using FLAMBE 
(http://www.nrlmiy.navy.mil/flambe/index.html), also shown 
in Fig. 10c. Figure lOd shows the diurnal cycle for the four 
components as a fraction of the total OA, indicating that the 
HOA mass is ^35% during the night and begins to rise at 
4a.m. until 08:00a.m., when it reaches its fractional peak 
at 52% of the OA. The OOA mass is >70% of the OA from 
11:00 a.m. to 05:00 p.m., when SOA production would be ex

pected to peak and when acetonitrile is lowest. BBOA com

prises 16% of OA (diurnal range: 8%23%) on average. 
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3.2.2 High resolution ion signals - organic and 
inorganic 

The increased mass spectral information content obtained 
with the HR-ToF-AMS allows for improved separation of 
OA factors with PMF and increased chemical information of 
the total and factor OA, e.g. atomic ratios (Aiken et al, 2007, 
2008) and ion families (Fig. 3), due to the increased mass 
resolving power (DeCarlo et al, 2006). Since this is one 
of the first reports of urban aerosol analysis using the HR-
ToF-AMS, the contributions of different ions to some key 
m/z's of the AMS (which are often used as tracers in AMS 
studies) are shown in Fig, 8 for periods during the campaign 
when the OA was dominated by one of the three main PMF 
sources: HOA (which was 62% of the OA during the se
lected high-HOA period), OOA (87% during the high-OOA 
period), BBOA (52% during the high-BBOA period). Sig
nals are in arbitrary units, but all have been scaled to the same 
air signal at m/z28 (N^ =100, height). Similar data has been 
presented previously for aircraft measurements and source 
profiles (Dunlea et al , 2008; Mohr et al , 2009) and further 
information on characteristic ions and their contributions to 
different OA types is discussed by Mohr et al (2009) and 
Huffman et al (2009a) (Fig. S-18 includes all m/z's from 
10-100 during the same periods as a reference for this and 
future studies). As expected, reduced ions such as CsHy" 
(m/z 43) and C4Hg~ (m/z 57) are higher during periods dom
inated by HOA while C2H30+ (m/z43) and COj (m/z44) 
are higher during OOA-dominated periods. Both types of 
ions, and also especially C2H4O2 (m/z6Q), are high during 
BBOA-dominated periods. The BBOA marker ion at m/z 60 
is an unusual case in which the UMR signal is dominated by a 
single HR ion, which would allow the correlations discussed 
above (based on m/z60) to be conducted for UMR data with
out adding increased uncertainty. CO^ dominates the signal 
within m/z44, most markedly during high OOA periods, with 
the largest fraction of non-COj signal occurring during high 
BBOA periods, consistent with source observations (Mohr et 
al , 2009). When comparing the main organic ions from the 
factor-dominated periods (Fig. 8) to the factor mass spectra 
(Fig. 3) some differences are apparent, such as the high-HOA 
period has an enhanced fraction of C2H30+ (m/z43) due to 
the presence of 25% OOA during that period. The main in
organic fragment ions from nitrate and sulfate dominate the 
UMR signal at their respective m/z's almost completely when 
they are present (Fig. 8e-h and Fig. S-18). The main excep
tions aie the organic ions at m/z30 (CH2O4" and CH4N4") 
that occur in both the HOA and BBOA-dominated periods, 
and C5H4 at m/z64 during the BBOA-dominated periods. 
Additionally, the chloride ions at m/z35 and 36 dominate 
their respective UMR signals, while they do not at m/z31 
and 38, consistent with the assumptions in the AMS UMR 
fragmentation table (Allan et al , 2004). 

3.2.3 Observed ratio of OA to excess gas-phase carbon 
monoxide 

The total OA/ACO, where ACO is the gas-phase CO mea
surement minus a regional boundaiy layer background of 
^120ppb (Herndon et al , 2008), has been reported during 
multiple campaigns, e.g. (de Gouw et al , 2005,2009; Klein-
man et al , 2008; de Gouw and Jimenez, 2009). The ratio 
can yield information about the sources and secondary for
mation of OA in urban airmasses since POA/ACO is low 
for urban emissions (~5 /igsm"3 ppb-1, Zhang et al , 2005c) 
and the ratio increases greatly with SOA formation, e.g. de 
Gouw et al (2009). Biomass burning can often have high 
POA/ACO ratios, reaching 200 \ig sm~3 ppb -1 (Knighton et 
al , 2007; DeCarlo et al, 2008; Yokelson et al , 2009), al
though mid and low ratios have also been reported for some 
biomasses (Sinha et al, 2004; Knighton et al, 2007). Thus, 
when urban and biomass emissions mix, the interpretation of 
OA/ACO data is very complex. To document the variation 
observed here and to allow comparison with other sites and 
studies, Fig. 11 shows OA/ACO observed at TO along with 
ratios from previous studies. The TO data are bounded at the 
lower end by the low primary emissions ratio for urban HOA 
(Zhang et al , 2005c; Docherty et al, 2008; this study). The 
points near the HOA/ACO lines are thus likely dominated 
by urban POA emissions. At the upper end the TO data are 
bounded by values observed in both aged urban airmasses 
dominated by SOA (Volkamer et al, 2006; de Gouw et al , 
2009; Kleinman et al, 2008; Dzepina et al, 2009) and for
est fire emissions near Mexico City (Yokelson et al, 2007; 
DeCarlo et al, 2008). TO is an urban setting and is heav
ily impacted by HOA emissions, but the dominant presence 
of higher OA/ACO ratios indicates important impacts from 
SOA formation and/or biomass burning sources. However, 
since both SOA formation and forest fire emissions can pro
duce the higher OA/ACO ratios, their relative contributions 
cannot be separated with the OA/ACO analysis alone. This 
contrasts with the use of the OA/ACO technique in areas 
where only POA and SOA from urban pollution are thought 
to be making a major contribution, as under those circum
stances the SOA contribution can be estimated with the "CO-
tracer method" alone, which estimates POA as the measured 
ACO multiplied by the primary POA/ACO ratio, and assigns 
the rest of the measured OA to SOA (Takegawa et al, 2006; 
Docherty et al, 2008). Similarly, the contribution of forest 
fires cannot be reliably estimated in our case with a similar 
method, since the urban OA/ACO is not well-characterized 
and varies with photochemical age due to SOA formation. 

3.3 Comparison of OA apportionment from PMF-AMS 
and CMB-OMM 

PMF-AMS and CMB-OMM results have been compared 
once previously, and they produced similar results for the 
fraction of SOA/OA during the summer in Riverside, CA, 
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Fig. 11. Scatter plot of AMS Organic Mass (OA) vs. CO(g) for 
the entire campaign at TO, showing the wide variation in this ra
tio. Slopes derived from the literature and from this study are also 
shown (see text). The highest and lowest slopes in the literature 
are from the study of Knighton et al. (2007) who sampled labora
tory BBOA from many different biomasses, the slopes shown are 
the extremes of their dataset. The BBOA^ /̂ACO ratio is that sam
pled by Knighton et al. (2007) for a fire detected at the Santa Ana 
peripheral site during MILAGRO. 

although, with a less pronounced diurnal cycle in CMB-
OMM than PMF-AMS (Docherty et al , 2008). CMB-OMM 
sources are derived as organic carbon mass (OC), which does 
not include other elements in the organic species such as O, 
H, N, while PMF-AMS results do include those elements in 
their OA mass. For comparison, CMB-OMM sources were 
converted from OC to OA using OM/OC values based on 
Aiken et al (2008) (Vegetative Detritus and Woodsmoke, 
1.60; Vehicle, 1.20), which are consistent with other meth
ods and the PMF sources found here. The "Other" cate
gory of CMB-OMM is calculated here as the difference be
tween the AMS OA measurement and the OA apportioned 
to primary sources with CMB-OMM to minimize noise in 
the comparison. The primary CMB-OMM sources were ap
portioned from PM2.5 filters, which could produce a small 
positive bias in these sources and a negative one in the sec
ondary sources in comparison to the PMF-AMS components. 
However, the mass concentration between PMi and PM2.5 is 
small (Fig. S-5d) and has an increased fraction of dust and a 
reduced fraction of OA (Fig. 2c) so this bias is expected to 
be small. 

A comparison of the daily average OA apportionment of 
the two methods and the average composition from the pe
riod with overlapping measurements is shown in Fig. 12a-
b. Figure 12c-d compares the relative mass fractions for 
the overlapping sampling period. Most of the components 
found by both methods are similar and have similar magni
tudes: HOA/Vehicle, BBOA/Woodsmoke, and OOA/Ofher. 

Atmos. Chem. Phys., 9,6633-6653,2009 

As discussed above, the PMF-AMS OOA is thought to be 
dominated by SOA, while Stone et al. (2008) associates 
the "Other" CMB-OMM component with SOA based on its 
correlation with WSOC at the near-urban site during MI
LAGRO (Tl, Fig. S-l). The component mass fractions 
from both methods show similar patterns, e.g. with high 
BBOA/Woodsmoke on 18, 20, 21 and 22 March and low 
BBOA/Woodsmoke on most other days during the overlap
ping period. One difference is that CMB-OMM resolves a 
small vegetative detritus source (~2%) while PMF-AMS re
solves a LOA component (9%) which appears to be more tied 
to industrial emissions as discussed earlier. It is not surpris
ing that PMF-AMS cannot resolve a source which accounts 
for only 2% of the mass based on previous method charac
terization (Ulbrich et al, 2009) and which, since it is likely 
formed by mechanical processes, may be present mostly in 
the PM2.5-PM1 size range that the AMS does not sample. 
Similarly, CMB-OMM cannot retrieve the local LOA pri
mary source since a source profile for it was not available. 
LOA will likely be lumped as "Other" in CMB. If the aver
age LOA fraction (9%) is subtracted from the "Other" CMB-
OMM fraction (58%), we obtain a better estimate of SOA 
fraction from CMB-OMM (49%) which improves the com
parison with the PMF-AMS OOA (46%). 

Figure 13 shows scatter plots between the three main com
ponents from each method, as well as a hybrid plot show
ing CMB-OMM Other minus PMF-AMS LOA vs. PMF-
AMS OOA to account for the likely attribution of LOA as 
"Other" in CMB-OMM. These comparisons show reason
able consistency although with significant scatter on a day-
to-day basis. The slopes are close to one in most cases, 
with Woodsmoke/BBOA showing a lower slope (with PMF-
AMS>CMB-OMM as indicated by the regression line), 
yet having the highest level of correlation, likely due to 
the relatively large dynamic range. The lower estimate of 
Woodsmoke OA from CMB-OOM may be due to the use 
of levogiucosan as a tracer based on source measurements, 
since some degradation of this tracer is observed in ambient 
studies (Cubison et al, 2008b). The PMF-AMS method con
ceptually determines the levogiucosan level in BBOA from 
the ambient measurements and thus is less prone to such un
derestimation. The lowest R2 is found for the HOA/Vehicle 
POA comparison, which may be due to the lower dynamic 
range of this source which is always present in the urban 
area and perhaps to the influence of non-vehicle sources of 
HOA. Additional possible reasons for differences for the 
daily source contributions include variations in the OM/OC 
ratios vs. the constant values assumed here for the con
version of CMB sources to OA, uncertainties and noise in 
both the tracer measurements and AMS spectra, and imper
fections in the CMB-OMM and PMF-AMS source attribu
tion algorithms and their application to real data (e.g. Ul
brich et al, 2009). Finally, it is possible that the differ
ent PMF-AMS OA components could have slightly different 
relative ionization efficiencies (PJEs), and/or bounce-related 

www. atmos-chem-phys.net/9/663 3/2009/ 



A. C. Aiken et al: Fine particle composition and organic source apportionment 6647 

Day of March, 2006 ■-—■' 

Fig. 12. Daily source apportionment of OA from (a) PMFAMS and (b) CMBOMM with (c, d) the average composition of each, respec
tively, for the overlapping sampling period from 1730 March. Note: CMBOMM OC results converted to OM (Aiken et al, 2008). 

collection efficiencies (£&) to the extent that they are present 
in externally mixed particles. Both of these effects would 
lead to a positive bias of the chemicallyreduced and more 
volatile components (HOA, BBOA, LOA) and a negative 
bias against OOA (Jimenez et al, 2003; Huffman et al, 2005, 
2009a; Zhang et al, 2005b). We experimented with different 
£fr*RIE for the different OA components retrieved by PMF, 
but the comparisons with other measurements (Table Sl and 
Figs. S2, S3, and S4) were not significantly improved. 
Thus, any variations in the product £/,*RIE for the different 
organic species are estimated to be small and not the main 
reason for the differences observed in some of the intercom

parisons. This is consistent with the analysis by Docherty 
et al. (2009) for an AMS dataset in Riverside, CA, who esti

mate that the biases in OA component quantification due to 
the differences in £fo*RIE between different PMFAMS OA 
components are less than 15%. Overall the agreement be

tween both techniques for such a complex urban area given 
all the remaining uncertainties is very encouraging. 

3.4 Comparisons with Mexico City emissions inventory 

We can use the PMFAMS OA results to evaluate the 2006 
Mexico City emissions inventory (SMA 2006). Since most 
of the PM species and components vary slowly in time 
(Fig. 1), are observed at consistent ratios at different times 
during the campaign, and show similar fractions and ratios 
to the data from MCMA2003 from a different location in 
the city, we conclude that our observations at TO are gener

ally representative for Mexico City. The 2006 MCMA emis

sions inventory attributes 62% of the PM2.5 emissions to mo

tor vehicles and most of the rest to a variety of area and point 
sources, whose activity is not expected to be strongly depen

dent on the time of the year. When HOA, LOA, submicron 
soil, metals, and BC mass concentrations are summed dur

T, ] I 1 1 S " > — ' 1 ' 1 ■" ' I " 
0 2 4 6 8 ° 0 4 8 12 
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Fig. 13. Scatter plots and linear orthogonal distance regressions 
of source apportionment factors from CMBOMM versus the cor
responding PMFAMS source: (a) Vehicle POA and HOA, (b) 
Other (mostly SOA) and OOA, (c) Woodsmoke and BBOA, (d) 
CMBOther minus AMSLOA vs. AMSOOA. (Dashed lines are 
1:1 lines.) 

ing the morning rash hour period (06:0008:00 a.m.), which 
is most strongly influenced by direct emissions, we obtain a 
PM/ACO ratio of 11.5 fj-gam^ppnT1 (13g/kg). The 2006 
emissions inventory has a primary PM2.5/ACO emission ra

tio of 3.1 g/kg (equivalent to 2.7 (igam™3 ppm 1). Since the 
CO emissions inventory is thought to be accurate (de Foy et 
al, 2007), this implies that the primary PM is underestimated 
by about a factor of four in the 2006 emissions inventory. 
Since several of the species included in this sum are submi

cron or (such as BC) do not extend to 2.5 /Am, the calculated 
underestimation of the emission inventory is a lower limit, 
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as additional small amounts of those species in the PMi to 
PM2.5 range would increase the measured-to-inventory ratio. 
This underestimate is consistent with the results of Zavala et 
al. (2009) for the mobile source emission inventory. If we 
add in the secondary aerosol production as determined from 
the peak in the afternoon by summing the additional OOA, 
ammonium nitrate and ammonium chloride concentrations 
(PM/ACO ratio of 44 /xg am" 3 p p m - 1 for those species), the 
MCMA PM in the afternoon exceeds the amount that would 
be predicted with the 2006 emissions inventory by a factor of 
~16 . Additionally, the forest fire source in the 2006 MCMA 
emissions inventory is small (2% of the primary PM2.5) and 
is much smaller (by at least an order-of-magnitude) than our 
observations, which is quantified further in the companion 
paper (Aiken et a l , 2009). 

3.5 Rapid estimation of PMF-AMS components from 
UMR tracer m/z 

Zhang et al. (2005a) provided a simple approximation to 
estimate the HOA and OOA concentrations based on the 
time series of UMR m/z44 and 57 (OOA=7.6xm£44 and 
HOA=12.2x.m/z57, when m/z44 and 57 are in units of org. -
eq. pug m~3 , Zhang et a l , 2005a). Since this is the first study 
in which PMF has been applied to high-resolution data and 
also one of the firsts in which BBOA has been explicitly iden
tified in urban air, it is of interest to update the estimation 
procedure using the results of this study. Figure 14a-d show 
scatter plots used to derive relationships to estimate OOA, 
BBOA, and HOA based on linear combinations of m/z44, 
57, and 60, which are qualitatively consistent with the re
sults of Zhang et a l (2005a, b) although the coefficients are 
different in this case. OOA is estimated as proportional to 
UMR m/z44, with an offset likely due to ions other than 
CO2" at this m/z (Fig. 14a). BBOA is estimated as propor
tional to m/z60, after subtracting a background of 0.3% of 
the OA for this ion, mainly due to SOA (Docherty et a l , 
2008) (Fig. 14b). HOA is estimated as proportional to the 
C^H^ ion at m/z51 (Fig. 14d), which is estimated as the to
tal UMR signal at m/z51 minus 10% of UMR m/z44 (as an 
estimate of the C3H5O4" ion at m/z51, Fig. 14c). 

Figure 14e compares the time series of OOA, BBOA, and 
HOA estimated in this way to those derived with the full 
PMF analysis of the HR data. It is clear that the tracer-based 
method with the coefficients determined here is capable of 
providing a good first-order estimate of the OA components 
based on the UMR data which can be very useful during field 
studies and early analyses before the full (and veiy time-
consuming) HR and PMF analyses have been performed. 
However, the coefficients are not known a priori. Due to 
the difference in the actual coefficients determined here vs. 
those determined by Zhang et al. (2005a) for Pittsburgh, it is 
of great interest to report the results of this analysis for other 
locations in order to establish the range of variation of the 
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Fig. 14. Relationships between PMF-AMS components and tracer 
m/z from UMR spectra: (a) OOA vs. UMR m/z44; (b) BBOA 
vs. UMR m/z6Q minus 0.3%*Org; (c) relationship between the 
C3H5 0+ ion at m/z's! and UMR m/z44, which is used to correct for 
the influence of OOA in UMR m/z57; (d) HOA vs. OOA-corrected 
UMR m/z57; (e) comparison of the time series of the HR PMF-
AMS factors presented in this paper) versus the factors predicted 
from the UMR tracer m/z's with the relationships derived here. 

coefficients, as well as dependences on photochemical age, 
type of POA and BBOA sources, etc. 

4 Conclusions 

Continuous ambient aerosol measurements were made dur
ing MILAGRO at the TO supersite within Mexico City 
during March 2006. Intercomparisons confirm that the AMS 
performed well at TO, and that the scatter of the AMS ver
sus other measurements is similar to that amongst the other 
measurements. Refractory species account for 20% of the av
erage 33 .7^gam" 3 PMi (BC: 12%, metals: 3%, soil: 5%). 
The species mass concentiations, size distributions, and diur
nal profiles were similar to those measured during MCMA-
2003 at CENICA, with OA accounting for about half of the 
submicron mass (Salcedo et a l , 2006). PMF-AMS analysis 
of the high-resolution mass spectra was used to separate 
four organic components, which are consistent with previ
ous studies in Mexico City and elsewhere. The assignments 
of the four components are supported by their mass spectra, 
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time series correlations with tracers, and other evidence such 
as tracer ratios. HOA (primary hydrocarbon-like), OOA 
(oxygenated, mostly secondary), BBOA (biomass burning, 
which likely includes both forest fires and some refuse burn
ing), and a small local nitrogen-containing OA (LOA) pri
mary source were identified. LOA likely contains amines and 
accounts for 1/3 of the detected nitrogen in the OA. Primary 
emissions and secondary OA formation are both important 
for this dataset. The impact of biomass burning is signifi
cant for OA and is highly variable in time, consistent with 
other ground-based observations during MILAGRO (Stone 
et a l , 2008; de Gouw et a l , 2009). The AMS averages and 
trends compare well to those from CMB of organic molec
ular markers, although with significant scatter in the daily 
comparisons. The 2006 MCMA emissions inventory is un
derestimated by a factor of ~ 4 for primary fine PM and lower 
than the afternoon concentrations by ~16 when secondary 
species are included. Additional secondary species forma
tion over longer time scales (e.g. Dzepina et a l , 2009) will 
likely increase this ratio. The forest fire PM from the MCMA 
inventory is at least an order-of-magnitude lower than that es
timated from our observations. A simple estimation method 
based on UMR tracer m/z's can provide a first-order approx
imation of the PMF components and should be explored for 
other locations. 
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Abstract. MILAGRO (Megacity Initiative: Local And 
Global Research Observations) is an international collabo
rative project to examine the behavior and the export of at
mospheric emissions from a megacity. The Mexico City 
Metropolitan Area (MCMA) - one of the world's largest 
megacities and North America's most populous city - was 
selected as the case study to characterize the sources, concen
trations, transport, and transformation processes of the gases 
and fine particles emitted to the MCMA atmosphere and to 
evaluate the regional and global impacts of these emissions. 
The findings of this study are relevant to the evolution and 
impacts of pollution from many other megacities. 

The measurement phase consisted of a month-long series 
of carefully coordinated observations of the chemistry and 
physics of the atmosphere in and near Mexico City during 

Correspondence to: L. T. Molina 
(ltmolina@mit.edu) 

March 2006, using a wide range of instruments at ground 
sites, on aircraft and satellites, and enlisting over 450 scien
tists from 150 institutions in 30 countries. Three ground su-
persites were set up to examine the evolution of the primary 
emitted gases and fine particles. Additional platforms in or 
near Mexico City included mobile vans containing scientific 
laboratories and mobile and stationary upward-looking li-
dars. Seven instrumented research aircraft provided infor
mation about the atmosphere over a large region and at var
ious altitudes. Satellite-based instruments peered down into 
the atmosphere, providing even larger geographical cover
age. The overall campaign was complemented by meteoro
logical forecasting and numerical simulations, satellite ob
servations and surface networks. Together, these research 
observations have provided the most comprehensive charac
terization of the MCMA's urban and regional atmospheric 
composition and chemistry that will take years to analyze 
and evaluate fully. 
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In this paper we review over 120 papers resulting from the 
MILAGRO/INTEX-B Campaign that have been published 
or submitted, as well as relevant papers from the earlier 
MCMA-2003 Campaign, with the aim of providing a road 
map for the scientific community interested in understanding 
the emissions from a megacity such as the MCMA and their 
impacts on air quality and climate. 

This paper describes the measurements performed dur
ing MILAGRO and the results obtained on MCMA's at
mospheric meteorology and dynamics, emissions of gases 
and fine particles, sources and concentrations of volatile or
ganic compounds, urban and regional photochemistry, am
bient particulate matter, aerosol radiative properties, urban 
plume characterization, and health studies. A summary of 
key findings ffom the field study is presented. 

1 Introduction 

The world's population is projected to increase 33% during 
the next three decades to 8.1 billion. Nearly all of the pro
jected growth is expected to be concentrated in urban centers. 
Rapidly expanding urban areas and their surrounding suburbs 
are feeding to the phenomenon of megacities (metropoli
tan areas with populations exceeding 10 million inhabitants). 
Well planned and governed, densely populated settlements 
can reduce the need for land conversion and provide prox
imity to infrastructure and services. However, many ur
ban areas experience uncontrolled growth leading to urban 
sprawl, a leading cause of environmental problems. These 
mega-centers of human population lead to increasing de
mands for energy, and industrial activity and transportation, 
all of which result in enhanced, concentrated atmospheric 
emissions of gases and particulate matter (PM) that impact 
air quality and climate. Air pollution and climate change are 
among the most important environmental challenges of this 
century. This challenge is particularly acute in the develop
ing world where the rapid growth of megacities is producing 
atmospheric emissions of unprecedented severity and extent 
(Molina and Molina, 2004; Molina et al., 2004; Lawrence et 
al., 2007; Gurjar et al, 2008). 

There is growing recognition that airborne emissions from 
major urban and industrial areas influence both air quality 
and climate on scales ranging from regional to continental 
and global (Molina and Molina, 2002; Molina et al., 2004; 
Lawrence et al., 2007; Parrish et al., 2009a). Urban/industrial 
emissions from the developed world, and increasingly from 
the megacities of the developing world, change the chemical 
content of the downwind troposphere in a number of fun
damental ways. Emissions of nitrogen oxides (NOx), car
bon monoxide (CO) and volatile organic compounds (VOCs) 
drive the formation of photochemical smog and its associ
ated oxidants, degrading air quality and threatening both hu
man and ecosystem health and agricultural productivity. On 

a larger scale, these same emissions drive the production of 
ozone (a powerful greenhouse gas) in the free troposphere, 
contributing substantially to global warming. Urban and in
dustrial areas are also major sources of the important directly 
forcing greenhouse gases, including carbon dioxide (CO2), 
methane (CH4), nitrous oxide (N2O) and halocarbons, as 
well as other radiatively important species that contribute 
to climate change. Nitrogen oxide and sulfur dioxide emis
sions are also processed to strong acids by atmospheric pho
tochemistry on regional to continental scales, driving acid 
deposition to sensitive ecosystems. Direct urban/industrial 
emissions of carbonaceous aerosol particles are compounded 
by the emission of high levels of secondary aerosol precur
sors, including: NOx, VOCs, SO2, and NH3, resulting in 
the production of copious amounts of fine aerosol, affecting 
the urban source areas and air quality, atmospheric radiation, 
cloud microphysical properties, and precipitation hundreds 
to thousands of kilometers downwind. 

The geographic redistribution of urban emissions, the evo
lution of their chemical, physical, and optical properties, the 
interaction with clouds, and the mechanisms for their even
tual removal from the atmosphere are very complex and ob
viously important, yet only partly understood at the present 
time. 

MILAGRO (Megacity Initiative: Local And Global Re
search Observations) is an international collaborative project 
to examine the properties, evolution, and export of atmo
spheric emissions generated in a megacity. The Mexico City 
Metropolitan Area (MCMA) - one of the world's largest 
megacities and North America's most populous city - was 
selected as the case study to characterize the sources and pro
cesses of emissions from the urban center and to evaluate the 
regional and global impacts of the Mexico City emissions. 

MILAGRO is organized under four coordinated com
ponents (MCMA-2006, MAX-Mex, MIRAGE-Mex and 
INTEX-B) that took place simultaneously during March 
2006 and involved the participation of more than 150 insti
tutions from Mexico, the United States and Europe and over 
450 investigators and teclmicians representing 30 different 
nationalities. The measurement campaign was sponsored by 
the US National Science Foundation (NSF), Department of 
Energy (DOE), and National Aeronautic and Space Admin
istration (NASA), and by many Mexican agencies, including 
the Mexican Ministry of the Environment (SEMARNAT), 
the Metropolitan Environmental Commission of the Valley of 
Mexico (CAM), Consejo Nacional de Ciencia y Technologia 
(CONACyT) and Petroleos Mexicanos (PEMEX). 

This paper provides an overview of the MILAGRO Cam
paign in Mexico City and is divided into 9 sections cover
ing the following topics: scope of the MILAGRO Campaign 
(Sect. 3); meteorology and dynamics (Sect. 4), MCMA emis
sions of gases and fine particulate matter (Sect. 5); volatile 
organic compound sources and concentrations (Sect. 6); ur
ban and regional photochemistry (Sect. 7); ambient particu
late matter (Sect. 8); aerosol optical properties and radiative 
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Fig. 1. Left Panel: topogiaphical map of the MCMA; Right Panel Megalopolis m the yeai 2000 (from Molina and Molma, 2002) 

influences (Sect. 9); legional plume fiom 1NTEX-B flights 
over Mexico City and the Gulf (Sect. 10); and health stud
ies (Sect. 11). A summary of key findings is presented in 
Sect. 12; while some duections foi future research aie pre
sented in Sect. 13. A list of acronyms is piovided in Ap
pendix A. 

2 Air qualify in the Mexico Megacity 

The MCMA lies in an elevated basin 2240 m above sea level. 
The basin is surrounded on three sides by mountain ridges, 
but with a broad opening to the north and a nanower gap to 
the south-southwest. Figuie la shows the topographical map 
of the MCMA. During the twentieth century the MCMA ex
perienced huge incieases in population and urbanized area 
as it attracted migrants from other parts of the countiy and 
industrialization stimulated economic giowth. The popula
tion grew from fewer than 3 million in 1950 to over 18 mil
lion in 2000; the urbanized aiea now coveis about 1500km2 

— about 10 times as much land as it occupied just 50 yeais 
ago. The expansion of the MCMA is not unique in the re
gion; the neighboring metropolitan aieas (Puebla, Tlaxcala, 
Cueinavaca, Pachuca, and Toluca) aie also extending their 
territories. This multiple expansion has produced a con
tiguous urban complex known as the Mexico "Megalopolis," 
which extends beyond the MCMA to include the suiround-
ing "coiona" or "crown" of cities including Puebla, Tlaxcala, 
Cuemavaca, Cuautla, Pachuca, and Toluca, extending 75-
150Ian from the city centei with an estimated population of 
about 30 million (see Fig. lb) The growth of the Megalopo
lis will cleaily have important consequences for energy use 
and the regional ecology and environment (Lezama et al., 
2002). 

The MCMA's neaily 20 million inhabitants, ovei 40 000 
industries and 4 million vehicles consume moie than 40 mil
lion liters of petroleum fuels pei day and produce thousands 
of tons of pollutants. The high altitude and tropical inso
lation facilitate ozone pioduction all yeai- and contribute to 
the formation of secondary particulate matter. Air quality is 
geneially woise in the winter, when lain is less common and 
theimal inveisions aie more fiequent (Molma and Molina, 
2002,2004). 

Duiing the past decade, the Mexican government has made 
significant pi ogress in improving aii quality. Figure 2 shows 
the air quality tiends of the MCMA; plots show the annual 
average concentrations for the critena pollutants (O3, NO2, 
CO, S02, Pb, TSP, PM10 and PM2 5) Substantial reductions 
in the concentrations of some ciiteria pollutants (such as lead, 
CO and SO2) weie achieved by developing and implement
ing compiehensive an quality management progiams and 
impioving air quality monitoiing and evaluation progiams 
(Molina et al., 2002). Despite these important gains, MCMA 
residents remain exposed to concentrations of aiibome pol
lutants exceeding ambient an quality standards, especially 
PM and ozone, the two most important pollutants from the 
standpoint of public health (Evans et al , 2002). 

2.1 Intensive field studies 

As North America's most populated megacity, with a unique 
combination of meteorology, topography, population and 
multi-pollutant emission density, the MCMA has atttacted 
a number of air quality field studies. The Mexico City Aii 
Quality Research Initiative (MARI) project gathered sur
face and vertical profile observations of meteoiology and 
pollutants during 1990-1994 (LANL and IMP, 1994; Streit 
and Guzman, 1996). The IMADA-AVER (Investigation 
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Fig. 2. Air quality trends of the MCMA. Plots show the concen
trations estimated as the average of the 5th annual maximum from 
all stations with valid data for a given year for the following criteria 
pollutants: O3 ,N02 , CO, S02,Pb (dividedby 10),TSP(TotalSus
pended Particles), PMio andPM2.5- (Data provided by SMA-GDF, 
2009). 

sobre Materia Particulada yDeterioro Atmosferico, Aerosol 
and Visibility Evaluation Research) campaign in February-
March 1997 yielded comprehensive meteorological measure
ments in the basin, and provided insights into particulate 
composition (IMP, 1998; Doran et al., 1998; Edgerton et a l , 
1999; Molina and Molina, 2002). 

The MCMA-2003 measurement campaign was carried out 
during April 2003 to cover the height of the annual pho
tochemical season just prior to the onset of the rainy sea
son. It involved a highly-instrumented supersite located at 
the National Center for Environmental Research and Train
ing (Centro Nacional de Investigation y Capcitacion Ambi-
ental, CENICA), a component of the National Institute of 
Ecology (INE) of the Ministiy of the Environment (SEMAR-
NAT), with state-of-the-art instrumentation contributed by 
many US and European teams. A mobile laboratory from 
Aerodyne Research Inc. was deployed for vehicle-chase 
sampling measurements, as well as for fixed multi-day mea
surements at various locations in the MCMA. Many high 
time resolution instruments were deployed to the MCMA for 
the first time during this campaign. MCMA-2003 and an 
exploratory mission in February 2002 generated extensive 
measurements of many oxidant precursors and photochem
ical products and intermediates including radicals, speciated 
VOCs and PM, as well as meteorology and emissions. An 
overview of MCMA-2003 measurements has been published 
by Molina et al. (2007). 

Observations and modeling studies from MCMA-2003 
show that under most conditions, pollutant export from the 
basin is relatively rapid and that pollutant carryover from 
day to day is not a major factor in the valley's photochem-

1NTEX-B MIRAGE-Mex MAX-Me* MCMA-200G 
NASADC-8 NSF C130, 

J-31, Satellites Tliiiri Otter, supeisfW I InuWrp) Suptisfi" Mobile Laboratories 
[NASA) (DOE IiW( II1E62] 

Fig. 3. MILAGRO Campaign: Geographic Coverage. Measure
ments were performed in the MCMA (see Fig. 4). The size of the 
circle (MAX-Mex, MIRAGE-Mex and INTEX-B) indicates the ge
ographic coveiage of the aircraft deployed. 

istry. Emissions studies confirmed that motor vehicles play 
a major role in supplying the NOx and VOC precursors that 
fuel MCMA's extremely active photochemistry. Key results 
documented in Molina et al. (2007) included a vastly im
proved speciated emissions inventory from on-road vehicles, 
showing that the MCMA motor vehicles produce abundant 
amounts of primary PM, elemental carbon, particle-bound 
polycyclic aromatic hydrocarbons, carbon monoxide and a 
wide range of air toxics, including formaldehyde, acetalde-
hyde, benzene, toluene, and xylenes. The feasibility of using 
eddy covariance techniques to measure fluxes of volatile or
ganic compounds in an urban core was demonstrated, prov
ing a valuable tool for validating the local emissions inven
tory. A much better understanding of the sources and atmo
spheric loadings of VOCs was obtained, including the first 
spectroscopic detection of glyoxal in the atmosphere and a 
unique analysis of the high fraction of ambient formaldehyde 
from primary emission sources. A more comprehensive char
acterization of ozone formation and its sensitivity to VOCs 
and NOx and a much more extensive knowledge of the com
position, size distribution and atmospheric mass loadings of 
both primary and secondaiy fine PM, including the fact that 
the rate of MCMA SOA production greatly exceeded that 
predicted by current atmospheric models were obtained. In-
tercomparisons between research grade and monitoring in
struments demonstrate that significant errors can arise from 
standard air quality monitors for ozone and nitrogen diox
ide. Comparison of aromatic hydrocarbon measurements us
ing three different techniques highlights a potential problem 
in defining a VOC sampling strategy in urban environment 
that is meaningful for the comparison with photochemical 
transport models. Also, the implementation of an innova
tive Markov Chain Monte Carlo method for inorganic aerosol 
modeling provided a powerful tool to analyze aerosol data 
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Fig. 4. MCMA2006: GroundBased Measurement Sites. 

and piedict precursor gas phase concentrations wheie these 
are unavailable. MCMA2003 scientific findings were fun

damental for the planning of the MILAGRO Campaign, the 
largest MCMAfocused field study to date. 

MILAGRO's measuiement phase consisted of a month

long series of carefully coordinated observations of the 
chemistiy and physics of the atmosphere in and near Mexico 
City during March 2006, using a wide range of instruments 
at ground sites and on aircraft. MILAGRO's measurements 
were complemented by meteorological forecasting and nu

merical simulations and data from satellite observations and 
surface monitoring networks. Together, these lesearch ob

servations have provided a wealth of information on MCMA 
pollutant emissions and ambient concentrations, their disper

sion and transformation processes, and their urban, regional 
and hemispheric impacts. 

Results from MCMA2003 and from MILAGRO2006 
were piesented at special sessions on air quality and cli

mate impacts of megacities at the meetings of the Amer

ican Geophysical Union in 2004 and 2007 and the Euro

pean Geosciences Union in 20072010. Major findings 
from the MCMA2003 and MILAGRO2006 have been pub

lished in two special issues of Atmospheric Chemistiy and 
Physics (ACP) as well as in other peerreviewed journals. A 
complete list of publications is available at http://mce2.org/ 
publications.html. 

3 Scope of the MILAGRO campaign 

The MILAGRO Campaign is a large, international, multi

agency, collaborative project to evaluate the regional impacts 
of the Mexico City air pollution plume as a means of under

standing urban impacts on the legional and global air qual

ity and climate. Specific goals of the campaign included: 
(i) quantifying the spatial and temporal extent of the uiban 
plume; (ii) analyzing pollutant chemical and physical trans

www.atmoschemphys.net/10/8697/2010/ 

formation in the plume; (iii) quantifying die regional impacts 
of the plume; and (iv) examining the interaction of the urban 
plume with surrounding sources. 

After an initial planning phase which included model sim

ulations of possible dispersion scenaiios to guide site selec

tion, the datacollection phase of MILAGRO took place dur

ing March 2006. The measurements included a wide range of 
instruments at ground sites, on aircraft, and satellites. Three 
supersites, spaced about 30 km apart to examine the pollutant 
plume evolution, were set up at the Instituto Mexicano del 
Petr61eo (IMP, "TO"), Universidad Tecnofogica de Tecamac 
in the State of Mexico ("Tl") and Rancho La Bisnaga in the 
State of Hidalgo ("T2"). The designations "TO" (initial time), 
"Tl" (first time step), and "T2" (second time step) refer to 
the timing of transport of the urban plume to different points 
in space and time. Additional platforms in or near Mexico 
City included mobile vans containing scientific laboratories 
and mobile and stationary upwardlooking lidars, and fixed 
mobile units provided by Mexican institutions located at the 
boundary sites to measure criteria pollutants and meteoro

logical parameters. Tables 14 list the key participating in

stitutions and instrumentation deployed at the various surface 
sites. 

Seven instrumented research aircraft participated in MI

LAGRO: five were based in Veracruz, Mexico, one in Puebla, 
Mexico and one in Houston, Texas. The five airciaft based in 
Veracruz were the NCAR/NSF C130, the DOE Gulfstream

1 (Gl), the US Forest Service Twin Otter, and the NASA J

31 and King Air, while the NASA DC8 was based in Hous

ton, Texas. The FZKENDURO Ultialight aircraft was sta

tioned at Hermanos Serdan Airport near Huejotzingo, Puebla 
(Grutter et al., 2008). The scientific payloads of the three 
laiger aiicraft are summarized in Table 5 for the C130, Ta

ble 6 for the Gl, and Table 2a of Singh et al. (2009) for 
the DC8. The 131 carried mostly radiometric instruments 
used to measuie aerosols, water vapor, clouds, Eaith surface 
properties, and radiation fields (see Sect. 10 and Table 7), 
while the King Air carried the high spectral resolution li

dar described by Rogers et al. (2009) (see Sect. 9). The 
Twin Otter focused its sampling on the outflow from biomass 
burning, with a payload that was described by Yokelson et 
al. (2007) and included an FTIR instrument, whole air sam

pling, a nephelometer, and particle sampling for subsequent 
analysis. 

These airborne measurements provided information about 
the atmosphere over a large region, and at various alti

tudes. Satellitebased instruments peered down into the at

mosphere, providing even larger geographical coveiage. Fig

ure 3 shows the geographic coverage and Fig. 4 shows 
the groundbased measurement sites. The overall campaign 
was supported by forecasts from meteorological and chem

ical models, satellite observations, the ambient air quality 
monitoring network operated by the Atmospheric Monitor

ing System of the Federal District (Sistema de Monitoreo 
Atmosferico, SIMAT) and meteorological measurements 
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Table 1. List of participating institutions and instruments deployed at the urban sites. 

Institutions Principal Methods 
Investigators 

Parameters References* 

TO (IMP) 

CENICA 

CENICA; 
CSIC (Spain) 

MIT/MCE2/ 
UCSD/Heidelberg 

Texas A&M 

Texas A&M 

MIT/Goteborg U. 

ANL, UALR 

B. Cardenas 

B. Cardenas, 
X. Querol 

L. T. Molina, 
R. Volkamer, 
U. Piatt 
R. Zhang 

D. Collins 

J. Pettersson, 
J. Noda 

J. Gaffney, 
N. Marley 

tethered balloon, 
ozonesondes, metsondes; 
pilot balloons with 
theodolites 

(5) mini-vol samplers; (2) 
HiVol, 1 RAAS and 4 mini-
vol manual samplers for 
PM2.5,TSPandPMI0; 
Laser spectrometer 

(2) LP-DOAS; 
Spectroradiometer 

PTR-MS; CIMS; 

TDMA; APS; CCN 
separator 

SPMS; AMS; Aerosol 
Spectrometer (portable); 
PM2.5 samplers 

Aethalometer (7 channel); 
Multi-angle Absorption 
Photometer; nephelometer 
(3 and 1 wavelengths); 
filter sampler 

O3 and met parameters 
up to 1000 m, VOCs up to 200 m; 
wind speed and wind 
direction vertical profile 

OC, EC, thermal optical 
reflectance and ions in 
PM2.5; metals, morphology 
by SEM; real time 
measurement of PM10, 
PM2.5, PMi 
N02,HOKO,VOCs, 
glyoxal, aromatic VOCs, 
SO2; UV actinic fluxes 

VOCs; HNO3; 

Hygroscopicity; aerosol 
supermicron size distri
bution; CCN properties 
Aerosol number, size 
distribution; Na, K, Rb, Cs 
in PM; 15 size channel 
count and mass distribution 
in 0.13-20um range; PM2.5 
Aerosol absorption (BC); 
dry and wet particle 
scattering; OC/EC, Humic-
like substances, 14C,40K, 
210Pb,7Be,210Po,210Bi 

Velascoetal.,2008 

Querol etal , 2008 

Volkamer et al., 2007; 
Dusanter etal , 2009b 

Fortner etal., 2009; 
Zheng et al., 200S 
Wang etal , 2010 

Aiken etal, 2010 

Marley etal , 2009a, b 

ANL, UALR J. Gaffney, Vaisaia Weather Station, Wind speed/direction, rain, Marley et al., 2009a, b 
N. Marley radiometer T,P,RH; broadband UV 

radiation 

BNL I.Wang CCN Counter; CCN; Aiken etal.,2009; 
SMPS aerosol size distributions Ervens etal., 2010; 

Wang et al, 2010 

MIT/VT L. T. Molina, EcoChem PAS 2000 CE; PAHs, Thornhill etal , 2008 
L. Marr DC 2000 CE monitors active surface 

U. Colorado J.L. Jimenez HR-ToF-AMS; thermal Aerosol size, composition, Aiken et al., 2008, 
denuder; aerosol number; nanoparticle size 2009,2010; Huffman 
concentrator; optical distribution; aerosol et al, 2009; Salcedo 
particle counter; SMPS; concentration etal., 2010; Paredes-
DustTrak Miranda et al, 2009; 

APJ D. Worsnop HR-ToOF-AMS with soft 
ionization 

fine PM organic 
composition 

DRI,U Nevada P. Amott Photoacoustic 
spectrometer 

Aerosol absorption Paredes-Miranda et 
al., 2009 

PNNL/EMSL A. Laskin DRUM aerosol sampler; Sampling for Johnson et al, 2005; 
TRAC aerosol sampler; PIXE/PESA/STEM; TEM, Aiken etal, 2010 
Cascade impactor SEM/EDX analysis 
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Table 1. Continued. 

Institutions Principal 
Investigators 

Methods Parameters References* 

PNNL C. Doran, MFRSR;EppleyB&W radiation, aerosol optical Doran etal., 2007 
W. Shaw radiometer depth 

Colorado State U. J. Slusser MFRSR U V filter irradiances 
(diffuse and total) 

Doran et al , 2007 

LANL M. Dubey H2/CO/C2H4 Monitor H2 , CO, C2H4 

Chalmers B. Galle 3 MAX-DOAS; Vertical and horizontal 
mapping of NO2 

Johansson etal., 
2009 

U. Alabama at J. Walters wind profiler; ceilometer; Wind speed/direction Shaw etal., 2007; 
Huntsville (UAH) I2-channel passive 

microwave radiometer 
versus height deFoy etal., 2009 

IFU W. Junkermann HCHO instrument HCHO Dusanter et al., 2009b 

UCSD K. Prather ATOF-MS Single particle sice and 
composition 

Moffct etal., 2008a 

UW-Madison J. Schauer Filter Sampler; Semi- Organic speciation; Stone et al., 2008, 
continuous EC/OC realtime EC/OC 2010a; Aiken etal., 

2009,2010 

UW-Madison J. Schauer Tekran Ambient Mercury 
Analyzer 

Hg in gas and particulate 
phase 

Rutter etal., 2009 

UAM-Azcapotzalco V. Mugica High Vol Samplers PM10,PM2.5 Mugica et al., 2009 

U-Iowa C. Stainier dry-ambient aerosol size 
spectrometer; SMPS 

aerosol water content 
using RH-controlled SMPS 
&APS 

U. Iowa W. Bichinger Vertically pointing lidar; aerosol vertical profile; Lewandowski et al., 
H 2 0 / C 0 2 sensor; CO H 2 0 , C0 2 , CO, T, P, 2010 
monitor; T, P and humidity RH, WS, WD, radiation 
probes; up and down-
welling long & short 
wave radiation; 
sonic anemometers 

Indiana U. P. Stevens Laser and supporting 
equipment for HO* 
measurements 

HOx concentrations Dusanter et al., 
2009a 

Paul Seherrer U. Baltensperger IC-MS Organic acids (gas & Zheng etal., 2008 
Institute aerosol) 

SMA-GDF A. Retama commercial automatic 
monitors 

NOx , CO, 0 3 , S 0 2 , and 
PM10 

Molina etal., 2007 

SIMAT Site 

WSU/MCE2 

PNNL/WSU/CEH/U. 
Colorado 

UCSD/SIO 

UCLA 

B. Lamb, 
T. Jobson 
L. X Molina 

M. Alexander 

L. Russell 

J. Stutz 

Flux tower; Fast Olefin 
Sensor, PTR-MS, C02/ 
H20IRGA, met station, 
GC-FID for VOC flux samples 

Quadrupole AMS 

Submicron aerosol 
samples (FTIR and XRF 
analysis) 

LP-DOAS 

fluxes of VOCs, C02, 
H20,03 , PAH; sensible 
and latent heat, radiation; 
met data: T, RH, P, WS, WD 

Size-resolved composition 
and fluxes of speciated 
non-refractory PMi aerosols 

Organic functional groups 

03 ,N02 ,HCHO,N03 , 
HONO, and S02 

Velasco etal., 2009,2010 

Yu etal.,2009 

Gilardoni et al., 2009 
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Table 1. Continued. 

Institutions Principal Methods 
Investigators 

Parameters References* 

CENICA Site 

CENICA 

CENICA 

CENICA, CSIC 
(Spain) 

B. Cardenas GC-FID 

B. Cardenas 

B. Cardenas, 
X. Querol 

Commercial automatic 
monitors at CENICA 
Monitoring station for 
criteria pollutants and 
meteorological parameters 

2Hi-VolforPM10 

55 speciated hydrocarbons 

PM10,PM2i5,NOx,CO, 
S0 2 ,0 3 , Total 
hydrocarbons, carbon in 
particles; UVA and UVB, 
WS, WD, RH, T 
chemical characterization 
of: ions, metals, OC, 
EC, TC, morphology by SEM 

Wohrnschimmel et 
al., 2010 
Querol et al., 2008 

Querol et al., 2008; 
Moreno et al., 2008b 

Naucalpan Industrial Sites 

ITESM 

ITESM 

G. Mejia Automatic continuous 
measurement of particles 
Thermo DATA RAM, 
CLIMET, PARTISOL 

D. Tejeda Electron microscope; 
Isokinetics 

PM2.5, PM10 

particle size and shape; 
concentration of various 
combustion gases in stacks 

MAX-DOAS Network 

MIT/MCE2, 
UCSD, Heidelberg 

L. T. Molina, 
R. Volkamer, 
U. Piatt 

5 passive multiple axis 
DOAS (MAX-DOAS) 
(atT0,Tl,T2,Picode 
Tres Padres, Tenango del 
Aire, Cerro Chiquevite) 

Vertical profiles of N02 , 
S02, HCHO, CHOCHO, 
03 , HONO 

Sun Photometer Network 

MCE2/MIT, L. T. Molina, 5 Microtops II sun 
NASA Goddard V. Martins photometers and 3 CIMEL AERONET (at 

Hidalgo, UNAM, Corena, 
TEC,UAM-I,T0,T1,T2) 

Aerosol optical thickness, 
retrievals of aerosol 
optical parameters 

Castanhoetal., 2007 

: The reiaied publications where the instruments or methods have been described or mentioned. 

provided by the Mexican National Weather Service (Servi-
do Meteorologico National, SMN). 

The MILAGRO campaign was organized under the fol
lowing four coordinated components that took place simulta
neously during March 2006: 

3.1 The MCMA-2006 (Mexico City Metropolitan Area 
- 2006 Experiment) 

The MCMA-2006 examined emissions and surface concen
trations within the Mexico City Basin, their transport and 
transformation in the atmosphere, and the effects on hu
man health. MCMA-2006 was led by the Molina Center 
for Energy and the Environment (MCE2) with projects spon
sored by NSF, DOE, and several Mexican research agen
cies, including CAM, INE/SEMARNAT, CONACyT and 

PEMEX, as well as European agencies. The overall purpose 
of MCMA-2006 was to strengthen the scientific base for the 
design and evaluation of policies to improve the air quality in 
the MCMA by gathering scientific information that helps to 
better understand the generation and processing of pollutants 
in the MCMA, their dispersal, transport and transformation 
in the atmosphere, the exposure patterns of the population to 
these pollutants and the effects on human health. MCMA-
2006 also provided many of the urban measurements needed 
for understanding the larger scale pollutant evolution which 
was the focus of its sister campaigns. The required data on 
particles, VOCs and other gases, meteorology, and solar ra
diation was gathered at the TO supersite, a flux tower located 
at the SIMAT headquarters in the city center (referred to as 
"SIMAT" site thereafter), measurements at the Tula refinery 
site and industrial zone in Naucalpan, in combination with a 
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Table 2. List of participating institutions and instruments deployed at the Tl site. 

Institutions Principal 
Investigators 

Methods Parameters References* 

ANL,UALR J. Gaffiiey, 
N. Marley 

Filter Sampler; Filter 
Samplers for wet aerosols; 
Precipitation Sampler; 

i4Ci40Kj2i0pbi7Be]210pOi 
210Bi;OC/EC,IIumicLike 
Substances; C-14, 
Radionuclides. 

Marley et al., 2009a, b 

ANL,UALR J. Gaffney, 
N. Marley 

Vaisala weather station; 
RB radiometer; 

WS,WD,r,RH, 
precipitation rate; 
broadband UV radiation 

Marley et al., 2009a,b 

ANL, U. Alabama 
at Huntsville 

R. Coulter, 
J. Walters 

Radar wind profiler; 
radiosondes; Sodar; 
Micropulse lidar 

Wind speed, direction vs. 
height; RH, T vs. height; 
Lower wind fields; 
aerosol concentration vs, height; 

Doran et al, 2007,2008; 
Shaw et at, 2007 

CENICA, CSIC 
(Spain) 

B. Cardenas, 
X. Querol 

(5) minivol samplers; 
(2)HiVol, IRAASand 
4 mini-vol manual samplers 
forPM2.5,TSPandPMjO 

OC, EC, thermal optical 
reflectance and ions 
in PM2.5; metals, 
morphology by SEM 

Querol et al., 2008; 
Moreno et al., 2008b 

CENICA B. Cardenas, 
G. Solorzano 

Tekran2537n Hg in gas phase Rutter et al., 2009 

DRI-Reno P. Arnott photoacoustic spectrometer aerosol absorption Doran et al., 2007 
Georgia Inst. Tech. A. Nenes, 

J. Smith 
HTDMA.CCN counter; 
KSV tensiometer 

hygroscopicity size 
resolved in 10-150rrm 
range; CCN concentration 
surface tension 

Padro etal., 2010 

Georgia Inst. Tech. G. Huey CiMS; CLD OH,H02+R02,H2S04; 
NO,S02 ,COand03 

Nunnermacker et al., 2008; 
Smith et al., 2008 

Georgia Inst. Tech. R. Weber TEOM;HiVol PM2.5 mass; 
filter sampling 

Stone et al., 2008; 
Padr6 etal, 2010 

Georgia Inst. Tech. R. Weber PILS 
and inorganics 

Bulk soluble organics 
Hennigan et al., 2008 

Fountoukis et a!., 2009; 

IFU W. Junkermann HCHO instrument (Hantzsch) HCHO de Gouw et a!., 2009 
HE, Morelos A. Salcido, 

A. T. Celada 
3-D sonic anemometers WD, WS.T.RH, fluxes de Gouw et al., 2009; 

Moreno et al., 2008b 
LBNL (LDRD) M. Fischer NIR-TDLAS NH3 Fountoukis et al., 2009 
NCAR A. Guenther, 

J. Greenberg, 
A. Turnips eed 

Continuous profiling 
(eshered balloon 
system; radiometers 

O3, particles, 
T, WS, WD, RH, 
direct diffuse PAR 

Greenberg et al., 2009 

NCAR Mike Coffey mobile Fourier 
Transform Spectrometer 

Column: H20, C02> 
CF2C12, HCN, N 20, HCL, 
HDO,CO,CFCl3,OCS, 
NO,HF,03,CH4,S02, 
NO2,C2H6,HN03,PAN, 
C2H2,CH20,CHF2C1 

NOAA, 
Univ Colorado 

J. de Gouw. 
C. Warneke, 

GC-FID; 
PIT-MS 

Alkanes, alkenes; 
VOCs (aromatics, 
oxygenates, isoprene, 
monolerpenes, acetoniirile 

de Gouw et al., 2009 

Perm State A. Thompson Ozonesonde ground station O3 profile Thompson et al., 2008 

highly capable mobile laboratory, a microlight research air
craft and several fixed mobile units deployed throughout the 
MCMA at representative urban and boundary sites. In ad
dition, two health studies were carried out during the cam
paign. 

In order to contribute to the education and training of 
young investigators and to raise public awareness toward at
mospheric pollution problems, the Molina Center, in collab
oration with the Mexican National Institute of Ecology and 
other local institutions, set up a series of education and out
reach activities, including public lectures, workshops, guided 
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Table 2. Continued. 

Institutions Principal 
Investigators 

Methods Parameters References* 

PNNL 

PNNL/EMSL 

C. Doran, 
W. Shaw, 
J. Barnard 

A. Laskin, 
M. Alexander 

Eppley B&W radiometers; 
Nephelometer; PSAP; 
OCEC analyzer; CPC 
MFRSR, pyrheliometer, 
solar tracker 

DRUM Aerosol Sampler; 
TRAC Aerosol Sampler; 
SMPS; CCN counter 

solar radiation; aerosol 
size and numbers; n 
light scattering; Black 
Carbon (aerosol absorption); 
OC/EC; aerosol optical 
depth, solar radiatio 
sampling for PIXE/PESA/STEM; 
sampling for TEM, 
SEM/EDX analysis; Aerosol 
size; CCN counter 

Doran et al., 2007,2008; 
Yu etal., 2009 

Moffet etal., 2010 

PNNL M. Alexander TOF-AMS aerosol concentration 
and size distribution 

de Gouw et al., 2009; 
Yu eta!., 2009 

RAMA A. Retama Mobile unit CO,NOx,S02,03lPMio, 
WD, WS, T, HR 

Molina etal., 2007 

Texas A&MU. Don Collins DMA, H,V-TDMA aerosol 0.01-1 micron 
size, size resolved 
hygroscopicity, volatility, 
mixing state 

Wang etal., 2010 

U. C. Berkeley R. Cohen TD-LIF N0 2 lN0 3 ,N 20 5 ,HN0 3 Fountoukis et al., 2009 
U. Houston, B. Lefer, SAFS, MFRSR. UV-mfr, Spectral actinic flux, Hennigan et a!., 2008; 
Colorado State U. J. Slusser coud camera, Cimel UV irradiances 

(diffuse and total) 
Corr etal., 2009 

U. Miami, E. Atlas, VOC Canister sampling; anthropogenic and biogenic de Gouw et al., 2009 
U. C. Irvine D. Blake adsorbent and 

filter samples 
HCs,RON02,MTBE, 
DMS, OCS, halogenated 
organics; nitrates 

TJ. Minnesota/ P. McMurray, TDCIMS; NTDMA; ultrafine aerosol composition; Smith et at, 2008; 
NCAR J. Smith IGMA; High-vo! sampler nanoparticle size distribution, 

hygroscopicity and volatility; 
ambient ions and 
ion clusters; aerosol 
surface tension 

lida et al., 2008 

U. Wisconsin J Schauer Filter samples with GC-MS specia ted organic conteut Stone et al., 2009 
at Madison a«d various LC, GCMS 
U. Wisconsin J. Schauer Tekran ambient 

Hg analyzer 
Hg in gas and 
particulate phase 

Rutter et al, 2009 

UNAM A. Muhlia Pyranometer, 
AERONET; 

spectral irradiance, 
aerosol optical depth, 

Castanho et al., 2007 

UNAM J. Miranda 3 MiniVoI PMJO, PM2.5 

UNAM T. Castro Moudi, nephelometer, 
particle soot absorption 
photometer, particle 
counters, PAH monitor, C02 monitor 

particles (number, size, 
chemical composition, 
optical properties), 
PAH, C02 

Marley et a!., 2009b 

UNAM M. Moya Filter samples PMi, PM2.5 

UNAM, Euphore G. Ruiz HONO Long path 
Absorption Photometer 

HONO 

*The related publications where the instruments or methods have been described or mentioned. 

tours, essay and poster contests, which were carried out in 
parallel to the scientific activities by Mexican and interna
tional researchers working at the different measurement sites 
(http://mce2.org/education/milagro.html). 

3.2 MAX-Mex (Megacity Aerosol Experiment: 
Mexico City) 

Max-Mex focused on examining how the Mexico megac
ity aerosol evolves during transport, and how the chemical 
and physical nature of the aerosol affected scattering and 
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Table 3. List of participating institutions and instruments deployed at T2 and other sites 

Institutions Principal 
Investigators 

Methods Parameters References* 

T2 (Rancho La Bisnaga, Hidalgo) 

DRI, U of P. Arnott Photoacoustic Absorption Aerosol absorption; Paredes-Miranda et al., 2009 
Nevada-Reno Spectrometer light scattering 
PNNL C. Doran PSAP, Aethalometer; Aaerosol size and numbers; Doran etal., 2007; 

W. Shaw Nephelometer; PSAP; 
OCEC analyzer; CPC 

light scattering; Black 
Carbon (aerosol 
absoiption); OC/EC 

PNNL C. Doran, Radar wind profiler; WS and WD vs. height; RH, Doran et al., 2007; 
W. Shaw, radiosondes, Sodar; T vs. height; Shaw etal.,2007 
R. Coulter weather station; 

radiometer, MFRSR 
Lower Wind fields; 
solar radiation; aerosol 
optical depth 

ANL J. Gaffney Aerosol sampler Radionuclides Marley et al., 2009a 
PNNL/EMSL A. Laskin Time-Resolved Aerosol 

Collector (TRAC) 
XRF, Microscopy at EMSL lohnson et al., 2006 

UNAM A. Muhlia Pyranometer Solar irradiance 
CENICA, CSIC B. Cardenas, Hi-Vol, 1 RAAS and 4 mini- OC, EC, thermal optical Querol etal., 2008 
(Spain) X. Querol vol manual samplers for 

PM2.5,TSPandPMio 
reflectance and ions in 
PM2.5; metals, morphology 
bySEM 

Moreno et al., 2008 

Popocatepetl Site 

Chalmeis B. Galle Scanning Mini-DOAS SO2 Emissions from 
Popocatepetl 

Grutter et al., 2008 

UNAM M. Grutter Scanning imaging infrared 
spectrometer 

Visualizing SO2 plume from 
Volcano 

Grutter et al, 2008 

Altzomoni Site 

UNAM D. Baumgardner, FTIR; Dual-column GC; CO, 03 , S02 Baumgardner et al., 2009 
M. Grutter TSI scanning mobility 

particle sizer (SMPS); 
Las Air particle size; 
Nephlometer (1 wavelength) 

PANs; condensation 
nuclei cone; particle, 
particle scattering 

UCSD/SIO L. Russell Quadmpole AMS 
Sub-micron filter samples 
(offline FTIR analysis) 

aerosol mass 
concentration; organic 
functional group 

Gilardoni et al., 2009 

Tula Industrial Complex 

IMP A. Zambrano Biomonitoring PAH and metals (Cd, Cr, 
Cu, Hg, Ni, Pb, V, Zn) 

Zambrano Garcia et al, 2009 

IMP E, Gonzales Moudi, Nephelometer, 
SMPS, Aethelometer, 
solar photometer 

size distributions, optical 
properties, carbon 
concentration, optical depth 

IMP E. Vega MOUDI+ Mini-vol PM2.5 
IMP J. L. Arriaga Canisters and cartridges VOC/SVOC/Carbonyls 
IMP, Chalmers G. Sosa, 

B. Galle 
Mobile mini-DOAS SO2, NO2 emissions Rivera et al., 2009 

IMP, CENICA G. Sosa, 
H. Wohrnschimmel 

Radiosondes; pilot balloons WD,WS,r,P,RH, Wohrnschimmel et al., 2010 

*The related publications where the instruments or methods have been described or mentioned. 
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Table 4. List of participating institutions and instmments deployed in the mobile labs and mobile units. 

Institutions Principal 
Investigators 

Methods Parameters References* 

ARI Mobile Laboratory 

ARI C. Kolb ToF-AMS;SMPS; 
Optical Particle Counter; 
Condensation Particle 
Counter 

PM Size & Composition; 
PM size distribution; 
Fine PM mass and number 
Density 

Hemdon et al., 
2008; Zavala et al., 
2009; Wood etal., 
2009,2010 

ARI C. Kolb Multi-Angle Absorption 
Photometer (MAAP) 

Fine PM BC See above 

ARI C. Kolb 4 Quantum Cascade 
Tunable IR Lasers, 
(QC-TILDAS) 

CO,N02,NH3,HN03, 
HCHO 

See above 

ARI C. Kolb UV Absoiption Photometer; 
Chemiluminescent detector; 
Licor non-dispersive IR 

o3 
NO 
C02 

See above 

ARI C. Kolb Anemometer, RH sensor, 
Pres gauge, thermocouple 

Wind Velocity, RH, T, P See above 

MCE2 L. T. Molina Chemiluminescent Detector NOy See above 
Montana State U. B. Knighton PTR-MS VOCs, selected aromatics, 

oxygenates, olefins, etc. 
See above 

EPA R. Seila VOC canister sampler VOCs See above 
MCE2, VT L. T. Molina, 

L. Marr 
Photo-ionization aerosol 
counter; Diffusion Charger 

PAHs; 
Fine PM surface area 

Thornhill et al., 2009 

LANL M. Dubey Photo-acoustic Instrument; 
PM filter samples 

aerosol absorption & 
scattering; SEM images 

WSU B. Lamb SO2 fluorescence S0 2 deFoy etal., 2009b 

Chalmers Mobile mini-DOAS 

Chalmers B. Galle Mobile Mini-DOAS 
instruments 

S02 ,N02 ;HCHO Johansson et al., 2009 

Iowa Mobile Vertical Lidar System 

University of Iowa W. Eichinger mobile upward-looking 
lidar; Sun photometer 

aerosol vertical profile; 
direct and indirect radiation 

Lewandowski et al., 2010 

Controlled Meteorological (CMET) Balloons 

Smith College, 
PNNL 

P. Voss, 
R. Zaveri 

Free-floating altitude-
controlled balloons with T 
and humidity sensor 

T, P, horizontal winds, 
relative humidity 

Voss et al., 2010 

absorption of atmospheric radiation. MAX-Mex was con
ducted by the Atmospheric Science Program of the DOE Cli
mate Change Research Division in collaboration with scien
tists supported by NSF, NASA, and Mexican agencies. Mea
surements were conducted using an airborne lidar operated 
by NASA scientists with support from DOE, the DOE G-
1 airborne platform that obtained gas and aerosol measure
ments, and also at the three supersites to examine the aerosol 
plume evolution. The TO and Tl sites were heavily instru

mented in order to characterize atmospheric chemical and 
physical properties including the scattering and absoiption 
of radiation by particles, particularly in the sub-micrometer 
fractions that are anticipated to have the longest lifetimes and 
have the greatest impact on regional and potentially global 
climate forcing. Although there were fewer instruments at 
the T2 site, they provided information on aging of pollutant 
plumes further downwind. 
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Tabic 4. Continued. 

Fixed Mobile Units 

Institution^) Location Method Parameters References 

INE-CENICA Huixquilucan Mobile unit for criteria CO,NOx,SO2,O3,PM10, Note: data from 
pollutants and met. WD, WS, T, RH, P, solar the mobile units 
parameters radiation have been used in 

various publications 

ZMVM Tl Mobile unit for criteria 
pollutants and met. 
parameters 

CO,NOx ,SO2 ,O3 ,PM I0 , 
WD, WS, r , RH, P 

See above 

Guanajuato CORENA Mobile unit for criteria 
pollutants and met. 
parameters 

NOXlSO2,O3,PM10, 
WD, WS, T, RH, P, CH4, 
NMHC, THC 

See above 

Hidalgo T2 Mobile unit for criteria 
pollutants and met. 
parameters 

CO,NOx,SO2,O3,PM!0> 
WD, WS, T, RH, 
precipitation 

See above 

Estado de Avila Camacho Mobile unit for criteria COJNOx,SO2,O3,PM I0, See above 
Mexico pollutants and met. 

parameters 
WD, WS, T, RH, 
precipitation, P, solar 
radiation 

Nuevo Leon Santa Ana Mobile unit for criteria 
pollutants and met. 
parameters 

CO, NOX) S 0 2 , 0 3 , PM10, PM2.5, 
WD, WS, T, RH, precipitation, P, solar 
radiation 

See above 

Queretaro Atizapan Mobile unit for criteria 
pollutants 

CO,NOx ,S02 j03,PMio See above 

UNAM-CCA-FQA, Tenango del aire Standard AQ monitors; CO3NOx ,N0y,S02 ,03, Melamed etal., 2009 
INE, rMK-IFU, Surface met parameters; WS, T, RH; WD 
MCE2 Hantzsch (HCHO), 

DOAS (N02), 
Ceilometer, Pilot balloons 
Ultra-light plane (flew 
around the two volcanoes) 

HCHO; 
N0 2 (Column); 
PM10, CN, 
dew point monitors 

: The related publications where the instruments or methods have been described or mentioned. 

3.3 MIRAGE-Mex (Megacity Impacts on Regional and 
Global Environments - Mexico) 

MIRAGE-Mex examined the chemical/physical transforma
tions of gaseous and particulate pollutants exported from 
Mexico City, providing a case study of the effects of a 
megacity on regional and global atmospheric composition 
and climate. MIRAGE-Mex was led by the National Cen
ter for Atmospheric Research (NCAR) in collaboration with 
academic researchers under NSF sponsorship. Specific ob
jectives were to: (i) quantify the spatial extent and tem
poral persistence of the polluted outflow plume; (if) iden
tify and quantify the chemical and physical transformations 
of the gases and aerosols in the plume, especially the pro
cesses that lead to the removal of these pollutants from the 
atmosphere; (iii) quantify the effects of the plume on re
gional oxidants and radiation budgets, and ultimately on re

gional climate; and (iv) examine the interactions of the urban 
plume with background air, as well as pollutants from other 
sources including regional anthropogenic pollutants, emis
sions from biomass fires, and biogenic emissions from veg
etation. The NCAR/NSF C-130 aircraft carried a payload of 
state-of-the-art scientific instruments and sampled air above 
and at different distances from Mexico City to measure how 
gases and particles age during transport, specifically track
ing those chemical, physical, and optical properties that have 
the potential to affect air quality, weather, and climate on 
large geographic scales. An additional aircraft (Twin Ot
ter) conducted studies of fire emissions and their effect on 
the local and regional composition of the atmosphere. Other 
MIRAGE-Mex researchers were located at the Tl supersite, 
to examine the chemistry and physics of surface air as it first 
exits Mexico City. 
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Table 5. C130 scientific payload 

Parameters Method Principal Detection Limit/ 
Investigator Response Time 

Spectral Actinic flux SAFS R. Shelter (NCAR) N/A; 1 s 
CO VUV fluorescence T. Campos (NCAR) 2 ppbv /2s 
H20 C02 T. Campos (NCAR) lOppmv, 1 s lppmv, 1 s 
NO N02 NOy 0 3 Chemiluminescence Weinheimer (NCAR) 5 pptv, 3 s 20 pptv, 3 s 50 pptv, 1 s 200 pptv, 1 s 
H0 2 ,H0 2 +R0 2 CIMS C. Cantrell (NCAR) variable*, 20 s 

OH CIMS Mauldin, Eiscle (NCAR) ~105cm~3,30s 
CH20 DFGTDL A. Fried (NCAR) 100 pptv*, 10 s 
S02 Modified TECO L Holloway (NOAA) 500pptv, Is 
VOCs, OVOCs Fast GCMS (TOGA) E. Apel (NCAR) varies by compound*, 2min 
VOCs, OVOCs PTRMS T. Karl (NCAR) var. by compd.*, 35 s 
Organic trace gases Whole Air Sampling E. Atlas (U. Miami), D. Blake 

(U. California/Irvine) 
var. by compd.*, variable* 

PANs CIMS F. Flocke (NCAR) 2 pptv, 2 s 
Organic acids (formic, CIMS P. Wennberg (Cat. Tech.) 
acetic, peracetic, 150 pptv, 15 s 
propanoic) 50 pptv, 15 s 
H 20 2 100 pptv, 15s 
HCN 50 pptv, 15 s 
HNO3 50 pptv, 15 s 
CH3(OOH) 250 pptv, 15 s 
so2 200 pptv, 15 s 
CH3CN 
H02N02 50 pptv, 15 s 
Sizeresolved compo AMS J. Jimenez (U. Colorado) 0.050.35 ug/m3, 
sition of nonrefractory 1030s* 
submicron aerosols 
Aerosol physiochemistry Tandem volatility DMA, A. Clarke (U. Hawaii) Variable by species*, 
and optical properties FMPS, OPCs, nephelometer, 

PSAP 
Variable by measurement* 

Aerosol physiochemistry DMA, Tandem DMA, D.Collins (Texas A&MU.) var. by spec.*, 
HTDMA variable by meas.* 

Aerosol composition and CCN, SP2, PASS, filters L. Russell and G. Roberts var. by spec.*, 
optics (UCSD/SIO); G. Kok (DMT) variable by meas.* 
Fine particle composition PILS R. Weber (Georgia Tech) var. by spec.*, 

variable by meas.* 
Soot aerosol transmission electron ■ 

microscopy (TEM), 
tomography 

P. Buseck (Arizona State U.) N/A, N/A* 

Aerosol lidar SABL Morley (NCAR) N/A, variable* 

* see archived data files for details 

3.4 INTEXB (Intercontinental Chemical Transport 
ExperimentB) 

INTEXB was an integrated field campaign designed to 
understand the transport and transformation of gases and 
aerosols on transcontinental/intercontinental scales and to 

assess their impact on air quality and climate. Central to 
achieving this goal was the need to relate spacebased ob

servations with those from airborne and surface platforms. 
Specific INTEXB/MILAGRO objectives were to: (1) in

vestigate the extent and persistence of the outflow of pollu

tion from Mexico; (2) understand transport and evolution of 
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Table 6. Scientific payload of the G-1 aircraft. 

Parameters Method Principal Investigator Detection Limit/ 
Response Time 

o3 UV Photometry S. R. Springston, BNL 2ppbv/4s,(+/-5%) 

CO VUV Fluorescence S. R. Springston, BNL 5ppbv/ls(+/-5%) 

S0 2 Pulsed Fluorescence S. R. Springston, BNL 0.2ppbv/10s(+/~5%) 
NO O3 Chemiluminescence S. R. Springston, BNL 10pptv/10s(+/-5%) 

N0 2 N 0 2 Photoiysis/03 
Chemiluminescence 

S. R. Springston, BNL 40pptv/10s(+/-5%) 

NOy Mo Catalyst/03 Chemiluminescence S.R. Springston, BNL 100pptv/I0s(+/-5%) 

H 20 2 , HMHP Scrubber/Derivatization/FIuorescence J, Weinstein-Lloyd, 
SUNY Old Westbmy 

300pptv/I min (+/-10%) 

K+,Mg++,Na+ ,NHj,Cr, 
NO~,SO--

PILS Y.-N. Lee, BNL ~ 0.3ugm_3/3 min(+/-15%) 

Particle Incandescence Single Particle Soot Photometry G. Senum, BNL 0.2 fg particle"1/! s 
Aerosol 
Size/Composition 

Aerosol Mass Spectrometry (CTOF) E. Alexander, PNNL TBD/15 s 

VOCs Whole Air Samples/GC-FID J. Rudolf, York University Varies/30 s (+/~15%) 

VOCs Proton Transfer MS E. Alexander, PNNL Varies/20 s (+/-35%) 
Aerosol Count Dp >10 nm CPC J.M. Hubbe, PNNL 50% @ 10 nm/1 s 

Aerosol Count Dp >3 nm CPC J. M. Hubbe, PNNL 50°/o@3nm/ls 
Aerosol Count (21 bins, 
16-444 nm) 

Differential Mobility Analyzer J. Wang, BNL single particle/~60 s 

N (30 bins, 0.1-3 um) Optical Probe (PCASP X100) G. Senum, BNL single particle/1 s 
N (20 bins, 0.6-60 urn) Optical Probe (CAPS probe, CAS) G. Senum, BNL single particle/1 s 
N(60 bins, 25-1550 um) Optical Probe (CAPS probe, CIP) G. Senum, BNL single droplet/1 s 

Liquid Water Content HotWire G. Senum, BNL 0.01gm_ 3 / ls 

Total/Back Scatter 
(3 wavelengths) 

Nephelometry G. Senum, BNL 2Mm~V5s 

Aerosol Absorbance 
(3 wavelengths) 

Filter Absoiption Spectrometry S. R. Springston, BNL 2Mm_V8s 

Vertical Wind Velocities 200-Hz Gust Probe G. Senum, BNL 10cms_I/0.1s 

Turbulence 200-Hz Gust Probe G. Senum, BNL 10_ 7cm2s"3 /0.1s 

Complete data set, useage giudelines and meta data is available by anonymous ftp at: flp://flp.asd.bni.gov/pub/ASP%20Field%20Programs/2006MAXMex/ 
Notes: 
a) Instmments on board the G-1 also measured zenith and nadir irradiance (UV and spectrally resolved Vis/IR), winds aloft, turbulence, pressure, temperature, dew point, aircraft 
position and orientation. 
b) These are nominal values. Detailed measurement specifications are provided in the headers along with data. 

Asian pollution and implications for air quality and climate; 
(3) map anthropogenic and biogenic emissions and relate at
mospheric composition to sources and sinks; (4) characterize 
effects of aerosols on solar radiation; and (5) validate space-
borne observations of tropospheric composition. INTEX-
B/MILAGRO campaign was performed in two parts in the 
spring of 2006. In the first part, the DC-8 operated from 

Houston, XX with research flights over Mexico and the Gulf 
of Mexico (1-21 March) while the J-31 and NSF/NCAR C-
130 operated from Veracruz, Mexico. In the second part, the 
DC-8 was based in Honolulu, HI (17-30 April) and Anchor
age, AK (1-15 May) with the NSF/NCAR C-130 operating 
from Seattle, WA (17 April-15 May) in a coordinated fash
ion. An overview describing the INTEX-B DC-8 studies over 
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Table 7. J31 aircraft instrumentation for INTEX-B/MILAGRO. 

Instrument Name Data Products Technique Principal Investigator Detection limit 
(Nominal accuracy) 

Ames Airborne Tracking Aerosol optical depth and Tracking Sun photometer, J. Redemann, Slant OD-0.002 (±0.01) 
Sunphotometer (AATS) extinction, water vapor 

column and profile 
354-2138nm BAERI/NASAARC Slant WV -0.0005 to 

0.006 gem"2 (±8%) 
Solar Spectra! Flux Solar spectral flux Spectrometer P. Pilewskie, Absolute accuracy 3-5%. 
Radiometer (SSFR) (380-1700 nm) 

with nadir and zenith 
hemispheric collectors 

U. Colorado Precision 1% 

Research Scanning Polarized radiance,, Angular (along-track B. Cairns, 
Polarimeter (RSP) aerosol cloud & Earth 

surface properties 
downward) scanning 
polarimeter, 412-2250 nm 

Columbia U. 

Cloud Absorption Radiance, aerosol, cloud Angular (cross-track C. Gatebe, Radiance absolute 
Radiometer (CAR) & Earth surface properties zenith to nadir) scanning, 

radiometer 340-2301 nm 
UMBC/NASA GSFC 
M.King*, NASA GSFC 

accuracy <5%. 

Navigation,Meteorology, Pressure, temperature, Setra model 470 W. Gore, NASA ARC Uncertainty 
and Data Acquisition humidity Vaisala model HMP243 Pressure: -0.2 hPa 
System (NavMet) Temperature: 0.1 C 

RH: 0,5% 
+2.5%*RH(0 to 1) 

Position and Orientation Aircraft position Applanix model R. Dominguez, UC Precision 
System (POS) and orientation POS-AV310 Santa Cruz/NASA ARC lat/lon: 0.000001° 

pitch/roll/heading: 0.0001° 
Altitude: 1.0 m 
DGPS Accuracy 
Position: 0.5-2.0 in 
Pitch/roll: 0.030° 
Heading: 0.080° 
Altitude: 0.75-3.0m 

* Current affiliation U. Colorado 

the Pacific and Gulf of Mexico has been published (Singh et 
al., 2009). Key results from the INTEX-B flights over Mex
ico City, as well as J-31 and C-130 flights over the Gulf 
of Mexico and the Mexico City area, are included in this 
overview article. 

The MILAGRO Campaign has generated very comprehen
sive data and many interesting results have emerged over 
the past several years. The observations from MCMA-2003 
Campaign were mostly confirmed during MILAGRO; addi
tionally MILAGRO provided more detailed gas and aerosol 
chemistry, aerosol particle microphysics and optics, and ra
diation data, as well as vertical and wider regional-scale cov
erage. In the following sections, we present some key re
sults and a more detailed description of the instrumentation 
deployed during the campaign. Data sets are available to the 
entire atmospheric community for further modeling and eval
uation: 

- MILAGRO Campaign data sets and data sharing policy 
are available at: 
http ://www.data.eol.ucar. edu/master-list/?project=MILAGRO. 

High spectral resolution lidar (HSRL) data from MILAGRO 
are shown at: http://science.larc.nasa.gov/hsrl/milagro2.html. 

INTEX-B/MILAGRO data from the DC-8, C-130, King Air, 
and J-31 are archived at: 
http.7/www-air.larc.nasa.gov/cgi-bin/arcstat-b. 

4 Meteorology and dynamics 

4.1 Observational resources 

A wide range of meteorological instrumentation was de
ployed at TO, Tl, and T2 to measure the evolution of wind 
fields and boundary layer properties that affect the vertical 
mixing, transport, and transformation of pollutants (see Ta
bles 1-4). As described by Doran et al. (2007), radar wind 
profilers at each site obtained wind speed and direction pro
files up to 4 km above ground level (a.g.L). A radar wind 
profiler was also deployed at Veracruz, located on the Gulf 
of Mexico east of Mexico City to obtain wind information 
aloft farther downwind of Mexico City. Several radiosondes 
were launched from Tl and T2 on selected aircraft sampling 
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days and once per day on other days to obtain tempera
ture and humidity profiles that characterize boundary layer 
growth (Shaw et al., 2007). Some of these radiosondes also 
obtained wind profiles that extended above the height of the 
radar wind profilers measurements. Other radiosondes were 
released at Tl that obtained profiles of ozone (Thompson 
et al., 2008) in addition to standard meteorological parame
ters. Temperature and humidity profiles at TO were obtained 
at 1-minute intervals up to 10km a.g.l. from a microwave 
radiometer. A micro-pulse lidar and tethersondes were de
ployed at both TO and Tl to obtain additional information on 
boundary layer properties. Semi-Lagrangian measurements 
of temperature, pressure, and humidity downwind of Mexico 
City were obtained on several days by Controlled Meteoro
logical (CMET) balloons, also known as tetroons, launched 
in the vicinity of Tl (Voss et al., 2010). Pilot balloons were 
released four times a day from a site in the south of the city 
and one in the mountain gap to the south-east of the MCMA. 
Further releases took place at the end of the campaign to the 
north of the basin in conjunction with radiosonde launches 
(Rivera et ah, 2009). 

Measurements of the spatially varying wind speed, wind 
direction, temperature, pressure, and humidity over central 
Mexico were collected by the G-1 (Kleinman et al., 2008), 
C-130 (de Carlo et al., 2008), DC-8 (Singh et al., 2009), Twin 
Otter (Yokelson et al., 2007), and the FZK-ENDURO ultra
light aircraft (Grutter et al., 2008). The J-31 (Livingston, 
et al , 2009) measured temperature, pressure, and humidity. 
Meteorological stations were deployed at several sites in the 
vicinity of Mexico City in addition to TO, Tl, and T2, includ
ing CENICA and Paso de Cortes (Altzomoni) (Baumgard
ner et al, 2009), Tenango del Aire, Santa Ana, Pico de Tres 
Padres (Hemdon et al, 2008), which measured near-surface 
wind speed, wind direction, temperature, pressure, humidity, 
and precipitation. Radiation and cloudiness was measured at 
Tl and T2 by multi-band rotating shadowband radiometers 
(MFRSR) and Bppley broadband radiometers (Doran et al, 
2007; Fast et al, 2007). Broadband radiometers were also 
deployed at Paso de Cortes. At Tl, all sky photos were ac
quired between 9 March and 1 April 2006 using a Total Sky 
Imager (Model #440A Yankee Environmental Systems, Inc.) 
with 1 min time resolution between 10:15-23:10UT(Corret 
al, 2009). Turbulence parameters were measured using sonic 
anemometers at TO and at the SIMAT headquarters (Velasco 
et al, 2009). 

Operational meteorological measurements were collected 
by the Mexican National Weather Service (SMN) (http://  
smn.cna.gob.mx/), the Ambient Air Quality Monitoring Net
work (Red Automatica de Monitoreo Atmosferico, RAMA) 
(http://www.sma.df.gob.mx/simat2) and the Programa de 
Estaciones Meteowlogicas del Bachillerato Universitarlo 
(PEMBU) http://pembu.atmosfcu.unam.mx/. SMN collected 
data for the entire country with five stations in the MCMA, 
while RAMA had fourteen stations in the MCMA. Radioson
des with GPS were launched four times a day at 00:00,06:00, 
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12:00 and 18:00UTC at Mexico City, Veracruz and Aca-
pulco for the duration of the field campaign. Other sites in 
Mexico continued with the regular, dry-season schedule of 
one sounding per day at 00:00UTC. 

Semi-Lagrangian measurements of temperature, pressure, 
and humidity downwind of Mexico City were obtained on 
several days by CMET balloons launched in the vicinity 
of Tl. These balloons also tracked the long-range trans
port of pollutants downwind of Mexico City. During the 
18-19 March outflow event, a pair of CMET balloons was 
launched from the north end of the MCMA basin immedi
ately after the DOE G-1 aircraft had sampled the area. The 
balloons performed repeated soundings as they drifted with 
the outflow and helped guide the NCAR C-130 aircraft to 
the outflow 24 h later. The quasi-Lagrangian balloon profile 
data provided water vapor, potential temperature, and winds 
(Voss et al, 2010) and in combination with G-1 and C-130 
aircraft measurements provided insight into the evolution of 
trace gases and aerosols over a period of 24 h (Zaveri et al, 
2007). 

4.2 Meteorological overview 

4.2.1 Synoptic conditions 

The month of March was selected for the field campaign pe
riod because of the dry, mostly sunny conditions observed 
over central Mexico at this time of the year (Jauregui, 2000). 
Clouds and precipitation diat usually increase during April 
would complicate aircraft sampling and scavenge a portion 
of the pollutants. Cluster analysis often years of radiosonde 
profiles found that synoptic conditions during March 2006 
were representative of the warm dry season (de Foy et al , 
2008), albeit with an under-representation of clean days and 
fewer wet or humid days. 

As described in Fast et al (2007), high pressure in the mid 
to lower troposphere slowly moved from northwestern Mex
ico towards the east between 1 and 8 March so that the winds 
over Mexico City were from the north and east. An upper-
level trough propagating through the south-central US on 
9 March produced westerly winds over Mexico. The winds 
became southwesterly between 10 and 12 March as a trough 
developed over the western US. After this trough moved over 
the north-central US on 13 March, the winds over central 
Mexico became light and variable. Between 14 and 18 March 
a series of troughs and ridges propagated from west to east 
across the US that affected the position of the high pressure 
system over the Gulf of Mexico and led to variable wind 
directions over central Mexico. A stronger trough propa
gated into the south-central US, producing stronger south
westerly winds between 19 and 20 March. After 21 March, 
high pressure gradually developed over southern Mexico that 
produced westerly winds at this level over central Mexico for 
the rest of the month. 
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Strong northerly near-surface flows associated with the 
passage of cold fronts over the Gulf of Mexico, known as 
Cold Surge or El Norte events, occurred on 14, 21, and 
23 March. Although cold fronts gradually dissipate as they 
propagate into the subtropics, the interaction of the south
ward moving high-pressure systems with the ten'ain of the 
Sierra Madre Oriental often accelerates the northerly flow 
along the coast. While northerly winds occurred briefly over 
Mexico City after the passage of the fronts, the wind speeds 
were much lower than those observed along the coast at 
lower elevations. 

In addition to affecting the local transport of pollutants 
over central Mexico, the cold fronts led to increased humid
ity, cloudiness, and precipitation. Enhanced mixing and re
moval processes likely contributed to the observed decrease 
in background concentrations of organic carbon at Tl (Do
ran et al , 2007) after the strongest cold front passed over the 
region on 23 March. Marley et al (2009a) found that aerosol 
scattering decreased when rain was observed between 23 and 
27 March since scattering aerosols are partially inorganic and 
hydiophilic and expected to be scavenged more readily. The 
increases in humidity and the morning clear-sky insolation 
over the plateau after 14 March were favorable for thermally-
driven slope flows so that shallow and deep convective clouds 
developed preferentially over the highest terrain during the 
afternoon. 

4.2.2 Local circulations 

Winds measured by the operational surface monitoring net
work, radiosondes, and radar wind profilers were analyzed 
by de Foy et al. (2008) to identify dominant wind patterns 
in the vicinity of Mexico City. Six types of days were iden
tified according to basin-scale circulations, providing a way 
for attributing meteorological effects on observed changes in 
trace gases and particulate matter during the field campaign, 
in contrast to three episode types for MCMA-2003 (de Foy 
et al, 2005). Well-defined drainage flows into the basin were 
observed every morning. Coupling with the evolving syn
optic flows aloft led to near-surface convergence zones with 
high pollutant loadings. Days with the poorest air quality 
were often associated with the strongest vertical wind direc
tion shear. In contrast, persistent southerly winds at all alti
tudes (e.g., 18 and 20 March) likely contributed to low pollu
tant concentrations in the basin. Surface wind clusters were 
obtained for 10 years of RAMA data, further showing that 
March 2006 was representative of the warm season, and en
abling a comparison of transport events with specific days 
during MCMA-2003 and 1997 IMADA-AVER field cam
paigns. 

4.2.3 Boundary layer characteristics 

Shaw et al (2007) describe how the radiosondes, radar wind 
profilers, sodars, and a micropulse lidar were used to estimate 
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boundary layer depths, a key factor affecting near-surface 
concentrations and chemical transformation of trace gases 
and aerosols. They showed how various measurement tech
niques could lead to differences in the estimates of bound
ary layer depth. An example of convective boundary layer 
depth estimates during the day derived from lidar and radar 
wind profiler measurements is shown in Fig. 5. The onset of 
convection was found to start between 45 and 90 min after 
sunrise. Although growth of the convective boundary layer 
was similar among the three sites, the mixing layer was of
ten slightly deeper over Mexico City during the afternoon. 
Topography variations in the vicinity of T2 did not signifi
cantly affect convective boundary layer growth. Maximum 
daily mixing layer depths were always at least 2 km deep, 
and frequently extended to 41cm a.g.l, indicating that trace 
gases and aerosols within the boundary layer are injected di
rectly into the mid-troposphere in contrast to most other ur
ban areas, since the elevation of Mexico City is ~2.2 Ian. 
The convective boundary layer growth rate and depth were 
found to be similar to those observed during the IMADA-
AVER campaign (Doran et al , 1998) in the same season dur
ing 1997, except that the depths were somewhat higher dur
ing MILAGRO after 2O:00UTC. 

Hemdon et al (2008) described the effects of convective 
boundaiy layer growth on trace gas and aerosol concentra
tions observed at Pico de Tres Padres. Since this measure
ment site was ~0.7 Ion above Mexico City, it sampled air 
within the residual layer at night that was decoupled from 
the shallow boundaiy layer over Mexico City. But concen
trations of trace gases and aerosols increased considerably 
during the late morning as the convective boundaiy layer 
grew and enveloped the mountain, consistent with the bound
aiy layer growth observed nearby at TO and Tl. Similarly, 
Baumgardner et al (2009) report that diurnal variations in 
trace gases and particulate matter measured at the Paso de 
Cortes site were consistent with the convective boundaiy 
layer growing above the height of the site (~1.8 km above 
Mexico City). Boundaiy layer growth and hansport through 
the mountain pass southeast of Tenango del Aire was mea
sured using a mobile lidar, showing a shallow early morn
ing layer with pollution accumulation, and a residual layer 
aloft mixing down to the surface as the flow exits the basin 
(Lewandowski et al , 2010). 

Despite the dry conditions usually at the surface over cen
tral Mexico, radiosonde profiles showed relative humidify of
ten exceeded 50% in the early morning in the upper bound
ary layer on many days. The higher relative humidity may 
result in hygroscopic growth in aerosols and consequently 
contribute to chemical transformation of aerosols and affect 
local radiative forcing. Fast et al. (2007) showed that bound
aiy layer over the central plateau was substantially cooler and 
moister after the second cold front passage on 21 March for 
the rest of the field campaign, but the peak boundary layer 
depth did not change significantly. 
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4.3 Meteorological modeling studies 

de Foy et al (2009a) found that Weather Research Fore
casting (WRF) mesoscale model simulations of the basin 
flows during MILAGRO were an improvement over MM5 
simulations and showed that the simulated wind transport 
was representative of the basin dynamics. Nevertheless, 
WRF drainage flows within the basin were too weak and 
the predicted vertical wind shear was too strong. Particle 
model simulations coupled with WRF showed rapid venting 
of the basin atmosphere with little recirculation of the urban 
plume during MILAGRO, similar to previous findings from 
the IMADA-AVER campaign (Fast and Zhong, 1998) and 
MCMA-2003 (de Foy et al, 2006a, b). Doran et al (2008) 
quantified the transport periods between Mexico City, Tl, 
and T2 using assimilation of radar wind profiler measure
ments into WRF and a particle dispersion model to simulate 
transport and mixing of urban and biomass burning sources 
of elemental carbon. They found that specific absorption did 
increase as aerosols were transported between Tl and T2. 
The statistical significance of the result was limited by the 
number of transport episodes available that did not have sig
nificant open biomass burning influence. 

The surface meteorological network, boundary layer mea
surements, and radar wind profiler measurements have also 
been used to examine the performance of meteorologi
cal predictions made by coupled meteorological-chemistry-
particulate models, such as WRF-Chem (Fast et al, 2009; 
Tie et al , 2009; Zhang et al, 2009a; Hodzic et al , 2009), 
to understand how forecast errors in meteorology affect pre
dictions of trace gases and particulate matter. In general, 
the synoptic-scale circulations are simulated reasonably well 
by mesoscale models, although the details (i.e., timing and 
strength) of local and regional winds affected by terrain vari
ations around Mexico City are more difficult to reproduce by 
models. Mesoscale modeling studies (e.g., Fast et al , 2009; 
Hodzic et al , 2009) show that the overall diurnal variation in 
the simulated boundary layer depth was similar to observa
tion; however, boundaiy layer parameterizations frequently 
produced relatively large errors during the afternoon and at 
night. These errors will affect predicted dilution of trace 
gases and aerosols. These meteorological observations have 
also been incorporated into meteorological modeling through 
data assimilation technique such as Four-Dimensional Data 
Assimilation (FDDA) and 3-D variational data assimilation 
(3D VAR) to reduce forecast errors and improve air quality 
prediction (Bei et al, 2010). 

4.4 Meteorological transport studies 

Meteorological data are being used to infer transport, mix
ing, and chemical transformation of pollutants. For exam
ple, Doran et al (2007) employed trajectories based on radar 
wind profiler measurements to infer periods of transport be
tween Mexico City, Tl, and T2. Nocturnal and early morning 
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Fig. 5. Backscatter signal strength as a function height on 
9 March 2006 for the lidar deployed at the Tl site. The white line 
denotes the subjectively determined estimate of mixed layer depth 
from the lidar, while the red line is the same quantity derived from 
the radar wind profiler. Red triangles denote sunrise and sunset 
(Source: Shaw et al, 2007). 

buildup from local sources was inferred from organic car
bon (OC) and elemental carbon (EC) at Tl, while transport 
from the MCMA was seen at T2. Specific absorption during 
transport periods was lower than during other times, consis
tent with the likelihood of fresh emissions being found when 
the winds blew from Mexico City over Tl and T2. Back 
trajectories were employed by Moffet et al (2009) to show 
that organic mass per particle increased and the fraction of 
carbon-carbon bonds decreased as the Mexico City plume 
was transported north over the Tl and T2 sites. FLEXPART 
Lagrangian dispersion modeling was used by several studies 
to investigate dispersion of SO2, NO2, and biomass burning 
aerosols, with good overall quality in the predictions (Rivera 
et al , 2009; Aiken et al, 2010; DeCarlo et al, 2010). Yu et 
al. (2009) also utilized transport categories to explain vari
ations in OC and EC observed at Tl and T2. Melamed et 
al. (2009) studied the transport of the urban plume in the 
mountain gap southeast of the Chalco Valley using DOAS 
columns and surface measurements of NO2 combined with 
ceilometer measurements at Tenango del Aire. In addition 
to the urban plume, NO2 aloft was detected, possibly due to 
other factors such as biomass burning, volcanic sources or 
lightning NOx. Stremme et al. (2009) measured columns of 
CO using solar and lunar FTIR and deduced mixing layer 
heights in the MCMA during both day and night, de Foy et 
al, (2009b) used SO2 transport detected by surface networks 
and OMI satellite retrievals to identify double impacts in the 
MCMA from stable shallow flow from the north transporting 
an industrial plume and from southerly winds aloft transport
ing a volcanic plume. 

Concentration Field Analysis (CFA) combines simulated 
back trajectories with measurement time series to identify 
potential source regions. This type of analysis was car
ried out to determine source-receptor relationships of various 
trace gases and aerosols measured at select sites. Moffet et 
al. (2008a) used CFA to identify possible urban, point source, 
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Fig. 6. Emissions Inventory of the MCMA for the year 2006 (Source, www.sma.df.gob.mx/simat). 

and biomass burning sources of particulate matter measured 
by an aerosol time-of-flight mass spectrometry at TO. Rut
ter et al. (2009) identified possible source regions of gaseous 
and particulate mercury associated with measurements at TO 
and Tl. Salcedo et al. (2010) used CFA to identify sources 
of particulate lead at TO, and found that different chemical 
forms of lead had very different souice footprints. 

4.5 Key meteorological results and analyses 

The overall synoptic and boundary layer circulations ob
served during MILAGRO over Mexico City weie similar 
to those reported by pievious studies. In contrast to pievi-
ous field campaigns, the instrumentation at Tl and T2 and 
onboard the various aircraft during MILAGRO provided a 
means of quantifying flows over the central plateau. For ex
ample, horizontal wind shear was quantified between TO and 
Tl that indicated channeling around the Sierra de Guadalupe 
mountains (de Foy et al, 2008), the timing of propagat
ing density current that transports moist marine air over the 
central plateau into Mexico was quantified by the measure
ment netwoik (Fast et al, 2007), and variations in PBL depth 
over the central plateau were examined (Shaw et al, 2007). 
The similarity of the boundary layer growth from day to day 
for both 1997 and 2006 suggests that the boundaiy layer 
growth over the central Mexican plateau falls within pre
dictable bounds duiing the spring dry season. 

Suiface and airborne lidars, as well as airborne meteoro
logical measurements have shown multiple layeis of partic
ulate matter and complex mixing processes (Rogers et al, 
2009). These data have yet to be used to evaluate numerical 
model representations of these layering processes and deter
mine the meteorological factois involved. Improved meteo
rological understanding and transport simulations are being 
used to analyze a large lange of different measurements from 
MILAGRO. For example, radar wind profiler data are an in
valuable supplement to surface measurements and to model 
results when determining transport events at the super sites. 
Furthermore, transport times and impact indexes are being 
used to relate point measurements to emission inventories 
and to chemical transfoimation processes. 

5 MCMA emissions of gases and fine PM 

Knowledge of gaseous and PM emissions is an important 
part of an informed air quality control policy. In a megac
ity, varying economic and social conditions make the char
acterization of accurate emissions inventories a difficult task; 
it piesents a particularly daunting task in a rapidly develop
ing megacity like the MCMA, The evaluation of bottom-up 
emissions inventories using dedicated field experiments rep
resents a unique oppoitunity for reducing the associated un
certainties in the emissions estimates. Figure 6 shows the 
2006 MCMA emissions inventory for PM l0, PM2,5> VOC 
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and NOx. Mobile emission sources represent a substantial 
fraction of the total anthropogenic emissions burden. Obser
vations from MCMA-2003 showed that MCMA motor ve
hicles produce abundant amounts of primary PM, elemen
tal carbon, particle bound polycyclic aromatic hydrocarbons, 
CO and a wide range of air toxics, including formaldehyde, 
acetaldehyde, benzene, toluene, and xylenes (Molina et al , 
2007). The MILAGRO campaign has shown the synergy 
of using multiple measuring platforms, instrumentation, and 
data analysis techniques for obtaining an improved under
standing of the physical and chemical characteristics of emis
sions in a megacity. 

5.1 MCMA emissions inventories 

The first emissions inventory for criteria pollutants in the 
MCMA was completed in 1994. The use of homogenous 
methodologies was introduced in the 1998 inventory and 
since then it has been updated every two years. The 2006 
inventory (Fig. 6) includes substantial improvements in the 
description of spatial and temporal emission patterns of the 
criteria pollutants (SMA-GDF, 2008a). This emissions in
ventory was created using bottom-up methods and emission 
factors which were either measured locally or taken from the 
literature. For example, for mobile sources the MOBILE5 
emissions model was adapted to account for local vehicle 
characteristics, and their emissions were distributed spatially 
and temporally on the basis of traffic count data for pri
mary and secondary roadways. Emissions from area sources 
were estimated using geographical statistics, including pop
ulation density, land use and economic level of each of the 
districts within the metropolitan area. Emissions from indus
tries, workshops, and commerce and service establishments 
were obtained from operational permits containing informa
tion about their activities, such as processes, working hours, 
and location. The study region of the inventory (16 dele
gations in the Federal District and 59 - out of 125 - mu
nicipalities of the State of Mexico) covers a total area of 
about 7700 km2 or about 0.25% of the Mexican territory. The 
study region was chosen to include the areas with the highest 
population densities in the MCMA. However, soil erosion, 
biomass burning and biogenic emissions are not limited to 
the city boundaries and their relative contributions depend 
on the chosen inventory area. 

In addition, a 2006-base inventory of toxic pollutants for 
Mexico City has been produced containing emissions esti
mates for 109 species (mostly VOCs and metals) from var
ious emission sources (SMA-GDF, 2008b). A greenhouse 
gas inventory for the emissions of CO2, CH4, and N2O has 
also been produced for the year 2006 (SMA-GDF, 2008c). 
At the national level, the first comprehensive national cri
teria pollutant emissions inventory for the year 1999 was re
leased in 2006 (SEMARNAT, 2006). This inventory suggests 
that some of the municipalities with largest emissions in the 
country are located within the MCMA. A new version of the 
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national inventory with base 2005 will be released in 2010 
(CEC, 2009). 

All these inventories use traditional bottom-up techniques 
that combine activity data and emission factors for indi
vidual sources. Although locally-measured emission fac
tors are used whenever possible, a large fraction of the in
ventories in Mexico are based on emissions factors com
piled and emissions models constructed in the US that are 
adapted for local conditions (CEC, 2009). This is an im
portant potential source of bias that campaigns such as the 
MILAGRO/MCMA-2006 study are poised to address. 

Anthropogenic emissions dominate the total burden of 
pollutants in the MCMA emissions inventories for criteria 
and toxic compounds. As shown in Fig. 6, mobile emissions 
are a large fraction of the total anthropogenic emissions. In 
the MCMA criteria pollutant emission inventory, it is esti
mated that emissions from gasoline and diesel powered ve
hicles each contribute substantially to the total mass emis
sions burden for CO (83% and 16%), VOCs (27% and 7%), 
NOx (54% and 28%), PMi0(6% and 17%), and PM2.5(12% 
and 50%, respectively) (SMA-GDF, 2008a). Other important 
sources of VOCs are solvents and painting activities (24%), 
industries (19%), and LPG leaks (11%); whereas for NOx, 
industries and other area sources contribute with 11% and 
7%, respectively. The estimated emissions of re-suspended 
particles from paved and unpaved roads suggests that these 
sources are also important contributors for PM10 (51%) and 
PM2.5 (16%). 

Several sources of uncertainty are unavoidably present 
when using bottom-up techniques for the development of 
emissions inventories, and the MCMA inventories estimates 
do not escape this issue. These include the uncertainties asso
ciated with the representativeness, precision (random error), 
accuracy (systematic error), variability, and completeness of 
the databases used for estimating the activity and emissions 
factors (NARSTO, 2005). In addition, the combination of lo
cal conditions of meteorology, topography, altitude, unique 
source characteristics (e.g., fleet composition, informal com
merce activities, etc.), and social practices in Mexico City 
may introduce further uncertainties when emission factors 
are obtained by using emission models that were developed 
and validated elsewhere. It is, therefore, very important to 
use independent measurement-based ("top-down") evalua
tions of the local emissions inventories estimates as much 
as possible. By implementing top-down approaches for the 
evaluation of emissions, it is possible to identify problems 
and set priorities for inventory improvements. 

In the following sections we summarize the results from 
the application of top-down techniques in the MCMA with 
the analysis of data obtained during MILAGRO. Additional 
emissions measurements are described under Sect. 6 (VOCs) 
and Sect. 8 (PM). 
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5.2 Mobile emissions measurements 

The vehicle fleet in the MCMA is diverse in both composi

tion and age, and has recently shown a notable increase in 
its turnover rate. The MCMA experienced a large increase 
in motor vehicle use between 1996 and 2006. During this 
interval gasolinepowered passenger vehicle usage increased 
from 0.13 to 0.2 vehicle/person. Over the same period, this 
index in Los Angeles actually decreased from 0.36 to 0.34 
vehicle/person. In part, this is due to relatively slow fleet 
turnover rates for older vehicle model years, but it is primary 
a response to the rapid introduction of newer vehicles (Zavala 
et al, 2009b). This is important because of the approximately 
four million gasolinepowered vehicles in the MCMA, more 
than 20% are 1990 models or older and do not have emission 
control technologies. About 7% of MCMA gasoline vehi

cles are 19911992 models that have 2way catalytic con

verters designed to reduce CO and VOCs but not NOx, and 
the rest have threeway catalytic converters that are designed 
to reduce all three pollutants (SMAGDF, 2008a). In addi

tion, diesel vehicles constitute only around 4% of the vehicle 
fleet, but contribute disproportionaliy to NOx, PM, and se

lected VOCs emissions. 
During MILAGRO/MCMA2006, direct measurements of 

mobile emissions were obtained using the Aerodyne mo

bile laboratory, which contained an extensive set of sensi

tive, fast response (12 s measurement times) trace gas and 
fine PM instruments (Zavala et al, 2009b; ThornhUl et al, 
2009).These fast time response instruments were used dur

ing mobile lab transits between sites to obtain onroad vehi

cle emissions data (see Fig. 7). The comparison of the 2006 
results to similar onroad measurements conducted during 
MCMA2003 (Zavala et al, 2006) indicates some interesting 
trends. While the NO emission factors have remained within 
the measured variability ranges, emission factors of aldehyde 
and aromatic species were reduced in 2006 relative to 2003. 
The comparison with the 2006 mobile emissions inventory 
indicate an overprediction of mean emissions inventory mo

tor vehicle estimates on the order of 2028% for CO and 14

20% for NO. However, these measurements also suggest that 
the emissions inventoiy undeipredicts total VOC emissions 
from mobile sources by a factor of 1.4 to 1.9. For speci

ated VOC compounds: the inventory estimates of benzene 
and toluene emissions from mobile sources are within the un

certainties of the corresponding measured onroad emissions 
estimates. This is in contrast to the results for the aldehydes 
from mobile emissions. Compared to onroad measurements, 
the 2006 inventory undeipredicts formaldehyde (HCHO) and 
acetaldehyde (CH3CHO) by factors of 3 and 2, respectively 
(Zavala et al, 2009b). 

Additional information on the chemical and physical char

acteristics of emissions from mobile sources has been ob

tained from source apportionment analysis of stationary data 
at TO (Aiken et al, 2009, 2010; ParedesMiranda et al, 
2009), areaaveraged emission fluxes at the SIMAT tower 
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Fig. 7. Comparison among LDGV onroad mobile emissions es
timated during MILAGRO, remote sensing measurements in 2006 
(Schifter et al, 2008) and the mobile emissions inventories (SMA
GDF, 2008a, b). The uncertainty bars displayed are standard enors 
of the means. For clarity, emissions of CO, NO, and VOCs are di
vided by factors of 100, 10 and 10, respectively. The uppercorner 
inset shows a comparison of onroad VOCs fuel based emission fac
tors (EFs, g/kg) measured in 2003 and 2006 with the ARI mobile 
laboratory in Mexico City for SAG (green), TRA (blue) and CRU 
(red) driving conditions (see Zavala et al 2009a for definitions of 
driving conditions). Error bars are shown for TRA driving condi
tions and represent one standard deviation of the measured values. 
Notes: a NOx (expressed as N02) emissions in the inventory were 
assumed 90% NO and 10% N02 in mass. b Total VOCs emissions 
from the inventory include evaporative emissions. The correspond
ing onroad VOCs are inferred rather than measured scaling CO 
emissions by a remotesensingbased VOC/CO ratio (Schifter et al, 
2008). Estimated organic mass of particles in the nonrefractory 
PMi range. The PM mass from the emissions inventory refers to 
PM2.5. 

site (Velasco et al, 2009), and aircraft measurements (Karl 
et al, 2009; Gilardoni et al, 2009; DeCarlo et al, 2010). 
Analysis of the data at Tl showed higher hydrocarbon emis

sions relative to CO than in the US, but similar emission 
ratios were found for most oxygenated VOCs and organic 
aerosol (de Gouw et al, 2009). Using eddy covariance tech

niques coupled with fast response analytical sensors, Velasco 
et al (2009) showed that a representative residential district 
of Mexico City is a net source of CO2, olefins, aromatics 
and oxygenated VOCs with substantial contributions from 
mobile sources (see Fig. 8). Comparisons of the measured 
fluxes with the emissions reported in the emissions inventoiy 
for the monitored footprint (on average 1.15 Ian covering an 
area of 7.61cm2) indicate that the toluene and C2benzenes 
(xylene isomers f ethylbenzene) emissions from gasoline 
vehicles are overestimated in the inventory. In contrast, it ap

peal's that methanol is emitted by mobile sources, but is not 
included in the 2006 emissions inventory. 

Measurements of organic mass emissions of PMi par

ticles from gasolinepowered vehicles suggested a large 
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underprediction of PM2.5 emissions in the inventoiy from on-
road sources (Zavala et al, 2009b). This underprediction of 
PM emissions from mobile sources is consistent with the re
sults of Positive Matrix Factorization (PMF) analysis of the 
high resolution organic aerosol (OA) spectra of submicron 
aerosol measured at TO (Aiken et al , 2009). Components 
of organic aerosols derived by PMF analysis of data from 
several Aerodyne Aerosol Mass Spectrometer (AMS) instru
ments deployed both at ground sites and on research aircraft 
were used to evaluate the WRF-Chem model during MILA
GRO (Fast et al, 2009). Modeled primary OA (POA) was 
consistently lower than the measured OA at the ground sites 
due to lack of an SOA model, whereas a much better agree
ment was found when modeled POA was compared with the 
sum of primaiy anthropogenic and biomass burning compo
nents derived from PMF analyses on most days. 

5.3 Fixed site emissions measurements 

Several studies have reported that the high concentrations of 
propane, butane and other low molecular weight alkanes are 
due to liquefied petroleum gas (LPG) leakages (e.g., Blake 
and Rowland, 1995; Bishop et al, 1997; Mugica et al, 1998, 
2003; Velasco et al , 2007). LPG is the main fuel for cook
ing and water heating in Mexican households. In 2006, GC-
FID and PIT-MS measurements of VOCs at Tl suggested 
that high alkane emissions from LPG usage may be respon
sible for photochemical formation of acetone (de Gouw et 
al, 2009). A small fraction of vehicles, particularly small 
buses used as public transport, are powered by LPG and also 
contribute to the emissions of low molecular weight alkanes 
(Schifter et al, 2003; Velasco et a l , 2007). 

The Eddy covariance flux measurements at the SIMAT 
tower site during MILAGRO/MCMA-2006 showed that 
evaporative emissions from commercial and other anthro
pogenic activities were also important sources of toluene, 
C2-benzenes and methanol (Velasco et al, 2009). Within 
the monitoring footprint extending several km around the 
site, the data show that the emissions inventoiy is in reason
able agreement with measured olefin and CO2 fluxes, while 
C2-benzenes and toluene emissions from gasoline vehicles 
and evaporative sources are overestimated in the inventory 
for that particular sector of the city. The SIMAT tower site 
also included using an Aerodyne Quadrupole Aerosol Mass 
Spectrometer operated in eddy covariance mode (Nemitz et 
al, 2008) to obtain fluxes of submicron speciated aerosols 
by Washington State University, Univ. of Colorado, CEH-
Edinburgh, and PNNL groups (see Table 1). 

According to the 2006 emissions inventoiy (EI), about 
83% of the energy consumed by the industrial sector within 
the MCMA is produced by natural gas. The estimated to
tal annual emissions of SO2 in the 2006 EI are about 7 ktons 
per year for the MCMA. About 7800 industries considered 
in the inventoiy as point sources contribute more than 50% 
of the SO2 emissions within the MCMA. However, a current 
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Fig. 8. Total daily measured fluxes at the SIMAT site compared 
to the disaggregated emissions by source type in the official 2006 
emissions inventory. The emission piofiles of CO2 and 4 VOCs are 
included (provided by E. Velasco, 2009). 

challenge is quantification of the contributions of SO2 emis
sions from the Tula industrial complex, located 60 Ian north
west of the MCMA and not included in the inventoiy, to the 
high SO2 levels observed in the northern part of the city, 
especially during the winter season (de Foy et al, 2009b). 
Total vertical columns of SO2 and NO2 were measured dur
ing plume transects in the neighborhood of the Tula indus
trial complex using DOAS instraments (Rivera et al, 2009). 
Vertical profiles of wind speed and direction obtained from 
pilot balloons and radiosondes were used to calculate SO2 
and NO2 fluxes in the plume. Average emissions fluxes for 
S02 and N0 2 were estimated to be 140 ± 38 and 9 ± 3 ktons 
per year, respectively; the standard deviation is due to ac
tual variations in the observed emissions from the refinery 
and power plant, as well as the uncertainty in the wind fields 
at the time of the measurements. These values are in good 
agreement with available datasets obtained during MCMA-
2003 and with simulated trajectory plumes (de Foy et al , 
2007,2009b). 

Due to its location (60 Ian south-east of Mexico City), 
the Popocatepetl volcano can contribute substantially to re
gional levels of SO2, as well as subsequent sulfate parti
cle formation and radiative scattering properties, although 
the high altitude of emission injection can also favor long-
range transport. Therefore, it is important to understand 
the contributions from this source to the air quality levels 
at regional scales (de Foy et al, 2009b). SO2 emissions 
from the Popocatepetl volcano were measured and imaged 
during MILAGRO using stationary scanning DOAS (Grut
ter et al , 2008). An average emission rate of 894 ±507 
ktons per year of SO2 was estimated from all the daily 
averages obtained during the month of March 2006, with 
large variations in maximum and minimum daily averages 
of 5.97 and 0.56Gg/day, respectively. A scanning imaging 
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infrared spectrometer was used for the first time for plume 
visualization of a specific volcanic gas, confirming observed 
SO2 emission plumes through 2-D scanning. In the same 
study, a frequency analysis of the 48-h forward trajectories 
calculated from the North American Regional Reanalysis 
(NARR) model outputs from National Centers for Environ
mental Prediction (NCEP) suggests that the emissions from 
Popocatepetl were transported towards Puebla/Tlaxcala ap
proximately 63% of the time during March 2006. 

Christian et al. (2010) measured initial emission ratios and 
emission factors for trace gas and particle species from five 
potentially important but little-studied combustion sources; 
wood cooking fires, garbage burning, brick and charcoal 
making kilns, and crop residue burning in central Mex
ico during the spring of 2007, as a complementary study 
to the biomass burning measurements during 2006 MILA
GRO (Yokelson et al, 2007). This study estimated a fine 
particle emission factor (EFPM2.5) for garbage burning of 
~ 10.5 ± 8.8 g/kg, and a large HC1 emission factors in the 
range 2-10 g/kg. Garbage burning PM2.5 was found to con
tain levoglucosan and K in concentrations similar to those 
for biomass burning (BB); galactosan was die anhydrosugar 
most closely correlated with biomass burning species. Brick 
kilns produced low total EFPM2.5 (~1.6 g/kg), but very high 
EC/OC ratios (6.72). The dirt charcoal kiln EFPM2.5 was 
~1.1 g/kg; some PM2.5 may be scavenged in the walls of dirt 
kilns. The fuel consumption and emissions due to industrial 
biofuel use are difficult to characterize regionally because of 
the diverse range of fuels used. However, the results sug
gest that cooking and garbage fires can be a major source of 
several reactive gases and fine particles with the potential for 
severe local impacts on air quality. Previous study by Mugica 
et al (2001) in the MCMA focused on VOCs characterized 
by GC-FID; it has been documented in other city that meat 
cooking also produces carbonyls (Ho et al, 2006) (see also 
Sect. 8.2). 

5.4 Aircraft measurements 

Aircraft measurements can serve to develop top-down con
straints for the validation of emissions inventories. The spa
tial variability of selected VOC emissions within MCMA 
was evaluated during the MLLAGRO field campaign for the 
first time by disjunct eddy covariance flux measurements 
of toluene and benzene from the NCAR/NSF-C-130 air
craft (Karl et al, 2009). Twelve flights were carried out 
at midday across the northeast section of the city where 
the industrial district and the airport are located. Median 
toluene and benzene fluxes of 14.1 ±4.0mgm~2h™1 and 
4.7±2.3mgm~2h - 1 , respectively, were measured along 
these flights. For comparison the 2004 EI adjusted emis
sion inventoiy used by Lei et al (2007) estimates toluene 
fluxes of 10mgm"2h_1 along the footprint of the flight-
track. These flights evidenced the strong contribution of fuel 
evaporation and industrial sources to the toluene emissions. 
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Karl et al. (2009) observed peak toluene to benzene flux ra
tios ranging from 10 to 15, with a mean ratio of 3.2±0.5. 
The ground flux measurements at the SIMAT site reported a 
mean toluene to benzene flux ratio of 4.2±0.5, and a ratio of 
7.0 ± 1.2 during the application of a paint resin to die side
walks near the tower by the local district city maintenance 
workers (Velasco et al, 2009). Using the VOC data collected 
during these flights and a tracer model, it was found that vehi
cle exhaust, industrial and evaporative sources are the major 
sources (>87%) of the BTEX compounds (benzene, toluene, 
ethylbenzene and m,p,o-xylenes) in Mexico City; in contrast 
to biomass burning, which contributes between 2% and 13%. 

Several previous studies have found that many fires occur 
in and around the MCMA, particularly in the pine forests 
on the mountains sun'ounding the city, both inside and out
side the basin (Bravo et al , 2002; Johnson et al , 2006; Sal-
cedo et al , 2006). Many of these fires are of human ori
gin and can affect air quality. During MILAGRO, an instru
mented US Forest Service (USFS) Twin Otter aircraft mea
sured the emissions from 63 fires throughout south-central 
Mexico (Yokelson et al, 2007). The data indicate that while 
the emissions of NH3 are about average for forest burning, 
the emissions of NOx and HCN per unit amount of fuel 
burned in the pine forests that dominate the mountains sur
rounding the MCMA are about 2 times higher than normally 
observed for forest burning. The data showed that molar 
emission ratios of HCN/CO for the mountain fires were 2-
9 times higher than widely used literature values for biomass 
burning. The nitrogen enrichment in the fire emissions may 
be due to deposition of nitrogen containing pollutants in the 
outflow from the MCMA, suggesting that this effect may oc
cur worldwide wherever biomass burning coexists with large 
urban area or industrial pollution sources. PM emissions 
from biomass burning are summarized in Sect. 8.3 below. 

NASA DC-8 flights conducted around Mexico City to 
measure gas-phase elemental mercury (Hg) during 2006 
showed highly concentrated pollution plumes (with mixing 
ratios as large as 500ppqv) originating from the MCMA 
(Talbot et al, 2008). These high concentrations were 
related to combustion tracers such as CO but not SO2 
(which is emitted mainly from fuel-oil burning, refineries, 
and volcanoes) suggesting that widespread multi-source ur
ban/industrial emissions may have a more important influ
ence on Hg than specific point sources for this region. 

6 Organic molecules in the atmosphere: the complexity 
of Mexico City Volatile Organic Compounds 

Megacities, such as the MCMA, produce a complex array 
of emissions including hundreds of different VOCs. Mea
surable VOCs considered here consist primarily of non-
methane hydrocarbons (NMHCs) and oxygenated volatile 
organic compounds (OVOCs). NMHCs have primary an
thropogenic emission sources which can include evaporative, 
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exhaust, industrial, biogenic, liquefied petroleum gas (LPG), 
and biomass burning emissions. Sources of OVOCs include 
primary anthropogenic emissions, primary biogenic emis
sions, biomass burning, and secondary photochemical for
mation from anthropogenic, biogenic, and biomass burning 
sources. 

An excellent summary of the knowledge about VOCs in 
Mexico City before MILAGRO is provided by Velasco et 
al. (2007). During the MILAGRO field campaign, the com
plexity of VOCs in the MCMA was investigated using an 
impressive array of state-of-science measurement methods 
deployed at a number of fixed ground sites and in several air
borne sampling platforms. In this section, the results from 
these varied measurement efforts are summarized to doc
ument the distribution, magnitude, and reactivity of VOCs 
in the photochemical environment within and downwind of 
Mexico City. 

6.1 Methods and sites 

VOC data were obtained from near the city center at the 
SIMAT tower site, from the TO urban site, the Tl downwind 
site, the Aerodyne mobile laboratory platform, and with can
isters collected at various city locations. VOCs were mea
sured with various real-time and sampling/post analysis tech
niques on the NCAR C-130, DOE G-1, NASA DC-8, and the 
USFS Twin Otter airciaft. 

At the SIMAT tower site, VOC concentrations and fluxes 
— obtained via eddy covariance methods - were measured us
ing a PTR-MS, a continuous chemiluminescent analyzer cal
ibrated for olefin measurements (Fast Olefin Sensor, FOS) 
and canister samples associated with updrafts and down-
drafts which were analyzed off-line by gas chromatography 
(GC) separation and flame ionization detection (FID) (Ve
lasco et al , 2009). Canister samples were collected for sub
sequent analyses by the UC Irvine group at the TO and Tl 
sites. Each sample was analyzed for more than 50 trace 
gases comprising hydrocarbons, halocarbons, dimethyl sul
fide (DMS), and alkyl nitrates. At TO, a quadrupole PTR-
MS (de Gouw and Warneke, 2007) measured 38 mass-to-
charge ratios associated with VOCs including select NMHC 
(alkenes and aromatics), a variety of OVOCs and acetonitrile 
(Fortner et a l , 2009). Two research grade long-path Differ
ential Optical Absorption Spectroscopy (LP-DOAS) instru
ments measured numerous aromatic VOC, HCHO and gly-
oxal, following protocols developed in MCMA-2003 (Volka-
mer et al , 2005, 2010). In addition, vertical column con
centrations of HCHO and glyoxal were measured by Multi-
Axis DOAS (MAX-DOAS). At Tl, a PTR-MS using an ion 
trap mass analyzer (PIT-MS) (de Gouw et al, 2009) made 
continuous VOC measurements of a similar but not identi
cal subset of VOCs and a GC-MS continuously measured a 
wide range of NMHCs. VOC measurements were obtained 
by the Aerodyne mobile laboratory at various locations us
ing a quadmpole PTR-MS and canister sampling, analyzed 
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by the US EPA, and several Mini-MAX DOAS instraments 
were deployed within and near the city at various locations 
(see Table 1). Formaldehyde was measured continuously at 
the TO and Tl sites using a commercial instrument operated 
by IFU (Junkermann and Burger, 2006) and with a mobile 
DOAS instrument to estimate HCHO city plume mass flow 
rates (Johannson et al, 2009). Ambient samples of 13 VOCs 
were also measured at CENICA site (Wohrnschimmel et al, 
2010). 

Onboard the C-130, there were three techniques for VOC 
measurements: (i) the NCAR Trace Organic Gas Ana
lyzer (TOGA) which is a fast GC-MS system (Apel et al , 
2003, 2010); (ii) the NCAR quadrupole PTR-MS (Karl 
et al , 2009); and (iii) UCI canister sampling with post-
flight analyses. For the TOGA instrument, 32 compounds 
were targeted including OVOCs (methanol, cthanol, methyl 
tertiary butyl ether, C2-C5 aldehydes, C2-C5 ketones), 
NMHC (C4-C9), and halogenated VOC compound classes 
and also acetonitrile. Simultaneous measuiements were ob
tained for all compounds every 2.8 min. The PTR-MS tar
geted OVOCs (mass to charge ratios associated with the 
detection of methanol, acetaldehyde, (acetone+propanal), 
(MEK+butanal), acetonitrile, benzene, toluene, and C8 and 
C9 aromatics for analysis as well as the more polar species 
acetic acid and hydroxyacetone. The measurement frequency 
was variable but the suite of species was typically recorded 
each minute; during some city runs the instrument recorded 
benzene and toluene measurements at 1 Hz in order to obtain 
vertical flux profiling by eddy covariance over the MCMA. 
The UCI canisters were analyzed for a full range of VOCs 
in the C2-C10 range including NMHCs, halogens, and or
ganic nitrates. The time resolution was limited by the number 
of canisters available for each flight (72). For co-measured 
NMHC species, the TOGA NMHCs and halogenated VOCs 
showed excellent agieement with the UCI canisters. Agree
ment between TOGA and the PTR-MS was also generally 
good (usually within 20%) for co-measured species but with 
greater overall differences than with the canister/TOGA mea
surements. Formaldehyde was continuously measured on 
the C-130 with a difference frequency generation absorption 
spectrometer (Weibring et al, 2007). 

The DOE G-1 was equipped with a quadrupole PTR-MS 
that measured similar species to the NCAR PTR-MS system. 
A limited number of canister samples were also collected on 
the G-1 and analyzed for a suite of NMHCs by York Univer
sity. The majority of the DOE G-I flight hours were carried 
out in and around the MCMA at altitudes ranging from 2.2 
to 5 km. An in-flight comparison was conducted between 
the G-1 PTR-MS and the C-130 TOGA and NCAR PTR-MS 
and the results showed good agreement for benzene but dis
crepancies on the order of 30% for other species (Apel et al , 
2010). 

The NASA DC-8 was equipped with a canister collec
tion system operated by UCI. After transporting the canis
ters back to the laboratory, these were analyzed for a full 
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range of VOCs in the C2-C10 range including NMHCs, 
halogens, and organic nitrates. One hundred sixty eight can
isters were available for each flight. The NASA Ames group 
operated PANAK (PAN-Aldehydes-Alcohols-Ketones), an 
in-situ three-channel gas chromatographic instrument used 
to measure acetone, methylethylketone, methanol, ethanol, 
acetaldehyde, propionaldehyde and also hydrogen cyanide 
and acetonitrile. Formaldehyde was continuously measured 
on the DC-8 aircraft using tunable diode laser spectroscopy 
(Fried et al, pers. comm., 2009). The DC-8 was flown out of 
Houston, TX with a primary objective to measure aged out
flow from the MCMA although several flights sampled fresh 
emissions from the MCMA basin and the surrounding area. 

The USFS Twin Otter was equipped with an airborne 
Fourier transform infrared spectrometer (AFTIR) with the 
primary objective of sampling biomass burning emissions 
within the region (Yokelson et al, 2007). Species mea
sured included hydrogen cyanide, methane, ethene, acety
lene, formaldehyde, methanol, acetic acid and formic acid. 
Canisters were also collected which were subsequently an
alyzed by the University of Miami group using GC-FID for 
methane, ethane, ethene, ethyne, propane, propene, isobu-
tane, n-butane, t-2 butene, 1-butene, isobutene, c-2-butene, 
1,3 butadiene, cyclopentane, isopentane, and n-pentane, with 
detection limits in the low pptv range. Other canisters were 
filled for analysis by the Forest Service Fire Sciences Labo
ratory by GC/FID/RGD for C02, CO, CH4, H2, and several 
C2-C3 hydrocarbons. 

6.2 VOC emissions 

During the MILAGRO campaign, direct VOC emissions 
measurements were obtained using (i) the Aerodyne mobile 
laboratory during driving traverses (Zavala et al, 2009b); 
(ii) a fixed site (SIMAT) flux measurement study (Velasco 
et al , 2009); and (iii) disjunct eddy covariance (DEC) fluxes 
onboard the C-130 aircraft (Karl et al , 2009). In addition, 
emission ratios (pptv VOC)/(ppbv CO) were obtained for a 
variety of compounds at the TO and Tl sites (e.g., de Gouw 
et al, 2009). The flux measurements were analyzed in terms 
of diurnal patterns and vehicular activity and were compared 
with the most recent gridded local emissions inventory. The 
results show that the urban surface of Mexico City is a net 
source of VOCs with substantial contributions from vehic
ular traffic. The canister samples collected at the SIMAT 
tower site were used to calculate fluxes of selected NMHCs 
by the Disjunct Eddy Accumulation (DEA) technique (see 
Table 1) (Velasco et al , 2009). Results from the flux study 
aboard the C-130 aircraft indicate high toluene to benzene 
flux ratios above an industrial district (e.g., 10-15 g/g) in
cluding the Benito Juarez International Airport (e.g., 3 -
5 g/g) and a mean flux (concentration) ratio of 3.2 ± 0.5 g/g 
(3.9±0.3 g/g) across Mexico City, which confirm an impor
tant role for evaporative fuel and industrial emissions for aro
matic compounds in the basin (Karl et al, 2009). Previous 

indications for solvent sources have been obtained during the 
MCMA-2003 field campaign from comparisons between in-
situ PTR-MS and GC-FID canister measurements with LP-
DOAS measurements (Jobson et al , 2010). While the DOAS 
data agreed within 20% with both point measurements for 
benzene, concentrations measured by DOAS were on aver
age a factor of 1.7 times greater than the PTRMS data for 
toluene, C2-alkylbenzenes, naphthalene, and styrene. The 
level of agreement for the toluene data was a function of 
wind direction, establishing that spatial gradients - horizon
tal, vertical, or both - in VOC mixing ratios were significant, 
and up to a factor of 2 despite the fact that all measurements 
were conducted above roof level This analysis highlights the 
issue of representative sampling in an urban environment. 

Spatial concentration gradients complicate the sampling 
of hydrocarbons and possibly other pollutants in urban ar
eas for comparison with photochemical models (Jobson et 
al , 2010). More details on the VOCs measurements are pro
vided in Sect. 4 on emissions. 

6.3 VOC distributions and patterns 

At the SIMAT tower site, and at both the TO and Tl ground 
sites, VOC mixing ratios are quite high compared to typ
ical levels in US cities, such as New York (Shirley et al , 
2006). The low molecular weight alkanes are prevalent, with 
propane being the most abundant species with mean daytime 
mixing ratios of approximately 30 ppbv at TO and approx
imately 8 ppbv at Tl, which has previously been attributed 
to widespread use of LPG (e.g., Blake and Rowland, 1995; 
Velasco et al , 2007). The most important source of alkenes 
is believed to be vehicular emissions (Doskey et al, 1992; 
Altuzar et al, 2005; Velasco et al, 2005), but LPG and in
dustrial emissions can also be important. Aromatics result 
from vehicle emissions but are also widely used in paints, and 
industrial cleaners and solvents. Aldehydes result from fos
sil fuel combustion and are formed in the atmosphere from 
the oxidation of primary NMHCs (Atkinson, 1990). Volka-
mer et al. (2005) measured glyoxal for the first time directly 
in the atmosphere during MCMA-2003. Glyoxal is mostly 
formed from VOC oxidation, and provides advantages over 
traditional tracers for VOC oxidation, as it is less affected by 
primaiy emissions. Garcia et al (2006) used these unique 
tracer properties in a tracer ratio method to discern primary 
emissions of HCHO from photochemically produced HCHO 
in the MCMA. They concluded that while primary emissions 
dominate in the early morning, secondary HCHO is respon
sible for up to 80% of the ambient HCHO for most of the 
day. 

The two most prevalent ketones, acetone and 
methylethylketone, are believed to have sources similar 
to the aromatic compounds. They exhibit strong conelation 
with CO. However, there is also evidence for ketone con
tributions from paints and solvents. Less is known about 
the emissions of the alcohols. Methanol is one of the most 
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Fig. 9. The top 20 compounds measured at the supersites TO (top panel) and Tl (bottom panel) in terms of OH reactivity between 09:00 and 
18:00 local time averaged over the month of March, 2006. Shown in the first pie chart to the right of each bar graph is the breakdown for 
the relative contributions from NMHCs and OVOCs for TO and Tl, respectively. Shown in the second pie chart is the breakdown in terms of 
each compound class. 

prevalent VOCs with average mixing ratios of approximately 
20ppbv at TO, 17ppbv at the SIMAT tower site, and 4ppbv 
at Tl, during a season when biogenic emissions are believed 
to be low. During the morning rush hour at the TO site 
impacted by industrial emissions and diesel fuel exhaust, 
methanol concentrations averaged S 50 ppbv (Fortner et al, 
2009) but no more than 20ppbv at the SIMAT tower site 
located in a residential neighborhood (Velasco et al, 2009). 
The aldehydes are present in relatively higher amounts at 
Tl versus the TO site. Biomass burning tracers measured 
by several investigators suggested that biomass burning is 
a minor source of VOCs at TO or Tl relative to mobile and 
industrial emissions (e.g., de Gouw et al, 2009). 

In terms of enhancement ratios, many hydrocarbon species 
relative to CO were higher in Mexico City than in the US (de 
Gouw et al, 2009; Apel et al, 2010), and similar enhance
ment ratios were found for most oxygenated VOCs (de Gouw 
et al, 2009). The higher hydrocarbon enhancement ratios in 
Mexico City compared to the US are due to the widespread 
use of LPG and higher industrial and evaporative emissions 
of aromatics. 

Heald et al. (2008) compiled all the gas and particle 
phase organic measurements into the newly defined "Total 
Observed Organic Carbon", which had a daytime mean of 
456ugCm-3 at TO and 17ugCm-3 for the C-130. The TO 
levels are an order-of-magnitude higher than those measured 
in Pittsburgh (28-45 ugCm~3), while those measured in the 
C-130 are typical of polluted airmasses in the US sampled 
from aircraft. The organic aerosol PM contribution increased 
from - 3 % of the TOOC at TO to 9% for the C-130, due to 
SOA formation and the larger contribution of biomass burn
ing to regional airmasses. 

The total daytime average OH reactivity from measured 
VOC compounds was found to be 19.7 s - 1 at TO and 4.4 s"1 

at Tl (Apel et al, 2010). The OH reactivity determined at 
TO is broadly consistent with the results from the MCMA-
2003 study at the CENICA supersite located approximately 
7 km SE of downtown Mexico City. During MCMA-2003 
Shirley et al (2006), using the Total OH Loss Measurement 
instrument (TOHLM), reported an average daily OH reactiv
ity of 33 s"1, and estimated that 72% of it (-24 s_1) was 
due to VOCs. NMHCs provide the majority of the mea
sured daytime averaged VOC reactivity for TO and Tl (75% 
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co-March 19 

Fig. 10. MOZART depiction of the of the CO outflow from the 
19 Match 2006 plume. Superimposed on the plume are flight tracks 
from the G-1 on 18 March and from the C130 on 19 March. The 
G-1 intercepted the plume as it was emerging from the city during 
a transect that occuired between the times of 14:20 and 15:20 local 
time on the 18th and the C-130 which intercepted the plume on the 
afternoon of the 19th. The OH reactivity distributions in teims of 
NMHCs, OVOCs, and CO at 09:00 a.m. are shown for the TO and 
Tl sites, the G-1 dining the transect, and the C130 during the plume 
interception that occurred at the furthest point from the city. 

and 56%, respectively), and OVOCs provide the remaining 
VOC leactivity with 25% and 44%, respectively. However, 
the two most important measured VOCs in terms of OH 
reactivity were foimaldehyde and acetaldehyde. The dis
tribution of OH reactivity among VOC classes is shown in 
Fig. 9. The third most important VOC was ethene which re
acts relatively quickly to form formaldehyde (e.g., Wert et a l , 
2003) and is therefore an important contributor to secondary 
formaldehyde formation (Garcia et a l , 2006). On-road ve
hicle emissions of acetaldehyde weie reported by Zavala et 
a l (2006) who found substantial levels of this species in ve
hicle exhaust, although the levels were found to be lower than 
formaldehyde emissions by a factor of 5 to 8. 

6.4 In-basin VOC chemistry 

Measurements at Tl (de Gouw et a l , 2009) show that di
urnal variations of hydrocarbons were dominated by a high 
peak in the eaily morning when local emissions accumulated 
in a shallow boundaiy layer, and a minimum in the afternoon 
when the emissions were diluted in an expanded boundary 
layer and, in the case of reactive gases, removed by OH. 
In comparison, diumal variations of species with secondary 
sources, such as the aldehydes and ketones, stayed relatively 
high in the afternoon indicating photochemical formation. 
Photochemical formation of acetone is important in Mexico 
City due to high emissions of alkane precursois, principally 
propane, from the widespread use of LPG. The influence of 
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biomass burning was investigated at T l using the measure
ments of acetonitrile, which was found to correlate with lev-
oglucosan in the particle phase. Diurnal variations of ace
tonitrile indicate a contribution from local burning sources. 
Scatter plots of acetonitrile veisus CO suggest that the con
tribution of biomass burning to the enhancement of most gas 
and aerosol species was not dominant and perhaps not dis
similar from observations in the US Measurements of the 
biomass burning influence on Mexico City and the surround
ing area were made on the C-130 (Crounse et a l , 2009) and 
the US Forest Service Twin Otter (Yokelson et a l , 2007). 
During the measurement period, fires contributed one third 
of the enhancement in benzene in the outflow from the Cen
tral Mexican Plateau, and by implication, contributed to the 
enhancement of all VOCs that are produced in fires. 

6.5 Long-range VOC transport out of the basin 

Apel et a l (2010) have summarized the oveiall pattern of 
VOC measurements during MILAGRO in temis of a diur
nal process associated with the daily flushing of the MCMA 
basin: following morning emissions from traffic, industry, 
cooking, etc., into a shallow boundaiy layer, the bound
ary layer deepens rapidly and air is mixed with cleaner air 
aloft and eventually transported downwind of the city by 
strong synoptic winds. Figure 10 illustrates some features 
of the outflow pattern. During the MIRAGE-Mex flight on 
19 March, the C-130 intercepted thiee times an MCMA out
flow plume that had been sampled a day earlier by the G-1 
over the source region. This was a typical NE transport event 
at altitudes ranging fiom 3-5 Ian. Air was sampled that had 
aged between 1-2 days. The figure shows the results of a 
MOZART (Model for Ozone and Related chemical Traceis) 
simulation of the CO outflow from the plume. Superimposed 
on the plume are flight hacks from the G-1 on 18 March and 
from the C-130 on 19 March. The G-1 intercepted the plume 
as it was emerging from the city during a transect that oc
curred between 14:20 and 15:20 local time and the C-130 
which intercepted the plume on the afternoon of the 19th. 
Also shown in the figure are the OH reactivity distributions 
in terms of NMHCs, OVOCs, and CO for the TO and T l sites 
at 09:00 a.m., the G-1 during the transect, and the C-130 dtu-
ing the plume interception that occurred at the furthest point 
from the city. It is interesting to note the extent of the plume 
into the US at 620 hPa (~ 4 km altitude). The total VOC 
reactivity is dominated by NMHCs in the basin in the morn
ing with CO playing a relatively minor role compared to the 
VOCs. The total measured OH+VOC reactivity at 09:00 a.m. 
at TO is 50 s"1 and 14 s - 1 a t T l . A large part of the OH re
activity is provided by alkenes and aromatics (50% of total 
VOC-OH reactivity, with 30% from alkenes and 20% from 
aromatics at TO, not shown in the figure), species that have 
relatively short lifetimes under the conditions present in the 
basin. It is apparent fiom the data that rapid photochemistry 
occuis, quickly transforming the OH-VOC reactivity initially 
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from being dominated by NMHCs to being dominated by 
OVOCs aloft (G-1) and further downwind (C-130 plumes). 
CO plays a relatively more important role in OH reactivity 
compared to VOCs as the plume ages. At the C-130 plume 
interception point, approximately 60% of the CO reactivity 
is from the background CO. 

For the C-130 flights conducted over the city, the most 
abundant species measured was methanol, followed by 
propane and other NMHC and OVOC species. Eight of the 
top 20 "measured VOCs were OVOCs. Similar to TO and 
Tl, the two most important VOCs in terms of reactivity were 
formaldehyde and acetaldehyde. 

7 Urban and regional photochemistry 

7.1 Urban photochemistry 

The production of ozone and secondary organic aerosols 
(SOA) in the atmosphere involves chemical reactions of NOx 
and VOCs in the presence of sunlight (although dark reac
tions with e.g. NO3 and O3 can play a role in SOA forma
tion). The suite of measurements designed to examine the 
complex photochemistry in the MCMA during MILAGRO 
expanded upon previous measurements in 2003 (Molina et 
al, 2007). At TO, measurements were made of NOx, several 
VOCs, O3, OH andH02, as well as several radical precursors 
and indicators for fast NOx and VOC oxidation processes 
such as HONO, HCHO and glyoxal 

The median of the daily measured maximum NOx mixing 
ratios at TO was approximately 200 ppbv during the morning 
rash hour (Dusanter et al , 2009a), which was approximately 
a factor of 2 greater than that observed at the CENICA su-
persite during MCMA-2003 (Molina et al, 2007), and thus 
may reflect the influence of local sources at this site. During 
both campaigns, direct atmospheric measurements of NO2 
were conducted by LP-DOAS (Volkamer et al, 2005). Such 
measurements are free from interferences that are known to 
be issues with commercial NOx instmments (Dunlea et al, 
2007), in particular during afternoons. In the afternoon, NOx 
was approximately 20ppb, similar to that observed during 
MCMA-2003. Median peak VOC concentrations at TO dur
ing the morning rush hour (1600 ppbC) were similar to that 
measured during MCMA-2003 (1500 ppbC) (Shirley et al, 
2006; Velasco et al, 2007; Dusanter et al, 2009a), while 
plumes of elevated toluene as high as 216 ppbv and ethyl ac
etate as high as 183 ppbv were often observed during the late 
night and early morning hours at TO, indicating the possibil
ity of significant industrial sources in the region around this 
site (Fortner et al , 2009). 

7.1.1 Radical sources and budget 

Measured concentrations of OH by Laser-Induced Fluo
rescence (LIF) were similar to that measured in other ur
ban areas, with median midday values of approximately 

www.atmos-chem-phys.net/10/8697/2010/ 

4.6 x 106cm 3. These OH concenhations are approximately 
a factor of two lower than the corrected values measured dur
ing MCMA-2003 (Shirley et al , 2006; Mao et al, 2009; Du
santer et al, 2009a). The median diurnal maximum HO2 
concentration was 1.9 x 108 cm -3, which was lower than the 
corrected values observed during MCMA-2003 (Shirley et 
al, 2006; Mao et al , 2009; Dusanter et al, 2009a). The 
lower measured concentrations of OH and HO2 are consis
tent with the higher observed NOx at TO, which would re
duce OH and H0 2 through the OH + N0 2 and H0 2 + NO 
reactions. 

A 0-D box model based on the Regional Atmospheric 
Chemistiy Mechanism (RACM) of the HOx (OH + H02) 
radical concentrations constrained by measurements of rad
ical sources and sinks was used to test the ability of this 
mechanism to reproduce the observed radical concentrations 
and to perform a radical budget analysis (Dusanter et al , 
2009b). Constraining the simulation to measured values of 
glyoxal with additional constraints on the estimated concen
trations of unsaturated dicarbonyl species resulted in mod
eled HOx concentrations in good agreement with measured 
values during the afternoon. However, consistent with other 
urban measurements, HOx concentrations were underpre-
dicted during the morning hours when NOx is high (Dusan
ter et al, 2009b). During the MCMA-2003 campaign, re
sults from a constrained 2-D flexible top box model based on 
the Master Chemical Mechanism found that modeled HOx 
concentrations compared favorably with measured concen
trations for most of the day (Volkamer et al, 2010; Sheehy et 
al, 2010). However, the model also underpredicted the con
cenhations of radicals in the early morning, which could lead 
to an underprediction of the integrated amount of ozone pro
duced by a factor of two (Sheehy et al, 2010). This detailed 
testing of chemical models at the radical level highlights the 
fact that in addition to uncertainties associated with emis
sions and meteorology, there are additional uncertainties as
sociated with the chemical mechanisms used in current mod
els (Sheehy et al, 2010; Dusanter et al , 2009b; Hofzuma-
haus et al , 2009). The parameterization associated with the 
prediction of ozone by these models may mask this uncer
tainty and may cause models to give the right answer for the 
wrong reason. 

During MCMA-2006, the modeling analysis predicts that 
the gross photolysis of HONO (35%), photolysis of HCHO 
(24%), 03-alkene reactions (19%) and photolysis of dicar-
bonyls (8%) are the main sources of radicals during the day
time1 at TO, while O3 photolysis is predicted to contribute 6% 
of the total radical initiation (Dusanter et al, 2009b). Dur
ing MCMA-2003, a similar radical source analysis found 
that the photolysis of secondary OVOCs other than HCHO 
(33%) was the largest contribution to the total radical pro
duction rate, followed by O3 photolysis (19%), HCHO pho
tolysis (19%), 03-alkene reactions (15%), and HONO pho
tolysis (12%) (Volkamer et al, 2010). The larger contribu
tion of HONO photolysis to radical initiation at TO is due to 
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the higher median HONO concentrations measured in 2006 
as a result of the higher NOx concentrations at this site. No
tably, both studies suggest that HCHO is an important radical 
source in the MCMA that can have a substantial impact on 
radical and ozone production, especially during the morn
ing (Lei et al, 2009), while 03-alkene reactions help jump 
start the photochemistry shortly after sunrise, and indirectly 
sustain radical production in the mid- morning by forming 
HCHO and other OVOCs (Volkamer et al, 2010). 

The relative importance of HONO as a radical source 
varies by location in the MCMA, and even at a given location 
can vary from day to day. During a period characterized by 
elevated daytime HONO mixing ratios, Li et al (2010) used 
the WRF-Chem model to investigate the relative contribution 
of several HONO sources and their impact on the formation 
of photochemical pollutants. The model included homoge
neous production of HONO from the gas phase reaction of 
OH with NO and four other heterogeneous sources. Hetero
geneous conversion of NO2 by condensed semivolatile or
ganic compounds was found to be the main source of HONO 

1 in the MCMA, accounting for 75% of the measured ambient 
concentrations. Inclusion of these additional heterogeneous 
sources improved the agreement between the measured and 
modeled HONO and HOx concentrations and enhanced the 
production of 0 3 and SOA (Li et al, 2010). 

Radical termination at TO was dominated by OH + NOx 
reactions, with the formation of HN03_ HONO, and organic 
nitrates contributing to 60, 20, and 14% of the total radical 
termination rate respectively (Dusanter et al , 2009b). Rad
ical termination through the formation of peroxyacetyl ni
trates (PANs) and subsequent reaction with OH was calcu
lated to be negligible assuming PANs are in steady-state due 
to the rapid thermal dissociation of PAN species leading to 
the formation of RO2 radicals (Dusanter et al, 2009b). How
ever, a modeling analysis of PAN formation using the Com
prehensive Air Quality Model with extensions (CAMx) sug
gest that PAN is not in chemical-thermal equilibrium during 
photochemically active periods, and could lead to significant 
outflow of PAN from the urban area (Lei et al, 2007). Mea
surements of gaseous HNO3 reached a peak value of 0.5 to 
3 ppb in the early afternoon, which was less than that pre
dicted from the rate of HNO3 production based on measured 
OH andN02 concentrations (Zheng et al, 2008). However, 
the measured HNO3 mixing ratio was found to anti-correlate 
with submicron-sized aerosol nitrate, suggesting tiiat gas-
particle partitioning has a substantial effect on the gas phase 
concentration of HNO3 in the MCMA (Zheng et al, 2008), 
consistent with results from MCMA-2003 (Salcedo et al, 
2006; San Martini et al, 2006a, b). Irreversible HNO3 up
take on dust was also reported by several groups (e.g., Querol 
et al, 2008) and was an important sink of HNO3. Gas phase 
HNO3 contributed a smaller fraction of oxidized NOx prod
ucts (NOz = NOy— NOx), while particulate nitrate com
prised a large fraction due to high concentrations of NH3 and 
dust (Querol et al, 2008; Wood et al , 2009). Aircraft mea-
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surements of total alkyl nitrates in the immediate vicinity of 
Mexico City were found to be a substantial fraction (approx
imately 10%) of total NOy (Perring et al, 2010). 

The HO2/OH ratio can be used as a measure of the ef
ficiency of radical propagation. During MCMA-2006, ob
served HO2/OH ratios varied from 1 to 120 for measured 
NO mixing ratios between 1-120 ppb. These ratios are lower 
than those measured during MCMA-2003, but may reflect 
the higher NOx environment at TO resulting in greater rates 
of radical termination and lower HO2 concentrations (Shirley 
et al, 2006; Sheehy et al, 2010; Dusanter et al, 2009a). 
Model predicted HO2/OH ratios are in generally good agree
ment with the measurements during the afternoon when NO 
was between 1 and 5 ppb. However, the model underesti
mates the measured ratios by approximately a factor of 2— 
5 at higher NO mixing ratios between 10-100 ppb observed 
during the morning (Dusanter et al, 2009b). This behavior 
is consistent with that observed for MCMA-2003 (Shirley et 
al, 2006; Sheehy et al., 2010) as well as other field cam
paigns, suggesting that a process converting OH into peroxy 
radicals may be missing fiom the chemical mechanism. 

The net instantaneous rate of ozone production from HO2 
radicals (P(03) ^&HO2+NO (HO2) (NO)) can provide in
sight into the chemical processes that produce ozone in the 
MCMA. At TO, P(03) was as high as 80ppb/h in the early 
morning (Dusanter et al , 2009a). These instantaneous val
ues were lower than during MCMA-2003 (Sheehy et al , 
2010), where early morning values reached I20ppb/hr and 
are higher than those reported for other urban areas (see ref
erences in Sheehy et al, 2010; Kleinman et al, 2005; Mao 
et al , 2009). An observed ozone production rate from all 
production mechanisms (HO2, RO2, etc) of approximately 
50 ppb/h was observed at a mountain-top site (Pico de Tres 
Padres) located within and 700 m above the Mexico City 
basin (Wood et al , 2009). These values are among the high
est observed anywhere in the world and are consistent with 
the extremely high VOC reactivity observed in the MCMA 
compared to other locations (Shirley et al, 2006; Sheehy et 
al., 2010; Mao et al, 2009; Wood et al, 2009). 

7.1.2 Modeling urban ozone production and sensitivity 

Several chemical transport models and analysis of measure
ments indicate that ozone production in the MCMA is gener
ally VOC-limited in the urban area (Lei et al, 2007, 2008; 
Song et al, 2010; Tie et al, 2007; Zhang and Dubey, 
2009). Measurements of the production of hydrogen perox
ide, which is a main radical termination product under NOx-
limited conditions, was found to be negligible in the MCMA 
(Volkamer et al, 2010; Sheehy et al, 2010) and only in
creased slightly just outside of the urban area, consistent with 
ozone production being VOC-limited (Nunnermacker et al , 
2008). A comparison of calculated radical production rates 
with the observed production rate of NOz also suggests that 
ozone production in the MCMA is VOC-limited, with the 
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Fig. 11. Top panel: The percentage change in Ox foonation rate as a function of the indicator, ratio of H202 production rate to HN03 
production rate at 12.0017:00LT duiing the episodes (weekends are shown in gray) within the urban area. The dashed bars envelop the 
transition regime. Bottom panel: Spatial distribution of the ratio at 14:00 LT on 7 and 27 March 2006 indicating the NOxVOC sensitivity 
(source: Song et al, 2010). 

main radical termination leactions involving NOx oxidation 
(Wood et al, 2009). An analysis of ratio of mdical loss from 
the formation of nitric acid and oiganic nitiates to the total 
radical production for MCMA 2003 also suggests that ozone 
production is VOClimited in the early morning and late af

ternoon, but becomes NOxlimited during the early afternoon 
(Mao et al, 2009). 

Sensitivity analyses of ozone pioduction to precursor 
emissions under different meteorological conditions during 
MCMA2006, along with a chemical indicator analysis using 
the chemical production ratios of H2O2 to HN03, demon

strate that the MCMA uiban core region is VOClimited 
for all meteoiological episodes, while the surrounding ar

eas with relatively lowNOx emissions can be either NOx or 
VOClimited regime depending on the episode (Song et al, 
2010) (see Fig. 11). Precursor emissions weie constrained 
by the comprehensive data from the MCMA2006 study and 
the RAMA network, while the simulated plume mixing and 
transport were examined by comparison with ah craft mea

surements. The CAMx model was able to reproduce the 
observed concentrations of ozone and precursors and sug

gest that controls on VOC emissions would be a more effec

tive way to reduce ozone levels in the urban area, consistent 
with previous lesults from MCMA2003 (Lei et al, 2007, 
2008). However, the degree of VOClimitation increased for 
MCMA2006 due to lower VOCs, lower VOC reactivity and 
modeiately higher NOx emissions. Furthermore, meteoro

logical conditions led to large variations in regime for the 
relatively lowNOx emitting area, implying that the effective

ness of particular emission control strategies would depend 
on location and meteorology (Song et al, 2010). 

An analysis of the weekly pattern of surface concentra

tions of CO, NOx, particulate matter (PM10) and O3 between 
1987 and 2007 show a distinct weekend effect, as morn

ing concentrations of CO, NOx and PMio were lower on 
Saturdays and Sundays compared to the rest of the week. 
However, afternoon ozone concentrations showed minimal 
changes over the weekend with occasional increases, provid

ing direct empirical evidence that ozone production is VOC

limited and NOxinhibited during workdays. Decreases in 
the concentiations of CO (and VOCs) over the past decade 
have decreased the CO/NOx and VOC/NOX ratios, increas

ing the VOClimitation of ozone production in the urban area 
(Stephens et al, 2008). A 3D CAMx chemical transport 
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model including the estimated historical changes in ozone 
precursors was able to adequately reproduce the historical 
trends in the observed concentrations, and indicated that 
ozone production is currently VOC-limited. The modeled 
ozone concentrations were particularly sensitive to aromat-
ics, higher allcenes, and formaldehyde emissions (Zavala et 
al., 2009a). 

Simulations of ozone and other chemical species (CO, NO, 
NO2 and NOy) in the MCMA using WRF-Chem model com
pare favorably with surface measurements from the RAMA 
monitoring network with the exception of SO2 (Zhang et 
al., 2009; Zhang and Dubey, 2009). Reductions of the to
tal emissions rates of 15%, 25% and 10% for Saturday, Sun
day and holidays, respectively, also led to predicted concen
trations of the main chemical species that compared favor
ably to measurements (Zhang et al., 2009). Incorporating 
3-D variational data assimilation into meteorological simula
tions of an air quality episode during the MCMA-2003 cam
paign significantly improved the magnitude of the peak O3 
concentration, as well as the timing of the O3 peak on most 
days of the episode, especially during the daytime (Bei et 
al., 2008). These results illustrate the importance of applying 
this technique to ozone simulations in the Mexico City Basin. 
Beietal. (2010) further investigated the sensitivity of ozone 
concentration predictions to meteorological initial uncertain
ties and PBL parameterization schemes on four selected days 
during MCMA-2006 through ensemble forecasts. Their re
sults demonstrate that uncertainties in meteorological initial 
conditions have significant impacts on O3 predictions, in
cluding the peak O3 concentration, as well as the horizontal 
and vertical O3 distributions, and temporal variations. The 
ensemble spread of the simulated peak O3 concentration av
eraged over the city's ambient monitoring sites can reach up 
to 10 ppb. The magnitude of the ensemble spread also varies 
with different PBL schemes and meteorological episodes. 

7.2 Regional photochemistry 

The composition of the regional atmosphere was sampled 
primaiily by aircraft-based instruments, and to some extent 
from surface stations outside Mexico City. Many of these 
measurements are still being analyzed, but some general fea
tures of the character of the regional atmosphere are begin
ning to emerge. 

Free tropospheric O3 concentrations in background air 
(i.e., air not obviously influenced by Mexico City) ranged 
between 30 and 80ppb as measured from the C-130 with an 
average value of 60ppb (Tie et al., 2009), and ~35-55 ppb 
over the Gulf of Mexico observed from the DC-8 (region 1, 
Singh et al., 2009). Ozone sondes launched from the Tl site 
showed boundary layer values ranging from 30 to 80 ppb, 
but free tropospheric values of only 40-60 ppb (one standard 
deviation), likely due to advection of cleaner air from the 
Pacific (Thompson et al., 2008). Vertical profiles of O3 cal
culated with the global MOZART-4 model show good agree-
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ment with measurements obtained from both the DC-8 and 
C-130 aircraft, including a marked peak between 2 and 4 Ian 
asl associated with the Mexico City plume outflow (Emmons 
et al, 2010). In the same study, Emmons et al. used tagged 
emissions to identify the contribution of various sources to 
the regional CO and O3 distribution. Biomass burning was 
found to have an influence on regional chemistry, although 
not a dominant one. Emissions from Mexico City were im
portant over Central Mexico but had negligible influence be
yond Mexico borders. 

Substantial enhancements of O3 above background were 
observed in plumes that could be traced back to Mexico City 
(Tie et al., 2009; Mena-Carrasco et al., 2009; Emmons et al., 
2010). This is particularly evident for the quasi-Lagrangian 
episode of 18-19 March, where air was sampled on 18 March 
by the G-1 near Mexico City, and on 19 March was inter
cepted and again sampled far downwind by the C-130 (Voss 
et al., 2010). Apel et al. (2010) examined correlations be
tween CO and ozone, acetone, or benzene observed in the 
near-field plume (on 18 March) and in the same plume a day 
later (19 March). Slopes of O3 vs. CO were markedly steeper 
in the aged plume, indicating that considerable O3 produc
tion occurred during the transport time. Some acetone pro
duction was also inferred by slightly higher acetone vs. CO 
slopes, while benzene vs. CO slopes were essentially identi
cal, consistent with the longer lifetime of both compounds. 

Photochemical modeling shows that regional O3 produc
tion is sensitive to NOx as well as to VOCs and CO (Tie 
et al., 2009), and also to the reduced availability of UV ra
diation because of the heavy aerosol loadings (Barnard et 
al., 2008; Mena-Carrasco et al., 2009). WRP-Chem simu
lations by Tie et al. indicate that the regional OH reactiv
ity is dominated by oxygenated organics and CO, and to a 
lesser extent the hydrocarbons; the high levels of OVOCs 
lead to large concentrations of organic peroxy radicals in the 
plume, typically exceeding those of HO2. Simulations with 
the MOZART-4 model (Emmons et al., 2010) tend to under-
predict observed concentrations of OVOCs, but even these 
lower values dominate the regional OH reactivity and O3 
production. Measurements from the G-1 and C-130 during 
the 18-19 March episode confirm the importance of OVOCs 
and CO, with OVOCs being dominant in the near field out
flow (Apel et al., 2010) and CO increasing in relative impor
tance for ozone production further downwind. OH concen
trations measured from the DC-8 are somewhat higher than 
predicted by MOZART-4, while HO2 concentrations show 
better agreement. 

Ozone production efficiencies, defined as the number 
of O3 molecules produced per NOx consumed, and esti
mated from O3 vs. NOz correlations measured from the 
C-130 aircraft, ranged from 4.5^4.6 in air recently in
fluenced by biomass burning or the Tula industrial com
plex, 5.3 to 5.9 over land influenced by Mexico City, and 
8.5 in the marine free troposphere (Shon et al., 2008). 
These observation-based estimates can be compared with 
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Fig. 12. Average composition of PMCOarse(PMioPM2.5) and PM2.5 at the TO and Tl supersites, based on the results of Querol et al. (2008). 
OA was calculated from the measured OC based on the average measured OA/OC ratio of 1.75 at TO (Aiken et al., 2008). The Tl site was 
affected by local resuspension of dust, which explains the unusually large contribution of mineral matter at this site. 

modelbased estimates by MenaCarrasco et al. (2009) 
(STEM model: 4.9 within 100 km of the city, 7.9 outside 
that radius) and Tie et al. (2009) (WRFChem model: 3.3 
near the city, increasing to 5.5 on the regional scale). A sep

arate analysis of the C130 observations, utilizing only data 
for which NOy concentrations were in the range 26 ppb to 
filter out very aged air and fresh plumes, yielded an average 
Ox vs. NOz slope of 5.9db0.3, in good agreement with the 
previously cited regional values but somewhat lower than the 
value of9.1 ±0.3 predicted from the MOZART4 model (Em

mons et al., 2010), as might be expected due to this model's 
lower spatial resolution. 

Longrange export of reactive nitrogen from Mexico City 
was discussed by MenaCarrasco et al. (2009) and found to 
take place primarily via the formation of PANs, in agreement 
with observations from the C130. PANs can thermally de

compose on the regional scale providing a source of NOx 
and therefore contribute to regional O3 formation. The rela

tively high regional NOx concentrations are consistent with 
low or even negative formation rates for hydrogen peroxide 
observed from the G1 aircraft over most of the Mexican 
plateau, with higher values found only in the relatively hu

mid coastal areas (Nunnermacker et al., 2008). 
Measurements at a surface station (Altzomoni) located at 

high altitude (4010m a.s.l.) 60 Ion SW of Mexico City were 
made by Baumgardner et al. (2009). Pollutant concentra

tions were elevated not only when the synoptic flow came 

directly from Mexico City but also from the east, suggest

ing that other pollution sources in Central Mexico and large 
scale recirculation of Mexico City pollutants may be impact

ing regional air quality. Recirculation of pollution to the Gulf 
of Mexico and back over Central Mexico was identified in 
the modeling study of Emmons et al. (2010). Influences of 
biomass burning and the nearby Popocatepetl volcano were 
also observed. 

8 Ambient particulate matter 

Particulate matter (PM) impacts human health (Pope and 
Dockery, 2006) visibility (Watson et al., 2002), climate 
(Forster et al., 2007), and ecosystems (Zambrano et al., 
2009). Negative impacts of PM on human health have 
been documented in the MCMA (e.g., Romieu et al., 1996; 
OsornioVargas et al, 2003; Evans et al., 2002) as dis

cussed in more detail in Section 10 below. PM concen

trations observed during the MILAGRO2006 Campaign 
were similar to previous studies that measured PM in the 
MCMA during the late winter and early spring (Chow et 
al., 2002; Vega et al, 2002; Salcedo et al., 2006; Molina 
et al., 2007), and similar to concentrations reported by 
the RAMA monitoring network (http://www.sma.df.gob.mx/ 
simat2). PM10 concentrations, as measured from filter sam

ples, were higher at the urban sites with 24hour averages 
ranging between 5056 ugm  3 , and lower concentrations at 
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rural sites ranging from 22 to 35 ugm~3 (Querol et al., 2008). 
PM2.5 concentrations were in the range of 24-46 ugm~3 

and 13-25 ugm - 3 at the urban and rural sites, respectively 
(Querol et al., 2008). This is consistent with previous stud
ies (Chow et al , 2002; Vega et al , 2002, 2004) that also 
found PM2.5 made up approximately 50% of the PMJO in the 
MCMA, and with mobile lidar measurements that indicate 
the PM concentrations in the Mexico City basin are about 
twice as high as outside the basin (Lewandowski et al , 2010). 
PMi and PM2.5 concentrations were similar as the amount of 
mass between PM2.5 and PM] was a small fraction of the to
tal PM2.5 (Querol et al, 2008; Aiken et al, 2009), consistent 
with results from MCMA-2003 (Salcedo et al, 2006). 

The fractional compositions of PM2.5 andPMcoarse are il
lustrated in Fig. 12. Querol et al. (2008) found that mineral 
matter made up about 25% of the PM10 at the urban sites 
and a larger fraction at the suburban and rural sites. Mineral 
matter was found to make up a smaller, yet important, frac
tion of the PM2.5 at the urban and rural sites accounting for 
15% and 28% of the PM2.5, respectively. The current study 
found about 50% of the PM2.5 and the PMi was comprised 
of organic matter in the city (Querol et al, 2008; Aiken et 
al, 2009), which is similar or larger than reported in other 
cities (e.g., Zhang et al, 2007). About 25% of the PM2.5 
mass was due to secondary inorganic ions (sulfate, nitrate, 
ammonium), and the remaining PM2.5 mass was elemental 
carbon and mineral matter (Querol et al , 2008; Aiken et al , 
2009). These percentages are consistent with those in previ
ous studies (Chow et al, 2002; Vega et al, 2004; Salcedo et 
al , 2006). A strong "weekend effect" with higher weekday 
than weekend concentrations has been observed for PMio 
over several years, which is consistent with the large im
pact of human activities on PM concentrations in the MCMA 
(Stephens et al, 2008). The vertical structure of the PM con
centrations was characterized with lidar, aircraft, and a teth
ered balloon and found to be relatively well-mixed during 
the day, although often with substantial horizontal gradients 
(Hair et al, 2008; DeCarlo et al, 2008; Lewandowski et al, 
2010; Rogers et al, 2009; Greenberg et al, 2009). 

The PM levels in the MCMA are among the highest in 
North America although with substantially lower levels than 
the most polluted Asian megacities (Querol et al, 2008; 
Hopke et al , 2008), e.g. 200 and 330 ugm"3 annual aver
age concentrations of PM2.5 and PM10 respectively, in La
hore, Pakistan, about five times the levels in Mexico City 
during MILAGRO (Stone et al, 2010b). As in the case of 
many Asian megacities, carbonaceous aerosols are important 
contributors to PM2.5 in Mexico City. An important scien
tific and air quality management question in many of these 
megacities is quantifying the relative contributions to con
centrations of PM from different sources such as mobile, in
dustrial, biogenic, biomass burning, etc., as well as separat
ing the contributions from primary emissions vs. secondary 
processes, both of which were an important objective of the 
MILAGRO Campaign. MILAGRO was not only able to ad-
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vance the understanding of the sources and atmospheric pro
cessing of PM, but was also able to improve the scientific 
understanding of the tools that can be used for this purpose. 
These advancements were made in part by the use of new 
aerosol measurement instruments that had not been used in 
large field campaigns in the past, and through the simulta
neous apphcation of a diverse set of measurement and data 
analysis tools that had not been widely applied in parallel 
The following sections highlight the new PM measurement 
instruments deployed during MILAGRO, the key scientific 
results about different PM components, and the needs for fu
ture research. Some of the PM findings from MILAGRO 
have been described in other relevant sections, such as Sect. 5 
(Emissions) above. 

8.1 Instruments deployed to Mexico City for the first 
time 

Although a very large number of instruments and PM sam
plers were used as part of the MILAGRO Campaign for both 
ground-based and aircraft measurements, many of these in
struments had been used in similar field studies in Mex
ico City in the past. Tables 1-4 summarize the PM mea
surements and instruments deployed during the campaign. 
This study was the first time that organic aerosol (OA) func
tional group concentrations by FTIR (Liu et al, 2009; Gi-
lardoni et al, 2009; Baumgardner et al, 2009), particle-
phase organic molecular markers (Stone et al, 2008,2010a), 
Scanning Transmission X-Ray Microscopy (STXM) spec
tra of collected particles (Moffet et al, 2010), and i 4C 
content of carbon fractions (organic carbon, elemental car
bon, water-soluble OC (WSOC), and water-insoluble OC 
(WIOC)) (Aiken et al, 2010) were measured in the MCMA. 
In addition to the new measurements applied to collected par
ticles, several real-time measurements of PM were deployed 
to the MCMA for the first time. These instruments included: 

- An Aerosol-Time-of-Flight Mass Spectrometer 
(ATOFMS) (Moffet et al, 2008a, b). 

- A Thermal Desorption Chemical Ionization Mass Spec
trometer (TDCIMS) for measurement of the composi
tion of particles as small as 10 nm (Smith etal , 2008). 

- A Particle-Into-Liquid Sampler followed by Ion Chro
matography and Water-Soluble Organic Carbon de
tection (TILS-IC and PILS-WSOC) (Hennigan et al , 
2008). 

- Two High-Resolution Time-of-Flight Aerosol Mass 
Spectrometers (HR-ToF-AMS) (DeCarlo et al, 2008; 
Aiken et al, 2009; Dunlea et al, 2009), one of which 
sampled behind an aerosol concentrator (Khlystov et al , 
2005) during part of the campaign. 

- Three compact Time-of-Flight Aerosol Mass Spec
trometers (C-ToF-AMS) (Canagaratna et al , 2007; 
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Kleinman et al, 2008; Herndon et al, 2008; de Gouw 
et al , 2009). 

~ A Time-of-Flight Aerosol Mass Spectrometer with an 
internal light scattering module (LS-ToF-AMS) (Cross 
et al, 2009). 

- A thermodenuder-AMS combination (Huffman et al, 
2009a). 

- A photoacoustic spectrometer (Paredes-Miranda et al, 
2009). 

- A TSI Fast Mobility Particle Sizer (FMPS, A. Clarke, 
pers. comm., 2006). 

- A hygroscopicity tandem differential mobility analyzer 
(HTDMA) (Gasparini et al, 2004). 

These measurements taken together have helped improve our 
understanding of physical and chemical characteristics of 
PM in the MCMA, as well as their primary and secondary 
sources. 

8.2 Primary inorganic aerosols 

Dust and metals in PM samples were studied by several re
search groups and were found to be relatively high compared 
to other Megacities in North America (Querol et al, 2008; 
Moffet et al , 2008a, b; Moreno et al, 2008a, b; Gilardoni 
et al, 2009; Salcedo et al, 2010). High levels of anthro
pogenic metals were observed in the urban sites, including 
arsenic, chromium, zinc, copper, lead, tin, antimony, and bar
ium (Querol et al, 2008). These metals had strong temporal 
variations in concentration (Moreno et al , 2008a, b; Mof
fet et al, 2008a, b; Salcedo et al , 2010) and were largely 
associated with industrial and mobile sources. Hg seemed 
to have a regional rather than an urban origin (Querol et 
al , 2008). Rutter et al. (2009) identified possible industrial 
source regions of gaseous and particulate mercury associated 
with measurements at TO and Tl. Moreno et al. (2008b) re
port on the sources of lanthanoid elements (Lanthanum to 
Lutetium) in Mexico City, which are related to crustal par
ticles, but also to some anthropogenic sources. Christian et 
al. (2010) reported emissions of 17 metals from source mea
surements of open trash burning, of which antimony (Sb) was 
the most unique, consistent with a previous report at the US-
Mexico border (Garcia et al , 2006). Fine particle Sb may be 
a useful tracer for PM2.5 from this source in the MCMA, al
though this topic requires further research as many other Sb 
sources also exist (Reff et al, 2009). Christian et al. (2010) 
also reported on the emissions from brick kilns, charcoal 
kilns, and cooking fires. Adachi and Buseck (2010) reported 
that nanosized metal-bearing particles (<50 nm diameter) in 
Mexico City aircraft samples using transmission electron mi
croscopy. Most were attached to larger (several hundreds of 
nm) host particles, and contained Fe, Zn, Mn, Pb, Hg, Sn, 

www.atmos-chem-phys.net/10/8697/2010/ 

Cr, Ni, Ti, V, and Ag. Hg nano-particles were especially 
prominent, Salcedo et al. (2010) report the first use of an 
HR-ToF-AMS to detect Pb in PMi. These authors found that 
different chemical forms of Pb had different source regions 
in the MCMA. 

8.3 Primary carbonaceous aerosols 

Elemental carbon (EC) is an important tracer for combustion 
sources (Schauer, 2003) and is an important component of 
atmospheric PM in terms of climate forcing (Forster et al , 
2007; Ramanathan et al, 2007). The optical properties of 
PM containing EC are strongly dependent on the mixing state 
of the different species, and were investigated during MILA
GRO by several different approaches. Moffet et al. (2008a, 
2009) used ATOFMS measurements to show that fresh EC 
particles were observed during rush-hour periods. However, 
the majority of EC particles were coated with nitrate, sul
fate, and organic carbon, which are expected to increase the 
light absorption of these particles per unit of EC. Adachi and 
Buseck (2008) found similar results with laboratory-based 
transmission electron microscope (TEM) measurements of 
particles collected during aircraft overflights of the MCMA. 
These results are both consistent with those of Johnson et 
al. (2005) using electron microscopy during MCMA-2003. 
Somewhat surprisingly, however, very little difference in EC 
mass absorption efficiencies could be observed through di
rect measurements by Doran et al. (2007) using a pseudo-
lagrangian study comparing observations at the Tl and T2 
sites and Subramanian et al. (2010) using single particle soot 
photometer measurements in the C-130 aircraft. Adachi et 
al. (2010) obtained 3-D images of embedded soot particles 
and found that many of them have open, chain-like shapes 
similar to those of freshly emitted soot, and are located in off-
center positions within their host materials.' The absorption 
by these geometries is ~20% lower than for the commonly 
assumed core-shell morphology, and may help explain the 
lack of a larger increase in mass absorption efficiencies re
ported by Doran et al. (2007) and Subramanian et al. (2009). 
In contrast with reports at other locations, Paredes-Miranda 
et al. (2009) only found a small positive bias of a filter-based 
absoiption measurement due to oxygenated organic aerosols 
(OOA). 

Polycyclic Aromatic Hydrocarbons (PAH) are a family of 
species, some of which are highly mutagenic and carcino
genic, that are generally associated with EC as their emis
sions are largely from combustion sources. Thomhill et 
al. (2008) measured PAH at six locations across the MCMA 
and found similar levels to those measured during MCMA-
2003 (Marr et al , 2006; Dzepina et al, 2007), but with con
siderable variability in concentrations and PAH distributions 
across sites. This is consistent with the notion that sources 
of PAH vary spatially as a result of the spatial distribution of 
combustions sources across the metropolitan area. 
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Significant efforts have been directed at understanding the 
sources of PM2.5 and PM] organic aerosols and apportion
ing the observed organic matter into primary organic aerosol 
(POA) and secondaiy organic aerosol (SOA) during MILA
GRO. Important POA sources were found to include mobile 
and other combustion sources, biomass burning (BB), and a 
minor contribution of local (presumably industrial) sources 
at TO (Yokelson et al, 2007; Stone et al, 2008; DeCarlo et 
al , 2008, 2010; Aiken et al , 2008, 2009,2010; Gilardoni et 
al, 2009; Liu et al, 2009). Stone et al. (2008), using chem
ical mass balance of organic molecular markers (Schauer 
et al, 1996), estimated POA from mobile sources to ac
count for approximately 30-40% of the OC concentrations m 
MCMA. This result appears consistent with results of Aiken 
et al. (2009), using positive matrix factorization of high-
resolution AMS spectra (Ulbrich et al, 2009), who reported 
a contribution of "hydrocarbon-like OA" (HOA, which in
cludes vehicle emissions) of ~-30% of the PMi OA. Food 
cooking POA may also be apportioned as part of HOA (Mohr 
et al , 2009) and has been reported as an important contrib
utor of urban POA in some previous studies elsewhere (e.g., 
Hildemann et al, 1994). Mugicaetal (2009) report a contri
bution of food cooking to PM2.5 of about 10% (~5 ugm -3), 
which would represent about 20% of the OA, although this 
study was not able to separately quantify biomass burning 
and the authors suggest that that problem may have inflated 
the contribution of other sources. Two measurement-based 
studies (Zavala et al, 2009b; Aiken et al, 2009) and one 3-
D modeling study (Fast et al, 2009) have concluded that the 
2006 MCMA emissions inventory (SMA-GDF, 2008a) un
derestimates POA and primary PM2.5 emissions. The emis
sion profiles of gas and particle emissions from biofuel use 
(biomass used directly as fuel for e.g. cooking) and open 
trash burning in Mexico City have been reported by Christian 
et al. (2010). The high emission factors of cooking with bio-
fuels and open trash burning suggest a potentially important 
contribution to surface concentrations which is being further 
investigated. Open trash burning is not included in the 2006 
MCMA emissions inventory (SMA-GDF, 2008a). 

Wildfires in the hills and mountains near Mexico City were 
unusually intense during MILAGRO, with fire counts be
ing about twice the March climatological average of recent 
years. Emissions from these fires made a substantial contri
bution to OA and other species. Aiken et al. (2010) report a 
good correlation between the different fire tracers (acetoni-
trile, levoglucosan, AMS ievoglucosan-equivalent mass, and 
total K in PM2.5), although total IC has a non-wildfire back
ground of ~2/3 of its average concentration. These authors 
also compared the different estimates of biomass burning OA 
at the surface inside the city (Stone et al, 2008; Querol et 
al, 2008; Aiken et al, 2009, 2010), which are consistent in 
that BB was highly variable in time and accounted on aver
age for 12-23% (range of the different estimates) of the OA 
during the MILAGRO Campaign inside the city. A similar 
estimate was derived for data from the IMADA-AVER cam-
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paign (Vega et al, 2009). These results are consistent with 
those of de Gouw et al. (2009) at Tl who report that BB was 
not a dominant contributor to OC at that site, and perhaps 
not dissimilar to previous observations by the same group in 
the Eastern US. The lowest estimate was derived by Liu et 
al (2009), who report a contribution of biomass burning to 
OA in the range 0-8%. Moffet et al (2008a) report a larger 
impact of about 40% to particle number at the upper end of 
the accumulation-mode, based on the particles containing K. 

Crounse et al. (2009) and DeCarlo et al. (2010) concluded 
that the relative impact of BB was substantially larger aloft 
over the Central Mexican Plateau (up to 2/3 of OA) than at 
the surface inside the city, This is analogous to the situation 
for SO2, for which urban emissions contribute a major frac
tion of the concentrations inside the urban area, despite be
ing far smaller than the nearby regional sources (de Foy et 
al, 2009b). Yokelson et al (2007) reported an estimate of 
a 50±30% contribution of the wildfires to the total fine PM 
outflow (rather than just the OA) from the Mexico City re
gion, whose central value is higher than the Crounse and De-
Carlo estimates. The discrepancy may be due to the fact that 
this study used the MCMA inventory to quantify urban PM, 
which is known to be substantially underestimated as dis
cussed in Sect. 5 of this overview. The wildfires near Mexico 
City were estimated to contribute ~2—3% of the fine PM at 
the surface as an annual average, and their larger importance 
during MILAGRO arises from the timing of the campaign 
during the warm dry season and the unusual intensity of these 
fires during 2006 (Aiken et al, 2010). We do note that die 
BB season continues through April and peaks in May, so that 
higher contributions of BB may be expected during those 
months in the average year. BB impacts during the other 
9 months are expected to be much smaller. BB in the Yu
catan is a larger regional PM source (Yokelson et al, 2009), 
but its impact in the MCMA was very small during MILA
GRO as these emissions were relatively weak and transported 
elsewhere (Yokelson et al, 2009; Aiken et al, 2010). This 
contrasts with a larger impact during the latter half of the 
MCMA-2003 campaign (Salcedo et al, 2006; Molina et al., 
2007). Emmons et al. (2010) conclude from a large-scale 
modeling study that open fires made some, but not a dom
inant, impact on the atmospheric composition in the region 
around Mexico City, when averaged over the MILAGRO pe
riod. 

Aiken et al. (2010) and DeCarlo et al. (2010) report a 
good comparison between the time trends of biomass burn
ing OA (BBOA) at TO and the C130, respectively and the 
predictions of a FLEXPART-based dispersion model Fast et 
al. (2009) and Hodzic et al. (2010a) concluded that BBOA 
concentrations arising from some large fires are substantially 
overestimated in their 3-D models when using a custom in
ventory based on satellite fire counts. Both model stud
ies fail to capture the early morning BBOA impact which 
is better reproduced by the FLEXPART study of Aiken et 
al. (2010), presumably due to the improved treatment of the 
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evening/nighttime smoldering emissions. The MODIS satel
lite instrument misses some fires for various reasons (cloud 
cover, smoke cover, fires that are too small, timing issues) 
(Yokelson et al, 2007; Crounse et al, 2009), so the use of 
additional data from the GOES satellite instrument may help 
explain the better predictions of Aiken et al. (2010). The 
combination of these observations suggests that either die 
fires missed by the satellite counts only contribute a small 
fraction of the emissions (e.g. because they tend to be smaller 
fires), or that the overestimation of the emissions from some 
fires partially compensates the lack of emissions from the 
missed fires. Aiken et al. (2010) report that the wildfire BB 
emissions near Mexico City were nearly 20 times larger than 
in the 2006 MCMA emissions inventory, which uses a static 
value and is not based on the fire counts (SMA-GDF, 2008a), 
although a substantial fraction of these emissions occurred 
just outside of the MCMA inventory area. 

I4C measurements have been reported by two groups. 
Marley et al. (2009a) report that 45-78% of the total car
bon at TO (TC=EC+OC) arises from modern sources. Aiken 
et al. (2010) report TC modern fractions that range from an 
average of 46% during the high BB period to 30% during the 
low BB period. The reasons for the differences of about 15% 
in the modern carbon fractions at TO are unclear (Marley et 
al, 2009a; Aiken et al, 2010). Marley et al. (2009a) did not 
account explicitly for the extra I4C stored in forests due to 
the bomb radiocarbon (^124% modern carbon), which needs 
to be taken into consideration when interpreting that dataset 
(for example for a modern carbon measurement of 60%, if 
half of it arises from wood burning, the contemporary carbon 
fraction would be 54%). During the high BB periods both 
datasets reported increases of modern carbon of about 15% 
of the total OC (Aiken et al, 2010), which is consistent with 
the estimates from several other apportionment techniques as 
discussed above. A substantial fraction of non-fossil organic 
carbon (>37%, (Aiken et al, 2010) is present during very 
low wildfire periods, which suggests the importance of urban 
sources of modern carbon such as food cooking or biofuel 
use (Hildemann et al, 1994; Mugica et al , 2009; Christian 
et al , 2010) and/or regional sources such as biogenic SOA 
(e.g., Stone et al , 2010a; Hodzic et al, 2009) and others. 
Hodzic et al (2010b) present the first comparison of modern 
carbon measurements with the predictions of a 3-D model, 
and find that the observed concentrations are similar to the 
measurements of Aiken et al. (2010) but lower than those of 
Marley et al. (2009a). The model explains the observed mod
ern carbon as the sum of similar contributions from regional 
biogenic SOA, biomass burning POA and SOA, and POA 
and SOA from urban sources of modern carbon (Hildemann 
et al , 1994). Sources of "hot" aerosol carbon (enriched in 
14C) in the Mexico City area and/or stored in forests could 
produce a bias in this method and need to be further investi
gated (Vay et al, 2009). 
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8.4 Secondary Inorganic Aerosols (SIA) 

Secondary inorganic species contribute about 1/4 of the fine 
PM in the MCMA (Querol et al , 2008; Aiken et al , 2009). 
Sulfates in PMi are generally neutralized by ammonium al
though they can be in more acidic forms in fresh plumes 
and have a regional character consistent with the large petro
chemical and volcanic sources of SO2 (Moya et al , 2003; 
DeCarlo et al, 2008; Aiken et al, 2009), consistent with pre
vious studies (Salcedo et al, 2006; San Martini et al, 2006a, 
b). The urban area and BB in the Yucatan are also substan
tial sources of SO2, although smaller than the petrochemical 
and volcanic sources (de Foy et al , 2007, 2009b; DeCarlo 
et al , 2008; Yokelson et al, 2009). The emissions and im
pacts of different SO2 sources have been studied by several 
groups (Grutter et al, 2008; Rivera et al, 2009; de Foy et al, 
2009b). 

Rapid and intense formation of submicron ammonium ni
trate is observed during the morning with important evapo
ration in the afternoon (Zheng et al, 2008; Hennigan et al, 
2008; Aiken et al , 2009), consistent with previous studies 
(Salcedo et al , 2006). PMi nitrate also accounts for a high 
portion of the NOz budget in Mexico City, exceeding 20% 
at times (Wood et al, 2009). Ammonium nitrate is highly 
correlated with CO and has low correlation with HCN, indi
cating that urban sources are dominant and BB sources are a 
small contributor to this species (DeCarlo et al, 2008). Evap
oration also plays an important role as airmasses are advected 
away from Mexico City with the nitrate/A CO ratio dropping 
by about a factor of 4 (DeCarlo et al , 2008). HNO3 also re
acts with dust to form supermicron nitrates, which contribute 
about a third of the total nitrate during diy periods (Querol et 
al, 2008; Fountoukis et al, 2009; McNaughton et al, 2009), 
consistent with a recent 3-D modeling study using MCMA-
2003 data (Karydis et al, 2010). The suppression of dust 
(and thus of this HNO3 sink) by precipitation during the lat
ter part of MILAGRO led to an increase of NH4NO3 concen
trations by over 50% after March 23 r d (Aiken et al, 2009). 
Model-predicted submicron nitrate levels inside Mexico City 
are often sensitive to the aerosol physical state (solid vs. liq
uid) assumption during periods with ambient RH less than 
50% (Fountoukis et al , 2009; Karydis et al, 2010). 

Chloride is also a relevant species in Mexico City although 
its concentrations are generally below 1 ug m"3 and typically 
much lower than those of sulfate, nitrate, and ammonium 
(Querol et al, 2008; Aiken et al, 2009). During MCMA-
2003 ammonium chloride was the dominant form of chloride 
in PMi at the CENICA site (Salcedo et al, 2006; Johnson et 
al , 2008), but during MILAGRO the influence of metal or 
refractory chlorides was larger (Moffet et al, 2008a), on the 
order of one half of the submicron chloride (Huffman et al, 
2009a). Open trash and crop residue burning had high chlo
ride emission factors and are potentially important sources 
of this component (Christian et al, 2010). However some 
of the chloride is not associated with OA as it would be the 
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case for burning sources (Salcedo et al , 2006), so other non-
combustion urban sources are also important for chloride. 
Both forest fires and the urban area were important PMi 
chloride sources based on aircraft data during MILAGRO 
(DeCarlo et al, 2008). Chlorine-containing organic species 
in the particle phase have not been reported to our knowl
edge, despite the detection of substantial concentrations of 
chlorinated VOCs in the MCMA (Velasco et al, 2007). 

8.5 Secondary Organic Aerosols (SOA) 

Intense SOA formation in PMi was observed during MILA
GRO (Kleinman et al, 2008, 2009; Herndon et al, 2008; 
DeCarlo et al, 2008, 2010; Hennigan et al, 2008; de Gouw 
et al , 2009; Aiken et al, 2008, 2009) at levels much higher 
than predicted with traditional SOA models (Kleinman et al, 
2008; de Gouw et al , 2009; Hodzic et al, 2009, 2010a, 
b; Fast et al, 2009; Wood et al, 2010). This is consistent 
with previous observations and modeling from MCMA-2003 
(Volkamer et al, 2006, 2007; Dzepina et al, 2009; Tsim-
pidi et al, 2010) and the emerging consensus from studies 
at other polluted locations using a variety of apportionment 
methods (e.g., Docherty et al, 2008; Hallquist et al, 2009; 
de Gouw and Jimenez, 2009). These results were consis
tent between the WSOC (Hennigan et al, 2008) and AMS 
techniques (e.g., Kleinman et al, 2008) as has been observed 
elsewhere (Kondo et al, 2007; Docherty et al, 2008). The 
substantial contribution of SOA was reported not only in the 
city, but also at the Altzomoni site located 2 km above basin 
level (Baumgardner et al, 2009) and from aircraft (DeCarlo 
et al, 2008, 2010; Kleinman et al , 2008). It is also sup
ported by the large underprediction of afternoon OA con
centrations when only POA (from urban and BB sources) 
is considered (Fast et al, 2009, Hodzic et al, 2009; Tsim-
pidi et al , 2010). The combined formation of SIA and SOA 
contributes about 75% of the fine PM mass at TO in the af
ternoons during MILAGRO, and has a large impact on the 
aerosol radiative properties such as single-scattering albedo 
(Paredes-Miranda et al, 2009). The correlation of SOA with 
odd-oxygen (Ox = 0 3 +N02) (Herndon et al, 2008; Wood et 
al , 2010) suggests that the use of better-characterized ozone 
chemistry may help constrain and provide a target for mod
eling of SOA production. One group (Yu et al , 2009) ap
plied the EC-tracer method to estimate SOA in Mexico City, 
although it is not possible to separate SOA from primary 
BBOA with that method only, due to their similar and very 
high OC/EC ratios (Hallquist et al, 2009). 

The formation of S OA from biogenic precurs ors within the 
Mexico City basin was small, consistent with previous stud
ies (Volkamer et al, 2006; Dzepina et al , 2009). Most of the 
isoprene observed in the urban area is likely of anthropogenic 
origin (Hodzic et al, 2009), consistent with results at other 
urban locations (Borbon et al, 2001). Other anthropogenic 
alkenes add little organic mass to SOA, but indirectly add 
to SOA by reacting to produce radicals for the processing 
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of other SOA precursor VOCs. This indirect SOA contribu
tion of alkenes, i.e., to significantly add to oxidant fields, is 
likely to be much larger than their direct contribution to SOA 
mass (Volkamer et al, 2010). A modeling study (Hodzic 
et al, 2009) and tracer measurements (Stone et al, 2010a) 
indicate that biogenic SOA formed over forested areas on 
the coastal mountain ranges and advected over the Central 
Mexican Plateau contributes —1-1.5 ugm"3 of SOA back
ground to Mexico City (out of a total SOA background of 
—4-5 ugm"3), with relatively low temporal variability. The 
biogenic SOA source contributes to, but is insufficient to ex
plain, the high fraction of modern carbon in OA observed in 
Mexico City (30-45%, Aiken et al, 2010) during periods in 
which BB is suppressed by rain. Biogenic SOA formation 
may be larger in this region during the wet season. 

The predicted SOA from emissions of traditional precur
sors (aromatics, isoprene, terpenes) from BB are veiy small 
(Hodzic et al, 2009, 2010a), although these precursor emis
sions may be underestimated in current inventories (C. Wied-
inmyer, pers. comm., 2009). There is some variability in the 
net effect of SOA on OA mass observed in the field from 
BB emissions (Capes et al, 2008; Yokelson et al, 2009; de 
Gouw and Jimenez, 2009). The only reported chamber study 
which used woodstove emissions (rather than open-fire emis
sions) has shown substantial SOA formation in most cases 
that could not be explained from the traditional precursors 
and was attributed to semivolatile and intermediate volatil
ity species (Grieshop et al, 2009). SOA formation for the 
emissions from the forest fires near Mexico City was esti
mated to add a net amount of OA equivalent to —37% of 
the primary BBOA, and it makes a contribution to the out
flow of OA from the region (DeCarlo et al, 2010), which 
should be largest in the late afternoon. Net SOA formation 
was also observed in BB plumes in the Yucatan where the 
net relative effect was larger (addition of SOA equivalent to 
-100% of the primary BBOA) (Yokelson et al, 2009), per
haps due to the much lower POA emissions from the Yu
catan fires compared to those near Mexico City. The impact 
of BB SOA at the ground inside Mexico City was smaller 
than for the regional outflow. This was likely due to the fact 
that BBOA concentrations inside the city peaked in the early 
morning from emissions in the previous evening and photo
chemistry was not active during most of the transport period. 
In contrast, BBOA and acetonitrile levels at TO were at a 
minimum during mid-day when OOA was highest (Aiken et 
al, 2009,2010). The limited impact of BB SOA to the urban 
area is also consistent with the limited net SOA formation re
ported by DeCarlo et al. (2010). An exception was the period 
around 20-22 March, when substantial SOA from BB emis
sions was observed at the TO site (Aiken et al, 2010; Stone 
et al, 2010a). The lack of a significant decrease of OOA be
tween the high BB and low BB periods confirms that SOA 
from BB sources was not a dominant contributor to OOA 
concentrations within the city durmg most of the campaign 
(Aiken etal, 2010). 
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A recently-proposed mechanism postulates the importance 
of SOA formation from primary semivolatile and intermedi
ate volatility (S/IVOC) precursors from anthropogenic com
bustion and biomass burning (Robinson et al, 2007). This 
mechanism has been implemented in a modeling study for 
MILAGRO (Hodzic et al , 2010a, b), with results similar 
to two recent studies which compared to MCMA-2003 data 
(Dzepina et al, 2009; Tsimpidi et al, 2010). The Robinson 
et al. (2007) version of this mechanism produces approxi
mately the right amount of SOA in the near field, but its O/C 
is too low and the SOA formed is too volatile (Hodzic et al , 
2010a; Dzepina et al , 2009). The Grieshop et al (2009) up
date to this mechanism produces too much SOA, especially 
in the far field, although the O/C prediction is much closer to 
the observations (Hodzic et al, 2010a; Dzepina et al, 2009). 
The amount of SOA from anthropogenic S/IVOC reaching 
TO and Tl is predicted to be much larger than that from BB 
sources (Hodzic et al, 2010a). The modern carbon predicted 
by the model is closer to the observations when S/IVOC 
precursors are considered compared with when only SOA 
from VOCs is implemented (Hodzic et al , 2010b). How
ever, there are only weak constraints on the amount and re
activity of primary S/IVOC in Mexico City based on gaps in 
OH-reactivity and integral FTIR C-H stretches (Sheehy et al, 
2010; Dzepina et al, 2009), so it is not clear whether these 
mechanisms close the SOA budget for the right reasons. Di
rect measurements of primary and oxidized S/IVOC are crit
ically needed for further progress in this area. The uptake 
of glyoxal is an alternative mechanism which can produce 
SOA of high O/C ratios (Volkamer et al, 2009), although it 
is thought to contribute only the order of—15% to total SOA 
in Mexico City (Volkamer et al, 2007). 

The current uncertainties on the OA budget led to the pro
posal of a new quantity, Total Observed Organic Carbon 
(TOOC), which groups together the carbon from organic gas 
and particle phase species (Heald et al, 2008). Levels of 
TOOC in Mexico City are dominated by gas-phase species 
and are much higher than at other North American locations 
(Heald et al , 2008). TOOC may be a useful quantify for 
comparison of measurements and models. However unmea
sured species are not included in TOOC and are poorly con
strained at present. 

The volatility of PMi OA components in Mexico City 
was characterized for the first time using a thermodenuder 
+ AMS combination (Huffman et al , 2008; Faulhaber et 
al, 2009). Both POA and SOA are semivolatile in Mexico 
City, with POA being at least as volatile as SOA (Huffman 
et al , 2009b). These results are consistent with sampling 
in the Los Angeles area and source tests, and contradict the 
traditional representation of POA as non-volatile in models 
(Robinson et al, 2007; Huffman et al , 2009ab). The re
sults from the thermodenuder-AMS system have been used 
to produce volatility distributions ("basis sets") for the to
tal OA and the OA components (e.g., HOA, OOA, BBOA) 
(Cappa and Jimenez, 2010). This analysis concludes, us-
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ing two different techniques, that a substantial fraction (50-
80%) of the OA (especially the aged OOA) is essentially non
volatile and will not evaporate under any atmospheric condi
tions. However a semivolatile fraction is also present (Cappa 
and Jimenez, 2010), and Hennigan etal. (2008) reported that 
some of the SOA detected at the Tl site using WSOC mea
surements evaporated in the afternoons, although to a lesser 
extent than ammonium nitrate. 

The elemental composition of the PMi OA was charac
terized with high time-resolution (down to 10 seconds from 
aircraft) and high-sensitivity for the first time using a new 
technique based on high-resolution aerosol mass spectrome
try (Aiken et al, 2007). The diurnal cycle of the O/C atomic 
ratio at TO peaked with the afternoon photochemistry (—0.5, 
OA/OC—1.8) and reached the lowest values during the morn
ing rush hour (—0.3, OA/OC—1.6). H/C was anticorrelated 
with O/C. N/C was low (—0.02) and higher during the morn
ing than the afternoon indicating a more important associa
tion with POA (Aiken et al, 2008), although organonitrates 
are not included in the AMS N/C (Farmer et al, 2010). Re
gional trends observed from the C-130 aircraft were consis
tent with those hi the city, with increasing O/C away from 
the city (DeCarlo et al, 2008, 2010; Aiken et al, 2008). 
The chemical aging trends of OA and SOA observed in Mex
ico City are consistent with those at multiple other locations 
(Jimenez et al, 2009; Ng et al, 2010; Heald et al , 2010). 
Organic species with higher O/C were less volatile on aver
age than those with lower O/C (Huffman et al, 2009a). FTIR 
functional group analyses showed that in the urban area the 
molar ratio of oxidized functional group (carboxylic acid) to 
saturated hydrocarbon functional group (typical of primary 
organic aerosol) measured with FTIR varied between 0.04 
and 0.14, and ratios higher than 0.08 were observed for aged 
particles (Gilardoni et al. 2009). The coixelation of primary 
metals and carboxylic acid functional groups indicated rel
atively rapid (less than 12 h smce emission) formation of 
SOA (Liu et al, 2009). The average OA/OC ratios estimated 
from FTIR at SIMAT and Altzomoni were 1.8 and 2.0, re
spectively. Gilardoni et al. (2009) observed a larger fraction 
of oxygenated functional groups in samples collected inside 
the urban plume compared to background samples, which 
contrasts with the findings of Aiken et al (2008) and De-
Carlo et al. (2008) who found that urban samples were less 
oxygenated. The FTIR technique did not observe organon
itrates or organosulfates in the particles above the respec
tive detection limits (Gilardoni et al , 2009). Concentrations 
of organosulfates of —5 nmol m - 3 were, however, detected 
from TO and Tl samples using LC-MS/MS (Stone et al, 
2009). 

8.6 New particle formation 

New particle formation (NPF) is important for climate 
(Spracklen et al, 2008), and freshly nucleated particles could 
affect health (Oberdorster et al, 2005). Very intense NPF 
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events were observed within the Mexico City basin during 
MILAGRO consistent with a previous study (Dunn et al, 
2004; Molina et al , 2007) in which sulfates and oxygenated 
organics were observed in the growing particles. Growth 
rates of freshly nucleated particles were typically about ten 
times higher than could be explained by the condensation 
of sulfuric acid alone (Iida et al, 2008). The TDCIMS in
strument provided chemical composition measurements for 
smaller particles than had been characterized before (10-
33 nm), and it demonstrated that the high growth rates were 
dominated by the uptake of nitrogen-containing organic com
pounds, organic acids, and hydroxy organic acids, while sul
fate was a minor contributor to the observed growth (Smith 
et al , 2008). 

8.7 Aerosol CCN activity 

Wang et al (2010) performed a closure study between 
the measured CCN and those calculated using Kohler the
ory with the measured aerosol size distributions and com
position. Their results suggest that the mixing of non-
hygroscopic POA and BC with photochemically produced 
hygroscopic species takes place in a few hours during day
time, which is consistent with the results of Moffet et 
al (2009, 2010). This rapid process suggests that during 
daytime, a few tens of kilometers away for POA and BC 
sources, NCCN may be derived with sufficient accuracy by 
assuming an internal mixture, and using bulk chemical com
position. One of the implications is that while physically 
unrealistic, external mixtures, which are used in many global 
models, may also sufficiently predict Nccn for aged aerosol, 
as the contribution of non-hygroscopic POA and BC to over
all aerosol volume is often substantially reduced due to the 
condensation of secondary species. 

In situ measurements made from the C-130 aircraft during 
MILAGRO were examined in an attempt to link the aerosol 
optical properties to cloud condensation nuclei (CCN) ac
tivity (Shinozuka et al , 2009). The wavelength dependence 
of visible light extinction was found to be negatively corre
lated with the organic fraction of submicron non-refractory 
aerosol mass (OMF) over Central Mexico. The OMF was, 
in turn, anti-correlated with the CCN activity of particles for 
the urban, industrial and biomass burning aerosols over Cen
tral Mexico and the US West Coast, The wide range of OMF 
means a stronger impact of the aerosol chemical composi
tion in determining the CCN concentration over the regions 
we investigated compared to fixed-point studies elsewhere. 
These analyses provide an improved context for understand
ing the capabilities and limitations for inferring CCN from 
spectral remote sensing. 

Further studies of CCN impacts from water soluble frac
tions of filter samples have been analyzed using Kohler the
ory (Padro et al , 2010). This study found that organics 
were causing a surface tension depression of 10-15%. Lower 
molar masses (—200 MW) were found for daytime samples 
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with approximately twice that size being found in nighttime 
samples. This has been interpreted as being due to aging 
of the aerosols. The overall changes in surface tension ap
pear to partially compensate for changes in the mean mo
lar volume yielding an observed constant hygroscopicity and 
lead to the consideration that the volume/volume fraction of 
water-soluble organics is the key compositional parameter in 
predicting CCN activity. 

Ervens et al. (2010) have compared the CCN activity of 
Mexico City (TO) aerosols to those at other polluted and re
mote locations, and concluded that CCN can be predicted 
within a factor of two assuming either externally or inter
nally mixed soluble OA, although these simplified composi
tions/mixing states might not represent the actual properties 
of ambient aerosol populations. Under typical conditions, a 
factor of two uncertainty in CCN concentration translates to 
an uncertainty of—15% in cloud drop concentration, which 
might be adequate for large-scale models given the much 
larger uncertainty in cloudiness. 

9 Aerosol optical properties and radiative influences 

Aerosol radiative forcing has been identified as one of 
the largest uncertainties in climate change research (IPCC, 
2007). Aerosol radiative impacts include direct and indirect 
effects. Direct effects include scattering of incoming solar 
radiation that can lead to cooling, and absorption of solar ra
diation that can lead to warming. Indirect effect of aerosol is 
tied to their ability to act as CCN and form cloud droplets. 
Absorption of longwave radiation can also lead to forcing by 
the aerosols and is another area of active research aimed at 
reducing the uncertainties in these processes. The amount of 
forcing depends on their physical (size and shape) and chem
ical properties (surface chemistry, hygroscopicity, etc.) and 
on their residence times in the troposphere. As aerosol pro
duction is tied to energy from combustion of fossil fuels, par
ticularly in large metropolitan areas, the role of megacities as 
sources of these aerosols and their future evolution in terms 
of aerosol properties and source strengths is an area where 
a better fundamental understanding of aerosols is needed for 
improved regional and global modeling. 

During MILAGRO, the MAX-Mex component was 
specifically focused on making measurements to examine 
how variable the chemical and physical properties of the 
megacity aerosols were and how these properties affected 
the scattering and absorption by the aerosol related to cli
mate. Three surface supersites were instrumented to examine 
the aerosol plume evolution. As described in Sect. 7 above, 
the TO and Tl sites were set up with state-of-the-art aerosol 
spectrometers and samplers for characterization of chemical 
and physical properties including the scattering and absorp
tion of aerosols, particularly in the submicrometer fractions 
that are anticipated to have the longest lifetimes and have 
the most impact on regional and potentially global climate 
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forcing. Measurements were also conducted using several 
airborne platforms: the DOE G-1 that obtained precursor gas 
and aerosol measurements; a NASA King Air equipped with 
a High Spectral Resolution Lidar (HSRL) to measure pro
files of aerosol extinction, backscattering, and depolarization 
(Hah: et al, 2008; Rogers et al, 2009); NCAR C-130 and 
the NASA J-31 (see Sect. 10). Rogers et al. (2009) describe 
the King Air flight operations and show the King Air flight 
tracks during MILAGRO. 

Key findings related to aerosol optical properties obtained 
during MILAGRO are presented below. Some of the mea
surements and results related to this topic have been de
scribed also under Sect. 8 (Ambient PM). 

MILAGRO provided the first-ever deployment of an air
borne HSRL on a comprehensive field campaign. Unlike 
standard backscatter lidars, the HSRL technique enables an 
accurate and unambiguous measurement of aerosol extinc
tion. Rogers et al. (2009) compared the HSRL aerosol ex
tinction measurements with aerosol extinction derived from 
simultaneous measurements from the NASA Ames Airborne 
Sun Photometer (AATS-14) (Redemann et al, 2009) and in 
situ scattering and absorption measurements from the Hawaii 
Group for Environmental Aerosol Research (HiGEAR) (Mc-
Naughton et al, 2009) in situ instruments and found bias dif
ferences between HSRL and these instruments to be less than 
3% (0.001 km"1) at 532nm; root-mean-square (rms) differ
ences at 532nm were less than 50% (0.015km-1). These 
differences are well within the typical state-of-the-art sys
tematic error of 15-20% at visible wavelengths (Schmid et 
al , 2006). Airborne HSRL measurements of aerosol inten
sive properties were used to identify aerosol types and parti-
lion the measured extinction into cumulative Aerosol Optical 
Depth (AOD) for each type (Fenare et al, 2007). The aerosol 
type consisting of a mix of dust and urban aerosols accounted 
for nearly half of the AOD measured by the HSRL with 
urban/biomass aerosol types accounting for approximately 
35% of the AOD (see Fig. 13). In contrast, during subse
quent HSRL field missions over the Houston region (Parrish 
et al , 2009b) and the eastern US, urban/biomass aerosols ac
counted for 80-90% of the AOD. 

While scattering by aerosols is fairly well understood and 
is principally dependent on size and shape of the aerosols, 
absorption of solar radiation by atmospheric aerosols is a 
major uncertainty in assessing radiative balance on regional 
scales. Carbonaceous aerosols are of particular concern as 
they are among the major light absorbing species in the tro
posphere. Incomplete combustion of hydrocarbon fuels leads 
to the formation of carbon soots or black carbon, which have 
been well known as a significant, if not the major, absorb
ing aerosol species in the troposphere (Marley, et al, 2007; 
Marr, et al , 2006). Fossil fuel combustion, particularly in 
diesel engines, has received significant attention as the ma
jor source of black carbon aerosols. Other sources of ab
sorbing carbonaceous aerosols (i.e., black carbon and other 
UV-Vis active species such as PAH, conjugated ketones and 

other partially combusted organics) include biomass burning 
of agricultural fields and forest fires as well as the formation 
of potentially light-absorbing absorbing SOA from anthro
pogenic, biomass burning, and biogenic precursors. Light 
absorption by SOA is an active research topic (e.g., Andreae 
and Gelencser, 2006; Barnard et al, 2008). 

Results from both ground-based and airborne measure
ments confirm that Mexico City is a significant source of both 
primary and secondary aerosols at the regional scale (Do
ran, et al, 2007; 2008; Fast, et al , 2009, Kleinman, et al, 
2008; DeCarlo et al, 2008). Single scattering albedos in the 
MCMA and downwind are substantially lower than in other 
areas (such as the eastern United States) (Doran et al, 2007, 
2008; Kleinman et al, 2008; Marley et al, 2009a; Paredes-
Miranda et al, 2009; Thornhill et al, 2008). These results are 
consistent with the significant amounts of black carbon and 
light-absorbing PAH coatings observed during these studies 
as well as during MCMA-2003 (Marr, et al, 2006; Marley et 
al , 2007; Stone et al, 2008; Querol et al, 2008). Carbon-14 
and stable carbon-13 measurements also have indicated that 
a major fraction of the total carbonaceous aerosol is coming 
from recent carbon sources including biomass and agricul
tural burning activities (Marley et al, 2009a; Aiken et al, 
2010). As discussed in Sect. 7, modern carbon measure
ments are about 15% higher during the high biomass burn
ing periods compared to those in which BB is suppressed 
by rain (Aiken et al, 2010). Thus other urban and regional 
sources of modem carbon are important in Central Mexico, 
such as biogenic SOA (Hodzic et al, 2009), food cooking 
(Mugica et al, 2009), and other anthropogenic open burn
ing activities (e.g., trash burning and biofuel use (Christian 
et al, 2010)). Larger relative amounts of biomass burning 
aerosols were noted at the Tl regional site than the urban TO 
site (Stone et al, 2008; Marley et al, 2009b), consistent with 
the megacity having a significant fossil fuel input, but both 
sites were heavily impacted by recent carbon sourced car
bonaceous aerosols from local and regional burning and also 
other modern carbon-containing sources as discussed above. 

As noted, light scattering and absorption measurements in 
the UV-visible region found that the ground-based TO and Tl 
surface sites single scattering albedo (SSA) was frequently 
in the 0.7-0.8 range with some early morning values having 
even lower SSA (Marley, et al , 2009b; Paredes-Miranda et 
al, 2009). Aircraft results from several platforms (NASA 
King Air, DOE G-1, and NCAR C-130) aerosol instruments 
all indicate that there was significant transport of aerosols 
and that most of this aerosol is in the lower layer of the 
atmosphere consistent with the ground sourcing of primary 
aerosols and secondary aerosol precursors. Aircraft SSA 
values were typically found to be higher than ground-based 
measurements, but still lower than those typically seen in 
the eastern US due to absorbing aerosols (Kleinman et al, 
2008). The aircraft measurements also found that substantial 
amounts of aerosols (primary and secondary) can be trans
ported aloft and exported to regional and global scales via 
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the free troposphere during venting events that were antici
pated by pre-campaign modeling studies (Fast et al , 2007). 
Substantial vertical layering of the aerosol and regional dif
ferences in the Valley of Mexico for aerosol scattering and 
extinction was also found. Enhanced UV absorption (300-
450 nm) of incoming solar radiation was found to be sub
stantial and was likely due to both SOA formation as well as 
from biomass burning sources (Corr et al., 2009; Marley et 
al , 2009b), consistent with a previous study during MCMA-
2003 (Barnard et al, 2008). The wavelength dependence of 
absorption measured at 470, 530 and 660 nm on the C-130 
was higher with higher organic fraction of non-refractory 
mass of submicrometer particles, and this relationship was 
more pronounced under high single scattering albedo, as ex
pected for the interplay between soot and colored weak ab
sorbers (some organic species and dust) (Shinozuka et al, 
2009). The slope of SSA spectra also varied with the sub-
micrometer aerosol composition. These observations from 
the C130 aircraft are consistent with, and extend, the results 
obtained elsewhere using AERONET ground-based remote 
sensing and airborne radiometric techniques (Russell et al , 
2010). J-31 measurements of aerosol absorption over the 
broader wavelength range 350—1650nm (Bergstrom et al, 
2010) also indicated the combined presence of black carbon, 
organic matter and possibly mineral dust and their influence 
on the wavelength dependence of absorption. 

A strong correlation was found between the absorption 
Angstrom exponent (AAE) and the modern carbon content 
(radioactive l4C) in aerosols. The AAE values were derived 
from a simple exponential fit of the broadband aerosol ab
sorption spectra obtained from either a seven-channel wave
length Aethalometer (5-min time resolution) or from 12-h 
integrated submicrometer aerosols samples by using an inte
grating sphere/spectrometer to obtain complete UV-visible-
NIR spectra (Marley et al, 2009b). This result showed the 
significant impact that grass fires had in the region during 
the MILAGRO campaign on the lower atmospheric aerosol 
radiative forcing. Rain events during the latter portion of 
the campaign were found to put out the fires and both lower 
14C content and reduced UV-visible absorption were seen in 
the data (Marley et al, 2009a; Marley et al , 2009b; Aiken 
et al, 2010). Both biomass-burning and SOA sources are 
likely to add significant absorption in the UV-VIS-NIR re
gion. These more complete spectral evaluations of aerosol 
absorption indicate the importance of multi-wavelength if not 
complete spectral characterization for absorbing carbona
ceous aerosols. Previous work using single wavelengths, par
ticularly at wavelengths longer than 500 nm, did not detect 
these changes in absorption in the 300 to 500nm range that 
are primarily due to oxidized organics (both aged primary 
and SOA coatings). 

Studies from MILAGRO have reported significant en
hanced UV-Visible absorption from biomass burning, sec
ondary organics, and aged carbonaceous aerosol compo
nents. It will be important to add this spectral information 
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to direct effect climate modeling efforts for these classes of 
organic aerosols, as this enhanced absorption will lead to 
wanning of the atmosphere. This includes improved mod
eling of SOA production from megacity environments (Fast 
et al, 2009; Hodzic et al, 2009, 2010a, b; Dzepina et al, 
2009). The importance of absorbing aerosols on regional 
radiative forcing has also been seen in other major field stud
ies such as INDOEX (Ramanathan et al, 2001) and is an 
indication of the increasing potential importance that SOA 
and biomass burning aerosols may have on regional climate 
direct forcing, even in megacity environments. With antici
pated increases in the growing seasons, reduced precipitation 
in summer months, and warmer climates, increases in forest 
and grass fires are predicted for many regions (IPCC, 2007). 
The potential increases in agricultural burning due to future 
increases in biofuel production constitute land use change 
that may add to carbonaceous aerosol impacts. The con
nection between biomass and agricultural burning with en
hanced UV-visible absorbing aerosols identified during MI
LAGRO will need to be added to future regional climate 
modeling efforts. 

Infrared forcing of these aerosols, particularly in the 
boundary layer is another area that has been identified as po
tentially important (Marley et al, 1993; Gaffney and Marley, 
1998). FTIR and mass spectral studies have been reported 
that indicate that humic-like substances (HULIS) are con
tributing to the carbonaceous aerosols (Stone et al, 2009) 
and that these have strong absorption bands in the mid-IR 
region consistent with their HULIS structures (Marley et 
al , 1996, 2009a). The mid-IR absorption of carbonaceous 
aerosols will also add to the heating of the lower atmosphere 
and megacity sources of these aerosols along with associated 
higher greenhouse gases certainly add to urban heat island 
effects (Marley et al, 1993; Gaffney and Marley, 1998). 

10 INTEX-B flights over Mexico City and the Gulf 

This section presents an overview of methods and results 
of the Jetstream 31 (J-31) which participated in MILAGRO 
as part of the NASA-led INTEX-B study. As described by 
Singh et al. (2009), the major INTEX-B aircraft was a DC-8, 
which flew in two phases: 1—21 March (focused on Mexico 
and the Gulf during MILAGRO), and 17 April-15 May (fo
cused on trans-Pacific Asian pollution transport). Methods 
and results of all DC-8 flights in TNTEX-B are summarized 
by Singh et al (2009). 

10.1 J-31 overview 

For INTEX-B/MILAGRO die J-31 was equipped to measure 
many properties of solar radiant energy and how that energy 
is affected by atmospheric constituents and Earth's surfaces. 
Table 7 gives more information on J-31 instruments and the 
properties retrieved from their measurements. Because solar 
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Fig. 13. Suite of airborne HSRL aerosol measurements acquiied on 15 March 2006 in the Mexico City region, (a) aerosol backscatter 
(532nm), (b) aerosol depolarization (532nm), (c) aeiosol extinction (532nm), (d) latio of aerosol depolarization (532/1064 nm), (e) aerosol 
extmction/backscattei ratio, (f) backscattei wavelength dependence (1064/532nm), (g) aerosol type inferred from the HSRL measurements, 
and (h) aerosol optical thickness (532 nm) conttibuted by each aerosol type. In (h), the total length of the bat represents the total aerosol 
optical thickness. The color bar at the bottom denotes the various aerosol types. The purple box between 17:05-17:25 UT indicates when 
the King Air flew directly over the city from northwest to southeast. Piior to that time, the King Aii flew to the north and east of the Mexico 
City region. Over the city, the HSRL measurements indicate that urban (polluted) aerosols had the gieatest contribution to AOD; in contrast, 
outside the city, a mixture of dust and utban aerosols had the greatest contribution to AOD. 

energy diives Earth's climate, the J-31 suite of measurements 
helps show how changing atmospheric and surface piopeities 
can change the climate. 

Constituents retrieved from J-31 measuiements in TNTEX-
B/MILAGRO include aerosol particles, water vapor, and 
clouds, in addition to properties of a variety of Earth sur
faces. Specific scientific goals of these measurements were 
to: 

Chaiacterize the distributions, properties, and effects of 
aeiosol PM and water vapor advecting from Mexico 
City and biomass fires toward and over the Gulf of Mex
ico, including: 

- Aerosol optical depth and extinction spectra (354— 
2138 nm). 

- Water vapor columns and profiles. 

- Aerosol radiative impacts: in clear sky (dhect ef
fect) & via clouds (indiiect effect). 
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Fig. 14. (a) Comparison of MODISTerra and AATS14 derived 
AOD Angstrom exponent for MODIS Collection 4 (C004, blue cir
cles) and Collection 5 (C005, red circles), (b) Same as (a), but 
for the MODISTena derived fine mode fraction, FMF, veisus the 
AATS + in situ derived submicron fraction of AOD. (cd) same 
as (ab), but for MODISAqua. The AATS + in situ derived sub
micron fraction of AOD uses DC8 INTEXB measurements as de
scribed by Redemann et al. (2009). 

 Test the ability of Aura, other ATrain & Terra satellite 
sensors, and airborne lidar, to retrieve aerosol, cloud, 
and water vapor properties. 

 Characterize surface spectral albedo and bidirectional 
reflectance distribution function (BRDF) to help im

prove satellite retrievals. 

 Quantify the relationships between the above and 
aerosol amount and type. 

The J31 made 13 successful flights totaling 43 flight hours 
out of Veracruz airport during MILAGRO. Scientific results 
are presented in several papers referenced below. 

10.2 Results from J31 flights and related 
measurements 

Coddington et al (2008) used J31 Solar Spectral Flux Ra

diometer (SSFR) measurements of upward and downward ir
radiance to determine spectral surface albedo at ground sta

tions and along the flight track, thereby linking flightlevel 
retrieved measurements to largerscale satellite observations 
in the polluted Mexico City environment. As they point out, 
these spectral surface albedo values strongly affect Earth's 
radiation balance and are also boundary conditions that need 

to be accurately known for aerosol remote sensing, aerosol 
radiative forcing, and radiative transfer calculations. Their 
approach involves iteratively adjusting the surface albedo in

put of an SSFRspecific radiative transfer model until the 
modeled upward irradiance matches the SSFR measurements 
at flight level. They also compared spectral surface albe

dos derived from the SSFR, MultiFilter Rotating Shadow

band Radiometer (MFRSR), and the Moderate Resolution 
imaging Spectroradiometer (MODIS) instrument onboard 
the NASAEOS Terra and Aqua satellites, obtaining differ

ences of 610% and 0.0250.05 units, respectively. Along

track comparisons between the SSFR and MODIS show that 
two instiuments (aircraft and satellite) can capture inhomo

geneous surface albedo scene changes. 
A related MILAGRO/MCMA2006 study on surface re

flectance in the Mexico City metropolitan area was con

ducted by de Almeida Castanho et al. (2007). Their ap

proach included using radiances from the MODIS satellite 
sensor at 1.5 km spatial resolution over distinct surfaces in 
the area to determine ratios of visible (VIS) to shortwave 
infrared (SWIR) reflectance for those surfaces. They also 
measured AOD using sunphotometers at 5 different locations 
over the urban area, as well as the CIMEL from the global 
AERONET located at the three supersites. They found that 
use of their derived VIS/SWTR surface reflectance ratios in 
the MODIS AOD retrieval algorithm greatly improved agree

ment between AOD measured from the surface and retrieved 
from MODIS. 

J31 Research Scanning Polarimeter (RSP) measurements 
have been used in studies of both Earth surface properties and 
aerosols. Chowdhary et al. (2010) use RSP measurements 
over the open ocean at low and high altitudes, and at az

imuth angles close to and away from the solar principal 
plane, to show that reflectances are sensitive to variations in 
chlorophylla concentrations in the ocean, and that they can 
be matched using their hydrosol model over the full range of 
viewing geometries and observational heights and over the 
entire solar spectrum. In that study aerosol optical thickness 
values used in radiative transfer calculations are varied to 
match data from the Ames Airborne Tracking Sunphotome

ter (AATS) on the J31. Cairns et al. (2009) use RSP mea

surements made over Mexico City to demonstrate for the first 
time the accurate retrieval of aerosol accumulation mode par

ticle size, complex refractive index and spectral optical depth 
using downward looking passive measurements above an ur

ban environment. 
Livingston et al. (2009) use J31 AATS measurements ac

quired over the Gulf of Mexico and Mexico City to eval

uate retrievals of AOD from measurements by the Ozone 
Monitoring Instrument (OMI) aboard the Aura satellite and 
from the MODIS aboard the Aqua satellite. They show 
that MODIS and AATS AODs agree to within root mean 
square (RMS) differences of 0.000.06, depending on wave

length, but that OMi and AATS AODs can differ by consider

ably more. They explore how these OMIAATS differences 
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depend on the OMI retrieval algorithm used (near-UV vs. 
multiwavelength), on the retrieved aerosol model, and on 
other factors. 

Redemann et al. (2009) compare J-31 AATS measure
ments of AOD and related aerosol properties to results from 
MODIS-Aqua and MODIS-Terra, with emphasis on differ
ences between the older MODIS Collection 4 (C4) and the 
new Collection 5 (C5) data set, the latter representing a re
processing of the entire MODIS data set completed during 
2006. They find notable differences between MODIS C4 and 
C5 in AOD, Angstrom exponent, and aerosol fine mode frac
tion (FMF), and they explore how those differences depend 
on MODIS instrument (Aqua vs. Terra), on wavelength, and 
on other factors. An example result is shown in Fig. 14. They 
conclude that differences in MODIS C4 and C5 in the limited 
J-31INTEX-B/MILAGRO data set can be traced to changes 
in the sensor calibration and recommend that they be investi
gated with a globally more representative data set. 

Schmidt et al. (2010) introduce a method for deriving 
aerosol spectral radiative forcing, along with single scatter
ing albedo, asymmetry parameter and surface albedo from 
airborne vertical profile measurements of shortwave spec
tral irradiance and spectral aerosol optical thickness. Us
ing data collected by the SSFR and the AATS-14 on the J-
31, they validate an over-ocean spectral aerosol forcing ef
ficiency from the new method by comparing with the tradi
tional method. Retrieved over-land aerosol optical properties 
are compared with in-situ measurements and AERONET re
trievals. The spectral forcing efficiencies over ocean and land 
are remarkably similar, and agree with results from other 
field experiments. 

Gatebe et al. (2010) use measurements by CAR on the 
J-31 and an AERONET sun-slcy photometer on the ground 
to test a new method for simultaneously retrieving aerosol 
properties and surface reflectance properties from combined 
airborne and ground-based direct and diffuse radiometric 
measurements. Results are shown from four campaigns at 
four sites having different surface characteristics and aerosol 
types. As an example, for 6 March 2006 over Mexico City, 
they retrieve an aerosol size distribution that is trimodal 
above the J-31 andbimodal below. Although submicrometer 
particles appear to dominate in both layers, there is a signifi
cant contribution to the total optical thickness from particles 
with r > 1 pm. Results for single scattering albedo and com
plex refractive index above and below the aircraft are also 
presented. 

Bergstrom et al. (2010) combine J-31 measurements of so
lar radiation spectra by SSFR and AOD spectra by AATS to 
derive spectra of aerosol SSA and aerosol absorption optical 
depth (AAOD) for two flights over the Gulf of Mexico and 
three flights over Mexico City for wavelengths from 350 to 
~1650nm. They describe the results in terms of three dif
ferent wavelength regions: The 350-500 nm region where 
the aerosol absorption often falls off sharply presumably due 
to organic carbonaceous matter and windblown dust; the 
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500-1000 nm region where the decrease with wavelength is 
slower, presumably due to black carbon; and the near in
frared spectral region (1000 nm to 1650 nm) where it is dif
ficult to obtain reliable results since the aerosol absorption is 
relatively small and the gas absoiption dominates. However, 
there is an indication of a small and somewhat wavelength in
dependent absorption in the region beyond 1000 nm. For one 
of the flights over the Gulf of Mexico near the coastline it 
appears that a cloud/fog formation and evaporation led to an 
increase of absorption possibly due to a water shell remain
ing on the particles after the cloud/fog had dissipated. For 
two of the Mexico City cases, the single scattering albedo is 
roughly constant between 350-500 nm consistent with other 
Mexico City results. In three of the cases a single absorption 
Angstrom exponent (AAE) fits the aerosol absorption opti
cal depth over the entire wavelength range of 3 50 to 1650 nm 
relatively well (r2>0.86), 

Additional results on Mexico City aerosol absoiption 
wavelength dependence from C-130 measurements in MI
LAGRO are presented by Russell et al. (2010), who also 
present an analysis from previous AERONET measurements 
in Mexico City and other locations. 

11 Health studies 

There is strong evidence from around the world that urban air 
pollution affects human health (Samet and Krewski, 2007). 
Health effects have been associated predominately with at 
least one of the so-called criteria pollutants that are rou
tinely measured to assess air quality in most cities around the 
world. Ozone and PM represent a common persistent prob
lem in several cities, with important effects on public health 
(Craig et al, 2008). Although recent attention has been 
brought towards understanding the role of multipollutants in
teractions in air pollution related health effects (Mauderly 
and Samet, 2009), current methodological approaches have 
focused on ozone (Samoli et al, 2009) and, more impor
tantly, in PM as the criteria pollutant with stronger associ
ations with most of the described health effects. 

Adverse health outcomes include: increased mortality, 
hospital admissions, altered pulmonary function, cancer, 
asthma, etc. (Pope and Dockery, 2006). However, PM ef
fects are heterogeneous and vaiy with PM size, season and 
location (Bell et al , 2008; Dominici et al, 2006; Peng et al , 
2005). Recent evidence at the experimental and population 
level indicates that variations in the PM mixture chemical 
composition could account for the heterogeneous health ef
fects observed (Alfaro-Moreno et al, 2010; Dominici et al, 
2007; Lippmann et al, 2006). For example, Ni and V content 
have been linked to increased cardiovascular disease. Local 
conditions, however, can drive stronger associations, as in the 
case of New York City where local sources could be respon
sible for high Ni content, causing health effects both locally 
and at downwind locations as due to "imported" pollution 
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(Dominici et al, 2007; Lippmann et al, 2006). The emerging 
issue of the role of PM composition will require studies us
ing more comprehensive data on air pollution components, 
e.g., EPA's Speciation Trends Network (Lippmann, 2009), 
and their chemical "evolution" during emission, atmospheric 
dispersion and transport. 

The MCMA has been the subject of previous pollution-
related health studies. Evidence on mortality and school ab
senteeism was first published in the 1990s (Borja-Aburto et 
al , 1997; Romieu et al, 1992). More recent evidence has 
been focused on children's health, e.g., the participation of 
genetic polymorphisms (Romieu et al, 2006), systemic dam
age (Calderon-Garciduenas et al, 2007), lung growth retar
dation (Barraza-Villarreal et al, 2008) and the participation 
of other variables such as education (O'Neill et al, 2008). 
Some of the published results from Mexico City describe 
situations relevant to information revealed by MILAGRO. 
Among them are the importance of coarse particles on mor
tality (Castillejos et al, 2000) or the existence of PM toxi-
cological profiles depending on where the samples were ob
tained (Osornio-Vargas, et al, 2003) and the relative effects 
of their components (Rosas-Perez et al , 2007), See Sect. 8 
for further information on MCMA PM levels and character
istics. 

Many MILAGRO observations are relevant to human ex
posure and health impact. However, it is difficult to re
late them directly to health effects due to the short length 
of the campaign, compared to the typical length for human 
health effects studies. The MILAGRO findings are certainly 
useful for the design of future health studies, including ef
fects related to long range transport of pollutants (see e.g., 
Hashizume etal, 2010). 

Two health-related studies were carried out during MILA
GRO: one on human exposure and another at the cellular 
level; each are described briefly below: 

(1) The human exposure study done by Tovalin et 
al. (2010) aimed to evaluate the contribution of regionally 
transported air pollutants from the MCMA to the children's 
personal exposure (age 9-12) and their parents during the 
campaign. This study included: collection of personal and 
microenvironmental samples of air pollutants (ozone, fine 
and ultrafine particles, CO, VOCs) at three selected sites in 
urban, suburban and rural areas; comparison of the indoor 
and outdoor concentrations and personal exposures to air pol
lutants at the three sites; determination of the association be
tween the exposures and the level of oxidative stress markers 
among the study populations; and analysis of the relationship 
between the exposures and their respiratory health. Results 
indicate that children near TO have decreased levels of res
piratory and olfactory function as well as enhanced indica
tors for oxidative stress and inflammation. However, the lack 
of clear gradient effects between urban, suburban and rural 
areas suggests that local sources are also playing a role on 
health effects. Pollutants such as benzene, O3, NO2, SO2, 
PMto showed statistical associations with biomarkers of ox-

Atmos. Chem. Phys., 10, 8697-8760, 2010 

idative stress. The study design and the duration of the study 
did not allow for discrimination between acute and cumula
tive effects. 

(2) Osornio-Vargas el at. (2008) described the oxidative 
potential of PMjo collected at TO and Tl using Electron 
Paramagnetic Resonance (EPR) technique in the presence 
of DMPO as an OH trap to correlate with in vitro PMIQ-
induced membrane disruption and degradation of isolated 
DNA. Daily samples were pooled and analyzed accordingly 
to the influence/non-influence dispersion patterns of TO on 
Tl, as defined by de Foy (2008) during MILAGRO using 
back trajectories. PM10 samples from TO had a higher oxida
tive potential than those from Ti. During TO —> Tl influence 
days, the oxidative potential of Tl samples was lower than 
for other days. Additionally, PM10 samples were analyzed 
for elemental content and oxidative potential correlated with 
PM10 Cu and Zn levels. However biological effects did not 
correlate with oxidative potential and were different by site, 
probably as a result of local influences such as PMJO compo
sition, suggesting that oxidative stress is not the only mech
anism involved in PM-toxicity. Other MILAGRO findings 
support these observations, for example: (1) Mexico City's 
air pollution "footprint" influences the receptor site, but not 
further than 200 km (Kleinman et al , 2008; Mena-Carrasco 
et al , 2009); (2) The plume dilutes and ages as it moves 
towards the receptor site (Kleinman et al, 2008); and (3) 
MCMA is photochemically very active and produces large 
amount of OH from various radical sources. The highly re
active OH controls lifetime and fate of most ambient trace 
gases (Dusanter et al, 2009a). Mugica et al (2009) also de
scribe the variability of PM oxidative potential in relation to 
composition, sources and meteorological conditions. 

Several studies on different PM size fractions give useful 
information on PM composition and its evolution or aging, 
as described in Sect. 8 of this Overview. Of particular in
terest for health studies are the results on metals and PAHs, 
many of which have known toxic effects. Another important 
observation is that persistent organic pollutants (POPs) col
lected with passive samples had similar indoor and outdoor 
concentrations in Mexico City (Bohlin et al , 2008). These 
are important points worth keep in mind when considering 
human exposures. 

12 Summary and conclusions 

The MILAGRO Campaign was designed to investigate the 
extremely vigorous atmospheric photochemistry of North 
America's most populous metropolitan area. The obser
vation phase of MILAGRO/INTEX-B has provided an ex
tremely rich data set that will likely take years to fully ana
lyze and evaluate. Many interesting aspects of atmospheric 
chemistry in and near the MCMA are emerging and have 
already added to our understanding of the chemical and 
physical properties of the city's reactive atmosphere and its 

www. atmos-chem-phys .net/10/8 697/2010/ 



L. T. Molina et al: Mexico City emissions and their transport and transformation 8743 

regional impacts. Results from 2006, as well as the ear
lier 2002/2003 studies, have been presented at international 
conferences and communicated to Mexican government of
ficials. In this paper we have reviewed over 120 papers re
sulting from MILAGRO/TNTEX-B Campaign that have been 
published or submitted, as well as additional relevant papers 
from MCMA-2003, with the aim of providing a road map 
for the scientific community interested in understanding the 
emissions from a megacity such as the MCMA and their im
pacts on air quality and climate. 

12.1 Summary of key findings 

Key findings from the analysis and evaluation of the exten
sive MILAGRO and relevant MCMA-2003 results obtained 
to date are summarized below. 

12.1.1 Meteorology and dynamics 

- The overall synoptic conditions and boundary layer cir
culations were similar to those reported by MCMA pre
vious studies and consistent with prior climatology, sug
gesting that results from MILAGRO are applicable to 
general conditions in the MCMA. 

- Meteorological measurements at the surface and aloft 
coupled with measurements of trace gases and aerosols 
indicate that the synoptic-scale transport of the Mex
ico City pollutant plume was predominantly towards 
the northeast, although regional-scale circulations trans
ported pollutants to the surrounding valleys and basins 
on some days. 

- On the basin-scale, morning winds from the north trans
ported the plume towards the south. On certain days, 
this was transported over the basin rim or through the 
mountain pass in the southeast. An afternoon gap flow 
from the south reversed the flow direction in the moun
tain pass and contributed to flushing the MCMA plume 
towards the northeast. 

- Surface and airborne lidars, as well as airborne meteo
rological measurements have shown multiple layers of 
particulate matter resulting from complex mixing pro
cesses over central Mexico. 

- Drainage flows at night have a strong impact on air pol
lution transport and accumulation in the basin leading 
to high pollutant concentrations. 

- Biomass burning plumes were found to be transported 
into the MCMA from the surrounding basin and outly
ing regions. 

- The Popocatepetl volcano has very limited impacts on 
the air quality in the MCMA because of the elevation of 
the emissions and the vertical stratification in the wind 
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flows. However, these impacts can be larger at regional 
scales. 

- CMET balloon trajectories found strong layering of the 
urban plume persisting as far as the Gulf of Mexico, 
with very rapid transport at high altitude. 

- Mesoscale meteorological models were found to cap
ture the main features of the basin wind transport and 
were of sufficient accuracy to assist in data analysis and 
interpretation. 

- The combination of Radar Wind Profiler analysis and 
modeling studies assisted in suggesting possible source 
areas of heavy metals. Further analysis could be used to 
identify these more precisely. 

12.1.2 MCMA emissions of gases and fine PM: 

- MILAGRO demonstrated the synergy of using multi
ple bottom-up and top-down analysis techniques with 
data obtained from multiple platforms and instruments 
to evaluate emissions inventories. The combined pro
cess helps to reduce the associated uncertainties in the 
emissions estimates and provides guidance for setting 
priorities for improving further development and refine
ment of the emissions inventories. 

- Several studies showed that some mobile emissions 
from gasoline vehicles in the MCMA decreased in re
cent years, CO in particular, but that mobile emission 
sources are still the main contributors of gaseous pol
lutants and a major contributor to PM pollution in the 
city. 

~ The relative contribution of diesel vehicles to overall 
NOx levels has increased over time in the city. This 
is expected and consistent with observations in the US, 
and is partially due to the increases in diesel fuel con
sumption and to the introduction of veiy effective con
trol technologies for gasoline vehicle emissions, which 
have not been matched by similarly effective diesel 
emission control technologies (Harley et al , 2005; Ban-
Weiss et al, 2008). 

- The measurements of mobile emissions during MILA
GRO identified several discrepancies between the ob
servations and the emissions estimates in the emissions 
inventory. These include slight overpredictions of CO 
and NO (<30% and <20%, respectively), and a proba
ble undeiprediction of VOCs by a factor of 1.4 to 1.9 in 
the inventory. Similarly, there is modeling and observa
tional evidence that the current PM emissions estimates 
are severely underestimated. 

- The direct flux measurements at the SIMAT tower site 
in the city center suggest that the local emissions inven
tory estimates of CO2, olefins and selected aromatic and 
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oxygenated VOCs are accurate for emissions from com
bustion sources, but overestimate the evaporative emis
sions from area sources within several Ion footprint of 
the measurement site. In contrast, the aircraft flux mea
surements indicate an underestimation of the toluene 
and benzene emissions reported in the emissions inven
tory for the northeast industrial sector of the city. 

- The surface and airborne flux measurements carried 
out during MCMA-2003 and MILAGRO-2006 demon
strated that the eddy covariance techniques coupled with 
fast response sensors can be used to evaluate directly 
emission inventories in a way that is not possible with 
other indirect evaluation methods, making them valu
able tools for improving the air quality management 
process. 

- Due to the uncertainties on the current estimates of PM 
emissions in the emissions inventory, it is important to 
better characterize the PM contributions from the diesel 
and gasoline mobile emissions sources in the MCMA. 

- Additional sources from informal commerce and road 
side food preparation need to be characterized. The re
sults show that there is potential for severe local impacts 
on air quality from cooking and garbage fires, as they 
can be major sources of several reactive gases and fine 
particles. 

- The widespread multi-source "urban/industrial emis
sions may have an important influence on Hg in the 
MCMA. Nevertheless, other species not addressed in 
this review (e.g., NH3, dust, metals) warrant further 
study in the MCMA. 

12.1.3 MCMA volatile organic compounds 

- Evaporative fuel-and industrial emissions are important 
sources for aromatic VOCs in the basin. 

- LPG use continues to be an important source of low 
molecular weight alkanes. 

- Many hydrocarbon emissions show greater enhance
ment ratios to CO in the MCMA than the US due to 
the widespread use of LPG and higher industrial and 
evaporative emissions of aromatics in Mexico City. 

- Total OH reactivity due to VOCs in the MCMA remains 
largely unchanged from the 2003 study; however the 
speciated attribution is quite different. Formaldehyde 
and acetaldehyde were the two most important mea
sured VOC species in terms of OH reactivity in the 
MCMA. 

- Diurnal variations suggest that photochemical forma
tion of secondaiy VOCs is very important in the MCMA 
basin. 
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- Fires are a modest source of VOCs measured at surface 
sites. 

- Rapid photochemistry transforms the VOC OH reactiv
ity distribution from NMHCs domination in the morn
ing hours in die MCMA basin to OVOCs domination 
aloft and downwind. 

- There are large non-biogenic sources of methanol in the 
MCMA basin. 

12.1.4 Urban and regional photochemistry 

- Measured concentrations of OH and HO2 in the MCMA 
were higher than predicted in the morning when NOx is 
high, suggesting that there may be a significant source 
of radicals missing from current atmospheric chemistry 
models of polluted environments. 

- Photolysis of HONO and HCHO and ozonolysis of 
alkenes are important sources of radicals in the MCMA, 
while photolysis of ozone is a minor contributor to total 
radical production. Inclusion of heterogeneous sources 
of HONO improves substantially the agreement be
tween measured and modeled HONO and HOj; concen
trations and enhanced the production of O3 and SOA. 

- The net instantaneous rate of ozone production from 
HO2 radicals as well as the observed rate of ozone pro
duction from all production mechanisms are among the 
highest observed anywhere. 

- Several chemical transport models and analyses of mea
surements indicate that ozone production in the MCMA 
is generally VOC-limited. 

- On the regional scale, significant enhancements of O3 
above background were observed in plumes that could 
be traced back to Mexico City, with indications that sig
nificant O3 production occurred during the plume trans
port time. 

- Regional O3 production appears to be sensitive to NOx 
as well as to VOCs and CO, with the regional OH rad
ical reactivity dominated by oxygenated organics and 
CO. 

- Long-range export of reactive nitrogen from Mexico 
City was found to take place primarily via the forma
tion of PANs, which can thermally decompose leading 
to regeneration of NOx contributing to regional O3 for
mation. 

- Biomass burning was found to have a significant influ
ence on regional chemistry, contributing more than half 
of the organic aerosol and about one third of the ben
zene, reactive nitrogen, and carbon monoxide to the re
gional outflow. 
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12.1.5 Ambient particulate matter 

- During the study, PMio and PM2.5 concentrations in the 
urban area were about double the concentrations in the 
rural areas surrounding Mexico City. 

- PM2.5 made up about half of the PMjo concentrations, 
with small amounts of mass in the PM2.5-PMi,o range. 

- Mineral matter made up approximately 25% of the 
PM10 and on average 15% and 28% of the PM2.5 in 
the urban and rural areas, respectively. Approximately 
25% of the PM2.5 was secondary inorganic ions with 
the remaining PM2.5 mass being comprised of largely 
carbonaceous aerosol. 

- Except for surface measurements at the central sam
pling sites in Mexico City, the elemental carbon mass 
absorption efficiency was relatively constant for aircraft 
and surface measurements throughout the study. 

- Although different organic aerosol source apportion
ment methods had some differences, there was agree
ment that the dominant sources of carbonaceous aerosol 
were secondary organic aerosol, biomass burning, and 
vehicle exhaust emissions. 

- The impact of biomass burning on the aerosol outflow 
from the region was much larger than on the surface 
concentrations inside the city. 

- SOA formation from primary semivolatile and interme
diate volatility precursors has the potential to close the 
gap in predicted vs. measured SOA. However these pre
dictions are poorly constrained by the data and more 
specific measurements are needed in future campaigns. 

- Biogenic SOA advected from the coastal ranges 
contributes about 1 ug m~3 to concentrations in the 
MCMA. 

- Anthropogenic alkenes add little organic mass to SOA, 
but indirectly add to SOA by reacting to produce radi
cals for the processing of other SOA precursor VOCs. 

- Additional work is needed to fully quantify the sources 
of substantial modern carbon in organic aerosols during 
low biomass burning periods. Discrepancies between 
the two 14C datasets deserve further study. A modeling 
study suggests that the observed modern OC may be due 
to a combination of regional biogenic SOA, biomass 
burning OA, and POA and SOA from urban sources of 
modern carbon. 

- Primary OA from anthropogenic and biomass burning 
sources was found to be semivolatile, while secondary 
OA was less volatile than POA and aged SOA was es
sentially non-volatile, in contrast with current models. 

www.atmos-chem-phys.net/10/8697/2010/ 

- Growth rates of new particle formation in Mexico City 
were very large and found to be impacted by nitrogen 
containing organic compounds, organic acids, and hy-
droxyl organic acids, with only a smaller fraction of sul
fate aerosol. 

- CCN can be predicted well with an internal mixing 
assumption after a few hours of photochemical aging, 
which is shorter than scales in most global models. 

12.1.6 Optical properties and remote measurements of 
aerosol and earth surfaces 

- At the TO and Tl surface sites single scattering albedos 
(SSA) were frequently in the 0.7-0.8 range with some 
early morning values having even lower SSA. This is 
consistent with high absorbing aerosol concentrations 
from both fossil and biomass burning sources during 
MILAGRO. 

~ Aerosol contributions from biomass burning sources 
contained both black carbon and oxidized organics that 
yielded enhanced UV absorption. This observation in
dicated biomass burning activities can have important 
impacts on the absorption or heating by carbonaceous 
aerosols in megacity (urban) as well as regional scales. 

- Oxidized organics from primary fires and from sec
ondary aerosol formation were also found to have strong 
absorption in the 300-400nm region that leads to en
hanced optical absorption by these aerosols over that 
anticipated from black carbon alone. 

- Comparisons of the HSRL aerosol extinction measure
ments with aerosol extinction derived from simulta
neous airborne Sun photometer and in situ scattering 
and absorption measurements found bias differences 
between HSRL and these instruments to be less than 
3% (0.01 km-1) at 532 nm; root-mean-square (rms) dif
ferences at 532 nm were less than 50% (0.015 Ion"1). 
These differences are well with range of current state-
of-the-art instrumentation. 

- Measurements of surface albedo and reflectance in the 
Mexico City metropolitan area showed that many urban 
surfaces are more reflective than assumed in common 
satellite retrieval algorithms, and that use of larger visi
ble surface reflectance in algorithms can produce more 
accurate retrieved aerosol optical depth (AOD). 

- Comparisons between AOD from airborne sunphotome-
ter (AATS) and from the satellite sensors OMI and 
MODIS show that MODIS and AATS AODs agree to 
within root mean square (RMS) differences of 0.00-
0.06, depending on wavelength, but that OMI and AATS 
AODs can differ by considerably more. 
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- Other comparisons between AATS and MODIS aerosol 
properties show notable differences between the older 
MODIS Collection 4 and the new Collection 5 in terms 
of AOD, Angstrom exponent, and aerosol fine mode 
fraction, with differences traceable to changes in sensor 
calibration. 

13 Future research 

As described above, a very large number of instruments were 
used in the MCMA during MILAGRO for both ground-based 
and aircraft measurements; and some innovative instruments 
and measurement techniques were deployed for the first time. 
The MILAGRO campaign has shown the synergy of us
ing multiple measuring platforms, instrumentation, and data 
analysis techniques for obtaining an improved understanding 
of the physical and chemical characteristics of emissions in 
a megacity. 

Furthermore, the deployment of a significant number of 
advanced instruments, many operating with sensitive, fast 
(~ s) response times, along with a large number of estab
lished air quality monitoring instruments deployed on air
craft and at surface sites, as well as onboard several mobile 
laboratories, have provided significant opportunities to inter-
compare and evaluate a number of instruments in a highly 
polluted environment. Several papers documenting and/or 
cross comparing the performance of instruments have been 
published as well. 

Despite the use of many advanced PM techniques during 
MILAGRO, some questions remain unanswered or strongly 
debated and should be the focus of further research. The 
fraction of dust due to road resuspension vs. natural sources 
is unclear. There is a need for characterizing the dust source 
regions and the soil characteristics for those regions, not only 
for the Mexico City Valley, but for the entire Central Mexican 
plateau. The impact of gas-particle reactions is important, 
for example for nitrate uptake into die coarse dust mode, but 
needs to be further investigated to reach a quantitative under
standing, including through 3-D modeling. The identities of 
industrial sources of metals and organic aerosols and of the 
urban chloride sources remain unclear. High time-resolution 
quantitative analyses of dust and metals may yield very use
ful information for source identification. 

The 2006 MCMA emissions inventory underestimates pri
mary PM2.5 and needs to be updated with the information 
arising from MILAGRO and other studies. Forest fire PM2.5 
appears to be underestimated by an order of magnitude in 
the official MCMA inventory (although a fraction of the fires 
occur just outside the inventory area), but perhaps overesti
mated about two-fold on a custom satellite-based inventory 
used in 3-D modeling. The impact of some POA sources 
such as food cooking, biofuel use, and open trash burning 
may be important, but remains poorly characterized. Some 
differences in the apportionment of biomass burning PM be-
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tween different approaches were observed and need further 
research, as these techniques together represent the state of 
the art for source apportionment. The differences in the rel
ative oxidation of OA in urban vs. background samples be
tween the FTIR and AMS techniques need to be further in
vestigated. 

Further study is needed of the reasons for the differences 
between the two datasets of modern carbon. The mix of 
sources that contribute to 30-45% modem carbon in OC dur
ing low regional fire periods need to be identified, including 
a quantification of the urban sources of modern carbon. The 
influence of "hot" sources of radiocarbon in aerosols needs 
to be further investigated as it could bias assessments of fos
sil vs. modern carbon. SOA from traditional precursors such 
as aromatics is much smaller than the observed SOA in the 
Mexico City urban area, but the dominant sources of an
thropogenic SOA are still poorly characterized. SOA from 
biomass burning sources, although not dominant in the city, 
remains poorly characterized and appears to be underpre-
dicted by traditional models. The relative impacts of MCMA 
vs. regional sources for the different components deserve fur
ther study. The sources and chemical species leading to the 
veiy intense new particle formation events observed are only 
starting to be characterized. 

Measurements of aerosol optical absorption in Mexico 
City and downwind also benefitted from the variety of tech
niques applied during MILAGRO, leading to several results 
summarized above. However, not all results are in perfect 
agreement, and lack of perfect spatiotemporal coincidence 
between different measurements makes it impossible to say 
whether different results stem from different techniques or 
from different aerosols sampled. Future campaigns need in
creased focus on spatiotemporal coincidence between differ
ent techniques, to help resolve these questions. There are 
also persistent differences among different satellite retrievals 
of aerosols, as well as between results from satellite and sub
orbital techniques. This is an area that requires continued 
effort, with attention not only to spatiotemporal coincidence 
of different techniques, but also to statistical significance and 
geophysical representativeness of comparison data sets. 

In summary, observations from MILAGRO/INTEX-B 
have provided extremely comprehensive characterization on 
the urban and regional atmospheric composition and chem
istry of the Mexico Megacity. All data sets and publications 
are available to the scientific community interested in evalu
ating the impact of urban emissions on human health, ecosys
tem viability, and climate change. We anticipate new re
sults from MILAGRO/INTEX-B will continue to contribute 
to our understanding of megacity air pollution and its poten
tial impacts on human health, ecosystem viability, and cli
mate change on urban, regional, and even hemispheric scales. 
This information will improve significantly the scientific 
understanding that decision makers in Mexico will need to 
craft effective policies as well as provide insights to air pol
lution problems in other megacities around the world. 
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Appendix A 

List of acronyms 

AAS 
AATS 
ACP 
AERONET 
AMS 
ANL 
AOD 
APS 
ARI 
ATOrfcfS 
BBOA 
BNL 
BTBX 
CAM 

CCN 
CEH 
CENICA 

CIMS 
CMET 
CONACyT 

CPC 
CSIC 
CTM 
DEC 
DOAS 
FMPS 
FOS 
GCF1D 
HOA 
HR Top AMS 
HSRL 
HTDMA 
HULIS 
ICMS 
IGMA 
IMK-lFU 

IMP 
INE 
INTEXB 
IRGA 
TTESM 
LBNL 
LPG 
MAXMex 
MCE2 
MCMA 
MFRSR 
MILAGRO 

MIRAGE Mex 

MISR 
MODIS 
MOZART 
MSU 
NARR 
NASA 
NCAR 
NCEP 
NTDMA 
OA 
OC 
OMJ 
OOA 
OPC 
OVOC 
PAHs 

Absorption Angstiom Exponent 
Ames Airborne Tracking Sunphotometer 
Atmospheric Chemistry and Physics 
AErosol RObotic NETwork 
Aerosol Mass Spectrometer 
Argonne National Laboratory 
Aerosol Optical Depth 
Aerosol Poianmetry Sensor 
- Aerodyne Research, Inc 
Aerosol Time of Flight Mass Spectrometer 
Biomass Burning Organic Aerosol 
Brookhaven National Laboratory 
Benzene, Toiuene, Eihylbenzene and m p,o Xylenes 
Comision Ambiental Metropolitans 
(Metropolitan Environmental Commission) 
Cloud Condensation Nuclei 
Center for Ecology and Hydrology, Edingbiirgh 
Centro Nacional de Investigationy Capcitacion Ambiental 
(National Center for Environmental Reseaich and Training) 
Chemical Ionization Mass Spectrometer 
Controlled Meteorological balloons 
Consejo Nacional de Ciencla y Technologfa 
(National Council ibi Science and Technology) 
Condensation Paritcle Counter 
Consejo Supeuor de Investigaciones Cientiflcas, Spain 
Chemical Transport Model 
Disjunct Eddy Covanauee 
Differential Optical Absorption Spectroscopy 
Fast Mobility Particle Sizer 
Fast Olefin Sensor 
Gas Chromatography / riame Ionization Detection 
Hydrocarbon like Organic Aerosol 
High Resolution Time-of Flight Aerosol Mass Spectrometer 
High Spectral Resolution Lidar 
Hygroscopicity Tandem Differential Mobility Analyzer 
Humic like Substances 
Ion Chromatography Mass Spectrometry 
Inclined Gnd Mobility Analyzer 
Institute for Meteorology and Climate Research, 
Atmospheric Envnonmental Research, 
Karlsruhe Institute of Technology 
Institute Mexicano del Fetroleo (Mexican Petroleum Institute) 
Institute Nacional de Ecologla (National Institute of Ecology) 
Intercontinental Chemical Tiansport Experiment Phase B 
Infrared Gas Analyzer 
Institute Tecnohgicoy de Estudios Superiores de Monterrey(TEC) 
—Lawrence Berkeley National Laboratory 
liquefied Petroleum Gas 
Megacity Aerosol Experiment Mexico City 
Molina Center for Encigy and the Environment 
Mexico City Metropolitan Area 
Multi Filter Rotating Shadowband Radiometer 
Megacity Initiative 
Local And Global Research Observations 
Megacity Impacts on Regional 
and Global Environments Mexico 
Multiangle Imaging Spectroradiometer 
Moderate Resolution Imaging Spectroradiometer 
Model for OZone And Related chemical Tracers 
Montana State University 
North American Regional Reanalysis 
National Aeronautics and Space Administration 
National Center for Atmospheric Research 
National Centers for Environmental Prediction 
Nanoparticle Tandem Differential Mobility Analyzer 
Organic Aerosol 
Organic Carbon 
Ozone Monitoring Instrument 
Oxygenated organic aerosol 
Optical Particle Counter 
Oxygenated Volatile Oiganic Chemicals 
Polycyclic Aromatic Hydrocarbons 

PANs 
PAS 
PEMBX 
PMF 
PNNL 
POA 
POPs 
PSAP 
PSU 
PTRMS 
RAMA 

RSP 
SEMARNAT 

S1MAT 

S/IVOC 

SMAGDF 

SMN 

SMPS 
SOA 
SSA 
SSFR 
STEM (Model) 
STEM (Technique) 
STXM 
TDCIMS 

TDMA 
TDLIF 
TEM 
TOOC 
TSP 
UAH 
UAMA 
UNAM 
UTC 
VT 
WIOC 
WSU 
WRF Chem (Model) 

WSOC 

Peroxyacetyl Nitrates 
Photoacoustic Absorption Spectrometer 
Petroleos Mexicanos (Mexican Petroleum) 
Positive Matrix Factorization 

Pacific Northwest National Laboratory 
Primary Organic Aerosol 
Persistent Organic Pollutants 
Particle Soot Absorption Photometer 
- Pennsylvania State University 
Proton Transfer Reaction Mass Spectrometry 
Red Automatica de Monitoreo Atniosfenco 
(Ambient Air Quality Monitoring Network) 
Research Scanning Polanmeter 
Secretarla do Medio Ambiente y Recursos Naturales 
(Mexican Ministry of the Environment 
and Natural Resources) 
Slstema de Monitoreo Atmosferlco 
(Atmospheric Monitoring System) 
Semivolatile and Intermediate Volatility 
Organic Compounds 
Secretaria de Medio Ambiente 
Gobierno delDistnto Federal 
(Environmental Secretariat 
Government oftlie Federal District) 
Servlclo Meteorologlco Nacional 
(National Weather Service) 
Scanning Mobility Particle Sizei 
Secondary Organic Aerosol 
Single Scattering Albedos 
Solar Spectral Flux Radiometer 
Sulfur Transport and Deposition Model 
Scanning Transmission Electron Microscopy 
Scanning Transmission X Ray Microscopy 
Thermal Desorption Chemical Ionization 
Mass Spectiometry 

Tandem Differential Mobility Analyzer, 
Thermal Dissociation Laser Induced Fluorescence 
Transmission Electron Microscope 
Total Observed Organic Carbon 
Total Suspended Particles 
University of Alabama at Huntsville 
Universidad Autonoma Metropolitans - Azcapotzalco 
Universidad Nacional Autonoma de Mexico 
Coordinated Universal Time 
Virgmn Tech 
Water insoluble Organic Carbon 
Washington State University 
Weather Research and Forecast (WRF) 
model coupled with Chemistry 
Water Soluble Organic Carbon 
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Abstract 

Climate forcing has become a concern due to the increasing 
concentrations of a number of well recognized greenhouse gases in the 
atmosphere, such as carbon dioxide, nitrous oxide, and methane. All 
three of these well-known greenhouse gases have connections to 
agriculture, particularly nitrous oxide and methane from rice production. 
However, these gases are not the only radiatively important species, as 
tropospheric ozone and aerosols are also important in climate change. 
Carbonaceous aerosols are increasing in importance, particularly as 
some inorganic aerosols such as sulfate are being successfully 
controlled. The impacts of these agriculturally important greenhouse 
species are overviewed here, and discussed in light of recent work using 
carbon isotopic measurements to examine the potential impacts of 
biogenic aerosols on climate. Examples from Mexico City, Chicago and 
Arkansas are given, which suggest that grass fires and agricultural 
burning can be significant sources of carbonaceous aerosols. 
Spectroscopic characterization of these aerosols in the UV-NIR-IR 
regions has clearly shown that a significantly enhanced absorption, 
particularly in the UV and IR, can occur from aerosols produced in 
agricultural and forest burning. The aerosol species responsible for this 
enhanced absorption has been described as "humic-like" substances 
(HULIS). The use of natural carbon isotope variations (13C and 14C) 
along with optical characterizations can be useful in examining the 
impacts of this type of burning practices, especially for corn and sugar 
cane (C4-plants). Combustion of agricultural biowaste as a biofuel 
source instead of uncontrolled field burning is suggested as an 
alternative to current practices in the U.S. 
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Introduction 

While the emission of the well-known greenhouse gases such as carbon 
dioxide, nitrous oxide, and methane are well defined and have been 
identified as being directly tied to specific agricultural processes, a 
number of other greenhouse species produced from agricultural activities 
are not. Ozone, which plays an important role in tropospheric air quality, 
is also a climate forcing greenhouse gas. Agricultural practices that 
involve standard field burning to remove unused debris is a major 
problem in the Southern, Southeast, and Midwestern U.S. and a large 
source of reactive hydrocarbons and nitrogen oxide which react in the 
atmosphere to produce elevated ozone levels on regional scales. 

Atmospheric aerosols have been identified as a major uncertainty in 
climate forcing due to their direct and indirect effects on radiative 
balance. Both scattering and absorption of radiation by aerosols are of 
concern in determining the impact of the aerosol direct effect. The ability 
of aerosols to act as cloud condensation nuclei leads to their indirect 
effect, as the aerosols impact both cloud formation and type. Biogenic 
carbonaceous aerosol sources have been found to be major contributors 
to both primary and secondary organic aerosols (SOA) on regional 
scales. Biogenic SOA are produced from the reaction of reactive 
biogenic hydrocarbons emitted by both natural and agricultural 
vegetation with ozone. These SOA biogenic precursors include isoprene, 
monoterpenes, and sesquiterpenes. Agricultural burning is aiso a large 
source of primary carbonaceous aerosols as well as reactive biogenic 
hydrocarbons which produce SOA. 

The direct impacts of the strongly absorbing carbonaceous aerosols on 
climate wii! depend on their wavelength dependent optical properties. 
The degree to which atmospheric aerosols and clouds prevent the 
transmission of light through the atmosphere is commonly reported as 
the optica! thickness, also known as optical extinction or atmospheric 
turbidity. The wavelength dependence of atmospheric extinction is 
traditionally described by Angstrom's turbidity formula as x = p*A"Q, where 
[3, known as thaVigstrom t urbidity coefficient, is the value of % at a 
wavelength of 1 iim and a, known as the Angstrom exponent, represents 
the wavelength dependence of the optical extinction. The total 
atmospheric extinction is the sum of scattering, which produces a 
cooling effect, and absorption, which produces a local warming 
effect, as x = [3s*A~as + pa*A"aa, where as is the Angstrom exponent for 
aerosol scattering and aa is the Angstrom exponent for aerosol 
absorption. The values of the aerosol aa give a measure of their 
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wavelength dependent absorption profiles and their ability to cause local 
heating of the atmosphere. In addition, since the value of aa is 
dependent on the chemical composition of the absorbing aerosol, it can 
serve as an indication of the type of absorbing aerosol present (1). 

Past work assumed that the dominant light absorbing aerosol species 
was carbonaceous soot produced from incomplete combustion of fossil 
fuel. Carbon soot is a broad band absorber with an absorption strength 
that decreases monotonically with wavelength (1/A) yielding an aaof 1 (2, 
3). Recently, other important light absorbing species have been 
observed in atmospheric aerosols including the water soluble 
polycarboxylic acids known as "humic-like" substances, or HULIS (4). 
Aerosoi HULIS can be produced directly from biomass burning (5) or by 
atmospheric oxidation of biogenic hydrocarbons (6) and are therefore 
biogenic in nature. They can comprise up to 50% of the water soluble 
organic aerosol species at both urban and rural sites (7). Like the aquatic 
humic acids they are named for, HULIS contain polycarboxylic acid 
groups along with other unsaturated sites in an extended conjugation 
system. This results in intense absorbances below 400 nm (8) which 
cause the HULIS to be yellow to brown in color, leading to their being 
referred to as "brown carbon" (5, 9). This enhanced shortwave 
absorption gives the aerosols containing HULIS aa values that are 
greater than 1. Pure HULIS materials isolated from biomass burning 
aerosols have very high aa values in the range of 6 - 7 (5). Mixed 
atmospheric aerosols produced from biomass burning have intermediate 
values for the aa values of about 2-3 (5,10). 

Atmospheric aerosol aa values measured in Mexico City were observed 
to increase in the afternoon over the values measured in the morning 
(11). This was attributed to the photochemical formation of highly 
absorbing SOA in the afternoon. The aa values were also observed to 
increase during periods of biomass burning. Local grass fires resulted in 
aa values around 2-3 (12), while aged biomass burning aerosols 
transported long distances from the Yucatan resulted in aa values of 1.6 
(11). Measurement of aerosol carboxylic acid content by FTIR 
spectroscopy coupled with carbon isotopic analysis indicated that the 
enhanced aa values observed were due to increased HULIS content of 
the aerosols (13, 14). These results clearly indicate that there is a 
significant impact from biomass derived carbonaceous aerosol sources 
even in the large urban area of Mexico City and that these aerosols have 
absorption profiles that are enhanced in the shortwave region over those 
derived from fossil fuel combustion. This enhanced shortwave absorption 
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can lead to local heating of the atmosphere and changes in climate and 
weather patterns. 

Carbon Isotopic Measurements 

The measurement of radiocarbon (14C) in atmospheric aerosol samples 
can give a measure of the amounts of aerosol carbon produced from 
fossil fuel and non-fossil fuel sources. All biogenic materials are labeled 
with a relatively constant initial i4C/12C ratio (15). Aerosols produced from 
the combustion of this biogenic material will have the same 14C content 
as the source material. The aerosols produced from the combustion of 
fossil fuels contain no 14C because the age of the fuel is much greater 
than the 5730-year half-life of the 14C. Therefore, the 14C content in 
atmospheric aerosols, reported as the fraction of modern carbon, 
provides a direct measure of the relative contributions of carbonaceous 
materials derived from fossi! fuels and that derived from modern 
biomass sources. The 14C content of atmospheric aerosols determined 
in samples collected in a number of areas are shown in Table!. 

Early measurements made in Barrow, AK (16), Los Angeles (17) and 
Denver (18) previous to the year 2000 showed a lower modern carbon 
content than those made later reflecting a higher percentage of fossil fuel 
derived aerosols during that time (17,18). Later measurements have 
resulted in larger modern carbon fractions reflecting a lower percentage 
of fossil-derived carbon in atmospheric aerosols. This is possibly a result 
of implementing tighter controls on motor vehicle emissions and the 
growing use of biofuels compounded by little control of open burning in 
many areas (19). 

The high levels of modern carbon reported in Table ! for Launceston, 
Tasmania were attributed to high levels of residential wood burning in 
the wintertime (20). The high modern carbon levels observed in Nashville 
(21), Tampa (22), and the park sites of Yosemite, Brigantine National 
Wildlife Refuge (BNW), Mt Rainier, Rocky Mountain National Park, and 
Tonto National Monument (TNM) (23) were attributed to biogenic SOA 
formation. The very high values for fraction modern carbon (> 1.0) 
observed in some rural areas may have been due to contributions from 
the burning of older trees which contained "bomb carbon" from nuclear 
testing in the 1950s resulting in 14C/i2C ratios higher than seen in 
modern biomass. 

The fraction of modern carbon measured in the aerosols collected in 
Mexico City in 2006 was found to be consistently larger than 0.5 (> 50%) 
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suggesting a large biogenic contribution to the carbonaceous aerosols 
even in this large urban area (12, 24). Other measurements have also 
found significant biogenic aerosol sources in this area particularly for the 
low molecular weight and water soluble fractions of the aerosols (25). 
The modern carbon aerosol content observed at Tecamac, a suburban, 
rural site located 18 miles north of Mexico City, was higher than that 
observed in the city due to impacts from local grass fires. The biogenic 
impacts in this area were observed to be as high as 90%. 

Table I. The fraction of modern carbon in atmospheric aerosols 
reported for some urban areas. 

Location Year Modern C Reference 

Range Average 

Barrow, AK 1982 0.42-0.46 0.4 16 
Long Island, NY 1982 0.37-0.40 0.4 16 
Los Angeles, CA 1982 0.20-0.43 0.3 17 

Denver, CO 1996-97 0.05-0.69 0.3 18 
Nashviile, TN 1999 0.56-0.80 0.7 21 
Houston, TX 2000 0.27-0.77 0.5 26,27 

Look Rock, TN 2000-01 0.54-0.83 0.7 28 
Tampa, FL 2002 0.55-0.95 0.7 22 
Zurich.CH 2002 0.60-0.67 0.6 29 

Yosemite, CA 2002 0.80-1.05 0.9 30 
Tokyo, JP 2002-04 0.31-0.52 0.4 31 
Aveiro, PT 2002-04 0.77-0.92 0.8 32 

Puy de Dome, FR 2002-04 0.72-0.87 0.8 32 
Schauinsiand, DE 2002-04 0.79-0.84 0.8 32 
Mexico City, MX 2003 0.56-0.86 0.7 12 
Launceston, AU 2003-04 0.96-1.11 0.9 20 

Seattle, WA 2004-05 0.38-0.69 0.6 23 
BNW, NJ 2004-05 0.30-0.99 0.8 23 

Mt. Rainier, WA 2004-05 0.75-1.10 0.9 23 
Tokyo, JP 2004-05 0.31-0.54 .0.4 33 

Phoenix, AZ 2005-06 0.49-0.75 0.6 23 
Rocky Mt NP, CO 2005-2006 0.78-1.11 1.0 23 

TNM, AZ 2005-2006 0.64-1.04 0.8 23 
Mexico City, MX 2006 0.42-0.75 0.6 12 
Tecamac, MX 2006 0.55-0.96 0.8 12 

BNW = Brigantine National Wildlife Refuge; TNM = Tonto National 
Monument 

Climate Bio burning chapter Gaffrtey Marley Printed 3/23/2011 



The fraction of modern carbon was determined in the organic carbon 
(OC) and elemental carbon (EC) aerosol fractions in Mexico City by 
using thermal fractionation methodologies described previously (16, 34). 
The results shown in Figure 1 indicate that the EC fraction, which is 
made up of the high molecular weight soots generated by incomplete 
combustion, contain less modern carbon than the smaller molecular 
weight OC fractions while the results for the total aerosol carbon are 
generally shown to be midway beween the EC and OC values. Similar 
results have been reported in studies in Okinawa, Japan where the black 
carbon (BC) aerosol component was found to be 67% modern compared 
to 94% modern in the OC fraction (35). Overall, the fraction of modern 
carbon in the EC aerosol component was 0.67 in Mexico City and 0.75 
at Tecamac. The corresponding results for the OC component were 0.75 
in Mexico city and 0.85 at Tecamac. This is consistent with input from the 
local grass fire sources at Tecamac and diesel soot being a major source 
of EC in the Mexico City urban area. In any case, data obtained in 
Mexico City as well as the many other areas listed in Table 1, suggests 
that the biogenic contributions to carbonaceous aerosols are becoming 
significant world wide and their effects on radiative balance will need to 
be considered. 
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Figure 1. Fraction of modern carbon in organic carbon (red) 
elemental carbon (green), and total carbon (blue) fractions of 
aerosol samples collected in Mexico City and Tecamac in 2006. 

Organic Reactivity and SOA 

It is important to recognize that the volatile organics emitted from both 
fossil fuel sources and from biogenics have very different reactivities with 
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OH, nitrate radical and ozone. A comparison of the reactivity for some 
common organicsand natural hydrocarbons with OH is given in Table II. 
In general, the alkenes are more reactive than the alkanes and aromatic 
hydrocarbons. This is due to the ability of OH radicals to add to the 
olefinic double bond. Another trend is that the presence of functional 
groups that donate electrons to the double bond increases the reactivity. 
Thus, larger alkenes react faster than smaller ones. Alkanes react with 
OH by abstraction and those with more secondary and tertiary protons 
will be more reactive. Therefore, as with the alkenes, larger alkanes will 
react faster. Oxidized organics are typically less reactive with OH, as in 

Table IE. Reaction rates of some important volatile hydrocarbons 
with OH (36). 

Hydrocarbon 12 -1 _-1 rate x 10 cm molecule" s 

Alkenes 
Ethene 8.5 
Propene 26 
1-butene 31 
1-pentene 31 
1-hexene 37 
cis-2-butene 56 
trans-2-butene 67 
2-methyl-2-butene 87 
2,3-dimethyl-2-butene 110 
2-methylpropene 51 
Cyclohexene 68 
1,3-butadiene 67 
2-methy!-1,3-butadiene(isoprene) 101 
Limonene 171 
beta-catyophyllene collisional 

Alkanes 
Ethane 0.03 
n-Butane 2.5 
Cyclohexane 7.4 

Others 
Acetylene 0.08 
Benzene 1.3 
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most cases they react by abstraction and are therefore their reactivities 
are comparable to the small alkanes. The ozone and nitrate radical 
reactivities for these hydrocarbons also follow the same general trend as 
the OH reactivities as they are ail electrophilic reagents. 

Since fossil fuel sources have been identified as "anthropogenic", we 
have implemented control strategies for the volatile organics emitted 
from both mobile and stationary sources in order to reduce ozone 
formation in urban areas. One important control strategy is the use of of 
catalytic converters for mobile sources. This same reactivity trends listed 
in discussed above also occur in catalytic oxidation. Thus, in catalytic 
converters the more reactive alkenes and larger alkanes are most 
effectively removed yielding emissions primarily composed of the much 
less reactive hydrocarbons. With time, these measures have led to the 
reduction of the most reactive anthropogenic volatile organic compounds 
(VOCs) leading to a reduction in the overall reactivity of the emissions. 
While the organic reactivity of the emissions from motor vehicles and 
energy related stationary sources has been reduced, the nitrogen oxide 
emissions have not been lowered. Thus, the result of this reduction in 
anthropogenic VOC reactivity has led to a slower production of ozone 
and a transition from the formation of high ozone levels in urban areas to 
elevated ozone concentrations on regional scales. 

Note in Table II that the biogenic hydrocarbons isoprene, d-limonene and 
beta-caryophyllene are very, very reactive compared to the 
anthropogenic hydrocarbons. The biogenic hydrocarbons, isoprene (C5 
hemiterpene), the monoterpenes (C10), and especially the 
sesquiterpenes (C15) have atmospheric lifetimes typically of minutes to 
hours in urban environments and hours to days in regional areas. The 
less reactive anthropogenic organic emissions tend to have lifetimes on 
the order of hours to days in urban environments, and days to months on 
regional scales (36). Unless they are photochemically reactive, the 
oxidized organic hydrocarbons have atmospheric lifetimes that are are 
typically much longer. For comparison, at a OH radical concentration of 
1.0 x 106 molecules per cc, typical of an urban environment, the lifetime 
of ethane is 43 days, ethene is 1.4 days, and cis-2-butene is 5 hours, 
while the biogenic hydrocarbons have lifetimes of minutes to hours. 
Indeed, the sesquiterpenes are so reactive with OH and ozone that they 
are typically very difficult to measure directly in the atmosphere and have 
to be inferred from measurements of their reaction products. 

These very reactive biogenic hydrocarbons are emitted from living 
vegetation including natural as well as anthropogenicaily managed 
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agricultural areas. The estimated total emission rate in the U.S. is 30.7 
Mt annually with more than half of these emissions occurring in summer, 
and approximately half in the Southeast and Southwestern U.S (37). The 
actual fraction of land used for agricultural purposes in the Midwestern, 
Southern, and Southeastern U.S. is considerable as compared to land 
left in the "natural state". While the percentage of cropland in the U.S., 
excluding Alaska, was approximately 23% in 2002 (38), this fraction 
approaches or exceeds 40-50% in many portions of the midwest and 
south. 

As we increase controls on the VOC emissions from fossil fuel sources, 
and the overall hydrocarbon emission reactivity from these sources is 
lowered, ozone formation rates as well as the SOA formation rates from 
these sources are lowered. At the same time the nitrogen oxide 
emissions have not been controlled and the atmospheric levels remain 
high so that ozone levels are increasing regionally. This has the effect of 
increasing the ozone reactions with the very reactive biogenic 
hydrocarbons and increasing the formation rates of the biogenic SOA 
reaction products. This expected increase in biogenic SOA is a 
contributing factor to the observed increases in fraction modern carbon 
observed in carbonaceous aerosols over the years. 

Primary Combustion Aerosols 

Carbonaceous aerosols from leaf burning and regional agricultural 
burning practices are a substantial source of carbonaceous aerosols in 
the Southern U.S., with Arkansas, Louisiana, and Florida contributing 
more than 75% of all agricultural burning in the southeast (39). In 2004, 
results from the Moderate Resolution Imaging Spectroradiometer 
(MODIS) satellite data showed that 73% of all the fire activity in Arkansas 
was due to agricultural burning with the highest activities occurring in 
June and October - January (39). As part of an effort to evaluate the 
aerosol optical properties in this region, a number of instruments have 
been operated at the Chemistry Department of the University of 
Arkansas at Little Rock (UALR), Little Rock, AR. These included a 7-
wavelength aethaiometer to measure aerosol absorption, aerosol aa, and 
BC aerosol levels. The instrumentation and methods used have been 
described previously in detail (11, 12). 

Figure 2 shows the BC concentrations measured at UALR from October 
to December, 2010 compared to measurements made by the same 
methods at The University of Chicago (U of C) from October to 
December, 2007. . During this time period the biogenic VOC 
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emissions would be minimal in both areas decreasing the input from 
SOA formation. The observed BC would therefore be primarily from fossil 
fuel or biogenic combustion. The BC levels observed at The U of C were 
significantly lower than at UALR by a factor of 2-3. The overall average in 
Chicago during this period was 0.4 ug/m3 compared to 0.8 ug/m3 at 
UALR and the maximum levels observed were 2.8 ug/m3 in Chicago and 
7.9 ug/m3 in Little Rock. The site The U of C was located in Southside 
Chicago and highly impacted by diesel truck traffic from the nearby 
expressways as well as campus traffic, while the site in Little Rock was 
located on the heavily wooded UALR campus in Southwestern Little 
Rock and not heavily impacted by local traffic. The only source of 
biomass combustion in Chicago would be wood burning fireplaces, which 
are minimal in this area. However, there are no open burning controls in 

Figure 2. Black carbon (BC) levels measured at the University of 
Arkansas at Little Rock (top) and at The University of Chicago 
(bottom) from October to December 2010 (UALR) and 2007 (U of C). 
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Arkansas and leaf and trash burning as well as agricultural burning are 
common during this time period. The hgher BC levels observed in Little 
Rock would therefore indicate a significantly higher level of combustion 
aerosols in Little Rock compared to the large urban area of Chicago. 
Note the population of Little Rock is approximately 190,000 as compared 
to Chicago's population of 2.85 million. 

It should also be noted that in addition to the production of high levels of 
carbonaceous aerosols, these open burning practices common in the 
Southern U.S. also produce regional ozone from nitrogen oxide and 
reactive organic emissions released during combustion. Ozone is a 
regulated atmospheric pollutant and a recognized human health hazard 
as well as a greenhouse gas. In addition, open burning also produces 
significant amounts of carbon monoxide and aldehydes. Aldehydes (e.g. 
formaldehyde, acetaldehyde, acrolein, croton aldehyde, etc.) are 
considered air toxics and have immediate high level eye-irritation or 
lachyrmator potential along with long term carcinogenic exposure 
potential to downwind populations. 

Natural Isotopic Labeling to Assess Agricultural Burning Sources 

The natural labeling of vegetation with different ratios of stable carbon 
isotopes (13C/12C) due to their different photochemical pathways can also 
help to identify the biomass aerosol sources. The C-3 plants, which 
utilize the Calvin-Benson photosynthetic cycle, have a more selective 
chemistry and fractionate the heavier carbon isotope (13C) by about 12-
14 parts per thousand as compared to the less selective C-4 or Hatch-
Slack photosynthetic pathway. The C-3 and C-4 plants will therefore be 
labeled with different 13C/12C ratios. The C-3 plants are most abundant 
and comprise most tree species, shrubs, and cool temperate grasses 
and sedges, while the C-4 plants consist mostly of warm temperate to 
tropical grasses (40). The 3C/12C ratios are commonly expressed as 
513C values in per-mil (%o), and represent the difference between the 
measured ratios and that of a carbon isotope standard, typically C02 
prepared from Peedee belemnite carbonate. The measured C/12C 
ratios of organic matter are generally 13C-depleted compared to that of 
the standard and are therefore reported as negative values. These 
resulting 513C values can be used to estimate the relative contributions 
from C-3 (813C = -27 + 6) and C^ (513C = -13 ± 4) plant sources to the 
carbonaceous aerosols. 

Taken together with 14C measurements these determinations can allow 
for the impacts from specific agricultural burning activities to be 
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Figure 3. Carbon isotopic ratios of fine aerosols in Mexico City (red) 
and Tecamac (green) in 2006. Results expected from the 
combustion of fossil fuel, sugar cane, and trees and grasses are 
indicated with ovals. 

assessed. A comparison of the 13C ratios with the fraction of modern 
carbon is shown in Figure 3 for fine aerosols collected in Mexico City and 
Tecamac in 2006 (12, 24). The results of -25 %o 513C and near the 100 % 
fraction modern carbon observed at Tecamac are indicative of 
combustion of biomass with both C-3 and C-4 grasses. The results 
shown for the Mexico City aerosols are typical of fossil fuel combustion 
mixed with biomass burning aerosols. Mexico City was impacted both by 
grass fires to the north and widespread forrest fires in the Yuccatan 
during this period (41, 42). The values expected from carbonaceous 
aerosols produced from the combustion of different sources are also 
shown in Figure 3. For instance, the practice of burning sugar cane 
debris (C4 plant) in the Southern U.S. will lead to the release of 
carbonaceous soot aerosols and reactive organics enriched in 13C and 
14 C content (-12 %o 51 C and a 100% fraction modern C). This is 
contrasted with that expected from the combustion of wood (C3 plant) 
producing aerosols more depleted in 13C (-25 %o 513C and 100% 
fraction modern carbon) and that from fossil fuel combustion yieldin 
aerosols depleted in both 13C and 14C (-25 %o 513C and 0% fraction 
modern). Therefore, measurements of the carbon isotopic content of the 
fine aerosols produced during a burning event of sugarcane debris from 
agricultural fields will give isotopic signitures that are distinct from that 
produced from these other sources, as represented in Figure 3. 
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The integrated nature of the carbon isotopic measurements also allows 
for the actual mass fraction of aerosols produced from combustion of 
different materials to be assessed during these events. Similarly, the use 
of carbon isotopes can be combined with other tracers of opportunity 
such as fine potassium or halogen content to assess the impacts from 
other types of agricultural burn events. These methods have recently 
been applied to aid in source determination for long range transported 
aerosols impacting the pacific northwest (43). 

Alternative Uses for Biomass 

Agricultural field stubble removal by open combustion processes 
currently in use are not necessarily the best option when considering the 
potential impacts on regional ozone production from nitrogen oxide and 
reactive organic emissions as well as the climate impacts from released 
greenhouse gases and carbonaceous aerosols associated with these 
burning events. Alternate approaches to disposing of these unused 
materials should be considered. One option is the potential use of this 
agricultural debris as a direct biofuel replacement for coal as a cleaner 
energy source. A simple comparison of the energy content of the 
different types of agricultural materials and wood debris to coal and oil 
used for power plant fuels is given in Table III (44). 

TABLE III. Energy content in gigajoules per metric tone (GJ/T) of 
some biomass and fossil fuels. 

Carbonaceous Fuel Source Energy Content (GJ/T) 

Biomass 
Dry Wood 18-22 
Wet Wood-(20% moisture content) 15 
Ag residues-Wet 10-17 
Charcoal (from 90 180 GJ original wood content) 30 
Ethanol 26.7 
Biodiesei 37.8 

Fossil 
Gasoline 47.3 
Diesel - 42.8 
Coal - anthracite 27-30 
Coal - bituminous 27 
Lignite 15-19 
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The agricultural (Ag) residues listed in Table III include sugar cane 
bagasse, rice straw, and wheat and corn stover. It should be noted that 
the energy content listed for ethanol and biodiesel is for the final product 
and does not take into account the energy costs to produce the final 
liquid fuel. 

The data shown in Table II! indicate the potential energy content in these 
unused agricultural residues. This is a potentially renewable fuel source 
which should not be neglected. While the use of this material to produce 
alcohols, biodiesel, and other liquid fuels is being explored, the direct, 
controlled, high temperature combustion of dried agricultural carbon 
residues from crops should be considered where open field burning is 
common, in this case, controlled combustion of these materials as an 
alternative to open burning could lead to the reduction of greenhouse 
species as well as to reduce the agricultural impacts on regional ozone 
formation while providing an alternative source of energy. This would 
help to obtain a sustainable energy situation for agriculture. 

Organics in Precipitation 

Precipitation samples were collected at UALR on the roof-top of the 
Science Lab Building during 2009 and 2010 using an automated wet-dry 
sample collector. The total dissolved organic carbon (DOC) was 
measured in each rain sample using a Shimadzu DOC analyzer. Figure 
4 shows the total amount of rain recorded at the site and the DOC in 
each rain sample after filtration through a 0.45 membrane filter to remove 
suspended particulates. 

The DOC levels were observed to increase beginning in May (day 140) 
and continue through August (day 245). The average DOC observed 
during this time period was 4 ppm with a maximum of 8.5 ppm in June. 
Note that this in peak time for both biogenic emissions and agricultural 
burning activities (34, 39). Analysis of the rain samples using mass 
spectrometry found that the water soluble organics present in the 
samples are less than 500 daltons molecular weight (45). This is also 
consistant with results found on aerosol HULIS (46). The area near Little 
Rock is heavily forested with deciduous (isoprene emitting) and 
coniferous (monoterpene emitting) trees. A comparison of the reaction 
products of ozone with beta-caryophyllene have found them to be of 
similar molecular weight. These results suggest that a significant amount 
of the dissolved organics in the rainfall may be due to low molecular 
weight oxidation products of biogenic hydrocarbons. However, it should 
also be noted that the organics produced from open burning will likely be 
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Figure 4. Total amount of rain (mm) and dissolved organic carbon 
(DOC) concentration in rainwater samples collected at UALR in 
2009 (green) and 2010 (blue). 

a mix of oxidized compounds that will be of similar structure to those 
produced from the low temperature atmospheric oxidations by OH 
radical and other oxidants in the troposphere. 

There are very few measurements of 14C in DOC in rainwater. However, 
the few that have been reported in coastal North Carolina have found the 
DOC to contain 76-96% modern carbon (47). This is again consistent 
with a biomass source for the soluble organic compounds in the 
rainwater. The input of this biogenic DOC from rainwater into surface 
waters can be important on regional scales. For example, the flux of 
these oxidized organics into Lake Maumelle, a Little Rock drinking water 
source, is estimated to be approximately one ton of carbon per average 
rain event. 
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The BC concentrations and the aerosol aa determined from a 7 
wavelength aethalometer as described previously (11) are shown in 
Figure 5 along with total rain amounts measured at the UALR site from 
August to December 2010. Examination of the data shows that there is 
significant amounts of carbon that remain in the atmosphere during rain 
events. However, the aerosol aa are closer to a value of 1 during and 
immediately following significant rain events. An aa of 0.9 to 1.0 is typical 
for diesel soot, while aa higher than 1.0 indicate the presence of UV 
absorbing compounds such as HULIS that are produced from biogenic 
VOC reactions with OH and ozone or from biomass burning (12). This 

Figure 5. Black carbon concentrations, Angstrom exponents for 
aerosoi absorption, and total rain amount measured at UALR during 
August-December, 2010. 
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indicats that the rain preferentially removes the water soluble aerosol 
components with enhanced shortwave absorption, typical of HULIS, 
leaving behind the more hydrophobic BC. It is likely this occurs due to 
partitioning of semi-volatiles between the surfaces of aerosols and water 
droplets thus allowing for the removal of the oxidized organics through 
wet deposition and the observed lowering of the absorption exponents to 
the base diesel values during rain events. 

A significant amount of the carbonaceous aerosols in the submicron 
region is not removed during the rain events and this will lead to longer 
lifetimes for these more hydrophobic species. It also indicates that the 
remaining BC would be transported over much longer distances than the 
oxidized reaction products which are more readily removed from the 
atmosphere by wet deposition. 

Climate Impacts of Biogenic Aerosols 

Measurements of the mass absorption coefficient (Ba) of the atmospheric 
carbonaceous aerosols in Mexico City have been reported as 10.9±2.1 
m2/g at 660 nm (48). The wavelength dependent absorption profiles from 
290 to 600 nm for a diesel soot type BC aerosol with this absorption 
strength and an aa value of 1 is shown in Figure 6 compared to the 
wavelength dependent absorption profile for a mixed fossil fuel + 
biomass burning type aerosol with an aa of 1.6, as measured in Mexico 
City previously (11). 

350 400 450 500 
Wavelength (nrn) 

650 

Figure 6. Absorption strengths (m2/g) for a soot type BC aerosol 
(green) and a biomass type BC aerosol (blue). 
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In order to estimate the atmospheric heating potential of the BC aerosols 
shown in Figure 6, the relative energy absorbed can be calculated from 
the wavelength dependent solar irradiance at ground level (Figure 7A). 
Note that the irradiance at ground level is reduced from that anticipated 
at the top of the atmosphere due to absorption by atmospheric gases. 
For example, absorption by stratospheric ozone removes a significant 
amount of short-wave radiation in the 280-300 nm wavelength range 
preventing it from reaching ground level. It should also be noted that 
while the number of photons reaching the ground in the UVB and UVA 
regions is significantly lower than that expected at 550 nm, there is 
significant energy associated with these photons and thus the ground 
level irradiance peaks at around 450 nm. The relative amounts of 
energy absorbed by equal amounts of the two types of BC aerosols in 
Figure 6 can be obtained by multiplying the solar irradiance (Figure 7A) 
by the wavelength dependent Ba of the two types of BC aerosols 

020 
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Wavelength (tim) 

2S0 300 360 400 450 500 550 
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Figure 7. A) Solar irradiance at ground level (W/cmz-um). B) relative 
energy absorbed by a soot type BC aerosol (green) and a faiomass 
type BC aerosol (blue) present in the lower atmosphere. 
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(Figure 6). The result shown in Figure 7B demonstrates that the biomass 
type aerosol absorbs approximately 1.5 times more energy than the soot 
type aerosol at the irradiance peak of 450 nm and 1.7 times more energy 
in the UVA region (350 nm). An integration of the energy curves from 
290 to 600 nm yields a total absorption ratio in the UV-visible region of 
1.46 to 1 for the biomass to the diesel soot type aerosols indicating that 
the biomass type BC would trap 46 % more energy in the lower 
atmosphere than the same amount of diesel soot type BC aerosols due' 
to their enhanced shortwave absorption. This clearly shows the potential 
for biomass burning BC aerosols containing HULIS as well as similar 
oxidized compounds found in biogenic SOA to impact energy absorption 
in the region of 290-600 nm. 

Conclusions 

In assessing the impacts of agricultural practices on climate, the current 
focus is on carbon dioxide as the major greenhouse species, although 
some attention is now being given to methane and nitrous oxide, 
particularly in rice production where anaerobic bacterial emissons of 
these gases can be significant during flooding. However, there is 
currently significant evidence that agricultural burning practices are 
leading to the uncontrolled releases of significant levels of nitrogen 
oxide, reactive organics, and carbonaceous aerosols (both primary and 
secondary), as well as oxygenates such as aldehydes, on large scales. 
These emissions need to be controlled as they have significant impacts 
on climate as well as on regional air quality. The release of nitrogen 
oxide and reactive organics leads to the production of tropospheric 
ozone, a regulated air pollutant and greenhouse gas. Carbonaceous 
aerosols that absorb in the UV - Visible regions, will add to regional 
heating and changes in local climate and weather. These same organics 
are water soluble and removed by rainfall events which adds to the 
organic loadings in surface waters. 

!n addition, climate change may lead to enhanced production of 
absorbing carbonaceous aerosols and biogenic SOA produced from the 
oxidations of isoprene, monoterpenes, and sesquiterpene emissions 
from deciduous and pine forests. While forest fires and biogenic 
hydrocarbon emissions are natural processes, they are likely to be 
impacted indirectly by anthropogenic factors. These include increases in 
carbon dioxide that act to "fertilize" plant growth and climate warming 
and precipitation changes that are known to lead to enhanced emissions 
of biogenic hydrocarbons, as well as earlier springs and longer growing 
seasons that lead to increases in brush and forest fires. This all serves to 
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increase production of both primary and secondary biogenic aerosols 
and in-turn these aerosols have UV and IR absorption that may impact 
radiation balance on regional scales. 

While the current practices of agricultural combustion are continuing 
particularly in the Southeastern and Midwestern U.S., serious 
consideration should be placed on developing alternative uses of these 
wastes. In particular, the potential use of agricultural waste as an 
alternate fuel for power plant operation should be considered. This would 
lead to a more sustainable energy source and would be a means of 
controlling one environmental problem while producing a source of 
cleaner energy than the combustion of coal. 
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A B S T R A C T 

Combustion processes have inherent characteristics that lead to the release in the environment of both 
gaseous and particulate pollutants that have primary and secondary impacts on air quality, human 
health, and climate. The emissions from the combustion of fossil fuels and biofuels and their atmospheric 
impacts are reviewed here with attention given to the emissions of the currently regulated pollutant 
gasses, piimary aerosols, and secondaiy aerosol precursors as well as the emissions of non-regulated 
pollutants. Fuels ranging from coal, petroleum, liquefied petroleum gas (LPG), natural gas, as well as the 
biofuels; ethanoi, methanol, methyl tertiary-butyl ether (MTBE), ethyl tertiary-butyl ether (ETBE), and 
biodiesel, are discussed in terms of the known air quality and climate impacts of the currently regulated 
pollutants. The potential importance of the non-regulated emissions of both gasses and aerosols in air 
quality issues and climate is also discussed with principal focus on aldehydes and other oxygenated 
oiganics, poiycyclic aromatic hydrocarbons (PAHs), and nitrated organics. The connection between air 
quality and climate change is also addressed with attention given to ozone and aerosols as potentially 
important greenhouse species. 

© 2008 Elsevier Ltd. AH rights reserved. 

1. Introduction 

Since man first discovered that he could control fire and combust 
fueis for heat and cooking, he has had to deal with the byproducts of 
the combustion of organic fuels. These byproducts include the major 
combustion products of carbon dioxide(C02)andwatervapor(H20), 
along with a variety of trace gasses and aerosol emissions that have 
many impacts on air quality, human health, and climate. When 
man's population levels were at a more or less constant level of a few 
million for the first two million years of his existence on the planet, 
and his fuel usage was limited to the combustion of wood in simple 
campflres, the impacts of the emitted pollutants were limited to the 
near vicinity of the combustion. Research has found that continual 
exposure of early man to campfires used as heat sources in enclosed 
areas contributed to increased incidences of nasal cancer (Zimmer
man, 2004). As the human population grew and the combustion of 
wood and coal became more widespread, the air pollution impacts 
of combustion emissions were still generally limited to the major 
cities where the population and combustion levels were concen
trated into confined areas. 

* Corresponding author. Tel: +1 501 569 8840; fox: +1 501 569 8838. 
E-iiwii oddress.-jsgaifney@ualr.edu (J.S. Gaffney). 

Air pollution has been recognized for some time as an urban 
problem. Moses Maimonides, a Jewish leader, philosopher, and 
physician living in the middle ages in Cairo, Egypt from 1165 to 
1204, noted in his writings (Finlayson-Pitts and Pitts, 1986): 

"...Comparing the air of cities to the air of deserts and arid lands 
is like comparing waters that are befouled and turbid to waters 
that are fine and pure. In the city, because of the height of its 
buildings, the narrowness of its streets, and all that pours foith 
from its inhabitants and their superfluities... the air becomes 
stagnant, turbid, thick, misty, and foggy... If there is no choice in 
this matter, for we have grown up in the cities and have become 
accustomed to them, you should... select from the cities one of 
open horizons... endeavor at least to dwell at the outskirts of the 
city..." 

His discussion clearly indicates that, in the twelfth century, air 
pollution was already associated with urban environments and 
their higher population densities. 

During the fouiteenth century, coal burning had become such 
a problem in London, that King Edward I passed a law banning coal 
burning when the English Parliament was in session (Freese, 2003). 
This was the first known legislation aimed at reducing human 
exposures to air pollution. In 1661, John Evelyn Esquire was 
commissioned by King Charles II to write an assessment of the air 
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quality in London due to the combustion of coal (Evelyn, 1661). His 
comments on the effects of air quality included: 

"...This hoirid Smoake which obscures our Church and makes 
our Palaces look old, which fouls our Cloth and corrupts the 
Waters, so as the veiy Rain, and refreshing Dews which fall in 
the several seasons, precipitate to impure vapour, which, with 
its black and tenacious quality, spots and contaminates what
ever is exposed to it... it is evident to eveiyone who looks on the 
yearly Bill of Mortality, that near half the children that are born 
in London die under two years of age." 

He further noted in his work, that children born in a Country 
Village had an even chance of living 40 years. To combat the 
pollution problem, Evelyn proposed moving such industries as 
breweries and lime-burners to locations far outside of London to 
prevent the soot from settling in the city. In addition to relocating 
polluting industries, Evelyn also encouraged gardens and orchards 
to be planted on the city's periphery. 

In 1775, English surgeon and physician, Percival Pott observed 
that young boys employed as chimney sweeps were at risk to 
develop cancer later in life due to their occupational exposures to 
chimney soot containing coal tars, ash, and other combustion 
products (Finlayson-Pitts and Pitts, 1986). This was the first 
suggestion of the association of "substances" in the environment 
with the development of cancer in a particular occupational group. 
These early works indicated the severity of the problem of air 
pollution in urban centers, even in pre-industrial times. 

During the late 1940s and early 1950s, the combustion of high-
sulfur coal led to the so-called "killer smogs" in Donora, Pennsylvania 
and London, England (Finlayson-Pitts and Pitts, 2000). The emissions 
from coal combustion from industry and domestic heating fires 
resulted in high levels of sulfur dioxide (SO2) and atmospheric 
aerosols or particulate matter (PM). At the same time, meteorological 
conditions resulted in thermal inversions that served to trap the 
pollutants in a small air volume near the sutface. This led to 
extremely high concentrations of the pollutants and exposure of 
inhabitants to very high levels resulting in the deaths of thousands. 
These fatal events occurred during low-lying foggy periods in which 
thesmoke from coal combustion and fogs combined. The term coined 
to describe these events was "smog". Until that time, air pollution 
was viewed as the price of progress. The disasters, however, 
demonstrated the lethal potential of air pollution and led to the 
passage of new regulations and legislature that were put in place to 
restrict the use of dirty fuels in industry and ban uncontrolled 
emissions ofblack smoke. This groundbreaking legislation for cleaner 
urban air included the City of London (Various Powers) Act of 1954 
and the United States Clean Air Acts of 1956 and 1968. 

A different type of smog was observed for the first time in early 
1950s in the Los Angeles air basin in southern California. Farmers 
began to observe serious damage to some crops, especially to 
romaine lettuce and parsley in the San Gabriel Valley. Rubber 
products were found to deteriorate at an accelerated rate. John 
Middleton, a professor of plant pathology at the University of Cal
ifornia first noted that, unlike the London smog, S02 was not the 
cause of the observed damage and that the atmospheric processes 
occurring involved oxidation not reduction (Middleton et al., 1950; 
Middleton, 1961). At the same time Arie Haagen-Schmit was able to 
reproduce the observed plant pathology by exposing plants to the 
photochemical products of nitrogen dioxide (NO2) and gasoline 
exhaust containing hydrocarbons demonstrating that the solar 
photolysis could produce the oxidant ozone (Haagen-Smit, 1950; 
Haagen-Smit et al. 1952a, 1952b). Therefore, the Los Angeles smog 
became known as "photochemical smog" (Stephens, 19S7). 

With the advent of the industrial revolution, the use of fossil and 
biomass-derived fuels have led to man's ability to grow his pop
ulation through the use of enhanced agiicultural practices and the 

rapid transportation of goods. This has led to the development of 
huge cities and industrial centers worldwide contributing to 
exponentially increasing population densities, and in turn, an 
exponential increase in our combustion of carbonaceous fuels to 
meet an exponentially increasing thirst for energy. In 1800 only 3% 
of the world's population lived in urban areas. This increased to 47% 
by the end of the 20th century. This trend has led to the formation 
of megacities, large urban and suburban centers whose populations 
exceed ten million inhabitants. These megacities are steadily 
increasing worldwide with the most rapid growth in the tropical 
areas of South America and Asia. In 1950 there were 83 cities with 
populations exceeding one million and New York City was the only 
megacity (UNEP/WHO, 1992). By 2007 there were 468 urban 
centers of more than one million and of these 14 are classified as 
meagacities, with the largest metropolitan complexes centered at 
Tokyo. Japan, and Mexico City, Mexico (Molina and Molina, 2002). If 
this trend continues, the world's urban populations will double 
every 38 years and within the next 10-15 years it is predicted that 
there will be more than 30 megacities worldwide. 

These megacities suffer from high levels of pollution and 
degraded air quality due to the high demand for energy and the 
associated combustion in mobile and stationary sources. They are 
therefore huge sources of air pollutants into the surrounding 
regional areas. Mexico City is a classic example of a megacity with 
a population approaching 30 million inhabitants. The mass of air 
pollution emissions from the Mexico City air basin has been esti
mated to yield 3,000 metric tons of ozone and 40,000 metric tons of 
particulate matter less than 2.5 micron (PM-2.5) per day (Gaffney 
et al., 1999). This corresponds to 1.1 megatons of ozone and 
15 megatons of PM-2.5 per year. In addition, the transport of reactive 
species such as nitrogen oxides (NOx) and volatile organic hydro
carbons (VOCs) may lead to the substantial formation of ozone and 
other oxidants in the surrounding regions. Therefore, megacities are 
very large sources of pollutants that lead to the degradation of air 
quality and the modification of climate on regional scales. 

The present review deals with the emissions from combustion 
of the various fuels used for energy generation focusing principally 
on the emissions from fuels used for transportation and electiic 
power generation. These fuels are compared with respect to their 
impacts on air quality and climate in an attempt to evaluate them in 
light of what we have learned over the past 50 years. Attention is 
given to the emissions of the so-called "criteria pollutants" or the 
currently regulated pollutant gasses. and aerosols. The criteria 
pollutants are those that have been identified as representing 
a direct environmental health risk such as carbon monoxide (CO) 
and ozone or as being strongly connected indirectly to an envi
ronmental health risk such as the ozone precursors, NOx, and the 
VOCs. For example, because ozone is associated directly with an 
environmental health risk, it is considered to be a direct pollutant 
and its precursors are considered to be indirect pollutants. All are 
criteria pollutants. Although other important pollutants are asso
ciated with the combustion of fuels, the criteria pollutants are those 
that are subject to regulation in the US. by the Clean Air Act 
Amendment of 1990 (CAAA). 

The discussions here also include both primary and secondaiy 
pollutants. The primary pollutants are those that are produced 
directly by the combustion process and are emitted into the 
atmosphere immediately after combustion. The pollutants that are 
formed in the atmosphere from the reactions of primary pollutants 
after emission are the secondary pollutants. Future issues are also 
addressed here especially with respect to the emissions of the 
pollutants that are not currently included as criteria pollutants and 
are therefore not regulated at this time. Discussions also include the 
need for development of alternatives for these carbonaceous fuels 
in order to avoid the occmrence of further air pollution and climate 
problems associated with their continued use. 
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2. Coal 

Coal is a fossil fuel formed in swamp ecosystems where plant 
remains were saved from oxidization and biodegradation by water 
and mud. During the coal formation process, the deposited plant 
remains undergo a sequence of physical, biochemical, and chemical 
changes, which include dehydration, loss of oxygen containing 
functional groups, alkylation, and oligomerization (Van Krevelen, 
1961). This results in coals of increasing rank or geologic maturity 
depending on the degree of completion of this series of chemical 
reactions. The general structural characteristics of coal include; 
fused benzene rings (polycyclic aromatic structures) with associ
ated functional groups linked together by ether, sulfur, or alkyl 
(CH2 or CH2CH2) bridges (Tillman, 1991). As the coal maturity 
increases, the degree of aromaticity increases and the number of 
linkages decreases. The number of methylate (OCH3), carboxylic 
(COOH) and hydroxyl (OH) functional groups also decreases while 
the number of carbonyl groups (C=0) increases and the nitrogen 
containing functional groups change into more condensed stiuc-
tures (pyridines, quinolines. pyroles, and carbazoles) (Oros and 
Simoneit, 2000). 

Coal rankings with increasing progression of maturity are peat, 
lignite or brown coal, sub-bituminous, bituminous, anthracite, and 
graphite. Peat is considered to be a coal precursor and has only 
limited application as a fuel in some countries such as Ireland and 
Finland. Lignite is the lowest rank of coal and used almost exclu
sively as fuel for steam-electric power generation. Sub-bituminous 
coal has variable properties ranging from those of lignite to those of 
bituminous coal and is also used primarily as fuel for steam-electric 
power generation. Bituminous coal is a dense black or brown coal 
used in steam-electric power generation, heat generation and 
power applications in manufacturing. Anthracite is a harder glossy 
black coal used primarily for residential and commercial space 
heating. Graphite, technically the highest rank of coal, is difficult to 
ignite and therefore not commonly used as fuel. 

Coal used in space heating is usually burned in an open flame 
under low tempeiature combustion conditions. When coal is used 
for electricity generation, it is usually pulverized and then burned 
in a furnace with a boiler. The furnace heat converts boiler water to 
steam, which is then used to spin turbines, which turn generators 
and create electricity. In general, there are three types of coal-fired 
boiler furnaces used in the electric utility industiy. They are 
referred to as dry-bottom boilers, wet-bottom boilers, and cyclone 
furnaces. The most common type of coal burning furnace is the dry-
bottom boiler. 

The combustion temperature determines the molecular alter
ations and transformations of the organic material within the coal. 
Under flaming conditions (>300 °C). the alkyl and ether linkages 
are broken first. This is immediately followed by loss of functional 
groups, resulting in the release of the non-condensable gasses C02. 
H20, S02, N02, and methane (CH4). Under smoldering conditions 
(<300 °C), organic compounds and their altered products are 
released by a volatilization and steam stripping effect. The extent of 
this" process is dependent on the coal moisture content, which is 
higher for less mature coals (Oros and Simoneit, 2000). 

The non-combustible components of coal remain behind as 
bottom ash. The physical properties of bottom ash are similar to 
those of natural sand with particle sizes ranging from fine gravel 
to fine sand with low percentages of silt and clay-sized particles. 
When pulverized coal is combusted in either a dry-bottom boiler 
or a cyclone furnace, about 80% of all the ash leaves the furnace as 
fly ash, entrained in the flue gas. In a wet-bottom furnace, 50% of 
the ash formed leaves the furnace as fly ash (McKerall et al., 1982). 
Electrostatic precipitators are used for particulate control to 
remove the fly ash from the flue gasses. Although these systems 
have efficiency rates of nearly 99.9%, considerable amounts of fly 

ash are still emitted to the atmosphere due to the large amounts of 
coal required for electric power generation. A 1000 MW power 
station with a normal consumption of 12,000 tons per day (t d"1) 
of sub-bituminous coal, has a mean combustion fly ash production 
of about 2,400 (t d_1). Even with a particulate removal efficiency 
of 99.9%, almost 900 tons per year (t yr"1) are emitted to the 
atmosphere as primary PM (Querol et al., 1998). In 1997, approx
imately 165,000 tons of PM-2.5 were emitted from the combus
tion of coal for electric power generation (Nizich and Pope, 1998). 

The PM that escapes the electrostatic precipitators is primarily 
in the reparable range of 0.8-2 micron (Linak et al., 2000a). Since 
these particles are very small they have long atmospheric resi
dence times and can therefore travel long distances because the 
diffusional and depositional loss mechanisms are at a minimum in 
this size range (Finlayson-Pitts and Pitts, 1986). The FLAME (Fly-
Ash and Metals in Europe) project, undertaken to determine the 
sources and special distribution of fly ash pollution throughout 
Europe, determined that a large portion of the fly ash deposition to 
lakes was attributed to long-range transport (Alliksaar and 
Punning, 1998; Rose et al., 1998). This aerosol size range is also very 
effective in scattering solar radiation and therefore impacts both 
visibility and climate. 

The composition of fly ash is determined by the composition of 
the coal burned. The normal composition of fly ash from the 
combustion of various ranks of coal is given in Table 1 (Meyers et al., 
1976; McKerall et a!., 1982). The principal components of bitumi
nous coal fly ash are silica, alumina, iron oxide, and calcium, with 
vaiying amounts of caibon. Lignite and sub-bituminous coal fly 
ashes contain higher concentrations of calcium and magnesium 
oxides and reduced percentages of silica and iron oxide, as well as 
lower carbon content, compared with bituminous coal fly ash. 
Lignite and sub-bituminous coal fly ashes may have a higher 
concentration of sulfate compounds than bituminous coal fly ashes. 
Since very little anthracite coal is used in utility boilers there is little 
data on anthracite coal fly ash. 

In addition to the major constituents listed in Table 1, fly ash also 
contains a number of potentially toxic trace materials. These can 
include heavy metals and radionuclides. The transition metals are 
of particular importance due to results that show cardiopulmonary 
damage associated with the inhalation of these elements (Dreher 
et al„ 1996). In addition, the elemental speciation may influence 
this toxicity as some species are significantly more water-soluble 
and therefore more bioavaiiable than others (Dreher et al., 1997). 
Some of the important trace species in fly ash generated from the 
combustion of three different coals are listed in Table 2 (Linak et al., 
2000a). These include the water-soluble transition metals copper. 
iron, nickel, vanadium, and zinc and the toxic metals lead and 
cadmium. The contribution of coal combustion to the total atmo
spheric lead emissions is conservatively estimated at 6% (Block and 
Dams, 2004). 

Fly ash also contains increased concentrations of some natural 
radionuclides (UNSCEAR, 1982) as indicated by the total gamma 
radioactivities listed in Table 2, which range from 218 to 293 mBq g - 1 

Table 1 
Chemical composition of fly ash fiom coa! combustion expressed as a percentage by 
weight (Meyers et al., 1976; McKerall et al.. 1982). 

Component Bituminous Sub-bituminous Lignite 
Si0z 20-60 40-60 15-45 
Alj03 5-35 20-30 10-25 
Fe203 10-40 4-10 4-15 
CaO 1-12 5-30 15-40 
MgO 0-5 1-6 3-10 
S03 0-4 0-2 0-10 
Na20 0-4 0-2 0-6 
K2O 0-3 0-4 0-4 
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Table 2 
Trace element concentrations in fly ash particulate matter (PM) fiom tiie combus
tion of Western Kentucky bituminous, Montana sub-bituminous, and Utah bitumi
nous coals (Linak et al., 2000a, 2000b; Furr et al., 1977). 

Trace element Concentration (figfe) 

Western Kentucky Montana Utah 
Arsenic 200 108 149 
Cadmium 12 <1 <1 
Chromium 240 38 189 
Copper 126 152 147 
Lead 51 142 52 
Nickel 196 70 148 
Vanadium 636 196 418 
Zinc 813 173 184 
Un burned 20 1 23 

Carbon (*} 
Radioactivity 243 218 293 

of fly ash (Furr et al., 1977). The enrichment factors for the radio
nuclides in fly ash vary from a factor of 31 for the most volatile 
nuclides such as polonium-210 and lead-210 to a factor of 2 for 
radium-228 (Weng and Chu, 1992). The activity concentrations of 
radionuclides in fly ash from a coal-fired power plant in Kentucky 
burning high-sulfur and low-sulfur coals are listed in Table 3 (Zie-
linski and Budahn, 1998). The more volatile lead-210 appears in the 
highest concentration and is nearly a factor of two higher in the 
high-sulfur fuel. This enrichment of the radionuclides can result in 
an elevation of background levels of radioactivity by as much as 20% 
(Greineret al„ 1983). Therefore, it has been hypothesized that fly ash 
may be a likely candidate for the toxic fine particulates that play 
a significant role in the demonstrated association of adverse health 
effects with atmospheric fine PM (Linak et al., 2000a). 

Coal-fired power plants are also major sources of the primary 
pollutants SO2 and NO*. The production of SO2 occurs from the 
direct oxidation of sulfur contained in the fuel and is therefore 
dependent on the sulfur content of the coal. There are two major 
mechanisms of NOx production. It can be formed directly from 
oxidation of nitrogen contained in the coal (fuel NO*) and from the 
thermal oxidation of diatomic nitrogen in air (thermal NO*). In coal 
combustion, fuel NO* is the major source, contributing as much as 
80% to the total NOx emissions. Coal-fired power plants are the 
largest source of SO2 emissions in the United States, contributing 
approximately 60% to the total SO2 burden. They are second only to 
motor vehicles in emissions of NOx accounting for 18% of the total 
U.S. emissions (US-EPA, 2003). 

In addition to primary fly ash PM. gas to particle conversion 
gives rise to considerable amounts of acidic secondaiy PM from 
the atmospheric oxidation of S02 and NO2 emissions. Conversion 
ratios of SO2 to sulfuric acid in power plant plumes may reach up 
to 40% at conversion rates of 1-6% per hour (Hidey, 1994) while 
conversion rates of NO2 to nitric acid are in the range of 3-6% per 
hour depending on atmospheric conditions (Lin and Cheng, 2007). 
Therefore, power plants with high S02 and/or NO2 emissions 
result in the formation of secondary PM several orders of 
magnitude higher than the emissions of the piimary fly ash PM 

Talile3 
Activity concentrations (mBq/g) of ledionuchdes in fly ash from a Kentucky coal
men" power plant buining high-sulfur and low-sulfur coais (Zielinski and Budahn, 
1998). 

Radionuclide High sulfur Low sulfur 
Uranium-238 181 161 
Radium-226 189 143 
Lead-210 315 178 
Radium-228 76 125 

(Hidey, 1994; Gillani et al., 1981). Moreover, since these secondary 
particles are very small (<1 micron) they have long atmospheric 
residence times and can travel long distances (Finlayson-Pitts and 
Pitts, 1986). This aerosol size range is also very effective in scat
tering solar radiation and can impact both visibility and climate. 
Highly scattering aerosols, such as sulfates and nitrates, have been 
shown to have an overall effect of cooling in the lower atmosphere 
by scattering the incoming solar radiation (Charison and Wigley, 
1994). The cooling effect from anthropogenic sulfate aerosols in 
the Northern Hemisphere has been estimated to be comparable in 
magnitude to the atmospheric warming produced from increases 
in the major greenhouse gas, CO2 (Kiel and Briegleb, 1993). In 
addition, the presence of more numerous hygroscopic aerosol 
particles in the atmosphere increases the lifetime of clouds by 
competing for the available water vapor resulting in more 
numerous but smaller cloud droplets (Twomey, 1977,1991). This 
has the overall effects of regional cooling due to scattering of solar 
radiation by the longer-lived clouds and diminished rainfall from 
these clouds. Upon deposition, these secondaiy acidic aerosols 
generated from coal combustion are also the principal cause of 
acid rain, which alters the acidity of lakes and streams and 
promotes deterioration of buildings and construction materials. 

Another toxic emission from coal-fired power plants that has 
received much attention lately is mercury. Currently, mercury is 
a non-regulated air pollutant and coal-fired power plants are not 
required to reduce their emissions of this toxic metal. In 1999 the 
emissions of mercury from coal-fired power plants were estimated 
to be 491 yr_1, which accounted for 42% of the total U.S. emissions 
inventory (US-EPA, 1999a). In addition, mercuiy emissions are 
expected to increase based on projections of increased energy 
production and increased coal usage. Mercuiy is emitted from 
power plants in one of three forms, vapor phase elemental mercuiy, 
vapor phase oxidized mercury, or adsorbed onto particulate 
surfaces (UNEP/Chemicals, 2002). Each of these three forms has 
a different atmospheric fate. While elemental mercuiy can be 
transported over long distances with residence times of a few 
months up to one year, oxidized mercury and particle bound 
mercuiy have much shorter lifetimes with removal by wet or diy 
deposition within a few days (US-EPA, 1999b). Due to the potential 
for long-range transport of elemental mercury, it has been esti
mated that up to 20-80% of all mercuiy deposited in the U.S. comes 
from non-U.S. sources with the highest non-U.S. input occurring 
west of Minnesota (Levin, 2002). 

In addition to the air toxics, electric power plants account for 
over 40% of total US. C02 emissions, the major contributor to global 
warming (US-DOE, 2000). Coal has the highest carbon content of all 
fossil fuels and therefore has the highest output rate of CO2 per 
kilowatt hour (kwh) generating 2.1 lbs C02 per kwh resulting in 
the release of 1.8 x 109 metric tons of C02 in 1998. Along with the 
CO2 emissions, coal-fired power plants are also major sources of 
CH4 and nitrous oxide (N20), also greenhouse gasses. 

3. Fuel oil 

Approximately 40% of the world electricity production uses coal. 
A much smaller fraction uses residual fuel oil. Only 3% of the US. 
electricity is generated by fuel oil-fired power plants and residual 
fuel oils are used in significant quantities in only selected regions of 
the US., primarily in the northeast and southeast (Linak et al., 
2000a; US-DOE, 2007). In 1997, 35,000 tons of primary PM-2.5 
were emitted from plants using residual fuel oils, in comparison 
with 165.000 tons from coal combustion (Nizich and Pope, 1998). 

There are two major types of fuel oil burned by combustion 
sources; distillate oils and residual oils. These fuel types are further 
distinguished by grade number. Numbers 1 and 2 are distillate oils 
and Numbers 5 and 6 are residual oils. Number 4 is often a mixture 
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of distillate and residual oils. Number 6 fuel oil is sometimes 
referred to as Bunker C (Smith, 1962). Distillate oils are more 
volatile and less viscous than residual oils. They have negligible 
nitrogen and ash content and usually contain less than 0.3% sulfur. 
Distillate oils are most often used in domestic applications and 
include kerosene and diesel fuels. The heavier residual oils are 
produced from the residue remaining after the lighter fractions 
have been removed from the crude oil by distillation. They contain 
significant amounts of ash, nitrogen, and sulfur (Danielson, 1973). 
Residual oils are used mainly in utility, industrial and large 
commercial applications. The major boiler designs for fuel oil 
combustion are water-tube, fire-tube, cast iron, and tubeless. The 
tube designs are relatively small and are most often used primarily 
in residential and small industrial applications, while the tubeless 
designs are most often used for power generation (US-EPA, 1982). 

The primary PM emissions from residual oil combustion are 
related to sulfur content of the fuel. The low-sulfur fuel exhibits 
substantially lower viscosity, reduced asphaltine content, lower ash 
as well as lower sulfur content. This results in better atomization of 
the fuel and more complete combustion (Sigmund, 1969). Table 4 
shows the composition of PM from combustion of high-sulfur 
Number 6 fuel oil in a fire-tube boiler and a tubeless combustor 
(Linak et al., 2000a). The high metal content of the particulates 
from the high temperature combustor arises from vaporization of 
the metals under the high combustion temperatures followed by 
nucleation, coagulation and condensation onto existing particles 
(Linak et al., 2000b). The extent of metal vaporization is dependent 
on the extent of carbon combustion. For cases of incomplete 
combustion, a substantial fraction of metals remain trapped in the 
unburned carbon particles, and never reach the vapor phase. The 
PM formed in the lower temperature fire-tube boiler shown in 
Table 4 was reported to consist of a significant amount of large 
porous carbonaceous material indicating a substantial amount of 
incomplete combustion (Linak et al., 2000a). Particulate matter 
formed in the tubeless combustor was about half that formed in the 
fire-tube boiler and contained very few large particles. These small 
particles consisted primarily of trace species that contained copper, 
iron, nickel, vanadium, and zinc, along with 3.2% sulfur as sulfate. 

Since the majority of the residual fuel oil used today is of high-
sulfur content, oil-fired power plants have high SO2 emissions. The 
residual fuel oils contain approximately 2-5 % by weight of sulfur 
whereas coal contains from 0.5 to 5% (Linak et a!., 2000a; Sawyer 
et al., 2000). Due to their small numbers, the total S02 emissions 
from oil-fired power plants are less than 20% of those produced by 
the coal-fired plants (Hauser, 1986). Oil-fired power plants are also 
large sources of CO2. Nearly all the fuel carbon (99%) is converted 

Table 4 
Trace element concentrations in paitlculate matter (PM) from the combustion of 
high-sulfur Number 6 fuel oil in a fire-tube burner and a refractory lined combustor 
(Linak et al., 2000a, 2000b). 

Trace element Concentration {[ig/g) 

Fire-tube burner Refractory lined 
combustor 

Total PM(mgnr3) 184 93 
PM-2.5 (%) 39.5 1 
Arsenic 45 
Cadmium 21 
Chromium 101 
Copper 1272 2346 
Iron 6150 13,993 
Lead 1084 
Magnesium 8410 19989 
Manganese 116 
Nickel 10,290 16,518 
Vanadium 78,800 13.5718 
Zinc 23,740 34,245 

directly to CO2 during the combustion process. The fuel carbon not 
converted to C02 is emitted as primary carbonaceous PM as a result 
of incomplete combustion. However, due to their small numbers, 
oil-fired plants are responsible for only 5% of the total US. CO2 
emitted by the electric utility sector. 

Another major user of fuel oil is aircraft. About 9% of the fuel 
used by mobile sources in the U.S. goes to jet aircraft (Sawyer et al., 
2000). Some regions have a higher consumption than others. In 
California, 17% of the mobile fuel use goes to aircraft, jet fuel is 
a kerosene grade distillate fuel and therefore has very low-sulfur 
content and does not generate significant SO2 emissions. However, 
jet engines are high NO* emitters, especially during take-off when 
emissions range from 30 to 45 g NO* per kg of fuel, which is 10-20 
times that of an automobile (Baughcum, 1996). However, normal 
cruise emissions are a factor of 10 lower and the emissions of NO* in 
North America from jet aircraft are estimated to be less than 1% of 
the total NOx emissions (Sawyer et al., 2000). 

Large ocean-going vessels, including cargo and container ships, 
cruise ships, and oil tankers can utilize either diesel or bunker fuels. 
However, since there are no emission controls on marine transport, 
they usually choose the less expensive, high sulfur, Number 6 
residual oil. Therefore, as with the oil-fired power plants, they have 
high SO2 emissions and are the only important mobile source of 
S02. It has been estimated that large ships generate 16% of the 
global sulfur emissions (Corbett and Fischbeck, 1997). The S02 
emissions from ships are responsible for 54% of the total sulfate 
aerosol column burden over the Mediterranean (Marmer et al., 
2007). They are also high NO* emitters, with about 70 g of NO* 
produced per kg of fuel burned. 

Commercial shipping vessels are also large sources of carbona
ceous particulate matter, or black carbon (BC) from incomplete 
combustion of the residual fuel. It has been estimated from fuel 
consumption data that the global contribution of carbonaceous 
aerosols from shipping is 133 Gg yr-1 or about 1.7% of the total 
global emissions (Lack et al., 2007). Like the sulfate aerosols, the BC 
particles are in the size range that has the longest atmospheric 
lifetimes and can therefore travel long distances from the emission 
source. Carbonaceous soot particles are also in a size range that 
efficiently scatters incoming solar radiation. However, unlike the 
sulfate aerosols, they are also strong absorbers of incoming solar 
radiation. While sulfate aerosols are the dominant light scattering 
species, BC is the dominant light-absorbing aerosol in the atmo
sphere with a broadband absorption profile and a IjX dependence 
over the entire spectral region from UV to the near IR (Marley et al., 
2001). Atmospheric aerosols containing BC can absorb as much as 
20-25% of the incoming solar radiation leading to heating of the 
particles and local warming of the boundary layer (Hermann and 
Hand, 1997). 

Much of the overall impacts of the emissions from shipping are 
due to the fact that they occur over the open oceans, where there 
are no other sources of pollutants. It has been estimated that if the 
arctic shipping lanes should become open for longer periods due to 
global warming and melting of the sea ice, the increased emissions 
of these light-absorbing aerosols would significantly add to 
warming in the arctic (Lack et al., 2007). 

4. Gasoline 

Considerable attention has been given to the impact of motor 
vehicle fuels on air quality specifically as it relates to the criteria 
pollutants. The primary criteria pollutants that are currently 
regulated as direct health-related hazards are CO and lead. Lead is 
added to gasoline as an octane enhancer and is emitted from the 
tailpipe as inorganic lead hah'des (>90%) and to a lesser extent 
organolead compounds (Finlayson-Pitts and Pitts, 1986). Lead was 
banned as gasoline additive for on-road vehicles in the United 
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States in 1996 due to its extreme toxicity, particularly in children. 
However, it is still allowed for off-road uses including aircraft, 
racing cars, farm equipment and marine engines. With the 
mandated use of unleaded fuels in on-road vehicles, the levels of 
airborne lead particulate matter have been lowered drastically in 
the United States. However, leaded fuels are still in use in other 
areas of the world and can be a substantial health problem. With 
the removal of lead from gasoline, other additives have been used 
to enhance octane, such as aromatics or branched alkylated 
compounds, and these may lead to other atmospheric problems 
especially in vehicles without catalytic converters. 

Carbon monoxide is of concern because it is a direct toxin. It acts 
efficiently to bind with hemoglobin in the blood, forming a very 
stable and Irreversible carboxyhemoglobin complex. In this 
manner CO prevents the hemoglobin from functioning in its normal 
oxygen-binding capacity. At levels of low parts per million (ppm), 
CO exposure can lead to stress for many individuals who suffer 
from respiratory or coronaiy dysfunctions. The addition of catalytic 
converters to automobiles has reduced substantially the emissions 
of CO from the combustion of conventional gasoline and diesel 
fuels. However, CO emissions during the "cold start" of engines, 
when the catalyst is cold and has not reached operating tempera
ture, can still be substantial, even for those vehicles that are 
equipped with catalytic converters. 

The indirect primary pollutants that are regulated include the 
VOCs and NO*. In contrast to coal combustion, NOx is produced in 
gasoline combustion primarily as thermal NO*, which is generally 
emitted as NO. with smaller amounts of NO2 and other nitrogen 
oxide species. The VOCs are emitted directly from the tailpipe from 
incomplete combustion. They are also emitted to the atmosphere 
from loss of unburned fuel. This loss of unburned fuel can occur 
through (1) spillage during fueling; (2) diurnal evaporative losses 
(occurring as the fuel tank is heated during the day, followed by 
cooling at night, resulting in "breathing" of air and trapped 
hydrocarbons); (3) hot soak evaporative losses (occurring when the 
engine is shut off and residual heat is transferred to the fuel 
system); and (4) running evaporative losses (Calvert et al., 1993). 
The evaporative losses can be high at high ambient temperatures or 
for vehicles that run abnormally hot. 

The NOx and VOC emissions react in the presence of sunlight by 
way of a series of photochemical reactions involving hydroxyl-, 
peroxy-, and alkoxy radicals, to form the secondaiy pollutant ozone 
(Finlayson-Pitts and Pitts, 2000). Therefore, the emissions of NOx 
and total VOCs are currently regulated in vehicle exhaust in order to 
control the formation of ozone in the atmosphere. However, the 
atmospheric reactivities of the VOCs vary dramatically. The VOCs 
emitted from gasoline-fueled vehicles arise from uncombusted or 
partially combusted fuel and typically include cyclohexane, 
octanes, and aromatics. The most reactive VOCs are the very 
reactive olefins and the natural hydrocarbons, isoprene and alpha-
pinene. Estimations are made of the ozone formation potential for 
the VOCs in an urban environment by studying the organic 
compounds in smog-chamber systems under varying concentra
tions of VOCs and NO*, followed by using chemical modeling to 
predict the amount of ozone formed. The ozone-forming potentials 
of different hydrocarbons have been calculated as reactivity 
adjustment factois by using the maximum incremental reactivity 
(MIR) scale developed by Carter (Carter and Atkinson, 1989; Carter, 
1994). These so-called ozone production factors are usually 
referred to in units of grams of ozone per gram of non-methane 
hydrocarbon emitted into the atmosphere. 

Of course, ozone is not the only oxidant formed from the reac
tions of N02 and the VOCs in the atmosphere. Other atmospheric 
oxidants are also formed such as hydrogen peroxide (H2O2), which 
can react with SO2 to form sulfuric acid aerosol, aldehydes, organic 
acids, nitric acid, and the peroxyacyl nitrates (PANs). Although not 

currently regulated, these secondary pollutants are of concern 
because of their potential roles in acidic deposition, as plant toxins, 
and as health hazards in their own right. The PANs are particularly 
interesting because they are known to be potent phytotoxins and 
eye irritants. They are produced directly from the reaction of per
oxyacyl radicals with N02, both of which are in equilibrium with 
the PANs (Gaffney et al., 1989). 

RG=0-00 -r- N02 -» RC=0-00-N02 (1) 
The most prevalent of the PANs is the methyl derivative, per-

oxyacetyl nitrate (PAN). This secondaiy pollutant is produced along 
with ozone in the process of urban photochemical smog formation. 

A number of air toxics are also emitted as primary pollutants 
from gasoline combustion. Air toxics are those compounds that are 
of concern at low levels primarily because of their potential carci
nogenic properties. The air toxics that have been targeted by the 
CAAA of 1990 are benzene, 1,3-butadiene, formaldehyde, acetal-
dehyde, and polycydic organic matter (POM) (Health Effects 
Institute, 1996). Benzene dominates the total emissions (65%-80%) 
of air toxics in the current fleet of gasoline-fueled vehicles (Gorse 
et al., 1991). Benzene is also the only mobile source air toxic thus far 
classified as a known human carcinogen by the United States 
Environmental Protection Agency (US-EPA) because of its ability to 
cause leukemia in humans at relatively high exposure levels (US-
EPA, 1994). The US-EPA has added that benzene may produce 
developmental effects at exposure levels as low as 1 ppm. In 
response to this, the US-EPA has adopted new limits on benzene 
emissions, to take effect between 2009 and 2011, that would reduce 
toxic emissions of benzene and other pollutants from passenger 
vehicles by up to 80 percent in the next two decades. 

Light duty cars and trucks are responsible for 10% of the CO2 
emissions globally. The US. alone is responsible for 45% of this 
total (LEA, 2005). This amounted to 314 million metric tons of C02 
or 5.3 lbs per gallon of fuel burned in 2004. Small cars (compacts, 
subcompacts and 2-seaters) were responsible for 25% of the total 
emissions, followed by SUVs at 21% (DeCicco and Fung, 2006). 
Since 1970, the U.S. has achieved a 60% reduction in primary 
emissions of the criteria pollutants due to catalyst based emission 
controls (US-EPA, 2005). However, in that same time, the emis
sions of CO2 from automobiles have increased by 70% (FHWA, 
2006). The only way to reduce the CO2 emissions from gasoline 
combustion is to decrease the fuel use rate by either increasing 
fuel economy or decreasing the number of miles driven through 
the use of car-pooling or public transportation. In addition to the 
primary CO2 emissions, CO and NO* can also act to trap heat in 
the atmosphere and are therefore greenhouse species. Many of the 
secondary pollutants generated by the photochemical oxidation of 
gasoline emissions, including ozone and PAN are also greenhouse 
gasses. 

5. Diesel fuel 

Diesel fuel is a distillate oil and as such usually contains <0.3% 
sulfur by weight. The combustion of diesel fuel is therefore not 
a significant source of atmospheric SO2 (Smith, 1962). However, 
diesel engines are a major source of NO*. Tunnel studies have 
estimated that diesel engines produce five times the amount of NO* 
per mass of fuel burned when compared to gasoline vehicles 
(Kirchstetter et al., 1998). Although heavy-duty diesel trucks make 
up only 1% of all on-road vehicles in California, motor vehicle 
emission inventory indicates that are responsible for 21% of the NO* 
emissions from on-road vehicles statewide (CARB, 1996). The same 
emission inventory estimates that heavy-duty diesel trucks were 
responsible for 75% of the exhaust PM from on-road vehicles. These 
estimates do not include off-road diesel engines, which can also be 
a major source of PM (Sawyer et al., 2000). 
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In general, diesel engines produce more carbonaceous particu
late matter than spark-ignition engines. This is due to the way the 
fuel is injected and ignited in the diesel engine. The fuel is injected 
later in the compression cycle than in gasoline engines and ignited 
spontaneously from pressure. Consequently, the air and fuel do not 
have a chance to mix thoroughly before ignition. The presence of 
fuel dense pockets In the mixture results in incomplete combustion 
of the fuel and the production of carbon soot or BC particulate 
matter. The amount and chemical composition of diesel particulate 
matter depends on the operational parameters, such as speed, 
motor load, engine and vehicle type, tuning and age of the engine, 
fuel composition, ambient air temperature, and relative humidity 
(Sjogren et al., 1996; Lloyd and Cackette, 2001). The typical 
composition of diesel particulate matter obtained from a medium-
duty diesel truck in a dynamometer study was 30.8% elemental 
carbon, 19.7% organic carbon, 1% sulfur, 0.7% aluminum, 0.2% 
nitrate, and 0.96% other metals (in order of concentration; silicon, 
aluminum, zinc, cadmium, indium, and lead) (Schauer et a!., 1998). 

Diesel exhaust contains hundreds of gas-phase, semi-volatile, 
and particle phase organic compounds. Small carbonyls, including 
acetaidehyde, foimaldehyde, and acetone, make up the largest 
fraction, accounting for more than half of the organic emissions 
(Schauer et al., 1998). Also included in diesel exhaust are air toxics 
such as POM compounds, which are defined by the CAAA as a class 
of organic compounds having more than one benzene ring and 
a boiling point of 100 "C or higher. This includes polycyclic aromatic 
hydrocarbons (PAHs), substituted PAHs (e.g., nitro-PAHs and alkyl-
PAHs). and heterocyclic compounds (e.g., azo-arenes. thio-arenes, 
and lactones). 

The particulates associated with diesel exhaust are very small 
(<1 micron). Along with their small size, these particulates have 
a very large surface area onto which other organic contaminants 
present in the diesel exhaust can adsorb. Polycyclic organic matter 
compounds with five or more membered rings are usually associated 
with the diesel PM. Nitroarenes, nitrolactones, and oxy-polycyclic 
aromatic compounds can be produced as primary pollutants asso
ciated with diesel soot or as secondary pollutants produced by 
heterogeneous reactions of other gas-phase POM on particulate 
surfaces in VOC/NOx-poiluted atmospheres (Pitts et al., 1980; Pitts, 
1993). Many POM compounds are mutagenic and some are carci
nogenic. The best known of these is benzo(a)pyrene, a powerful 
human carcinogen (Phillips, 1983). It has been known for some time 
that PAHs are potential carcinogens and the nitroarenes showamuch 
higher mutagenic activity than other PAHs. The combination of PAHs 
in both particulate and vapor phases appears to be responsible for 
a substantial portion of the mutagenic activity of the atmosphere 
(Pitts et al., 1978). Thus, POM compounds adsorbed on the diesel PM 
may add to the total carcinogenicity of the diesel emissions to an 
extent that is currently undetermined. Due to their small size, diesel 
PM can lodge deep in the lespiratory tract and inciease the risk of 
lung cancer. There has been a consistent causal relationship observed 
between theoccupational exposure to diesel exhaustand lung cancer 
(Lloyd and Cackette. 2001). 

Emissions of BC particulate matter from diesel engines are 
thought to be the largest source of light-absorbing aerosols 
worldwide. Some model calculations suggest that the contribution 
to global warming from diesel soot aerosols maybe as much as 0.3-
0.4 °C, rivaling the contributions from atmospheric methane 
(jacobson, 2004; Chung and Seinfeld, 2005). The presence of large 
amounts of 8C aerosols such as has been observed in Mexico City 
(Marley et al., 2007; Raga et al„ 2001) and over the Indian Ocean 
(Ramanathan et al., 2005) can therefore lead to regional warming of 
the atmosphere and substantially offset the cooling effect of the 
light scattering aerosols in certain areas (Jacobson, 2002). It has 
been suggested that the most effective and possibly the quickest 
method of slowing global warming is to control the emissions of 

particulate black carbon from fossil fuel combustion Qacobsen, 
2002). 

In addition to their climate effects, atmospheric BC particles 
absorb UV radiation very efficiently in the wavelength range that 
promotes photochemistry. Therefore, in areas where BC emissions 
are high, such as in megacities like Mexico City, the formation rates 
of secondaiy pollutants, such as ozone, may be slowed (Castro et al., 
2001). In these cases, transport of the primary pollutants from the 
city into the surrounding areas where BC aerosols are less dominant 
will result in the production of secondary pollutants on regional 
scales. In contrast, areas that are dominated by light scattering 
aerosols, like sulfate, may have increased UV radiation due to 
multiple scattering effects of the aerosols, which may lead to an 
increased formation of the secondary photochemical pollutants 
(Marleyeta!., 2008). 

6. Alcohol fuels 

Alcohols, principally methanol and ethanol, along with their 
gasoline blends, have received considerable attention as alternative 
fuels. The principal drawback of alcohol fuels, from an air quality 
standpoint, is the production of aldehydes during combustion. 
Under cold-start conditions, alcohols crack to produce aldehydes, 
principally foimaldehyde in the case of methanol and acetaidehyde 
in the case of ethanol. It is these aldehyde emissions from alcohols 
that make their potential impacts on air quality different from the 
non-oxygenated fuels. On the positive side, the use of alcohols and 
alcohol/petroleum blends in diesel engines has been shown to 
reduce emissions of the potentially carcinogenic carbonaceous soot 
particles (Gaffney et al., 1980; Wang et al., 1997). However, the PM 
emissions from alcohol fuel combustion have not been well char
acterized with regard to any changes in chemical, physical, and 
health-related properties, as compared with diesel PM. 

The use of methanol has been considered for some time as an 
alternative to gasoline. This is primarily because methanol can be 
produced fairly cheaply by catalytic reduction of CO with hydrogen 
using methane or coal as the feedstock. For reasons of safety and 
engine material (i.e., corrosion and degradation of plastic fuel 
lines), methanol/gasoline blends of up to 85% have been studied for 
use. The convention has been to refer to the methanol/gasoline 
blends as M85 for 85% methanol, M50 for 50% methanol, and so on 
up to neat gasoline (M0). 

Comparison studies of gasoline-fueled conventional vehicles 
and M85-fueled variable fuel vehicles (VFVs) showed the total 
organic emissions were 37% lower with M85 than with M0, (Auto/ 
Oil Air Quality Improvement Research Program, 1992). In the same 
study, CO was 31% lower with M85 than with M0, while NO* was 
23% higher. The emissions of the air toxics benzene, 1,3-butadiene, 
and acetaidehyde, were lower with M85 than M0 by 84%, 93%, and 
70%, respectively. The decreases corresponded roughly to the 
dilution effect of methanol in M85. Exhaust methanol emissions 
were higher with both M10 and M85 as expected, and formalde
hyde emissions were about 5 times higher with M85 when 
compared with M0. 

Formaldehyde is a carcinogen and an eye irritant, as well as 
being a photochemicaiiy active compound. Methanol itself has 
a lower atmospheric reactivity than gasoline. In comparison, 
methanol's combustion product, formaldehyde, reacts much more 
rapidly to form ozone (Atkutsu et al., 1991). Thus, the ozone-
forming potential of methanol-fueled emissions is very dependent 
upon the formaldehyde emissions, which increase with increasing 
methanol content (Gabeie, 1990). If the highly soluble gaseous 
formaldehyde is emitted in the presence of aqueous aerosols, it can 
be found to be present in relatively high concentrations in the 
aerosol phase in the form of the hydrated species, methylene glycol 
(Klippel and Warneck, 19S0; Finlayson-Pitts and Pitts, 1986). In 
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addition, aqueous reactions with SO2 emissions can lead to the 
formation of hydroxymethane sulfonate ions, while aqueous 
oxidation forms formic acid, both of which are highly toxic (Boyce 
and Hoffmann, 1984; Finlayson-Pitts and Pitts, 1986). These 
aqueous-phase reactions of formaldehyde and the resulting 
concentrations in inhalable aerosols are an aspect of these air 
pollutants that also must be considered when evaluating the air 
quality impacts of methanol fuels. 

Of all of the oxygenated fuels, ethanol has had the greatest 
worldwide application. Ethanol, similar to methanol, can crack 
during combustion to form acetaidehyde in the exhaust emissions. 
Dynamometer studies of the use of gasahol (10% ethanol in gaso
line) in motor vehicles report an average decrease in total hydro
carbon emissions of 5%, a decrease in CO emissions of 13% with an 
increase in NO* emissions of 5% (Health Effects Institute, 1996). The 
same studies showed a decrease in the emissions of the air toxics, 
benzene and 1,3-butadiene, of 12% and 6%, while acetaidehyde 
emissions increased by 159%. Although the atmospheric reactivity 
of ethanol is much lower than that of gasoline, no significant 
change was reported in the overall atmospheric reactivity (MIR) of 
the exhaust emissions from gasahol when the higher reactivity of 
acetaidehyde is included. The evaporative emissions of hydrocar
bons also increased when ethanol was added to the fuel. Diurnal 
hydrocarbon emissions increased by 30% while hot soak hydro
carbon emissions increased by 50%. The atmospheric reactivity of 
these evaporative emissions represents an increase of 30% for 
diurnal and a decrease of 19% for hot soak when compared to 
gasoline alone. This study also determined that, similar to meth
anol, most of the emissions in catalyst-equipped cars occurred 
during the cold start. 

A number of field studies have examined the air quality impacts 
of increased levels of aldehydes caused by the use of ethanol/ 
gasoline blends. In Brazil, when 20-30% ethanol/gasoline blends 
were used in the motor vehicle fleets with little or no use of cata
lytic converters, studies have found increased atmospheric levels of 
acetaidehyde and formaldehyde (Tanner et al., 1988; Grosjean et al., 
1990). Field studies in Albuquerque, New Mexico also indicate 
elevated atmospheric aldehyde levels, albeit at a lower level than 
was obseived in Brazil, when 10% ethanol/gasoline blends were 
used in vehicles with catalytic converters (Popp et al., 1995; Gaffney 
et al., 1997). Similar studies conducted in Denver, Colorado have 
concluded that oxygenated fuel usage has not had a major effect on 
ambient concentrations of acetaidehyde (Anderson et al., 1995, 
1997). However, the data show a significant increase in reported 
acetaidehyde concentrations since 1994, when ethanol had 
obtained 80% of the oxyfuel market in the Denver area. 

As indicated earlier, aldehydes are quite photochemically reac
tive and can lead to the formation of secondaiy atmospheric 
pollutants. While primary emissions of formaldehyde from meth
anol combustion leads to increased production of ozone, H202, 
formic acid, and CO, depending upon the atmospheric levels of NO/ 
NO2, primary acetaidehyde from ethanol combustion leads to the 
formation of these same products, as well as PAN, acetic acid, and 
peracetic acid (Atkutsu et al., 1991; McNair et al., 1992). The 
observation of elevated levels of PAN has been used as an indicator 
for primary acetaidehyde emissions (Tanner et al., 1988; Popp et al„ 
1995; Gaffney et al., 1997). The increases in PAN may have impacts 
on regional scale ozone production because the PANs can act to 
transport NO2 over long distances (Gaffney et al., 1993). The major 
pathway for the thermal decomposition of PAN leads to the 
formation of peroxyacetyl radical and N02. This decomposition 
depends upon the temperature and NO2 concentrations and leads 
to the formation of ozone in the presence of NO. Under low-NO 
conditions, decomposition of PAN leads to the formation of H2O2. 
and organic oxidants, such as peracetic acid and organic hydro
peroxides (Gaffney et al., 1987; Gaffney and Mariey, 1992). 

Table 5 
Eneigy content and CO2 emissions of different fuels (Gushee, 1992a, 1992b; Chang 
etal.,1991). 

Fuel BTU/gaiion Miles/gat Ion C02 
(graile ') 

Gasoline 115,000 34 315 
Diesel 102,000-156,000 39-48 315-252 
Methanol 56,000 22 272 
Ethanol 76.000 28 243 
Methane 20.0003 8 301 
Propane 94,000b 31 229 

a Fuel stored at 2000 psi. 
b Fuel stored at 200 psi. 

Therefore, similar to the case for methanol, the emissions of 
acetaidehyde from the combustion of ethanol/gasoline blends will 
strongly affect the ozone-forming potential of the exhaust emis
sions. A Canadian assessment of the use of 10% ethanol/gasoline 
blends estimates that usage will lead to 0.4-1.6% increases in ozone, 
1-5% increases in formaldehyde, approximately 2.7% increase in 
acetaidehyde, and 2.9-4.5% increase in levels of PAN, with an 
approximate 15% reduction in CO (Singleton et al., 1998). This 
estimate is in fairly good agreement with field data obtained in the 
United States (Gaffney et al., 1997). 

As with any hydrocarbon fuel, the alcohol fuels release the 
greenhouse gas C02 upon combustion. The important values to 
consider when determining the overall greenhouse impact of any 
fuel is the amount of CO2 produced per gallon, which will vary with 
the carbon content of the fuel, and the fuel economy of the vehicle 
(Chang et al., 1991). Although the alcohol fuels have less carbon 
content than the fossil fuels, they have lower energy content (see 
Table 5) and therefore require more fuel to travel the same distance 
(Gushee, 1992a, 1992b). Consequently, their resulting C02 produc
tion per mile is not significantly different than for gasoline or diesel. 
It is important when comparing C02 emissions from different fuels 
to include contributions through the total life cycle (Wang, 2003). 
When considering the CO2 emissions from the entire life cycle of 
the fuels, those fuels that use less fossil carbon than the petroleum 
fuels they are replacing will lead to improvements in the overall 
C02 budget. The biomass-derived fuels like ethanol are likely to 
reduce these emissions, provided that significant fossil fuel is not 
involved in the production process. Therefore, oxygenated fuels 
fiom these renewable sources will lead to reductions in overall CO2 
releases. The use of methanol derived from coal will lead to more 
CO2 emissions than the use of methanol derived from biomass. 

Other climate impacts can arise from the primary pollutant 
emissions or secondary pollutants formed from them. The alde
hydes can act as greenhouse species in both the vapor and the 
aerosol phases (Mariey et al., 1993). The aerosols formed from these 
primary emissions can contribute to atmospheric cooling by 
increased light scattering. The atmospheric reactions of the peroxy 
radicals formed from the aldehyde emissions will also likely lead to 
increased acidic aerosol production contributing to light scattering 
aerosol species. Once dissolved in aerosols, the aldehydes are also 
strong infrared absorbers, and can contribute to local heating of the 
atmosphere (Gaffney and Marley, 1992). The overall impact of the 
aeiosol formation on climate will depend on their concentrations, 
atmospheric lifetimes and distributions. 

7. Branched chain ether additives 

The CAAA of 1990 mandated the use of fuels containing 2-2.7% 
oxygen by weight in order to reduce the emissions of the criteria 
pollutants CO and the ozone forming precursors NOx and VOCs in 
U.S. non-attainment areas (Calvert et al., 1993). In order to meet 
these demands, oxygenated compounds, such as ethanol, methyl 
tertiary-butyl ether (MTBE), ethyl tertiary-butyl ether (ETBE), and 
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tertiary-amyl methyl ether (TAME) were blended with gasoline. 
The resulting fuels were called "reformulated gasoline". Since the 
regulations also mandated the reduction of the concentrations of 
benzene and other aromatics in the fuels, the branched chain ethers 
were popular choices since they also served to enhance the octane 
number lost by decreasing the aromatic content of the fuel. Neither 
ETBE or TAME gained as wide-spread use as MTBE due to the higher 
cost of production. 

Methyl tertiary-butyl ether is manufactured from isobutene and 
methanol (Maxwell and Naber, 1992). Upon combustion, it can crack 
to yield the starting products, which are emitted in the exhaust 
during incomplete combustion. Similarly, ETBE is manufactured 
from ethanol and isobutene and TAME is made from methanol and 
isopentene. Therefore, similar to the alcohol fuels, MTBE and TAME 
can lead to increased formaldehyde emissions and ETBE can lead to 
increased emissions of acetaidehyde (Kaiser et al, 1991). The addi
tion of MTBE to California reformulated gasoline resulted in an 
increase of formaldehyde emissions of 21 % in the current fleet (Auto/ 
Oil Air Quality Improvement Research Program, 1992). In tunnel 
studies, formaldehyde levels increased by 13% and isobutene 
increased by 87% during the period when MTBE was in use 
compared to periods when oxygenates were not added to the fuel 
(Kirchstetter et al., 1996). Similar tunnel studies in the California 
South Coast Air Basin have reported a formaldehyde to isobutene 
molar ratio of 1 in emissions where MTBE was in use indicating 
a common source (Gertler et al., 1997; Zielinska et al. 1997). 

Field studies in Mexico City reported atmospheric levels of 
formaldehyde increased by approximately 3 ppb, after the use of 
MTBE/gasoIine blends (Bravoet al, 1991). Moreover, the time of peak 
concentrations changed from midday (previous to MTBE use) to the 
morning hours, indicating a primary source of formaldehyde. Ozone 
levels also increased in morning and evening hours, with higher 
levels occurring more frequently after the introduction of MTBE. 
These field studies indicate that, similar to ethanol/gasoline blends, 
MTBE use will lead to primary emissions of the photochemically 
reactive formaldehyde, as well as isobutene, thus increasing the 
atmospheric reactivity of the emissions and increasing secondary 
ozone formation. 

The major atmospheric oxidation products from MTBE and ETBE 
are formaldehyde and the formates and acetates (Japar et al., 1990; 
Smith et al., 1991; Tuazon et al., 1991; Wallington and japar, 1991). 
The heterogeneous photooxidation of MTBE adsorbed onto aerosols 
leads to the production of formaldehyde and acetone (Idriss and 
Seebauer, 1996; Idriss et al., 1997). Both the acetates and the 
formates are expected to undergo hydrolysis in wet aerosols and in 
precipitation to form tertiary-butyl alcohol. The reaction of nitrate 
radical (NO3) with ETBE is an important nighttime loss mechanism 
and is equivalent to the daytime loss by reaction with hydroxyl 
radical (Finlayson-Pitts and Pitts, 1986). Lifetimes for ETBE were 
estimated to be approximately 30 h in a moderately polluted urban 
area (Langer et al., 1996). Products from the reaction initiated by 
NO3 included tertiary-butyl formate, tertiary-butyl acetate, form
aldehyde, and methyl nitrate (Langer et al., 1996). 

The U.S. federal requirement that fuels contain oxygen was 
dropped on May 6,2006 and MTBE use is being phased out due to 
issues with contamination of ground water. Studies of the reduc
tions of CO and ozone from the addition of oxygenated compounds 
to gasoline were inconclusive. Reductions in atmospheric CO levels 
reported after the use of oxygen containing fuels correlated better 
with the number of cars using catalytic converters than with the 
number of cars burning the reformulated gasolines (Gaffney and 
Marley, 2000). The reduction in emissions of the ozone precursors 
from the use of oxygenated fuels was also unclear. Results of emis
sion studies of total hydrocarbons and NOx produced varying results 
with different fuels and fleets (Health Effects Institute, 1996). One 
study reported a decrease in total hydrocarbon emissions of 20% and 

an increase in NO* emissions of 2% with the addition of MTBE to 
gasoline (Noorman, 1993). Another study reported a decrease of 7% 
for total hydrocarbon emissions and no significant change in NO* 
emissions with 15% MTBE fuel (Reuter et al., 1992) while studies of 
the use of a 9.5% MTBE/gasoIine blend found no general pattern of 
reduction of tailpipe emissions when compared with the unoxy-
genated fuel (Stump et al., 1994). In all cases, formaldehyde emis
sions were greater with the fuel containing MTBE. Therefore, similar 
to the case for methanol, the emissions of the photochemically 
reactive aldehydes from the combustion of ether/gasoline blends 
will strongly affect the atmospheric reactivity and the ozone-
forming potential of the exhaust emissions. 

8. Natural gas and liquified petroleum gas 

Methane (natural gas), propane, and the butanes all have been 
proposed as clean alternatives to conventional liquid gasoline and 
diesel fuels. Natural gas is primarily composed of methane but can 
contain small amounts of alkenes. Natural gas is typically handled 
as a compressed gas and is usually referred to as compressed 
natural gas (CNG). Methane is an attractive fuel in many ways. It 
has a low atmospheric reactivity and therefore has low ozone-
forming potential. Propane and the butanes, as liquefied petroleum 
gas (LPG), are also of reasonably low atmospheric reactivity and 
low ozone-forming potential. Reductions in CO, reactive hydro
carbon emissions, and nitrogen oxides are all feasible with the use 
of these fuels, particularly if engines are designed for the fuels and 
make use of three-way catalysts for emission control (Fowler et al., 
1991; Stodolsky and Santini, 1993; Tabata et al., 1995; Chang and 
McCarty, 1996). 

Methane, propane, and the butanes have low reactivities with 
hydroxyl radical, leading to long atmospheric lifetimes and low 
ozone-forming potential (Finlayson-Pitts and Pitts, 1986, 1993). 
However, the associated olefins, such as ethene, propene, and the 
butenes are quite reactive with hydroxyl radical. Thus, these highly 
reactive alkenes, present in LPG at low concentrations, can cause 
considerable problems in emissions of unburned fuel. These 
emissions can occur in leakage from LPG containers or during 
transfer of the fuel between containers. When used as a trans
portation fuel, releases of uncombusted olefins also result during 
cold starts or in vehicles without catalytic converters. The wide
spread use of LPG in Mexico City and other foreign cities for heating 
and cooking has led to some concern regarding the potential for the 
formation of ozone due to the olefin contents of these fuels (Blake 
and Rowland, 1995). Alkenes also can react with ozone leading to 
increases in secondary aldehyde production and the formation of 
PANs. Many of these problems can be resolved but will require 
reformulation of the LPG to reduce the alkene content if these fuels 
are to be used in vehicles on large scales. 

Since CO emission rates are a function of the air/fuel ratio, 
vehicles which utilize gaseous fuels have a potential for lower CO 
emissions because they can operate on a stoichiometric air/fuel 
ratio during cold start, when CO emissions are at their highest. 
Studies comparing vehicles using CNG, LPG, methanol, ethanol. and 
gasoline fueis showed that the LPG and CNG vehicles have, in 
general, the lowest emissions of CO, benzene. 1,3-butadiene, and 
aldehydes (Gabele, 1995). Total reactive VOC emissions were also 
reduced with CNG and LPG when compared with gasoline or the 
alcohol fuels. Although all CNG and LPG fuels were >99% alkane, 
the olefin content of the hydrocarbon emissions varied from 1.6 to 
22% for CNG and from 2 to 14% for LPG. The atmospheric reactivity 
of the organic emissions was decreased by 26-83% for CNG and by 
51 -78% for LPG when compared to gasoline. This variation in olefin 
content of the exhaust corresponded roughly to their overall 
atmospheric reactivities. The major reactive component of the 
emissions from these fuels is therefore the alkenes. 
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Other issues arise when considering changing from liquid fuels 
to CNG or LPG (Eckhoff, 1994). The single biggest drawback for 
methane lies in its very low reactivity. Its atmospheric lifetime has 
been estimated at approximately 10 years (Senum and Gaffney, 
1985). Methane is a very strong greenhouse gas with many natural 
sources. However, the potential for releases of methane from fossil 
sources would have a major impact on climate change. The use of 
the fossil-based CNG and LPG would also increase CO2 emissions, 
albeit by lesser amounts than with the use of gasoline or diesel 
fuels. In addition, methane is the major source of stratospheric 
water vapor, and increases in the troposphere would likely lead to 
increases in stratospheric clouds and the associated catalytic 
destruction of stratospheric ozone. 

9. Biodiesel 

There has been considerable interest in the use of vegetable oils 
as an alternative to diesel fuel (Peterson and Reece. 1996). Animal 
fats have also been considered as diesel substitutes (Muniyappa 
et a!., 1996). However, the high viscosity and high molecular weight 
of the raw oils and fats cause poor fuel atomization and low vola
tility leading to incomplete combustion and severe engine deposits 
(Bagby, 1987). One way to improve the fuel properties of the oils 
and fats is through transesteriflcation (Peterson, 1986; Peterson 
et al.. 1991). Transesteriflcation converts the large molecular weight 
organic acid esters in the oils and fats to smaller esters of the same 
add using an alcohol in the presence of a catalyst. These so-called 
biodiesel fuels are typically the methyl esters of rapeseed, soybean, 
safflower, peanut, sunflower, coconut, cottonseed, or other vege
table oils. In Germany, the most common biodiesel is rapeseed oil 
methyl ester, while in the US. it is mainly soy methyl ester (Krahl 
et al., 2002a). 

Studies of the comparisons of emissions from combustion of 
biodiesel or biodiesel blends to diesel fuel vary depending on the fuel 
and the vehicle. In general biodiesel has up to 60% lower CO emis
sions with an increase in NO*of up to 80% (Chang and McCarty.1996; 
Dorado et al„ 2003; Schumacher et al., 1996) and an overall increase 
in the ozone-forming potential of the biodiesel emissions (Krahl 
et al., 2001). Emissions of benzeneand aldehydes are also reported to 
increase with the biodiesel fuels (Geyer et al., 1984; Krahl et al., 
2002a, 2002b; Mittlelbach et al., 1985). Since these fuels are methyl 
esters, cracking of the fuel during incomplete combustion leads to 
the formation of formaldehyde (Turrio-Baldassarri et al., 2004). 

Emissions of PM from biodiesel also vaiy widely depending on 
the fuel and vehicles tested. In general, PM emissions are seen to 
increase with the use of biodiesel. However, the biodiesel particu
lates have a much higher organically extractable fraction (Krahl 
et al., 2002b). The BC content of the biodiesel PM is therefore lower. 
The total PAH and nitro-PAH emissions are not significantly 
different with biodiesel and the overall mutagenicity of the emis
sions are seen to be similar for biodiesel and low-sulfur diesel fuels 
(Bunger et al., 2000; Krahl et al., 2002b; Turrio-Baldassarri et al., 
2004). It is clear from these studies that, similar to the oxygenated 
alternative fueis, the potential emissions of aldehydes and PAHs, 
along with other non-criteria pollutants, need to be investigated in 
order to assess the overall air quality impacts of the use of biofuels 
in diesel engines. 

The biodiesel fuels contain approximately 10% by weight of 
oxygen. Similar to the case with the alcohol fuels, since they have 
less carbon content, their combustion results in lower CO2 emis
sions per gallon of fuel burned (Lin and Lin, 2006). However, more 
fuel must be combusted to travel similar distances as with diesel 
fuel. The CO2 emissions per mile are similar for both fuels. When 
considering the CO2 emissions from the entire life cycle of the fuels, 
the biomass-derived fuels are likely to result in lower overall CO2 
emissions. However, since the methyl esters are produced from 

transesterification with methanol, this impact would depend on 
the source of the methanol. The use of methanol derived from coal 
will lead to more CO2 emissions than the use of methanol derived 
from biomass. 

10. Future needs 

It is becoming increasingly more obvious that we need to 
decrease our fossil fuel combustion to address the impacts on both 
air quality and climate change. The first attempt at accomplishing 
this has been to attempt to conveit to the renewable biofuels, such 
as alcohol fuels and biodiesel. However, studies indicate that while 
combustion of these renewable fuels may, in some cases, result in 
a reduction in the criteria pollutants, the emissions may contain 
significant amounts of currently unregulated yet equally important 
pollutants. In general, the oxygenated fuels and their gasoline 
blends will lead to increases in cold-start aldehyde emissions, 
which will increase the photochemical reactivity of the exhaust gas, 
leading to the increased production of ozone and the PANs. The use 
of alcohol fuels may lead to some reductions in CO and VOC 
emissions, with a corresponding increase in NO* emissions. The use 
of alcohols and biofuels in diesel engines may have some advan
tages in reducing light-absorbing BC emissions. However, any 
impact on the resulting toxicity of the PM, particularly for the 
biodiesel fuels, is not necessarily a direct consequence of this 
reduction. Since most of the emissions of CO, aldehydes, and 
exhaust hydrocarbons occur during the cold start of the engine, 
when the catalyst is not sufficiently heated to operating tempera
tures, research aimed at improving catalyst performance and 
incorporating preheated catalytic system designs will be important 
in reducing emissions from both fossil and biofuels. 

The reduction of CO2 emissions from the renewable biofuels is 
also unclear. Although the emission of C02 per gallon of fuel burned 
is lower than for fossil fuels, the CO2 emissions per mile are not. 
Also, care must be taken in considering the entire life cycle of the 
fuel and other potential greenhouse gas emissions when deter
mining the overall climate impacts of these alternate fuels. While 
the combustion of fossil-derived methane will lead to increased 
CO2 emissions, the combustion of biomass-derived methane likely 
will lead to net CO2 emission reductions. From a global environ
mental perspective, the biomass-derived fuels that act to recycle 
CO2 are attractive as a means of reducing combustion-related CO2 
emissions. However, a complete assessment of the bio-derived 
fuels needs to include the fossil fuels used in their production to 
accurately determine net CO2 reductions, 

Compressed natural gas is certainly a cleaner fuel than gasoline. 
Its biggest drawbacks are in handling and distributing the CNG and in 
associated safety issues. Methane releases will be of concern as 
a greenhouse gas with a fairly long lifetime, and so the main use of 
natural gas is likely to be in stationary power plants where the 
fugitive emissions can be better controlled. Incomplete combustion 
of methane does lead to formaldehyde emissions, but this can be 
controlled with use of catalytic converters. Liquefied petroleumgas is 
not as clean as CNG but is easier to handle, although one of the major 
issues with both of these fuels is high NOxemissions. Indeed, all of the 
internal combustion systems that make use of either spark-ignition 
or diesel configurations will lead to the emission of thermal NO*. 

With all considered, the use of a fuel-cell-powered electric 
vehicle would seem to be the longer-term "best" answer to the air 
quality problems facing most major urban centers in the world. Fuel 
cells convert the gaseous fuels such as hydrogen or natural gas 
directly into electricity by an electrochemical process. The key 
components of a fuel cell are an anode, to which fuel is supplied, 
a cathode, to which the oxidant is supplied, and an electrolyte, 
which permits the flow of ions between the anode and cathode. 
Fuel cells operate like batteries but since the fuel and oxidant are 
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not integral parts of the fuel cell, they do not need to be recharged 
and will continually produce power when supplied with fuel and 
oxidant. The chemical reaction occurring within the fuel ceil is 
exactly the same as when the fuel is burned, but the chemical 
conversion process occurs at a much lower temperature than in an 
internal combustion engine, so there is no NOx formation, and since 
there are no lubricating oils, there are also no hydrocarbons or CO 
emissions. In short, fuel cells can be used to operate zero emitting 
vehicles (ZEV). 

The most efficient fuel for fuel cells is hydrogen. It can be 
supplied directly from refueling stations, or indirectly from on
board generation systems. Due to infrastructure compatibility, 
safety considerations, and optimum driving range of the vehicles, 
on-board generation of hydrogen from gasoline or methanol is 
more widely favored (Kartha and Grimes, 1994; Kordesch and 
Simader. 1995; Hohlein et al., 1996). Increases in fuel economy of 
approximately 50% with very low CO, NO*, and VOC emissions 
appear to be feasible with this approach. In addition, the increased 
projected fuel economy would lead to lower CO2 emissions, 
particularly if biomass-derived fuels are used as a feedstock. 
However, the methanol reaction does produce CO, which has to be 
removed cataiytically (Schmidt et a!., 1994). 

Most of the attention regarding the combustion impacts on air 
quality and climate has centered on motor vehicles and the trans
portation fueis. However, coal-fired power plants are a major 
source of PM, SO2 and NOx, the toxic metal mercuiy, and the 
greenhouse gasses CO2, CH4, and N2O worldwide. Clearly, in order 
to decrease the impact of combustion on air quality and climate, we 
need to convert to other energy sources for electricity generation. 
Solar, hydroelectric and wind can all be used on small scales in 
areas where the source of energy is available and reliable. The only 
energy source that has the potential for eliminating the effects of 
combustion emissions and can be used on a wide scale is nuclear 
power. Currently, nuclear power provides approximately 17% of the 
world's electricity with the US.. France and Japan accounting for 
57%. Most estimates suggest that in order to have a significant 
impact on carbon emissions, carbon-free sources of electrical 
energy, such as nuclear power would have to expand by factors of 
3-10 by 2050 (Ewing, 2005). 

There are many available types of nuclear reactors and nuclear 
fuel cycles used in nuclear power generation. The different fuel 
cycles represent different strategies for making use of the nuclear 
materials. The open-cycle treats the spent nuclear fuel as a waste 
without any attempt at reclaiming it. This results in the need to 
dispose of the spent fuel after one pass through the reactor. The 
closed-cycle reprocesses the spent fuel and retrieves about 99% of 
the nuclides for reuse in the reactor. The breeder-reactor cycle 
creates more fissile material in the spent fuel than was contained in 
the original fuel and involves multiple cycles of fuel reprocessing 
and reuse, greatly reducing the amount of waste (Ewing, 2005). In 
1977 nuclear materials reprocessing was halted in the U.S. due to 
concerns regarding nuclear proliferation. Today, reprocessing is not 
pursued because it is more expensive than the simpler strategy of 
direct disposal of the spent fuel in a nuclear repository (Bunn et al., 
2003). There are several problems associated with this strategy. The 
U.S. has not agreed on where and how to dispose of the spent fuel, 
consequently, the waste is currently stored at some 100 commercial 
reactor sites. Meanwhile, since the long delayed Yucca Mountain 
Repository is not likely to accept waste before 2020, the U.S. is 
already getting close to the cap set for the Yucca Mountain site of 
63,000 metric tons of commercially generated waste (C&E News, 
2007). The only solution to this problem is reprocessing the spent 
fuel. Since there are currently no financial incentives to put this 
technology into practice, it will most likely take government 
regulation of the waste generation process to provide the needed 
motivation. 

Overall, nuclear power plants produce far less waste than fossil 
fuel based plants. Coal-fired plants in particular generate very large 
amounts of toxic and radioactive bottom ash. This ash is typically 
disposed of in landfills or used as fill material in road construction 
where the trace metals and radionuclides can leach into ground or 
surface waters. It has been estimated that these practices result in 
more radioactive waste being released into the environment than 
from nuclear power. The population effective dose equivalent from 
radiation from coal-fired power plants is 100 times as much as for 
nuclear plants (McBride et al., 1978; Ren et al., 1998). 

We have been aware for some time that in order to avoid or at 
least minimize the air quality and climate impacts of fossil fuel 
combustion, alternatives must be put in place. However, no matter 
how dire the predictions associated with inaction, there has been 
major resistance to change. Even with gasoline prices skyrocketing. 
vehicle fuel economy has not been increased and the currently 
available hybrid vehicles have not been popular. The key to 
successful application of new technologies such as fuel cells or 
electric vehicles will be the development of the infrastructure and 
the commercialization and replacement of the current fleets (Serfass 
et al., 1994; Appleby, 1996; Chalk et al, 1996). After all, the internal 
combustion engines have the benefit of 100 years of evolution and 
infrastructure development. Therefore, even with the current envi
ronmental pressures, the establishment of alternative vehicles in the 
market will not occur overnight and will likely require government 
support considering the magnitude of the investment required. 
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