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Project Description and Overview:

Tu determine the role of acrosol radiative forcing on climate the processes that control their
atmosphetic concentrations nmust be understood, and aerosol sources need to be determined for
mitigation. This renewal proposal is continuing measurements of naturally ceowring
radionuclides and stable isolopic signatures that allow the sources, removal and transport
processes, as well as atmospheric lifetimes of fine carbonaccous zerosols to be evaluated.
Atmospheric Science Program field studics in Mexico City have found strong indications that
black carbon (BC) and organic coated acrosols may have longer residence times than more water
soluble inorganic acrosols, BC is the key light absorbing acrosol component in the visible and n
strong absorber in the infrared as well. BC also has been implicated in altering surface albedos in
polar snow and ice adding to climate warming and the rates of global change.

This effort addressed the deteimination of: 1, Aerosol mean residence times as a function of size
using *'°Bi/*"Pb and 2'°Po/2""/Pb determinations on fine aerosol samples. 2. Souices of black
carbon and associated organic aerosols with *C, 3¢, and PN characterization, 3. Washout of
black carbon and total aerosols using "Be, *°Pb and its daughtcts, and 4, Examination of specific
organic molecular tracers ("*C, *C, N} to evaluate and demenstrate their applicability for
biogenic and/or ensrgy-specific source determinations.

Tropospheric restdence times of size-fiactionated fine acrosols were being datcrminin% by
examining the relative amounts of the attached naturai radionuclides, 2'°Pb, 2'°Bi, and *'“Pa. "Be
was examined as parl of a number of ASP ficld studies to evaluate upper ait sources of acrosols
as well as acrosol washout raies. Total "Be and *'*Pb contents were also shown to be a useful
estimate ol the amount of gerosol originating from upper-air transport, Stable *C/C and *°K
data obtained as pari of ASP ficld studies (MILAGRO, CARES) were shown to be extremely
useful in evaluating biomass burning contributions to (he optically absarbing aerosol. Field
samples of carbonaccous serosols taken in the ASP field studics, and at the University of
Chicago and UALR rooftop siles were examined with regard to their Angstrom absorplion
exponents {AAEs) as a function of wavelength and those AALs were examined as a function of



btogenic carbon content (fraction modern carbon, '*C). Field saniples wete also used to evaluate
washout ol bluck carbon as a function of size and source using radiocarbon as well as natural “Be
and *'°Pb attached to the aerosols at UALR. Other activities on this preject included compleiing
the Megacity Aerosol Experiment (MAX-Mex) project lead scientist duties initially begun at
Argonne National Laboratary, that included coordination with other agency activities (NSF,
NASA) and publication of resulis from the Megacity Initiative: Local and Global Research
Ohservations (MILAGRO) siudy. This resulted in an overview article that was published in the
Atmospheric Chemisiry and Physics journal,

Wortk on carbon isotopic composition for acrosols sampled during the CARES project was
complsted and reported to the CARES commumity. One problem found during that study was
due to conlamination of blank filters due to use of organtic solvents in the CARES field site
trailer that limited data to 12 and 24 hour samples. The data reported found again that biogenic
aerosals weee key factor in that field study, and were found to be consistent with other findings
by other ASP scientists at the Cool, CA field site. We also operated an UV-MFRSR systein at
that site. That data was shared with other ASP scientists, most natably Dr. James Barnard of
Pacific Northwest National Laboratory. Both UY-MFRSR and MFRSR data sets were consistent
with most of the CARES sampling days being cxiremely clean ones with minimal serosol and
black carben loadings, This data has been made availablc io the CARES community and the key
findings added to the Overview Manuscript that has been published to Atmospheric Chemistry
and Physica,

Dr. Gallhey also worked with Argonne National Laboratory Lead Scientist, Dr. V. Rao
Kotamarthi, to plan the Ganges Valley Acrosols Experiment (GVAX) as 2 member of the
science planning team, and has sssisted Brookhaven Naiiona) Laboraiory scientists in planning
for siudies in the 1.8, to examine biomass burning. GVAX cnded up as an ARM mobile facility
experiment, and this project was not involved in that effort as proposals submitted for obtaining
carbon {sotopic detcrminations were not funded. The uther biomass burning study has heen
approved as an ARM facilities study (G-1 aircraft) as a future project. That also will not invelve
any furthor effort from this project as funding will essentially enly be available for the facility
suppotl. We note these efforts primarily to communicate that data taken at UALR on this project
was shared and used for the planning of both projects.

Dr. Gaffney and Dr. Marley also wrote an invited review for the S0th Anniversary special issue
of Atmospheric Environment during this project, ‘I'hat review covered emissions of gases and
primacy aeresels from a number of combustion sources and was used as a majer reference for the
recent EPA first triennial report to Congress on biofuels and the environment.

Findingz

A major finding of this research project was that the source of carbonaccous aerosols in maity
area studied (Mexico City, Cool, Ca, UALRY} has g significant fraction of hiogenic carbon in
many cases greater than 50% and in the CARES and studies here in the southern 11,8, over 75%



biogenic origin, These results were published and reported in peer-review papers listed in the
Peer-Reviewed Papers section af the end of this repart and pdf's of those papers are also attached.
This observation confimms that fossil fuel emissions are being reduced by current mitigation
strategies, while sources of carbonaceous aerosols (i.c. primary black carbon and secondary
organic acrosol carbon) from biomass arc increasing, This is consistent with both increases in
biomass vegetation emissions being dependent on rising temperature and higher carbon dioxide
levels, as well as significanl increases in biomass burning [rom natural wildfires as well as from
uncontrolled agricultural burning and residentinl wood burning practices in these avens. These
biomass sources are new an imporiant area of study for the cucrent DOE ASP and ARM
programs as well as for EPA, NOAA | and NSF atmospheric science study areas. It is also
important to note that similar observations have been reported in Europe and other regions of the

waorld,

Our studies of black carbon and the associated organic acrosols and the resistance of black
carbon aerosols to washout during precipitation cvents were done primarily at a roof top site al
UALR. Both rain and snow events were cxamined and data obtained indicated thal a significant
amount of dissolved organic material is deposited during rain cvents, while black carbon levels
are not strongly reduced. This data indicates the imporiance of oxidized organics that arc more
polar. Carbon-14 data for UALR indicated that this material was 73-100 perceni fraction
modern, During the summer months this is primarily duc to biogenic velatile hydrocarbon
emissions reacting to form secondary organic aerosols. Black carbon data was obtained during
the isotopic filter collections that used 7-wavelength acthalometer as well as one wave length
multi-angle abserpiion spectrometers that gave 5 minute daia to evaluate water washaut of the
black carbon. BC data examined as a function of precipitation event type has found that BC is
resistant to washout as would be anticipated due fo its primarily being non-polar carbonaceous
matter. This data was alse compared to "Be removal and was found to be correlated indicating
thal some BC is itkely transported to the upper troposphere due to this low waler washout rate.

Significant amounts of biogenic aerosols were also found to be obscrved at the UALR site during
fall {leaf and agricultural burning) and during winter (residential wood and agricuitural burning).
These findings were shared with the ASP community have also aided in focusing fulure ASP and
ARM efforts on the interactions of these materials in clouds, and their potential for radiative
forcing (both shori and long-wave} due to their having absorption features in these regions. AAE
data compared to biogenic carbon content clearly was demonstrated to enhance the overal|
absorption as compared 1o a standard diesel soot {i.c. fossil black carbon) particularly in the
region of 300-500 nm, Tnfrared spectra were also laken which showed strong absorpiion by these
organic gerosols due fo carboxylale and polycarbohydrate functional proups in the mid-IR region
consistent with previous findings by this research group and by others. The leng wave forcing by
organic aetosols in this "window region” is cleatly an area where future ASP efforts will be
needed. The results also have been useful in the successful proposing by Braokhaven National
Lab {Kleinman and Sedlacek) of the need to better understand biomass burning plumes and their
impects on agrosol radiative toreing.

Data taken in this project in past work in Mexico City, a5 well as spectral characteristics for thess
samples from CARLES is highlighied that clearly show enhanced UV-Vis absorption from



carbonaceous aerosols derived from biogenic sources. These sources include natural and
agricultural burning sources as well as trash burning activities in the regions studied. The
observation of >0.3 fraction modern carbon in aerosols in numerous sites studied indicate that
while fossil fuel derived cathonaccous aerosols arc coming under control, the biogenic sources
are on the rise. These sources include anthropogenic activities such as agricultural and trash
burning activities. There are also conncclions to climate change and ecosystems {i.e., tervestrial
ccology) in that the emissions of terpenes that are tied lo secondary organic aerosols {SOA) are
dependent upen carbon dioxide levels, temperalure, and in some cases photosynthelic active light
levels. All of these (COa, Temp, ete.) arc tied to climate change and should be noted in future
collaborative work and modeling of the impacts of climate on terresirial ecosystems and
feedbacks via acrosols that may in turn lead to enhance heating [rom aerosol absorplion. These
issues were addressed in a special symposium presentation at the American Chemical Socicly
National Mecting during this peticd and resulted in a peer-reviewed book chapter that is also
noted in listing of publications that follows. Collaborative work with the University of
Washington via the Global Change Education Program examining long range transport of
aerosols into (he UL.S. was accomplished examining trace element concentrations detetinined
from PSAP filters. A peer-reviewed paper resulted from this work and is aiso listed.

Data from this project was also used collaboratively by other ASR researchers thal produced a
number of peer-reviewed papers. These papers included MAX-Mex and CARES effarts that
used the data obtained from the project to betier interpret aeresol mass spectroscopy, aetosol
growth measurements from both field and aivcraft studies, as well as modeling efforts, Tn some
of these cases we were asked to assist in the interpretation and were co-authors on the papers.
Others the daia were used and acknowledged. We have listed collaborative work in the
publication list where we were included as co-authors. The MILAGRO — MAX -Mex overview
paper was also published after peer-review,

This project also trained a number of graduate students in ihe area of climate change seience and
the studenis supported are listed below,

Graduate Students supported and trained on this projeet.

Current:

M. Begum, UALR Applied Science {Chemistry), Ph.D. candidate

A, Sarkar, UALR Applied Scicnce (Chemistry), M.S. candidate, 2013.
A. Marchany-Rivera, UALR Applied Science (Physics) Ph.D. candidate

Graduated Students;

G, Gunawan, Chemistey, M.S, Dec. 2008

A. Mangu, Chemistry, M.5. Dec. 2007;

8. Kilaparty, Chemistry, M.A., May 2009

K.L. Kelly, UALR Chemistry, M.5., Dec. 2010;

GLL, Bridges, Chemistry, M.A., May 2011

E. Alvarez, UALR Applied Science (Physics), M8, May 2012,
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Abstract, The conventrations of peroxyucetyl nitrate (PAN)
in ambient air ¢an be a good indicator of air quality and the
efiectiveness of conlrol strategics for reducing czonc levels
inurban arcas, As PAN is formed by the oxidation of reactive
hydrocarhons in the prescoce of nitrogen dioxide (NOs), it
is a direct measure of the peroxyney! radical levels produced
from reaclive organic emissions in ihe urban aiv shed. Carbon
soot, known ax black carbon (BC) ar elemental carbun (EC),
is & primary stmospheric aerosol species and is a good indica-
1ot of the levels of combustion emissions, particularly from
dicsel engines, in major cities, Mexieo Cily is the second
largest negacily in the world and has long suffered from poor
air quelity. Reported here are almospheric measurements of
PAN and BC obtained in Mexico City during the Mexico
Mepacity 2003 field study, These results arc compared with
measurements obtained earlier during the favestigacidn yo-
bre Materia Particwlada y Deteriorn Aimosférice — Aevosol
and Viibility Reseqrch (IMADA-AVER) campaign in 1997
to oblin an estimate of the changes in emissions in Mex-
ico City and the eMectiveness of control stratcgies adopted
during that titne. Concenirations of PAN in 1997 reached
a maximum of 34 ppb with an aversge daily maximum of
15 ppb. The PAN levels reconded in 2003 were quite differ-
enil, with @m 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 duc
to controls on olefing in liquefied petroleum gas {LBG) and
also duc to the significant numhber of newer vehicles with cat-
alytic canverters that have replaced older higher cinission ve-
hicles, Tn contrast, blackfelemental carbon levels were simi-
lar in 1997 and 2003 indicating litle improvement likely duc
to the lack of comtrols on diesel wehicles in the city, Thus,
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while alr quality and ozane production have improved, Mcx-
ico City and ofher megacities continue to be a major source
of black carbon aerosols, which can be an important specics
in determining regional mdiative balance and climate,

1 iIntesduction

Megacities are lange whan and suburban complexes whose
populations are in the tens of millions of inlabitants (Lynn,
199%). Wilh the rapid growih of the world’s population and
the continuing industrialization and migration of the pop-
ulsce towards major wrhan centers, the numbers of these
megacities are increasing, Although New York City was the
only megacily in the world in 1950, they now number 14 and
their distribution is growing most rapidly in the tropical areas
of Buuth America and Asia, Today, the largest metropoliren
complexes are cenlered at Tokye, Japun, and Mexico Cily,
Mexico (Molina and Moline, 20024}, Within the next 10 to
13 years it ix predicted that there will be more than 30 megac-
ities worldwide,

Megacities bave hecome imporlant plobal sources of air
pollutatits from the associated mobile and stationary sources
and the cmissions from megacilies are leading 1o regional and
global increnses in many key trace gases as woll as primary
and secondary accoscls, The Mexico City metropolitan arca
(MCMAY), which accupies ~1300km? with a population of
~18 M, is onc of the largest megacities in the world and is
well knowm for its high ievels of air pollulion and visibility
reduction (Molina and Moling, 20026}, 1t has been estimated
that emissions lrom the Mexico Clly basin contribuie 15
Mega-tons of fine asrosol (PMa s} per year to the surround-
ing regions {Gaffhey et al., 1999}, This fine acrosol is com-
poscd of approximatcly 32% organic carbon, 15% elemental
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earbon, 10% ammonium nitrate and 20% ammonius sl fate
{Chow st al., 2002). The emissions of sulfate asrosols along
from the MCMA are estimated lo amount ta 1% of the total
global bunden (Barth and Church, 1999}, While sulfate is an
important light scattering acrosol specics, black carban is an
impurtant light absorbing serosol species. The aerosal emis-
sions from megacitics such as Mexico City therefore play
potentially itnportant roles in regional radiative balance and
climate (Jscobson, 2002; Gaflncy and Marley, 2005).

Llovaled levels of oxone have been known for some time
in Mezico Cily (Bravo ctal., 1989, MARIL, 1994; Streit and
Cuzman, 1996; Fast and Zhong, 1998). Mexico City is lo-
cated at an altitude of 2200 ft in an air basin surrontded by
mountaing {Fast and Zhong, 1998; Doran et al., 1998) and at
a latilude of 197 of North, which implies high levels of in-
coming solar radiation all ycar long. In the past, peak ozone
icvels excseding 300 ppb were not uncommaon, particularly
during the late dry winter months of Febary and March
{The one-hour standard is .11 ppm (Molina and Moling,
20028)}. These very high levels of ozane requin: high levels
of reaclive hydrocatbons as well as clevaled Iovels of nitro-
gen oxide (NO) emissions to produes the coupled QI1 and
peroxyradical chemishy that is key to the formation of or-
ban ozone (Finlaysen-Filts and Pitts, 2000). Hydrocarbon
measvrernents taken i Mexico City (Blake and Rowland,
I995) showed that the heavy domestic and commercial use
of LPG has led to very high levels of butanc and propane in
that megaeily’s air, exceeding patts-per-million {ppm) of car-
bon in many cascs. Tndeed, LPG was proposed a3 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 urbun ozone in Mexico City
(Bleke and Rowland, 1995). Volalile arganic carbon samplcs
callected before and during a Mexican national holiday with
reduced automobile teallic clearly showed that mobile emis-
siuns are equally important as LPG as sources of reactive
olefins such as the butenes (Gaflinsy ctal., 1999, In addition,
earlier work sugpested that mobile sources condribute 75% uf
the wial hydracarbons to the Mexico Cily air (Riveros et al.,
1994]) and that NO; was probably the mast imporkant contrib-
utor to ozone production in Mexico Cily (Raga et al., 2001a).

Peroxyacyl nilratcs (MANS} are important indicator com-
pounds of peruxyradical activity in an urban air shed
{(Finlayson-Pitts and Pius, 2000; Gafifiey et al, 1989}
Formed by the reaction of poroxyacyl radicals with NO,,
they exist in equilibrium witl the peraxy radical species ac-
cording ta:

RC=0-0; + NO; — RC-0—0—0~NH (1)

where R is iypically (in order of Inporiance); CHj- (per-
cxyacetyl niirate, PANY, CHaCH;- {peroxyprapiony] niteate,
PEN}, and CHaCHCH; - (peroxybatryl nitrate, PBN) in an
urban envirenment, The peroxyacyl radicals are formed from
Lhe reactive olefins directly or via formation of aldchydes that
can react wilh O11 to form the peroxyacyl species. While the
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FANSs are themmally tabile, the reverse reaction to reform the
PANE ig relatively fast leading o no net loss at elevaled tem-
peralurcs in areas of high MO concenteations {Finlayson-
Pitls and Pitts, 2000, Gaffncy et al., 1980},

Thus, measurements of the temporal variability of the
PANs are useful in determining the oxidative reaciions in-
volved in the formation of ozone as well as other secondary
air pollutants and aerosel speries such as nitte acid and am-
monium nitrate a5 they arc a direct measure of the peroxys-
eyl vadical formation activity, The PANs thorefore serve as
a measure of the pereay radical concentrations in the atmo-
sphere. Since the PANs have low aquaous solubilities, low
reactivity with OH, and are slow to photolyze, they can lead
Lo the transport of W03 over long distances aod can simul-
tancously act as & rescrvair for NOa during transport of the
wrban plume. This can have regional scale impacts on ozone,
nilrate acrosels, and other pollutents associated with mepac-
ity plumes (Gaffney et al., 19897

Carbonaceous particulale matter or “soot™ particles are
produced from the partial combustion of hydrocarbons, par-
ticularly from dicse] fucls, and are therefore a measure of the
combustion cmissions in an urban arca, Althaugh the ele-
mental composition of these particles [s dominated by car-
bon {=90%), soot particles may be regarded as a complex
otganic polyiner, rather than an amorphous furm of elemen-
tal carbon (Andresc and Gelencser, 2006), The absoluls
identification of carhon seot is diflicult and the technigques
cominonly used, such as Raman spectroscopy, eleclon mi-
crogsopy, and mass spectrometry arg impractical for routine
monitgring of this malcrial, Various meusurement methods
have een developed for the routine quantitation of aerosol
soot content that make use of some of its characterislic prop-
erties. These methods have created operational definitions
such as “black carbon™ or “clemental carben™ depending
on the key propeily bring measured (Gattncy and Marley,
2006). The term “black carbon™ ariscs from the use of ap-
tical attenuation methods and refers to the highly absorbing
nature of carbon soot aeresels, In contrast, the term “clemen-
tal carbon™ is used when thermal combustion methods are
emiployed for detectivn and refers to the refractory nature of
the perosols al lemporatures up o 350-400°C. Comparisuns
between the opfical and thennal combustion methods in dift
ferent environments have viclded correlation cosfficients of
0.99 {Hansen and MeMurry, 1990), 0.97 (Allen ct al,, 1959),
and .94 (Babich et al., 20000 and the varous tenns used
to identify combustion derived acrosols are commonly used
interchangeably.

Although originelly identified as a pollutant and a tracer
for vombustion emissions, carbon soot has more recently
gained attention as a major light absorbing species with sig-
nificant impacts on the radiative balance of the atmaosphere
{Ramanathan ct al,, 2005). Somc model caleulalions sug-
gest that the contribution of carbon sool acrosols to global
waming may be a8 much as §,3-0.4%C, rivaling the contribu-
tions from aimospheric methane {Jacobson, 2004; Chung and
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Seinfeld, 2005), The ultimate climate effects (rom carbon
aerosuls will depend on their physical and chemical proper-
tics, as well as their rexidence times and disicibutions in the
atmosphere (Jacobson, 20013, In order w adequately assess
ihe aerosol impacts on global and regional climate, & betler
understanding of black carbon scrosol emission tates and at-
tnespheric distribulions will be cssential,

In an albempl 1o better understand the Mexico Cily air
cheniistry with regard to oxidants and acrosols, a compre-
hensive colluborative study was curticd out during February-
March 1997 that included a wide variety of chemisiy,
acrosnl and meteorological measurements (Lidgerton o al,,
1999 Thotan et al,, 199%; Fast and Zhong, 1998). This
field campaign (IMADA-AVER) was jointly sponsored by
the U5, Depatment of Lnergy’s Office of Riological
and Linvironmental Research Almospheric Science Program
(DOE/AST) and Fesrieos Mexicanos (PEMLX) through the
Mexican Petroleum Instiludc {fustitnre Mexicana de Petrofeo,
or IMPY,

Az part of IMADA-AVER, measurcments of near-surface
lropospheric PANs were imade at the TMP lsborstories o de-
termine the conceitrations and temporal variability of these
species in the megavity (Gaffhey ot al, 1999), Tevels
of the PAMs were found to approach 40pph in the cen-
tral metropolitan arca. Teroxyacetyl nitrate was the major
species, although FPN and PBN were also observed in the
low pplr rtanges. These are the highest values of the PANs
e in ANy Urban grea since 50 ppb values werc reported for
PAN in the Late I970s downwind of Los Anpelos in the south
coasl air basin in southern California {Tuazon et al., 1981).
Volatile orpanic carbon measurcments altrined at [MP dur-
ing the same time indicated that automobiles were responsi-
ble for much of the reactive hydrocarbons in the atmosphere
{(Gaffoey el al,, 1999). The meteorological measursments
demonstraled that the air basin was subject to a slrong ad-
veetion of the boundary layer in the afteioon leading o a
elearing ot of the pollutants emitted and formed during the
day. This regional mncicorology leads 1o very little carryover
of the pollulanls in Mexico City from day to day and atma-
spheriec chemistry that is dominated by reactions that 1ouk
place typically over a one duy period (Gafluey ¢l al., 1999,
Fast and Zhong, 199%; Doran et al., 1998). The application
of a simple box model indicated that considerable amounts of
air pollnants, both oxidanis and servsols, were being trans-
ported out of the Mexico City air basin {Gaffhey et al., 1999;
Eltiott ct al., 1997),

In April 2003, 1he DOE/ASP again conducted a field
study in Mexice City (Mexico Megacity 2003) in collabo-
ration with the MCMA 2003 nir guality study organized by
M. J. Muling and L. T. Molina of the Massachuseus Institotc
of Technology, Continwous measurements of the PANs and
black carbon asrosols were obtained during April 2003 at
the National Center fir Environmental Rescarch and Train-
ing (Centre Nacional de Investigacion y Capacitucton Am-
biental, or CENICA), on the Tztapalapa campus of the Linj-
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versidad Autdnoma Meropolitana (UAM). Data were col-
lected before and during the Baster holiday to assess changes
in PAN and BC loadings as a function of vehicle traffic lev-
cls.

Results are presented here for PAN and BC concentrations
obtained in Mexico City during the Mexico Megacity 2003
field study. These results are comparcd with thase obtained
& yoars earlier during the IMADA-AVER study, Changes
in PAN and carbonaceous acrosol levels are presented as an
indication of changes in cmission Tevels during (hat time and
the effectiveness of vzome contral strategics that have been
adopted in Mexice City singeg 1997, 'The black carbon asrosol
comparisons are of particulat importance iny the svaluation
of the regional Impacts of the changing megacity emissions
of this key absorbing acrosnl species and its importance for
regional climale considerations.,

2 Experimental methods

Measmrements were oblained from February 20 10 March
23, 1997 at Building No. 24 (Reffwacidn ¥ Petrogeimica) of
the IMP laboratorics {Efe Confral Lazive Cardonas Wa, 152,
Lielegacion Guetava A. Madero, México, Districto Federale).
This site is located in the norih central part of Mexico Cily
(19°29° 19,3927 N, 99° (4" 50.258" W). The PAN: were de-
termingd using an awwmated gas chromatograph cquippsd
with an eleciron caplurc detection system (GCYECD). This
systein has been described in detail clsowhere (Gaffuey et
al,, 1993, 1997, 1998, 1999}, A Z-em* sample was injected
aulomatically onto a packed GC carbowax 400 column cvery
30min, Data were collecled wsing a recording integrator and
processed manually for each of 1380 samples. Calibration
of the instrument for the PANS waa accomplished by manual
mnjection of standards synthesized by strong acid nitmtion of
the correspending peracids (Gaffiey et al,, [984; Gaffoy
and Marley, 2(H)3a}.

Data for ozone and NOz concentrations were ohtained
from the IMP monitoring station of the Mexico City ambi-
ent air monitoring network (o Red Automaticg de Monitoren
Atmogférico, or RAMA), operated at thal time by the Di
receion (eneral dz Prevencin y Coutrel de lo Contaminacin
de fa Ciudad de México. Nineteen of the 33 whan RAMA
stations mensure ozonc by UY absorption and nitvogen oxide
{NO) and [l nitrogen oxides (NOy) by chemiluminesoence
among other eriterin polluwants, which are reported as hourly
averages. As the chemilumincscent nitrogen oxides analyzer
in the NO; mode mcasurcs the stm of WOz, NO and TAN
concentrations, the 1997 Wk concentrations were estimated
by subttactien of the MO and PAN concentrations from NO,
results (NO2#:NO, -NO-PANY),

Measurcments of the PANs, NO» and fine aerosal black
arbon content were oblained frem 3 April 1o 1 May 2003
im the rooftop of the CENICA laboralory building {15°
21" 44.541" N, 99° 04’ 16.425" W} on the UAM Iztapalapa

Almos. Chem, Phys., 7, 2277-2285, 2007
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Fig. 1. {A) Congenlration profiles for peroxyacety] nilrale (PAN)
meazurcd in Mexico City fom 20 Febrary to 23 March 1997 and
(¥} [rom 3 March to 1 Apeil 2003,

campus (Calle “Swr 70 Moo 230 Colowia Lo Vicesting,
Pelegacidn fotapalapa, Méxice, DLF). This sile s approx-
imately 16.1 kma (10.0mi) south-zoulhwest of the site at the
IMP site that was vsed in 1997, Measurements of the PANs
and N0z were obtained by fast gas chromatograpliy with lu-
ming] detection. Thiz wystom has been described in detail
elsewhere (Marley, et al., 2004) but will be bricfly reviewed
here. A Z-em? sample loop was used to automatically in-
jecl samplcs oo a 30-ft. capillary DB-1 column at 1-min
intervals. Both MOz and PAN wers detected by the chemi-
lumingscent reaction with lumingl and the intensity of the
emission al 425 mn was measured with a phaton counting
madule. The instrument was controlled by a 1.8-GHz Note-
book conputer with 8 Windows 2000 operating systein and a
custom software applicalion programmed in LabVIEW. The
instrment was ealibrated for NO: by dilution of 4 2.8-ppm
NO: tank standard in air with a gas calibrator (Dasibi; Model
LO09-CP) and for the PANs with the synthetic standards de-
seribed above. This instrument has been compared with (he
GC/ECTY methed in previous studies and found 1o give good
agreement both in field studies and with synthatic PAN stan-
dards (Gaflncy ct al., 1998, 20035a; Matlcy ct al., 2004).

The black carbon content of fine acrosols was measured by
uxing a seven-channel acihalometer {Andersen) with 4 sam-
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ple inlet designed do collect acrosols in the 0L o 2 micron
sizg range. The acrosols in the air sampls are collected wilhin
the instrument by continuous filtration throwgh a paper tape
strip. The optical transmission of the depusited aerosal parti-
tles is then measured sequentially af scven wavelengths {370,
450, 520, 590, 660, 880, and 950 nm3, Since black carbon
15 & strongly absurbing acrosol species with an abserplion
coeflicicnt relatively constant over a broad spectral region
{Maticy ct al., 2001) the instaanent can automatically calcu-
latc the black carbon contenl from the transmission nieasure-
ments by assuming black carchon to be the main abaorbing
aerosol species in the samples with a 14 dependence typical
of broadband absarbers and a mass specific absorption co-
ellicicnt of 16.6m¥/g at 380 nn (Hansen ct al,, 1982} The
inslrument is operated by an embedded computer with a dis-
play screen and keypad ihat controls all instrument functions
and gutomnatically reconds the data to a buiit-in 3.5 Aoppy
diskelte. Datu were recorded for each of the seven chan-
iels al 1 two-minute time resolotion. Lo addition, the analog
oulput of the 320 nm channel wus monitored continuously
and one minute averages of this channg] were recorded scpa-
tately,

Mensurements of folal FMs s mass ceneenlations wers
alse oblaincd at the CENICA aile by a Tapered Flement
Oseillating Microbalance (THOM, Ruppert & Tastashnick)
oporated at 35°C. This instrument measures the 1oal fine
aerosol mass concenlration by using & vibrating clement
whose lrequency is depeident on the particle mass collected
on a filier located at the end of the clement (Hinds, 19997,
Hourly averages of ozone For this time period were ghtained
from the RAMA staiion at Cermo de Ta Estrella (Calzada
San Lorenzo, Colonia Pavgle San Juan, Delegacién fzin-
purlape, Méxiea DF), This site (19 20° 09, 184" N, 997 04
28.829" W} is located 1.0 km {1.8mi) from the main sam-
pling =ite at CENICA,

3 Results and discussion

The 30-min concentrations of PAN measured in 1997 are
showa in Fig. 1a. The strong diucnal concenlrativn pattern
observed is evidence of the regional altetnoon clearing of the
poflutams from the MCMA basin (see Fig. 3 for expansion
of dinrnal detail). The PAN concentrations reached o max-
imum of 34 ppb with an average daily maximom of 15 ppb.
The higher PAN anulops were also observed in 1997, Levels
of FPM and PBN rcached 5 and 1.1 ppb respectively, giving a
total maximum concentration for all the PAMs of 40ppb, the
highest reported since measurements taken near Los Angeles
in the 19705 {Toazon ot 11, T981), Figure 1b shows the timc
sequence observed for PAN in Mexico City in 2003, Tha
FAN levels recorded in 2003 were quite different, reaching
a maximum of only 8 pph early in the study with an average
daily maximant for the time peried of 3 ppb. In addition, nei-
ther FPN nor PBN were observed above the detection limit

wanw.almos-chem-phys.net?7/ 2271200
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Fig. 2. [A) The ratio of PAN to Ozone duily maximmmn concentra-
tions in Mexica City from 20 February to 23 Myrch 1997 and {B)
from 3 March to 1 Apri] 2003,

of 0,02 ppb at aty lime during the 2003 sludy perind. The
typical diumal concenteation pattern is evident in the fiest 14
days of the study, indicating the same daily meteorological
pattemns observed in 1997 lcading to a daily clearing of the
hasin.

14 Aprit 2003 (Julian day 108) was Good Friday mark-
ing the beginning of the holiday period accompanicd with a
decreaze in trallic levels and a decrease in mohile and sta-
tionary etnissions. Average carbon monoxide concenlrations
dropped by a factor of 2 and peak concentrations dropped
by a factor of 4 from the lovels reported on the previcus
Friday, This resulled in cven lower PAN levels after that
day. The average daily maximum before 18 Aprit was 4 ppb
while the average daily maximum aflerwards was 1.7 ppb.
The IMADA-AVER, study in 1997 also incorporated a Mexi-
van national heliday (Benito Juarcz's Birthdey) on 21 March
{Julian Day 80). The maximum PAN concentration ohserved
on that day was [2pph.

The hourly average ozonc concenivations reached a max-
imum of 242 ppb during the 1997 study period but enly
reached 135 ppb in 2003, The ratic of PAN to ozone daily
maximum hourly average concentrations is shown in Fig. 2a
for 1997 and Fg. 2b for 2003, Past measurcments of PAN
and ozone concentration in polluted alr Inasses have yiclded
a ratio of 0.1 (Tuawon et al, 1981, Finlayson-Tius and

warw.atmos-chem-phys.nel 22712007/
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Fitts, 2000; Gaffoey cl al., 1989} The obscoved ratio of
PAN/ozone in 1997 generally ageess with the vahie of 0,1,
However, many days exceeded 0.1 and 6 out of the 32 study
days cxceeded a ratic of 0.2, This has been atribuied o
the significant presence of PAN precursors, including higher
aldehydes and olefins, in the Mexico City air doring that time
and also [0 the fict than the higher PAN levels act ko tie up
N thus reducing the ozone production rate and the subsc-
fuent atmospleric ozone levels (Gaffhey et al, 1999). The
PAMfozone values obaerved in 2003 only reached the value
of (1.1 the first two days of the study. The PAN/erons ratios
after 5 April (fulian Day 93) were significantly below 0.1
wilh an average daily value of 0.02 for the rest of the siudy
perivd and an average of .03 fur the period before the Easter
haoliday,

As expected, Nt lovels were also lower in 2003 than in
1897, The maxinmm NO; concentrations reached 205 ppb in
1997 and 137 ppb in 2003, Figure 3s shows the concentra-
tion profiles of ozone, N, and PAN far two represeniative
days in 1997, Figure 3b shows similar concentration pro-
files for 2003, Although the overall concentration levels are
lowver in 2003 than in 1997, the concentration prafiles ap-
pear [o follow similar patterns. There is a rapid conversion
of MO to NO; [n the Mexico City air in both 1997 and 2003

Atmos, Chem. Phys., 7, 2277-2285, 2007
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199497 and (B) black carbon and PMa 5 aeroso] concentrations mea-
sured during the bMoxico Meogacity 2003 suudy,

4% indicated by the {Ael that Ny reaches a maximum before
noon. At this tims both ozone and PAN bepin to be produced
with PAN reaching a maximum earlicr than ozone. Shortly
aller midday the boundary layer height increases leading in
a reduction of NOy aimospheric concentralions. [n late af
ternoon PAM levels begin to drop faster than naonc. As this
rapid decresse in PAN is not likely due 1o reaction with NO,
because this would cause ozone Lo be lost faster than PAN, It
was proposed in 1997 that thiz behavior mighi be due 1o het-
crogeneous loss of PAN on carbonaceous aerosol surfaces
{Gaflhey et al,, 1999}, Tt has been shown in taboratory stud-
165 that PAM can be lost on contact with suat surfaces at low
epb levels during relatively shorl contact times {GafThey et
al., 1998). Figere 3b also includes the black carbon aerosol
profiles obtained in 2003, The NO» concentration levels cor-
respond well with the black carbon concenimations as hoth
black catbon and WO, the NO; precurser, are produced from
comnbustion. The PAN levels in Fig, 3b begin to drop aler the
black carbon concentrations reach their maximun support-
ing the suggestion of heicrogenecus PAN loss. This same
loss pattern has also been observed in Santiago, Chils where
PAN levels have been seen to exceed 20pph (Rappengluck
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etal., 1998, 2000). This city has a large dissel bus Hest and
the black carbon levels arc likely to be even higher than those
observed in Mexico Cily, !

Daily average PMa s concentrations have been reported
clsewhere for Lo Merced site during the AMADA-AVER
campaign in 1997 (Edgerton et al., 1999; Chow ctal., 2062},
These fine acrosol levels ranged from 21-60 jp/m? in 1997
with an average of 36 ugfm®. The daily average PiMa s dur-
ing Ihe 2003 study ranged from 2669 pg/m?® with an average
ot 45 pg/m®, This is not a signiticant difference in finc atmo-
spheric Rerosols rom 1997 to 2003, The samples collocted
in 1997 were also analyzed for elemental carban content by
thermal evolution analysis (Chow et al., 1993, 2001). Fig-
ute 44 shows the elemental carbon content af the 1997 PMa 5
acrosol fraclion as calculated from the previously teporled
vesulls (Rdgerton et al., 1999, Chow et al., 2002). The por-
cent elemental carbon in the fine aerosol samples collected
in 1997 varied from 5--23% with an average doring the cant-
peign of 15{7=5)%. Figure 4b shows the daily average black
carbon content of fine asrosols as determined fram light ab-
sarption and TEOM messurcments made in 2003 (Salcedo
et al., 2006). The daily average parcemt black carbon in fine
acrosols measured in 2003 canged from 5-18% with an av-
erage of 10{F=3)%. This may represent a slipht decrease in
black/clemental carbon acrosol content in 2003, especially
at higher PM3 s concemrations, However, the themal ovo-
lution method used in 1997 to determing elemental carbon
Ihay sometimes resalt in high values if comections are not
adequately made for charring of the sample during analysis
(Chow ct al,, 2004).

The decreasing irend in PAN levels observed in Mexico
Cily from 1997 10 2003 is similar to thal vbecrved in soulh-
ern Californis where the maximam PAN concentrations have
steadily deercared from 5070 pph in the 19605 to 3-10pph
in the 19905 (Grosjean, 2003). The TPN concentrations in
southern Celifornia have also decreased froimn 5—6 pph in the
%60z to less than | pph in the 1990s, Peak ozene concen-
tralions were about 540 ppb in 1960 and 210 in 1997 {Gros-
jean, 2003; South Coast Air Quality Management Dislrict,
1995, wwwaqind .org). This rend in decreasing atmospheric
oxidants reflects the increasingly stringent controlz on YOO
and NO,, emissions in the state of Califurnia. Although the
trend for bolh PAN &nd ozong in sowhem Califormia is down-
watd, the ambient levels of PAMN have decreased faster than
those of ozone yielding a decrcase in the PAN/ozonc ratin
from 0,13 in the 1960s to 0.02 in 1997, Since Califomia’s
emission controls have focused on reducing the most reactive
VIOCs thus redycing the overall photochemical reactivily of
the emissions {Carter, 1994) it has heen suggested that Lhis
may have resufted in a larger reduction of the PAN procur-
sors compared Lo the YOCs that produce oxonc but do not
produce PAN (Grosjean, 20033,

Aa the Mexico City and Los Anpeles aress have many
similarities in thelr air pollution problems including, a high
densily of inobile cmissions vesulting in similar atmospheric
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chenistries, the Mexican govermment utilized a simiiar ap-
proach to jmproving the air guality in the MCMA as that used
by the state of Califormia (Molina and Moelioa, 2002b). This
included the remaoval of reactive olefins from 1LPG {Blake and
RBowland, 1995; DDF et al., 1996}, re-strengthening motor
vehicls emission standards with limits on the most reactive
VOCs and the inlraduction of two-way calalylic converters
in new wehicles starting with the model year 1998 and theee-
way calalylic converters stating wilh 1993 models {Molina
and Molina, 20028). I'ael-based motor vehicle emission in-
ventories for Mexico Cily have subsequently estimated a de-
crease in MO, and hydracarhon emissions of 26% and 39%,
respectively, from 1998 to 2000 (Schiller ot ul., 2003, 2003).
Vehicle remote sensing studies made in 2000 showed that
tailpipe hydrocarbon emissions (measured in pounds of HC
per paund of fuel) were lowered to one ninth of 1hese cmit-
ted by the 1951 Hect {Beaton et al., 1992; CAMAMP, 2000).
Atmosphetic measurcments have also reporied a decrsase in
ambient hydrocarban levels from 1992 to 1996 {Arrdaga ¢l
al., 1997). Tt is thercfore not surprisiog that results from the
recent studies in Mexico City showld vield resulls similar to
these observed in the Los Angeles aren with respect o at-
mospheric oxidants, particularly the BANs. However, fine at-
mospheric acrosols, including black carbon aerosols remain
& problem in this megacity. This is primarily due to (e lack
of controls on diesel parliculate emissions.

The presence of the highly absorbing black carlon
aercsols in Mexico City leads to a reduction in solar fux of
17.6% locally (Raga etal., 2001k}, The mass of these absorb-
ing avrosols exported frotm this megacity into the surtound-
ing region is estimaled lo be G000 metric tons per day or 2
mega-fans pet year of black cartbon (Gallhey cl al, 1599},
Since lreshly formed black carbon acrosols are hydrophe-
big, they arc cxpected to be mors resistant to washout and
have longer lifetimes than morc hygroscopic acrosols such
as sulfate and nitrate (Gaffocy and Marey, 2005b; Dua ct al,,
1999}, It addition, since Mexico City is located at an altitude
of 2.2km above sea level these aerosols arc introduced into
the atmusphere at altitudes that would be considered to be in
ihc free troposphers 300 km sway and are thereiore assumed
to have longer liletitnes than acrosols relensed at lower atti-
tudes (Raga et al, 2001h). The Mexico Cily Metrapolitan
Area is therefore a major source of black carbon acroscls 1o
the surrounding regions and the rclease of these highly ab-
surbing aerosols into the sumronnding areas will have an im-
pact on the radiative balance and climate on a regional scale.

4 Conclusions and recommendations

A comparison of resalts for PAN in Mexico City in 2003 with
those oblaincd in 1997 indicate that the oversll reactivity of
the urban air chemistry has changed consistent with the con-
trol strategies that have been put inte place in Mexico City,
i.e., reduction of vlefin content in LPG sources ang the re-
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placement of motor vehicles with those that employ the use
of catalytic converteis to reduce the reactive VOO emissions.
Althaugh the levels of PAN ave still fairly high for an urban
center, PAN and weonc levels are gradually dropping in Mox-
fco City with similar trends to that observed over a numher
of decadues in the 1,05 Angeles air basin (Grosjean, 2003).

The Mexico Cily whan air is generally transported down-
wind of tie city on a daily basis leading 1o the strang divrnal
cyeles obscrved for PAN ar the urban sites. Tt is apparent
that both NO,, and reactive YOC cmissions in Mexico City,
although still high, are being reduced, Although the redue-
tion of reactive VOUs in the whan emissions leads to the re-
duction of photochemical oxidants in the MOCMA basin, the
lower teactivity of the ¥OCs will certainly lead to the pro-
duetion of PANSs downwind of Mexico City as the amissions
are trunsported out of the arca, This may lead o regional im-
pacts that were not explored in this study. Tt is recommended
that mersurements of PANs in the outflow regions shauld be
undertaken o cvaluate the potential impacts of orone and
PAN on ceosystems in the region,

The results for black carbon azrosol corent indicate that
this pollutaitt is not being reduced in Mexico Cily, consistent
with no control strategies being put into place. It is clear that
thiz and other megacities conlinue to he major sources of this
kiy scrosol species on & global scale, As the lifetimes for
black carbon asrosals arc anticipated to be longer than that
ior the more hyproscopic aerosol species, the mlobal impact
of the emissions from inegacities such as Mexico City nust
cotlinue to be evaluated {Galfncy and Marley, 2005b). Con-
sidering the importance of black carbon aerosols in radiative
halange, these major sources of absarbing acrosals cannat ba
ipnored if we are to adequately assess their rele in climate
change.
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Abstract, Data frotn a recent ficld campaign in Mexico City
are used to evaluate the performance of the LPA Fodaral Ref-
erence Method for monitoring the ambient concontrations of
N}, Moessurements of N ftom standard chemilumines-
cenee manitors equipped with molybdenym oxide converlers
arc compared with those from Tunable Infiared Lascr Differ-
ential Absorption Spectroscopy (TILDAZ) und Differential
Optical Absorplion Spectroscopy (DOAS) instruments, A
signilicant interference in the chemiluminescence measurc-
ment is shown to account for up 1o 50% of ambiesnt MO; con-
centratien during aflernoun hours, As expected, thix interfey-
ence correlates well with non-NOy, reactive nilrogon species
(MO} a8 well as with ambient Oy concentrations, indicat-
ing a photochemical source for the interfering species. A
vombination of ambient pas phasc nilde acid and alkyl and
multifunctional alkyl nitmtes is deduced to be the promary
cause of the interferonce, Observations at four locations at
varying proximitics to emission sources indicate that the per-
centage contribution of TINO; o the interference decreascs
wilh time as the air pareel ages. Alkyl and muhifunctional
alloyl nilrate conceniralions sve caloulated to reach concen-
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trations a3 high as several ppb inside the city, an par with
the highest values previously observed in other urban loca-
tions. Averaged over the MCMA-2003 field campaiyn, the
chemilumineseence monitor interference resulled in an av-
erage measured NOz concentration up 1o 22% greatsr than
thal {rom co-located speciroscopic measurements. Thus, this
imerference has the potential to initiake vegulatory action in
arcas that are close to non-attainment and may mislsad atmo-
spheric photochemical models used to assess control strave-
gies for pholachcmical oxidaits.

1 Tntroductlon

Milregen oxides (NOy = sum of nittogen oxide (NO) and
nilrogen dioxide {(MO2)) are pritarly cmitted as byprod-
uets of combustion and participate in ozone {0y formation
and destruction, thus playing a key role in determining the
air quality in urban cnvironmeints (Finlayson-Bitts and Ditts,
2000). NO;z is dexignated as one of the United States En-
viromnental Protection Agency’s (US EPA} “criteria pallu-
lants”, which also include O3, carbon monoxide {CO}, xul-
fur dinxide (S3Q7), airbumc lead (Pb) and particulatc mat-
ter {PM). The US EPA initiates regulatory action it an urban
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area has criteria pollulant concentrations 1hat exceed a cer-
tain threshald (either one hour averaged daily maxima, vight
hour averaged daily maxima or annually averaged concen-
trations), tefierred to s being in “non-attainmen™. While no
counlics in the US are currently in non-atiainment for NOg,
the US EPA has recontly amounced swecping new regula-
tiems aimed at reducing MO, Tevels by 2015 {Favitotmental
Trotection Ageney, 2005, Thercfure, accurately measuring
the conceniration of N0y, a3 mundated under the 19590 Clean
Air Acl Amendments, Scction 182 (¢)(1) (Demerjian, 20009,
will hecame increagingly inportant, Poaitive interferences in
the measuremenl of N0z may lead to the false classification
of an urban area as being in non-atlainment,

In addition to the regulatery perposes of monitoring, am-
bienl mcasurements are also used by air quality models
(AQM) for characterization and prediction of future high
czone episodes {Demerjian, 2000) and in validations of satcl-
lite measuremeints of NO; (Ordbfice ct al., 2006; Schaub et
al, 2006). Adequate disgnostic testing of AQM's requires
uncetlaintics in N0y measurcments of less than +10% Envi-
tonmental Protection Apeney, 2001; McClenny ot al., 2002).
There has also been considerable atlention paid recently to
the direct emissions of NOy {rom dicsel vehicles {Fricdebug
etal, 2005; Jonkin, 20044; Jimenez et al., 2000; Latham et
al.,, 2001 ; Pundt et al., 2005) and their resulting health effects
(Brunchamp et al., 2004). These and other studies that rely
on the data fromn monitaring networks, such as recent NOy
source appottionment (Carslaw and Reevers, 2004, 2005)
and oxidant partitioning (Jenkin, 2004b) studies, could be
significantly affectect by interferences in the standard meth-
ods for WO measurement. Satellite measurements of N,
are often most sensitive to surface MOy concentrations; vali-
dation of these measurainents requires accurate WOk surface
measueements. o summary, assuring that WOs monitors rou-
tinely achigve a high lovel of precision is impartant for the
aceorate prediction of air quality and validation of satelitc
maasursmenls,

Of the various technigues for measuring in situ WO and
NO; cancentrations, 1he most prevalent, and the Federal Ref-
ercnce Method as deaignated by the US P4, is fhe cherni-
humingscence instrument {CL MO, monitors) (Demerjian,
20000). This technigue has been deseribed in detail elsewhera
{(Fordjin e1 al., 1970, Ridley and Howlett, 1974), Briefly, it
is based on the chemilumincscent reaction of NO with O
10 Jorm clectronically excitcd NQ3, which NMucresces at vis-
ible and neer infrarcd wavelengihs, The technique is sim-
ple and relatively rcliabls. The detection sensitivity ben-
efits from small background signal Jevels because no light
sQUrCe is mecessary to initiate the fluorescence. Onty an O3-
generating lamp and & modestly cooled photomultiplier {iyp-
ically ~—4°C} are required; thus CL NG, monitors are 1cl-
atively inexpensive. Calibration invalves the sampling of a
knowt standard to determine the absolute responsc of the jn-
sirament; such standards ure readily acquired. OL NGO, mon-
itors typically operstc in a mode that altcrnates behween Lwo
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states: one that measures the concentration of NO by sam-
pling ambicnt air directly, and one fhat measures the sum of
NO and N0 by passing the ambient air siream over a cat-
alyst {usually gold or malybdenum oxide, often heated) 10
cotvert NOg 10 NO. The dillerence of the iwo values is re-
ported as the NOz concentralion. Althougl instruments are
available that utilize & flash lamp or laser to convert NO; to
NO, this study only examines CL NO, tonitors with molyb-
denum oxide catalysls, which are the must pravalent type
{Partish and Fehseafeld, 20000,

In addition (0 the advantages of CL NO, monitors Hsted
above, however, there are known interferences for this stan-
dard lechnique (see seversl recent reviews (Cavanagh and
Workouteren, 2000; Demerjian, 2000; Environmental Pro-
tection Agency, 1993; MceClenny o al., 2002 Pamish and
Fehsenteld, 2000; Sickles, 1992)). The mast significant {s-
sue wilh standard CL NO, monitors is (heir inability to di-
recily and specifically detect MOy, It has been well estab-
lished that other gas phase nitregen conlaining compounds
are converted by molybdenum oxide catalysts o NO and
therefore can be reported as NO: by a stendard CL NG,
monitor (Winer et al., 1974). As stated by the US EPRA,
“chemiluminescence NOMNODL/NO; analyzers will respond
to ather nilrogen conlaining compounds, such as peroxy-
sectyl nitrate (PAN), which might be roduced to NO in the
thermal converier. Atmesphetic concentrations of these po-
tential interferences ave generally low relative 1o Nk and
valid NCYz measurements may be obtained. Tn cortain ge-
ographical areas, where the concenttalion of these poten-
tial mterferences is known of suspeeted o be high relative
to Ny, the vse of an equivalent method for the measure.
ment of N0y 15 recommended”  (Environments] Protec-
tion Agcocy, 2006) Addiiooally, manudaciercrs now use thiz
game technology to make total reaclive nitrogen (N0, mea-

* surements. Molybdenum oxide catalysts ave knawn to cfti-

ciently reduce compounds such ax NQg, NCy, ITNO3, N20s,
CIONQz, CH3CHONO;, 0-C3H;0NO5, n-CyHoONQ3,
and CH3CHONO and 10 a lesser extent also reduee HO2NOa,
HOMO, RO;NC3, NHy and particulate phase nitrate. Thesc
catalysts do not efficiently reduce Na0, HCN, CTizCN or
CI13NO; at typical operaling converter femperalurcs lower
then 400°C {Fehsenfeld cl al., 1987; Williams ct al, 1998),
To emphasize this point, consider thal the only ditference be-
tween CL NOy, and NOy monitors is the position of the cat-
alyst: in a CL NOy monitor, the catulyst is placed very closc
{o the front of sampling inlel so as to convert all NOy spreies,
whereas in a CI, NO, moniler, the catalyst i3 placed after g
particulate filter and just before the detection chamber, allow-
ing the conversion and detection as “NOs" of any gas phase
nilrogen containing compownds not removed by passive loss
on surlfaces upstream of the converter,

Other more specific NO2 detection technigues have been
developed, including a photolysis technigue to specifically
convert NO; 1o NO that avoids using 2 metal catalyst whilc
still employing the chemiluminescence reaction {Kicy and
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McFarland, 1980}, an LIF technique (Thornion ot al,, 2000;
Thomton gt al., 2003}, a fast gas chromalography lumino!
chemiluminescence detection (Marley ctal., 2004), Dilferen-
tial Optical Absorption Speetroscopy (TMOAS) (Plail, 1994
Platt and Pomer, 1980), cuvity ring down (Osthoff ef al.,
2006) and a Tunable Infrarcd Laser Differential Absorption
Bpeetroscopy (TILDAS) technique {Li et al., 2004} (also de-
seribed below). Scvcral recent revicws provide a maore com.
plete description of these and other NO; measurement tech-
niques (Demerjian, 2000; MceClemy et al., 2002; Parish
and Fchscnfeld, 20000, Although several of these instru-
menls have been shown to perform well in intereomparisons
(Fehsenfeld eval., 1990; Gregory et al., 1990 Osthoff &1 al_,
2008; Thernton ct al., 2003), the majorily of these technigues
are, al this time, research grade instuments unsuilable for
use in routine monitoring. A newer technique, Cavity Af-
tenuated TPhase Shifl {(CATS) speciroscopy, has shown the
potential to provide accurate specitoscopic measurements of
NOz (0.3 ppb detection limil in <105) at a reasonable cost
{Kcbabian ct al,, 2005), but it i= still in the development
phasc. Even if these olher techniques pain prevalence in the
coming years, the current widespread wse of CL MOy, mon-
itors makes understanding and quantifying interferences 1o
this technique oritical. Hecent ficld studies have begun to
quantify the magnitude of interferences ko this techniyne, for
examiplc {7 et al., 2004) have shown a consisicnt nositive
mcasurement bing from CL NO, monitors relative o an ab-
solute TILDAS measurement of MOz, Additionally, Stein-
bacher et al. (2007) have shown a porsistent hias in CL NO,
monitors with molybdenum oxide converters over 4 time pe-
rivd of more than 17 years at mrat locations in Switzerland.
However, our study is one of the first licld intercomparisons
1o directly quantify this interference and characterize the spuo-
cifle compounds responsible for it.

Cur study uses dala from the gecent Mexivo City
Metropolitan Area {MCMA) field cunpaign during Apeil of
2003 (MCMA-2003), which featured a cuomprehensive suite
of both gas and particle phase instumentation from numer-
cus international laboratories, including multiple measurc-
menls of W02 (Moline el al, 2007), Here, we utilize this
uniguc data set to evalualc the performance of standard CL
Nk menitors in 4 heavily polluted urban atmesphere, ex-
amine possible intcrferences and make recommendations for
moniioring nchworks in general. Data from an exploratory
field mission in the MCMA during February of 2002 are
alsg preseited.  The meteoralogy during thesc campaians
kas been discussed in detail elsewhere (de Foy et al., 2005;
Molina et al., 2007).

2 Messurements

A major part of the MCMA-2002 and 2002 campaigns was
the deployment of the Acradyne Bessarch, Ine. Mobile Lab-
orafory (AR Mobile Lab), a van equipped with a compre-
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hensive suite of reseatch grade gas and particle phase instru-
mentation {Hetndon ct al,, 20080; Kolb ct =, 2004). The
ARI Mobile Lab had two modes of operation during the cam-
paigns: mohile and stationary. In mobile mode, the main vb-
Jjeetives were either sampling of an-road vehicle exhaust or
mwapping of emission scurces. In statfonary mode, the ART
Maliie Lab was parked a chosen site, typically making mea-
surements for scveral days in a tow. Statienary mode dala
in this sludy 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 arc (1) CENICA
(Centro Nacional de Investigacion y Capacitacion Anbien-
tal} — the “supersitc™ for the MCMA-2003 campaign localed
oh a university campus to the south of the ity center, which
receives a mix of fresh pollution from mrea teaflic corridars
and aged pollution from more downtown locations, (2) La
Merced — a downtawn Tocation near an open market and a
large traflic comidor, (3) Pedregal — an affuent residential
neightorhood downwind of the vily conter, and (4) Sanla Ana
— 8 boundary site outside of the city, which receives mostly
aged urban air during the day and rural aic ovemight.

The insiumeils on board the ART Mobile Lab most rel-
evalt o thiz sludy were a TILDAS NOp instument and
a standard CL NOy monitor, The TILDAS technique for
measuring NO; has been deseribed in detnil elsewhere (Li
ed al., 2004) and only a brict descriplion is prosented here,
TILDAS is A tunable infrared laser dilfercntial absorption
meazurement that employs 8 low volume, long path length
astipmatic Hemiott multipass absorption cell (Mcbdanus ct
al., 1955} with liquid nilrogen cooled laser infrarcd 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 aver an enlirc absorption feature
of the moleenle to be detected, WOy in tlis case.  Accu-
tale linc strengths, posilions and broadening cocilicients are
taken from the INTRAN data base {Rothman et al,, 2003),
Reference cells cuntatning the gas of interest ave used to lock
the Iaser frequency position, OF the speeies in the IIITHRAN
database in the NCy vy wavelengih region (1660 em =3, the
nexl strongest absorber (CHq) has neathy absorption lines
which are six orders of magnitide weaker than the NO; lines
used in these measurements, Addilionally, the CHy lines are
frequency shifled away from the main NOj features and this
is resolved with the typical lincwidth of the lead sall dinde
insets uscd. Therefore, the measurements of N0z by tun-
ablc diode laser spectroscopy are believed fo be interference-
free. The mods punty of the diode was verified by mnea-
suring *black’ NO; lines in a refercnce cell along another
optical path present in the instrument. The absolule acen-
racy of the concentrations measured by TILDAS is largely
determined by how well the line sirengths arc known, For
the absorption lincs used in the two instrument channels,
measuring NO and NO; respeetively, the presently aceepled
band strengths are known to within 6% for NO and 4% for
MOz (Smith et al., 1985), K is important to note thet this
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techninue is an absolute concentration messutement, which
does not require a calibration, and thus served as the bench.
mark againal which to compare other NOs measurements. Tn
general, calibrations In the field do greatly improve the con-
fidence: in the measurcment and assist in evaluating the over-
all perfarmance of the instrument. Though field calibrations
have become routine now, via porention sources and pas
eylinders on the Mobile Lab platforin, they were not done
during the MCMA-2003 field campaign. On the particular
insirument that did go (o MCMA-2003, howevet, the second
channcl of the fnstrument was wsed to measure HOHO (Gar-
ciu ct al., 2006, Hemdon et al., 2005b3; calibrations for this
species deinonstrated the pathlength was correct, and labo-
ratory measurements of the patllength using a pulsed light
source indicate the cell was correctly aligned. Fortunately,
for N0z measuremenls, the spectroscany {and polential ofher
absrrbers) near 1600cm ™! s Lairly well wnderstond by virloe
of being vsed se commonly.

Standard CL NQ, monitors have been deseribed above and
here we briefly deseribe the calibrations performed during
the MCMA-2003 cumpaign, The standard calibration pro-
cedure involves zeroing the monitors white measuring N, -
free air and then adding several specified amounts of NO to
the Dnstrument cevering the desived operating range. The CLL
MO, manilor on hoard the ART Mobile Tab was calibrated six
times doring the campaign, ulilizing several different stan-
dardized mixtures of NO in nitrogen and NO/CO/SO; in
nitrogen and rcsolting in no greater than an 8% deviation.
Early in the campaipn, echuicians from RAMA, Red A
tomiitica de Monitoreo Ambiental (RAMA, 2005, calibrated
bath the CT, NOy moniter on board the Mobile Lab and the
onc on the CENICA mafiop during the same afternoon lor
cimsistency. RAMA, operates 32 moenitoring sites around the
MCMA, many of which arc cquipped with standard CL NGO,
motitors, all of which se calibrated via this sarme mefhod,
The RAMA network has been auditcd by the US EPA {Envi-
ronmental Protection Ageney, 2003), and was concluded 1o
be “accurate and well-implemcnied™,

For the discussion below, it is Important te esiablish that
ambient concentrations of O3 do nol interfere wilh mcasured
MOz concentrations from a CL N0y monitor.  levels
within the detection chamber of these CL NO, monitors arc
three orders of maguitude higher than ambicnt levels {Shiv-
ers, persomal communication, 2004): thus ambient Os levels
will not significantly influence the detection of NO in the CL
MO, monitors. The difference in residence time in the sam-
pling lines to the CL NGy, menitor compared to the TILDAS
instrument was small enough { <3 5) lo prechede the reaction
of ambient NO with sinbicnt Oy from contributing signifi-
canlly to the measurcd differences in NQ; concenfrations.

For this study, measurements from the ARI Mahile Lab
arc used in conjunction with measurements from instrumenls
at the various stationary sites. The instrumentation at the
CENICA site included twa long-path DOAS (LP-D0OASY in-
slruments {Platl, 1994; Platt and Pomer, 1980; Volkamer et
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al., 1998} wihich measured MO; amengst a suile of other
compounds,  The detection limits for NO3 were 0,80 and
0.45ppb for DDAS-]1 and DOAS-2 respectively. The La
Morced site also included side-by-side open path Fourier
transform infrared ('TIR) and DOAS imstruments {Gut-
tet, 2003}, Roth instruments measurcd numerous gas-phase
componnds, but only data from the FTIR measurcment of
nitric acid {HNQ3; detection {imit of 4 ppb) and from the
DOAS measurcment of WOz (detection limit of 3 ppb) are
shown here. See companicn paper (Dunlea et al., 2006) for
more delails on these stzlionary sites, including infonnation
aboul the inlets vsed for various messurement locations.

Additional measureinents arc presented here from Aero-
dyne Aerosel Mass Spectrometers (AMSs) (Jayne et ai,
20000 that were on board the ART Mobilc lab and on [he
roof of the CENICA Building, The AMS measures (he size-
resolved chemical composition of the nan-reftaciory com-
ponent of ambient particles smalicr than 1.0 um, including
particulate phase nitrate (pNO; ).

3 Resolts and dizeussions
31 Obscrvation of interforence

Simultaneous measurements of NOa oo board the ARI Mo-
hile Lab by the CL N0y, monitor and the TILDAS instroment
revealed 3 recurring discrepancy where the CL NO, monitor
repurted a higher NC; concentration than the TTILTIAS in-
strument. We consider the TILDIAS measurcment to be an
absolute concentation measurernent and thus this discrep-
ancy is concluded to be an interference in the CL monitar,
We defing this “CL NGy, monitor inferference” as the CL
NOy menitor NO; measurement minus a co-located spectto-
scopic NOz mcasurement,

CL NO, monitor interlerence=
[NO3] {CLmonitur)—[NQ4] {speciroscopic) (1)

Fipure 1 shows the CL MO, monitor interference az ob-
served during specific periods in both the 2002 and 2003 ficld
campaigns. The periods in Fig. 1 are typical of the ohscrva-
tions during both campaigns, The CL NOy monfior interfer-
ghee was observed [o eccur daily, peaking in the aftermoons
during periods when ambisnt Oy ievels wers highest. The
€L MOy monitor interference accounted for s muoch ag 50%
of the total NO; conventration reparted by the CL NOY, mon-
itor (30 ppb out of a reported 60 ppb for the 2002 campaign
and 50 ppb out of 190 ppb 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 al the
urban aites than the Santa Ana banndary site, oving siniply
to the lower overall NO3 levels at the boundary site. Addi-
tionally, this CL MO, monitor interference was present when
comparing DOAS leng path measuraments of MO to CL
N, monitors at both the CENICA atd La Merced siles, For
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thesc sites, the CL NOy monilor interference was mote vari-
able in time owing ta the loss of spatial cohcrence when com-
paring & lung patl measurement with a point sampling dala
for & reactive species {fur further discussion of apen path ver-
sus point sampling comparison, sce Dunlea et al. {2606) and
San Marting el al. (20062)).

The obscrvation of such large CL NO, manitor interfer-
ence levels directly conlradicts previous conclusions that this
will only be an issuc at rural or remote [ocations {Jenkin,
2004b}. Tn summary, the CL NO, menitor inlcrference was
vbserved to oecor regularly and to roughly conrelate with the
ambient O3 concenleation; the subsequent section will ox-
plare the canse of this interferenes in more detail.

3.2 Examination of pussible sources of interference

Potential sources for the interference in the chemilumines-
cence NOs measurement wsing the available data from the
MCMA 2603 campaign are explored: (1) soine pertion of
the non-NOy, fraction of reactive nitrogen (NG} und (2] pas
phase olefinic hydrocarbons or gas phase ammaonia,

3.2.1  The Non-NO, Fraction of Reactive Nitrogen (NO:}

It has been long eslablished thal molybdenum converters
within standard CL NG, monitors have a potential interfor-
enee in the NO; measurement due to pas phase reactive ni-
trosgen conpounds (Demerjian, 2000; Environmental Protee-
tion Agency, 2006; Partish and Fehsentild, 2000). The ARI
Mobils Lab as configured for the MCMA-2003 campaign in-
cluded a total MOy instrument { TECO 49C), which mensurcs
both WO, and NO using the chemiluminescencs techniquc,
but configured differently than a standard CI, NO, monitor
50 88 to purposely exploit the molybdenum converier's abil-
ity to detect more gas phase reactive nitrogen specics, From
the CL NO, menitor NO, and NO measurements, along with
the TIL.DAS N0 measurement, we caleulaled the non-NOy,
fraction of Ny, referred to as NO,. Table | lists the rosults
of linear least-squates fits of the corrctation plots of the CL
NOy monitor interference veraus MO, at the vadous loca-
tions visited by the ART Mobile Lab, The CL MO, monitor
interferencs level varied Hncarly with the NO, concellration,
and wes smaller in magnitude, indicating that some portion
of NO; was responsiblc for the Interference. Fair 10 good
cotrclalion {R3=ﬂ.32—{],?9} was absxcrved at all sites visited
by the ARI Mobilc Lab, with tatios of the CL NOy monitor
interference to WO, ~(0.44-0.66), Thus, the obyions and cx-
pected conclusion is that some reactive nitrogen compound
or cotnpounds are the cause of the obscrved CL NCY, moni-
tor inlecforence.

This lype ol comparison has a number of inherent limita-
tions. Negative values for lhe CI. NGO, monitor interference
are oflen recorded because this caleulated value is the sub-
traction of two messorements, In general, more vatance in
this subtracted quantity is expeeted when an apen path spoe-
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Fig. 1. (a} Time serics of MOy measurements by standard CL N0,
maniter and TILDAS spectroseopic instrmnents on board ARL Ma-
bile Lob at the Pednsgal fixed monitering sile during 2002 CAMpAIEh
for a specific period Iighlighting when the chemilumineseence in-
strument showed an inlerferonce. {h} Time serfes for gne-minute
averaged measurements tmade on board ARI Mobile Lab at the Po-
dregal fixed monitoring site during MCMA-2003 field campaign for
aspecific period. The CL Ny, menitar interference is plotied on jts
o exis in his figure to show the corrclation in time with amisent
£y levels, which indicales 7 photechemical source of the intcrizring
comnpoundls).

troscopic measurement iz subtracted from a point sampling
CL NOy monitor ineasurement, limiting the nchicvahle &2
values for these correlation plots. We alsa note herc that the
ansct of the daily rise of the CL NO, moniter at CENICA is
delayed relative to the other three sites by ~2 h; from 10 AM
onset elsewhers to 12 PM onset at CENICA, CENICA also
expetienices the highest percentage of nepative CL MO, mon-
itor interference measurements indicating that the apen path
DOAS light paths may be influenced by NO, sources, such
us roadways undermneath the Jlight paths, which do not advect
to the CENICA rooflop sampling location, San Martini et

Admoa, Chem, Thys., 7, 2691- 2704, 2007
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Table 1. Sivupes af linesr [east squares fit of correlation plots of obscrved CL NCy monitor interfarence vorsus otler measyrod gpceies at
series of lacations, &2 values [or fits acc given in parentheses. All cuncentrations for correlation plots are 15 min avcrages and are reportod
in ppb or equivalent ppb. Maxima, minima, and averages for slopes sre listed. Abbrevistions: NA - measurcment data Not Avyilable at
particular lncation, 10 = Insufficienl Data available a1 pariicular location, ML = data from ARI Mobile Lak in slalivnary mode, Roal - lung
path instruments al fiwed site lacations, Stationary sites are: STA = Sania Any, PED = Pedregal, MER = La Merced and CEN = CENICA
hewdquartess; see text for description, NOz, O3 and FINO; arc highlighted gs showing the best correlations.

Bpeecics Corvplated wilh CL ML ETA ML PR ME MRR ML CLiN Roof CEMN Koot MBR  Min Max Avp
MOy Monitor [neerfkrence

FIEWSE Olefin Proxy nrfr 7] 119 {1105) =156 (003]  —0.536 {003} m MNA HA —1.56 1.12 —0.41
FTRME Clefin Froxy afz 43 0.36(0.12) —02 (001 —1R13 (f0a) m NA MNA -1 {35 RN
FI% Monitor Tolal Glefing MNa NA HA —013{0My —015 @32 NA =015 —LIF D14
NHjy —003 (003 R34} —0.06 (0,17 0.14 —005 {00}  043¢(00H) 005 048 014
TAN A WA MNA 1n 4.07 (007 WA 4.07
AMS Purliculate Nitralg 2430005 LM(0.12) 0440001 LGS001)  O2% 001 MNa —044 244 114
NO, 4.5d (D.45) .66 [0.79) 0.44 (2.32) 0,49 (D25} mh MA .44 .66 053
0y 006 (0.0 G0 {D.54) 0.09 (0.19) [[H] 00T (21} kRIS {021} 006 019 010
1INO, A A NA MNA A 1.53 {0.44) LB

al. (20061 have discussed the limilations of this NOy mea-
surement in morc detail,

As shown in Figs. 1 and 3, the CL NO, monitoe inter-
fevence peaked in magnitude during the aflernoons, corre-
sponding lo peaks in the ambient O concentmtion. The
CL NOy monitor interference shiows & fair correlation with
the co-located measurcd Oy concentration at all lecations
(R?=0.19-0.54}; scc Fig. 2 and Tuble 1, The magpitude of
the CL N0y munitor [nterfetence concentration was approx-
imately 10% of the mnbicnt O3 concenlration. We have es-
tablished above that smbicat O3 does nol represent an inter-
ference to the NMO; mcasurement; this is further corroborated
by the poor corrclation of the measured CL NO, monitor
interference with the product of ambient concentrations of
[NOJ¥[03] (regression £2=0.03). Tlus, we concluds that
the CL NOy monitor intorference was primanily dug 1o ro-
active nilrogen specics that are produced photochemically
siong with O34,

We now examinc the individusl species that make up
NQ; in order o determine the most likely contributms to
the CL NO, moniter interfcrence. We starl by removing
from consideration those reaclive nitrogen species which
are not converted by the molybdenum oxide catalysl, c.g.,
amines (Winer et al | 1974}, or whose congenlrations do not
peak during the afternoan, specifically nitrous acid (HONGY),
other organic niteites, the nitrate radical (NO3} and N30,
IIOMNO was measured dircetly by the DOAS instroment at
the CENTCA supersitc and observed to havs its highest con-
ventrations duting the morning, Other otganic nitritcs are
unlikeiy 10 have concentrations that approach ppb levels and
will have phetalytic loss mics that maximize in the afternoon,
making it very unlikely that they could contribute signilfi-
cantly to the observed CT. NO,, monilor interferences. Lastly,
measured concentrations of MO; and N3Qs are observed al-
most exclusively at nipht, excloding them from possible con-

Atmaos, Chem. Phys., 7, 26912704, 2007

tribution to the observed daytime interforence.  Thus, our
most likely candidates ave {a) particulate nitrate, (b) peroxy-
acetyl nitrate and other peroxyacyl nitrates, (c) nilric acid ()
alky! and muttifenctional &lkyl nitrates and {¢) a combination

of more than one of these speciss,

{a) Particulate phasc nitrate {(pNO7) may be converted by
the CIL NQOx monilor and reported as NO; if sufficiently par-
ticles penetrate the particulate filter on the CL NO, momitor
to reach the molybdenum oxide converter. The panticulate
filter on a CL NO; monitor typically fillers out particles with
diameters larger than 200 nme, Measurcments from MOMA-
2003 witl: two AMS instrwinents eoveal that only a small frac-
tion of the patticle mass was found to be contained in parti-
cles with diamcters <200t (Salcedo et al.,, 2006). Thus, of
the measurcd levels of submicron pNOT, only a small fiac-
livn would be expecicd to enter a CL NOy, monitor result-
ing in a potential interference. Additionally, the dissociation
of particnlale NHaNOj to gas phase HNOs from cither the
filter or surfaces within the instrument andfor sampling line
could contribute to this interference. Nunc of (he inlets for
the MO; instruments listed in the experiment section were
heated, such that this effect is lkely to have been minimal,
Thus, we do not expect pNO; do contribute significantly to
the CL N0, manitor intetierence,

This is confinned by comparing the diumal profiles of
POy and the CL NOx monitor interforence {Fig. 33; con-
cenlrations of submicron pNOJ (as converted 1o its equiva-
lent gas phase concentration) wers significantly smaller than
the CL NOy monitor interfecence and peaked a fow howrs
before the muximum in the CL Ny menitor inforference.
Table | repurts only a weak corrglation (£2<0.15) of the CL
MO, maonitor interlerence with the measured ambient sub-
micron pNO; levels tor all sites.  Owerall, it is clear that
pNO; does not contrbute significantly ta the ohserved CL
NOy monitor inlerference in Mexico City,

www.atmos-chem-phys net/ 726012007/
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Fig. 2. Linear regression plots for the O NOy monitor interferenge
ploited versus (o) gas phasc alcfins (CENICAY, (b) gas phase NIz
{Santa Ana, {c) pas phase O3 (Pedrepal), (d) NO; (Pedregal), (e)
pas phase PAN (CENICA), () particulate niteate (La Merced), and
(&5} &as phase HMNOy (La Merced). Sco text for deserdption of mea-
suteingnts, Results of the linear regressions are listed in Table 1,

(b} Peroxyacctyl nitrate (PAN) is often found in lage
quantitics i urban atimosphercs and concenirations =30 pph
have been obssrved in the past in Mexico City (Gaffhey
et al., 1999} The MCMA-2003 field campaign included a
FAN measurcment at the CENICA supersite (Marley ot al.,
2007} teveling much lower PAN concentrations fmaximum
<135 ppb) that peak in mid-morning (Fig. 3b}; thix does not
match the diirnel pattem of the CL NOy, monitor interfer-
ence. The resulls of the corrglation plats of the CLNO,, mon-
itor interference versus the meaaured PAN concentrations on
the CENICA roofiop show an R2=0.09, Modeling studies
ol the autflew of polltion from Mexico City (Madronich,
2004) and mote recent measurements downwind of the city
{Farmer, D. K., Wooldridge, P. I, and Cohen, R. C., per-
sonal communication, 2006} show that peraxyecyl nilrate
cornprunds can account for & significant fraction of the WO,
budpet in the outflow from Mexico City. Although PAN is
known to be converbed to NO» on heated surfaces, and as

www.atmos-chem-phys.net/ 7260172007/

siach, PAN may contribute more signilicantly to this interfer-
ence in other lozations that experience higher PAN concen-
trativms, we conclude that PAN does not contribute signifi-
cantly ta the observed CL Ny monitor interfercoce in this
sfudy because of il low ambient concentralions,

{c} MNitric acid (HMNOs) i3 photochemically produced
within urhan atmospheres and has been observed in signifi-
canl concentrations in Meaico City (Moya et al., 2004). Pro-
duction of 1INOy is gencratly on the same time scale as pro-
duction of O3, since buth involve the formation of WO, Oy
is formed when NO; photolyzes via a two step process:

v

NO; + hv — NO+ O {2}
OO0+ M= O3 + M (3)

{where M represents a third bedy colliding molcculs, pre-
sumably Nz or Oz). HNOy iz formed From the association
reaction of OH with N0,

NO; +0OH + M — HNO3 4+ M 4)

The measured coneentrations of NO» and OH dur
ing MCMA-2003 (Volkamer ot al., 2005) indicate that
HWNO; production rates via reaclion (4) are quile lane
{=15ppbhr~! at meximum). Howover, losses for HNO;
within an urban aren are also significant, and the ambient
concentration depends on the balance between the produe-
tion and losa tates. In the presence of NHa, HNGy will read-
ily form padicle phase ammonium nitrate (NFNO1). HNO;
is alse readily lost on surfaces by dry deposition {Neuman ct
al., 1999), ut there {3 a large range of deposition vclacities in
the literature (426 cms~') and an exact loss rate is difficult
to estimate (Neuman et al,, 2004; Wescly and Hicks, 2000).
It is thus preferable to rely on measurcments of TING; as
much as possible. Duoring the MCMA-2003 campaipn, the
ouly divect HNO3 concenbration mepsiraments were from
the apen path FIIR operated by the UNAM group at the La
Merced site {Florcs et al., 2004; Moya ct al., 2004). Al-
though the measured HNO; concentrations show reasonably
good corrclation with the CL NO, manitor inlerference con-
centrations {R2=(0.44), the slope of the correlalion plot (1,41}
indicates that HNO3 accounts for ~-60% of the CL NG, mon-
itor interference.

For the localions thal did not have a measurement of
HNEY, we use modeled values fo estimate the possible con-
tribution of HNO; to the CL NO, monitor. San Martini et
al. (20062, b} have used an ISORRCPIA model embedded in
a Markov Chain Monte Carlo algorithm to analyze acrosol
data and to predict the gas phase HNOa concentralions at the
locations inchidled in this study, Diurnal profiles ofthese pre-
dicted HNOy concentrations are inchuded in Fig, 3. In gen-
eral, [INC3 levels are shown to be large encugh to account
for the measured CL WO, monitor interference. However, we
nole that the measured HMO; concenlrations at La Merced
are lower then the predicted levels. We therefore generally

Almos, Chem, Thys., 7, 2691-2704, 2007
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conclude thal HNG; accounta for most, but nat all, of fhe
abserved CL NO, monitor interference,

As an added complication, HNO; s efficiently lost on
stainlcss steel and other surfaces (Neuman ct al, 1999), The
efficiency with which HNOsy will rcach the molybdenum
convelter within a particular CL NOy meniter is then depen-
dent on the amaunt of stainlcss steel surface arca in the inlet
manifald, and thus unique to each meniter. Thus, it is ot
possible to easily exirapolate this result Lo all CL MO, mon-
itors. We generally conclude, however, that BNz accounts
for 1 significant portion of the £L NOy, monitor interference.

{d) alkyl and multifunctional organic nilrates (from
hereon refemed to as “alkyl nitrates™ are knewn to be pro-
duced simultaneously with Oz from the minor branch {5b) of
the reaction of MO with peroxy radicals (Day et al., 2003;
Rosen e al., 2004; Tralner et al., 1991).

ROz + NG — NQO; + RO {3a)

Rz + NO+ M — RONG: + M (5h)

Almos, Chem. Phys., 7, 2691 2704, 2007

Thetc were no divect measurements of alkyl nitraies as part
of the MCMA-2003 campaign of which we are awarg, Tn-
stead, to sludy the formation of aliyl nitrites {and FHNO4),
we employ a fleaible top photochemical box model, which
was conslrained by measurements conducted at the CENICA
supersile for OH sources and sinks from VOO and NO,.
Muodel simulalions were performed with the Mastor Chem-
izal Mechanism (MCMv3.1) (Jenkin et al, 2003; Saundets
et al., 2003} on 1 24-h basis consitained with 10-mimee fv-
sraged ineasurcments of inajor inorganic species (NO, NO3,
HONO, O3 and 803), €O, 102 vaolatile organic compounds
{(WOC), HO, (=OI[+HO2) mcasurements, temperature, pres-
sure, water vapar cohcentration, photolysis freguencies, and
dilution, MCMv3.1 is a near-cxplicit mechanism, Le. with
minimized hemping of VOO reaction pathways, and thus
well suited for source-spporlionment of organic nifrates and
HNO; (Sheehy et al., 2007'). Figure 3 shows the diurnal

]Sheehy, v, Volkamer, B 8., Moling, L. T, and Maline,
M. L: Radicat Cycling in the Mexico Cily Mctropolitan Ares

wenw alnos-chem-phys. net/ 77269 1/2007/
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profile of the modeled concentrations of alkyl nitrates and
HNQy from the MCM madel, Note that the modal does not
accoun! for horizental transport and thus modeled concentra-
lioms of stable species begin accruing above realistic values
after 4PM local time due 1o planctary boundary layer dy-
namics.

Preliminary results from observations from a recent field
campaign in 2006 (Farmer, D. K., Wooldridge, I T, and
Cohen, R. ., porsonal comnunication, 2006) as well as
modeling of the outflow of pollution from Mexico City
{(Madronich, 2{H}5} show that the sun of all alkyl nitates,
LAN, comprises roughly (10-301% of NO; in the cutfiow
of Mexico City. Additionally, preliminary results from air-
craft measurements of alkyl nitrates made during this sete
field campaign conhrm the presence of alkyl nitates in the
culllow from Mexico City (Blake, 1. R, and Aulas, E. L., per-
somdl communication, 2006}, Alleyl nitrates are thus a non-
negligible part of the NO; budpet,

1'or the locations where measurentents of OH and other
radicals were not available to consltain the MCM model,
we make simple sstimates of the alkyl nitrate concentrations
based on the measured [Oz]. Using the notation of Day et
af. {2003}, the brunching ratic for the formation of an alkyl
filrate in channel (5b) is defined as m. A general corrcla-
tion of alkyl nitrates with O1 is expected beeause hoth are
photochemically generated in the atmosphere,  Subsequent
reactions of the alkoxy radical {(RO2) in channel (5a) with
3 lead 1o the formation of an HOy melecole which reacis
10 form 4 second NOz melecule, which then produces O3 via
rcactions (2) and (3) above. Thus, for each reaction of RO;
with MO in reaction {5), there is cither the formation of one
alkyl nitrate or two O3 moleeules. As a result, the slope of 2
plet of atnbicnt [03] versus caloulated [SAN] is 21 —ei.
We use this relationship to make a siinple ealimate of [ BAN]
based on the mensured [04].

We estitnate a value for & within Mexico Clty (omacua )
bused an the measyred volalile organic carbon (VOC) spegi-
ation. The MCMA-2003 campaign included numerons mea-
surements of the overall YO lvading and speciation thereof
{Velaseo ¢l al., 2007). tsing average specinted VOU con-
centrationg as measured during the campaign and meusure-
ments andfor estimates for the branching cafios for chan-
ncl {5b) of the individual VOO compounds, we caloulate
OICha L8 siinilar manner 1o the calculations of Rosen et
al. (2004) {or La Pore, Texas. The ambient VOO mix in
Mexivn Cily i heavily dominated by propane (20% by vol-
ume) and lighter alkanes (=C5, 25%), wilh additional con-
tributions from alkenes (Y%%), aromutics (8%), heavier alka-
nes (820, acetylene {3%) and MTBE (2%, with 15% of tie
YOU loading left as unidentified. This unidentified portion of
the VO mixture most likely consists of oxygenaled VOCs,
with hranching ratios for reaction (5b) similar o the analo-

(MChiA): Modeling RUx Using o Dhetgiled Mechanism, to be sub-
mitted, 2007,

wowrw. Atmos-chem-phys.nel/ 726891 2007/
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pous alkanes and alkenes. We assume a valuc of & fur this
unidentified portion of the VO loading equal to the aver-
age of the identificd YOCs. We then weight the value of o
For each VOU compound by its OH reactivity to determing a
best cstimate for apopa—0.063. Muliplying the measured
[D:] by this eesgongs gives a time series of the cstimated total
cancentration of alkyl nitrates, [ZAN), for the various leca-
tions in this study. Diornal profiles of the estimated [EAN]
ara shown in Fig. 3. This simple estimate reveals mexima
in |[ZAN] of nearly 5 pph, which are as large as (he largest
ohserved [EAN] in other locations (Rosen ot al., 2004). Al-
though ambient YOO concenirations in MCMA are larger
than in other urban loeations, the MOMA VOC specintion
is dominated by Tight alkanes that do not form alkyl nitates
as readily ax langer chain VOCs, For the CENICA supersite,
the M modeled profile of alky| nitrates shows a maximum
value in the morning, while ihis simplc catimate hased en the
measured [(] shows a peak in aficmoon (comesponding to
the peak it the Oy concentration), This is likely due to the
suppressivn of Oz concentrations at the CENIKCA site dur-
ing the morning houes dus to nearby MO, sources mentioned
carlier, Chverall, the simple estimate provides a rough pauge
to the magnitude of [EAN| cxpected in a2 given location.

(e} Trom tho proviews scctions, we have concluded that
HMO; and alkeyl nitrates coniribute to the CL NCY, tnonilor
inderfocrence in Mexico City, There iz an observable trend
 going from “fresh” to “aged™ silex, where the contribu-
tion of alkyl nitrales relative 1o the magnitede of the CL NO,
monilor increascs moving from the sites in closest proximity
(2 high cmissions levels (J.a Merced and then CENICA) 1o
the sites that are furthest away from large cmission somces
{Pedregal and then Santn Ana}l. The cstimated [ZAN] is
moughly constant &l all localivns such that the decreasing
magnitude of the CL Ny manitar interference In going fvom
Tresh 1o aped sites s explained by decreasing amounts of
HNQ)3, 1.6, 55 the air parcel ages, HNO; is lost from the
Eas phase t efther particulale nilrate or via dvy deposition,
If we examine the La Merced (the “freshest™ site), the sum
of the measurcd HNO;3 and the estimated AN resulis in a
sipnificantly beiter agreement of the lincar corrclation plot
(slopc=0.97, k2=0.53). ‘The diumal profitc shown in Fig. 4
closaly matehes that of the inerference.  In summary, we
conchide that ¢lose o the sourees of the emissions, the com-
bination of HMNOy and TAN account for the CL MO, moni-
tor inferference, and as the wiban air parcel ages, ZAN come-
priscs 4 larger percentage of the imerference,

3,22 Gas phase olefins and ammmont

The chemiluminescent reaction of ambient pax phasc olefins
with exgess O3 within the CL NO, monilor reaction cham-
ber, where the resulting fluoteseence is recorded as NOs, is
8 potential interference to the CL NG, monitor, Tlowever,
no correlation of the meagured CL MO, monitor inerference
was observed with olefin coneentrations measured during the

Atmos, Chem, Phys., 7, 26912704, 2007
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MOMA-2003 field campaign from either a Prolon Transfor
Reaction Mnas Spectrometer (PTEMS} on bosrd the ARIT
Mobile Lab (Rogers ot al.,, 2006) or a Fast Tsopreng Sensor
{VI8) al the CENICA supcrsite {Velasco et al., 2007). Re-
sults from the linear correlation plots are listed in Table 1.
The daily peak in the olefin levels was obsarved during the
morning hours, which does nol coinide with the sftemoon
pealk in the CL NO, monilor interfcrenec.

Anolhur possibility for the canse of the CT. NO, monitor
infertorence i3 gas phase ammoaia (NIx}, which has been
shown to be converted by molyhdenum oxide eatalyals with
an efficiency somewhore bebween a fow percent {Williams
et al, 1998 and 10% (Shivers, personal cemnmunication,
20043 A TILDIAS systern utilizing a Quantum Cascade
Laser {(){L.] to moniter gaseous amnmoenia wag deployed on
board the ARI Mobile Lab for the MOMA-2003 campaign,
Measured ambienl MHs concentrations were not sufficient to
acoounl for the observed CL NO, monitor interferences (yp-
jual [NH3]=<30 ppb) and NH; concentrations peaked during
the maming before the break up of the boundary layer (eat-
lier than 11 AM local time), indicating a sipnificant source
from automohiles (San Marlini cl al., 20064), which docs not
cotrespond Lo the afternoon maxima in the CI NO, moni-
Lor interference,  The stopes of correlation plots of the €L
Ny, monitor interference versus the measured NH; concen-
trations were less than 0.34 and R? values did nol excecd
.17, indicating no significant comrclation (see Table 1).

Bascd on thesc observations, we conclude that neither pas
phase plefing nor ammonia contributed significantly to the
observed CL NGO, monitor interference.

Amas. Chem, Thys,, 7, 2091-2704, 2007
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3.3  Impact of CL NOy monitor interference

The CL MO, tnonilor interferenee has boen shown to ac-
counl fur up to $0% of the measured MOz concentrailon in
Mexico City, interferences of this crder could impacr the
non-gttainment status of urban areas. The divrnal profile
of the CL NO, monitor interferenee peaks in the aflemoon
when NOp concenbations arc relatively low, impacting an-
ol standards tor N0z, such as those used by Canada and
the United States (Demerjian, 2000), mere so than daily 1-
h maxima stendards. For the MCMA-2003 cammpaign, the
averaged NO; concentration {the closest comparison Lo the
annual standard we cun do with this dafu) as measured by
L MO, monilos was higher than co-located spectoscopic
techniquos by up bo 22% at the four sites in this sludy {see
Table 2). For example, the averaged NOs concenlration
menasured at La Merced by the CL MO, monilur wax 495
ppb versus 40.6 ppb measurcd by the co-located DOAS in-
sleument;, the former measurement comes much closer to
thc 53 pph IS EPA annually averaged threshold for non-
atfainment (Ervironmental Proteclion Agency, 1993} (We
note that our maximum observed MOz concenlmation in tis
study for a 1-h averaged of 185 ppb was significantly lower
than Lhe Mexican air quality standard of 213 ppb for a 1h
averaged concenfration (Finlayson-Pitts and Pits, 20000.)

Air guality models require uncertaittics in MO measurs-
ments of roughly +£10%. As such, the observed interferences
ol up 10 5074 are unaceeptable for the proper cvaluation of giv
quality models (MeClenmy ctal,, 2002), In the following sec-
tien we make several recommeindations for how to avoid this
interference in the fulure.

4 Conclusions

11 sz been shown that high levels of ambient reactive nilro-
gen species can lead ko a severs overastimation of atnbistl
NOs concentralions by standard chemilumninésesnce moni-
Lors equipped with mulybdenun oxide convertors. This study
iz ong of the first to quantify this CI. WO, monitor interfer-
ence and explove its cavses in detail. In Mexico City, the ob-
served CL WOy, monifor interference was shown 1o have no
significant contribution lvom gas phase olehne or ammonia.
The pood correlation of the CL Ny monitor interference
with ambicnl Oy and N0, concentrations and poo correla-
tiom with PAN and particulate nitrate lead to the conclusion
that a combination of photochemically produced gas phase
nitric acid and alky! and multifunctional alkyl nitcates is pri-
iarily responsible for this interference in thix study, Ttis ex-
peeted that in other envivonments with [arger ambisnt PAN
congentrations, AN will contribute to this CL WO, monitor
interference even though it did not in this siody. The per-
centage conlribution of HN(} to the intericrence decroascs
as the air parcel moves sway from fresh emission sources,
Modeling and calculations revenl tiiat ambient alkyl niteates
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Table 2. Avcraped measured NO3 concentrations for 5 wock MCMA-2003 campaign by speclroscopic techniques comparcd to co-locate:d

CI. Ny moniters ol 4 locabons,

Site Specirosoapic Insmiment  BICAA Campeign Average  CL WO, Moniter  MCMA Camprign Average %0 Dilference
La Mcreed 130045 - LINAM 4[5 RAMA 49.5 +27%,
CENICA DAS-1 Jd.l CENICA KIEL —ang?
DoAS-2 2.0 111%
Pedrogal TILDAS-MLY 234 MILE 04 +rlg
RAMA oz +11%
Sunta And TILDAS-MLE 3B BaLh ol L40%

3 [HOAS-1 belicyed bo have Jarger WO, concentrations than CENICA rooftop owing to major roadway beneath the light path, ses discussion

ghove and (Crunloa ol wl, 2006).

B The ARI Mobile Lab visit each tocation for only 2 few days, which muy not be s representalive sarnple of the sverage NOy concentration

at each location.

concentrations in the MCMA nre significant, up to several
pph, which is as high as those observed in other urban lo-
cations, and plausible given the hizh VO loadings in Mex-
icer City. During the MCWMA-2003 ficld campaign, the CL
MOy monitor interference cavsed the average measured N
concetration to be larger than co-located spectroscopic mea-
surements by up o 22%. This inapnilude of interference s
inapproprisiely large for use in modeling studies and may
lcad to a nou-aftainment slatus for NO2 ta be incorrectly as-
gigned in certain urban argas.,

To finish, we make several recommendations: (1) There
exists the possibility that currently employed CL NOy mon-
itors could be relrolited wilh photlolytic converlers 1o re-
place molybdenum oxide converters. Such photolytic con-
verters have Deen shown to perform well in the figld (Thorn-
ton el ml., 2003; Williams et al, 1998). (&) In order to
avoid thiz interference in the long term, instrunent man-
ufsclurers should pursue low-vost, inferference-free lech-
nigucs for messuring N0z, which would significantly im-
prove the guality of data from ambient monitoring nelworks.
These include photolytic converters and speclroscopic tech-
niques, including insirmmants that are already on the market
{www.ccophysios.com and www.droplelmessurement. com).
We arc not aware, however, of any that have been thorowghly
tested in a polluted urhan enviromment. {3 CL NO, moni-
tors arc capable of measuring MO relinbly; rather (han dis-
card cutrently in-use CL NO, monflors, il is possible that
those instrumcents wilh molybdenom oxide converlers could
be configured to exploit the ability of the molybdenum oxide
converter to reduce reactive nittogen species to NO, Le, o
measure MO and NOy. As mentioned above, commercially
insiruments are currenily available that do just (hia. Moni-
loring networks could then reporl NO and MOy with this in-
strument instead of MO and W02, {4) Post-correction of N2
measureiments from CT. NGOy, monitors with molybdenwm ox-
ide converisra may prove effective in certain circumstances,
bui must be done carelully, as discussed in Steinbacher et
al. (2007).
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Abstract, As part of the Mcpgacities Initiative: Local and
Global Ressarch Obscrvations {MILAGRDY study in the
Mexico Cily Mclropolitan Area in March 2006, we mea-
sured particulate polycyclic aromalic hydrocarbons (PAILs)
and other gaseous species and particulate properties, includ-
ing light absorbing carbon or effective black carbon (BL),
at six locations throughont the cily. The measuremenits were
imended w suppaort the following objectives: fo describe spa-
1ial and tciporal pattsrns in PAH concentrations, to gain
insight inte seurces and transformations of PAIIz and BC,
and to quantily the relationships belween PAHs and other
pollutants.  Total particulate PANE af the Institute Mexi-
cano dul Petrdleo (TO supersite) located near downbown ay-
craged 50ng m™, and acrosol active surface area averaged
80 mm? ™2, PATIs wers also mcasnred on board the Aero-
dyne Mobile Laboratory, which visited six sites encompass-
ing o mixlure of different land uses and a mnge of ages of
air paccls transported from the city core. A combination
of analyses of time series, back irajoctories, concentration
fields, pellutant ratios, and coerrelation cosfficients supports
the concept of TO as an urban sowrce site, T1 as a rccoptor
site wilh strong local sources, Pedregal and FEMEX as inter-
mcdiste sites, Mico Tres Padres as a vertical recentor site, and
Santa Ana as a downwind receplor site. Weak intersite corre-
lations suggest that local sources are impaortant and variable
and that exposurs 10 PAHs and BC cannot be represcnted by a

Correspondence fo: L. C. Marr
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single regional-scale value. The relationships bebween PAH:
and other pollutants suggest that a vaviety of sources and apes
of patiicles arc present. Among carbon monoxide, nitrogen
oxides (N0}, and carbon dioxide, patticulatc PAHs are most
strongly correlated with NOy. Mexico City’s PAII/GC mass
ratio of (W01 i3 sitilar 1o that found on a freeway loop in the
Los Angeles area and approximately 8-30 times higher than
that found in other citigs, Evidence alao suggests thar pri-
mary combostion particles are rapidly voaled hy secondary
acroedl in Mexico City. If so, their eplical propertiea may
change, and the lifctime of PAHs may be prolonged il the
coating protecls themn against photodegradation or hoterope-
neowd reaclions.

1 Intepdustion

The Mexico City Mclropolitan Area (MCMA) iz home to
some of the highest measured concentralions of particulate
polycyelic aromatic hydrocarbons (PAHS) in the world (Marr
ct al., 2004; Velnsco et al., 2004). PAHs are a class of
semi-volatile compounds (hal are formed during combustion.
Many are known or suspected carcinogens. 1n their con-
densed lorm, they are associated mainly with fine particles
{Eigurcn-Fernandez et al., 2004; Migucl ct al,, 1998}, PAII
cxposure has been associated with low hinth weights (Choi
et al,, 2006, Tang et al., 2006} and respiratory sympioms in
infants (Jedrychowski et al., 2005), Thua, the extremely high
concentrutions of PAHs in Mexico City may pose & ssrious
health hazard and demand more complete informeation abowt
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their spatial and temperal pallerns, sourees, and transforme-
tions in the aunosphere. _

Like PAHx, light absorbing carbon, also known as black
earbon (BC) av clemental carbon depending on 1he measure-
ment technique, originates from combustion sources (Bond
and Bergstront, 2006). BC ix impoctant because of its sus-
pected toxicily, al least in the form of diesel exhaust pear-
ticulate matier, and its role in radiative forcing, Coating of
BC by vondensation of non light-absorbing material changes
throughout the day in Mexico CHy and alters the particles’
optical properties, typically cohancing ahsomption (Baum-
gardner et al., 2007).

Actosol surface arca has also been implicated a3 an in-
dieutor of the health impacts of particulate pollulion. Toxi-
colopy studies suggest that the dose-response relationship is
mare closely tied to surfice arca than to mass, nomber, or
size (Brown et al., 2001; Ohcrdmster, 2000; Stocger et al.,
200¢; Tran el al., 2005). Fspecially for low-solubility par-
ticles, surface avea may he a more appropriate measure of
cxposurc (Maynard, 2003}, Tandem measorements of both
PAHs and surface area in laboratory and field experiments
have been shown 1o discriminate batween different types of
combustion suurces and to indicate the degree of particle ag-
ing {Bukowiccki et al., 2002; Durischer ¢t al., 1993; Marr ct
al., 2004; Ott and Siegmams, 2006; Siegmann ct al., 1959).

In April 2003, a molli-nalional fcam of scientists con-
ducted an intensive five-week field campaign in the Mexico
Cily Metropolitan Avea (MCKA-2003) to contribute 1o the
undezstanding of air quality problema in inegacities (Molina
ct al., }007). hMeasurements of PAHx by throe ditterent tech-
nigues snggested that PAH concentrations on the surfaces of
parlicles diminish rapidly during the mid-moming hours due
Lo coaling by sccondary aerosol in the highly photochem-
ically active covirpnment of Mexico City {Duepina ot 2l
2007, Marr et al,, 2006). However, detailed PAH measure-
ments in 2003 were limiled 1o a single site, so the spatial
and tetnporal varalions in their cencentrations, which are
imporiant from a standpoint of exposure and control, ave not
known.

In March 2006, an even tarper ficld campaign in Mex-
ico City tock place Lo sludy air pollution in megeeities not
only al the local scale, but also at the regional and global
soales. The Mepacily Initiative: Local and Global Rescarch
Obscrvations (MILAGRO) campaign consisted of four com-
ponents whose goals ranged from providing the scientific ba-
sis for policies thal would reduce pollutant levels in Mexico
City itself 1o deseribing the long-range transport of pollution
crilted by a megacity. As part of the MCMA-2006 pround-
based compenent focusing on local impacts, we measured
particulate PAITs, serosol aclive surface avea (A3}, and other
gaseous, parliculate, and mictcorological parameters at six
locations throughout Mexico Cily, Measirements were sil-
witcd at the Tnstituto Mexicano del Pelrdleo supersite ncar
the cily center and on board the Acrodyne Muhile Labora-
tory (AML). In addition to visiting fhe supersite, the AML

Atmaos, Chem. Phys., 8, 30933105, 2008

D. A. Themhill ot al.: Particulate PAH spatial variability and aging in Mexico City

alzo lraveled to five ather suburban, exurban, and rural sites
{Fig. 1} that cneompassed residential, industrial, commercial,
undevsloped, and mixed seilings.

The objective of ihiz sudy ix 10 describe the temporat
and spatial variations in PAH, BC, and AS concentrations
in bexico City. Furthermore, we Investigate the relation-
ships between ambient PAHs and other pollutants to gain
new knowledge about combustion parlicles’ sources and cvo-
Intion s they are iransporied (hronghoul the megscily atmo-
sphere. Tranalormations arc important because they could af-
fect the particles” loxicity, optical propertics, and long-range
lrapsport impacls. We compare and contrast concentrations
in fresh, mixed, and aged emissions by considering a busy
downtown location, suburban areas, the city oulskirls, and a
mountaintop location al the edge of the city. The knowledge
gained from the sludy will provide the seientific basis for the
development of risk assessments for exposure to thess pollu-
tants in Mexico City and the crafiing of control siralegics (v
reduce their emissions and heatth impacts.

2 Experimenial
2.1 Particle surface characiertzalion

PAls were measurcd using real-time sensors (EcoChem PAS
2000 CE) that photoianize particle-bound PAITs by expos-
ingz the agrosof to ultraviolet light at & wavelength of 254 nm,
which is specific o condensed-phase PAHs. The current gen-
erated by the flow of charped particles 15 then measured, The
analyzer praduces a scmi-quantitative estimate of total PAILs
adshed on particles” surfaces at 10-s resolution with a de-
tection limit of 1ngm™, Although the 1echnique duoes nat
provide speciation inlormation, ity strenpths are its sensitiy-
Hy and high time tesolution, Both of which are limitaiions
of traditional tilter-based methods. Our previous work has
showyn that the method js sensitive only 1o PAHs on the sur-
faccs of particles and not those buried under other acrosol
components (Marr et al., 2008), so mcasurements veported by
the PAS are hencelorlh referred to as surface PAHs (SPAHS).
In the Results scotion, we describe an approach for idendily-
ing measurcments from the PAS that are not confoutded by
coating of the parlicles.

Aerosol active swrlace arca, ur Fuchs surface, is defined
as that which i3 accessible 1o molecule that might diffuse
¢ a parlicle’s surface, It was measured by diffusion charg-
ing (EvoChem DO 2000 CE} The DC analyzer generaies a
carona discharge which produces a caseade of clectrons and
icns that can attach to parlicles. As with the photoemission
aerozol sensor fur PAHSs, a sensitive elecirometer is then used
to measure the curent generated by the flow of charged
particles. The analyzer reports active sutface area of parti-
cles smaller then ~100pm atl 10-¢ resalulion with a detec-
tion limit of Imm? m—>. The simultaneous measurement
of particle surface properties with fhe PAS and DO sensars

www.almos-chem-phys.net/8/ 3003 2008/
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Tahkle | Mobile-laboratory-based BPATT slatistics at different sites.

SPAH {ng m~3)
Avorage®  Maximum®

Site (Dates in March)

Peilregal (4th—ath) 7+16 143
Piary Tres Padnes (Fth—151h) 2432 18
Ti (*9th 22nd) 20:1:33 229
Sanla Ana (22nd-251h) d+4 0
PEMEX (25th-2%h} 13+14 &0
T {27th-3 L ut) 1144121 6l

& Waan £ one standard deviation of 1-min concenirations,
b dlaximum of 1-min concentrations.

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

All the PAH and AS analyzers were thetory calibrated
three months prior o the field campaign, At the beginning
of the field campaign, we co-lacated and cross-calibrated the
instruments against each other while measuring ambient air
in Mexico City snd then spplied the wesulling comeclion fae-
tors to all data. To facilitatc analysis nsing diggnostic ratios
angd mullivariate statistics, we sveraged all dala over a com-
twom 2- ar 10-min interval. Effective black carbon (BC}, op-
erationally defined as the light-absorbing conponent of par-
ticley, was messured ot 2-min inlervals using an acthalometer
{Mapee Scientific AE-3) at a wavelenpth of 380 nm.

2.2 Measurement sites

Nuring the month-long MOMA field campaign in March
2006, we conducted measurements at the Instilute Mexicano
del Petrdleo {TO suparaitc) and on board the Aerodyne Mo-
bile Laboratory {AML), which vizited zix sites including the
TO supersite {Fig. 1}, The supcrsife 1= located 10 km nocth
of downtown Mexico City in the midst of 2 residential, com-
mereial, and services area. It is surcounded by sirests (hat are
heavily waveled by light-duty vehicles and modem heavy-
duly dickel huses. The PAH and AS analyzers were silu-
ated on a huilding rooftop, approximately 15 m above ground
level. The neargst 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-
teorclagical analyscs that identificd sitos that were gencrally
downwind of the urban plume on certain days {de Foy ct al.,
2008).

The AML was designed and built by Acrudyne Research
Tng, (folb et al,, 20{M}, Tt was cquipped with a comprchen-
sive suite of gas and particle analyzers that measure carbon
monoxide {C0), carbon dioxide {COz), nitric oxide (N0,
nitcagen dioxids (NOy), 1otal nittogen oxides (MOy), speci-
ated wolatile grganic compounds {WOCx), SPAHs, AR, and
B, among others, The AML’s PAH analyzer was ideoti-
cal ta that used at TC. BC was ineasured vsing & Multi An-

wraalmgs-chem-phys, net 830932008/

Fig. 1. Suvpersites (syuares) and mehile laboriory mapsamement
sites [dianands) in the MOMA during e MILAGRCY field cam-
paign. The nombers in white are the linear comelation coefficicnts
between 57°AH measurements by the mobile laboratory and contin-
s neasurements at ‘1,

gla Absorption Photometer (Therme Electron Madel 5012).
During the field campaign, the AWML drove to gix sites and
remained pavked for 2-12 days at cach location {Table 1).
These sites encompassed varying cnvivonments, including
residential, commercial, industrial, undeveloped, and mixed
land use areas.

The AML visited the T0 and T1 supersites, Pedregal, Pico
Trea Padres, Sania Ana, and PEMEX (Fip. 11 Intended 1o
ropresent 4 mixture of fresh cmissions and the partially aped
Mexico City plume as it drifls downwind under certain mete-
orological conditions, the T1 supersite is located at the Uni-
versidad Technolbgice de Tecémac ~30km northenst of T
Tecdmac is a suburb in the State of Mexico and has n mix-
ure of commercial and rexidential areas. The sopersile is
within 2km of the town center, and the nearcst road 1% scv-
eral hundred meters away. Pedregal is located ~235 km south-
west of downtown Mexico Cily in a suburban residential area
whoss roads are livhlly traveted. The sampling site was the
JFK Elcmentary School, which is alse one of the routing air
quality monitoring sites for the environmental agency of the
Mexico City Federal District Government. I'ico Tres Padres,
the site of the main television transmitters for the MChA,
ig an isolicd mountain ~15 km noch-nertheaat of TO and
3000 m ahove spa-level, or ~&00m above the valley Hoor
A single, mosily unused road rons up the mountain, and the

Atmas. Chem. Phys., 8, 30933105, 2008
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Fig. 2. AS and S'AH concentranions al TO ducing the entire field
campaign, Raw |-min messurements are shown by the colored
lings, where color indicates the wind lansporl episede, and 1-h av-
erages ot shown in black.

sutrovnding arca is not well traveled, Santa Ana is locatcd in
a rucal arca al the southem tip of the city, ~40km southeast
of TO. Tts roads are liphtly traveled. Under certain metearo-
logical conditions, Sanla Ana represents an outflow receptor
for air pollution coming from the city center. Located ap-
proximately 40 km north of the city, the PEMLUX sile is in a
highly industzialized area closely situaled 10 2 major oil re-
finery (5 km away}, cement plants, chemical factaries, agri-
cultural activities, and a power plant.

During the MCMA-2006 field campaign, air flow trajec-
torics within the Mexico City basin und the fate of the ur-
ban plume were simulated, and five types of wind circulalion
patterns were identificd {de Foy et al., 2005; de Foy &t at.,
2008} Cold Surge, South Venting, Oy-Maorth, O3-South, and
Conveetion {(North and Sowth). During the 31 duys of the
MOMA-2006G field campaign, three wore Cold Sorge (14, 21,
23 March]}, eight were South Venting £1- -7, 13 March), five
were Os-South (8, 12, 15-17 March), seven were Oy-North
(9-11, 18-20, 22 March), and eight were Convestion (24—
31 March). The prevailing meteorological conditions can
strongly influsnce ambienl pollutant concentrations for given
einission levels and also delermine the regional impacts of
the urban plume (de Foy ct al_, 2006),

To svaluate ransport to sites and identify source areas, we
carried out residence Litne analysis and concentration field
analysis (Ashbaugh ct a1, 19835; de Foy ¢t al,, 2007; Seibert

Atmos. Chemt. Phys., 8, 30933145, 2008
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gt al,, [994). Residence time analysis, calculated by swn-
ming back trajectories over a prid, produces a tlineg exposure
Image of the back trajectovies for a site, 1.2, where the wind
was coming from, over imultiple hours. Concentration field
analysis is the produet of residence lUme analysis and pollo-
tant concentrations al the reecptor site each howr, The result-
ing concentration fields indicate the source areas ar transport
paths assoviatcd with high pollutant levels at a receptor sile,

3 Results

Figurc 2 displays time series of AS and total particulate
SPAH concentrations nt the 10 supersite. The raw 1-min
measurements are ghown by colived lnes, whose color in-
dicates the wind transpont episode defined for each day. The
black lines represent 1-h averages and are intended 1o high-
light diumal pattemns in the measurements. The highest AS
concenirations eccurred on Os-MNorlh and Convection days,
while Ihe highest average SPAH concentrations occurred on
Convection days, which are defined by weak winds aloft (de
Fay ei al., 2008).

Sireng divrmal paltcns ave evident in both A8 and SPAHs.
A8 concentrations at TO averaged 80mm? m—? during the
campaign, with a maximun 10-s value of 7860mm? m—
on 30 March at 09:58.  Typically, concenirations rose
above 100mm? m~? between 06:30-08:30 and then de-
cteased throughout the remainder of the moming and af-
temaon to ~30mmm3, SPAII concentralions averaged
S0ngm ™ throughout the campaign with 2 maximum value
of 3660ngm=* on 30 March at 10:02, within minutes ol
the maximum AS observation. During the morning rush
hour, SFAH concentrations generally rose o a maximum
of ~250ngm™ between 06:30-0%:30 and then doereased
throughout the remainder of the morning and afternoon to
~20ngm™. The daily minima in AS were more variable
than in SPAHs., Ovemnight concentrations rose as high as
75ngm?. The daily maxima were nearly twice us high as
observed at a site 17km o the southeast in 2003 (Marr gt
al, 2006} and 1.5 tines as high a: observed at 3 site 13km
to the southwaest in 2003 and 2005 (Baumgardner et al.,
20073, In all three stodics, the SPATT concentration mea-
sured by #erosel photoionization falls off mare rapidly be-
tween Q800 10:00 than do concentriions of ather primary
pollutants,

Table 1 surmnarizes SPAH concentrations gt each site vis-
ited by the AML in chronological order. The highest average
SPAH concenliation was observed at TO and the lowest at
Pico Tres Padres and Santa Ana, the moutiainlop and south-
ern outfiow sites, respeclively. The maximom SPAH con-
centration occurred at T, Figure 3 shows SPAH time series
ot each site. At Pedregul, SPAH concentrations were high-
esl between 06:00-08:00 on Monday 6 March. They were
slighlly clevated in the hours before tidnight on the cvening
of Salurday 4 March, These perinds probably correspond

www.aimos-chem-phys.ne/8/3003, 2008/
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to the timez of heaviest traffic and lowest boundary nyer
height, At Tico Tres M'adres, SPAH concentrations remained
below 10 ng m~>, even though fine particulate mass concen-
teations {Phiz 5}, not shown, routinely rose sd approximately
10:00 each day, ss the boundary layer lifted up past the site,
At T1, SPAH concenlrations increased to 100-200ng m™ in
the moming hours, well hefore 06:00,

Santa Ana lies at the southem edge of the basin, and here
SPAH concentrations were alwaya less than 30 ngm =, Cold
Surpe conditions, in which the wind flushes from the con-
ler of lhe basin toward the south and past the site late into
the cvening {de Fey ct al., 2008), prevailed on 23 March and
may have contributed to the increase in SPAIT concentrations
centered around midnight of the 24th. A1 PLMEX, oneen-
trations did net exceed 80 ngm— and Ihe temporal paticms
weore imegular. The AML's observation pericd at TO coin-
cided with the highest ohserved concentrations of the field

CERINPAIAI.
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The simltaneous measurament of 8PAHs al TO and oiher
sites allows examinalion of thenr spatial variabilily o the
MCMA. Figure | presents the Pearson corrglation coeffi-
cicnts of 10-min SPAH concentrations at various sites vis-
ited by the AMT. against those measured continuously at the
T supersite during periods of simultansous measurements.
A correlation factor could nol be valeulaled for Pedregal be-
cause monitoring at TO had not yet begun, OF course, the
corelation was strongest when the AMI was parked at T0.
It was moderate at T1 and poor at all other sites. Correla-
tions of BC between 10 and other siles wers similar: —0.01
al Pico Tres Padres, &.70 at T1, —0.06 at Santa Ana, .31 at
PEMEX, and 0.95 at Ti}.

Nexl, we cxamine transport within fhe basin, Figure 4
shows the vesidence time and BC concentration field anal-
yses for TO during 27-31 March, which were all Convection
days, and T1 during 19-22 March, which were Oz-Morth and
Cold Surge days. We chose 0 use BC as a proxy for PAHs

Atmoa. Chem. Phya,, 8, 3093-31035, 2008
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Fig. 4. Residence lime {tap] and BC concenlration ficld (bottom) analyses at TO on 27-31 Mareh (Jel} and T1 an 19-22 March {right).
Tapopraphy is indicated by black lines and the MCMA border by the pink line.

because SPAHx can be diminished by coating of the acrosol,
as described later in the text. Tn the residence time analysis,
the magnitude in each grid cell represents the probability of
a back [rajeciory passing theough the cell relative fo the to-
tal time interval of the trajeetory. In the concenlration field
analysis, areas with high valugs are the result of back [ra-
Jectories associated with high concentrations at the receptor
gile, whereas low vahes result from back trajectories assogi-
aled with low concentrations. Yor both anelyses, the values
arc nomialized, wilh the maximum color value correspond-
ing ta {he 90th percentile fon that grid. The residence time
analyses are pleited on a log scale, as they decrcase rapidly
away from the receptor site; and the concentration field anal-
ysos are plotted on a linear seale.

While the residence time analysis shows that air parecls
arriving al TO are coming from all directions but less from
the east, the cuncentration field snalysis shows that high BC
is associated with transport from the sguth, the center of Lhe

Atmoes. Chem. Phys., 8, 3003-3103, 2008

MCMA. For T1, 1he residence time analysis shows three pre-
ferred directions: northsest, east and south (gap flow). How-
ever, the concentration leld analysis shows that high B(C is
not associated with transport from the pap flow, but rather
with transport from the northeast, where the highway o (he
MOMA is loeated. ‘The gap flow is swong and clean. For
Pedropul, PEMIEX, and Saka Ana, the residence time anal-
yses aprec with the wind temsporl cpisodes on those deys;
and the concentration field analyscs all show that high BC is
associated wilh transport from the conital othan arca of the
MCMA, The results for Pica Tres Padres—transport from all
dircclions and high BC associated with the urban area-are
more uacertain bocaose of the challenges in oblaining aceu-
rate irajectories on this hilltop site.

The relationship between SPATs and AS has been shown
to be related to 1he source type and aging of the partticles
{Dukewiecki et al., 2002; Marr et al., 2004; Sicgmann ol al.,
1999). Figure 5 illustrates the relationship between SPAH

wrwatmos-chom-phys net/8f3093/2008/
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Fig. 5. SPAH v. AS and SPAH v. RO concentrations al TO celored by hour The dark solid ling iz the lincar regression for all times, and
the lighter solid line is tha rogression for uncoated particles. The doted ines labeled 05 G0-87:00 and 12:00—14:00 are the rcgressivns fior a
subsel of data spacific to thess time periods, The ¢quations of these lines ave given in the lext.

and AS (10-min averages) at TO. The color indicates the time
of day of each measurcment. There is considerable scatter
in the dala; the correlation involving all data is fais, with
R2—045, For the subset of data betwaen 05000704, just
before sunrise, the equation of the line is SPAHR=1.17TxAS
%.20 with R%=0.58. For the subsct of data betwsen 12:00-
14:00, the equation of the line is SPAR=0.03xAS+16.33
with 82=0.01. Figure 5 shows that highcr SPAH/AS ratios,
i.e. those puinls falling above the regression ling, and those
with high absolulc SPATT and AS values, tend to ecour dut-
ing the early morning haurs. The slope of the regression line
is 39 times higher in the morning compmared Lo the aftermoon.
The regression line for the subscl of data represcnling par-

wrwatmos-chen-phys. net/ 820932008/

ticles (hat have not hoon coated by secondary acrosol (de-
seribed bolow) [alls between the lines for all data and the
subset betweoen 05:00-07:00; of the four lines shown, it as
the highest 2. There is no clear rclationship helween the
vatin and wind transpurt cpisode,

Iigure 5 alse shows SPAHs versus BC at TO, classified
by time of day. PAlls and BC arc expected to be cotre-
lated since both originale frem combusiion sources. For all
times, the correlation hetween SPAHs and BC is stronger
(R2=0.77} than between SPAHs and AS, and the slope of
the ling, 11.7+0.1 ngpg™!, indicates that SPAHs are 1%
of BC by mass, As wilh SPAH/AS, higher SPAH/BL ra-
tios teod 1o ocour daving (he morning rush hour peried.

Almos, Chem. Phys., 8, 3033 3105, 2008
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As ihe day progresses, SPAH/BC mios tend to dovrease
and are lowest belween 12:00-18:00. The equation of the
regression line between 05:00-07:00 is SPAH=14.4xBC—
13.8 wilh £2-0.82, whore SPAII {5 in ngm™? and BC is
in gegm . Later in the afternoon, between 12:00-14:00,
the refationship is SPAIT-0.76 x BC+16.2 with R*=0.02. The
slope is 19 times higher in the moming, The regression line
for the subset of data representing particles thal lave nat becn
coated by secondary asroxel is similar ko thal for the hours of
05:00- 07:08; of the four lines shown, it has the highest &2,
Figure & shows average weckday diurnal paiterns of the
ratios SPAH/AS snd BCYAS. The latter is an indicator of the
fraction of parlicles that are of combustion origin at any time
(Burtscher et al., 1993}, as BC is cxpected to be minimally
reactive. The RC/AS ratio peaks around the meming rush
hour and then falls off steadily throughout the late morning
and eatly sflernoon. During this perfod, growth of secondary
aerosol in Mexico Clily s considerable (Malina ot al, 2007;
Saleedo et al., 2006, Volkamer et al., 2008} and conlribules
to AS but not BC, Even though both PAHs and BC arc of
combustion origin, their ratios 10 A diverge helween 0700 -
12:00, with SFAII/AS falling off more rapidly Than BC/AS,
T'his ohservatiun is probably duc 1o pliysical coating of the
parlicles by secondary aetosol, which shields the PAHs from
deteelion by the phatocmission methad (Marr el al,, 2006
Pollutant ratins can provide insight inlo sovrces of cmis-
sions, chemical transfurmations, and spatial and teniporal
variability in concenivations. Because of the measurement
artifact assoviated with the pholoemission mcthod, ie. that
it does not deteet PATIs that arc butied under other aerosol
components, wo musl seresn out such measurements when
calculating atios. Ta do so, we assume that the ratio of lo-
tal PAHs to BC should bc approximately constant. Bascd
on the repression results shown in Fig, 5, we examine the
time series of (SPAH + 10) / BC, with SPAH in ngm— and
BC in pgm ™, Excluding the perind corresponding 1o the
maost active photochemistry between 08:00-13:00 when pri-
mary combustion particles ars most likely 1o be coated by
secondary acrozol, the diumal avetage is 13.620.6ng pg 1,
The coefficient of vatiation is only 4.4%. Between 08:00—
13:00, the valug is sigoificantly lower, ranging from 7.2 1o
10.2ng sag~t. We therefore apply the criterion (SPAHH10)

Atmos. Chemn. Phys., 8, 3093-3103, 2008
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! BC=11ngp~! to identify data points representing un-
voaled pardicles.

Table 2 shows the slope and standard error of the least-
squarcs linear regression and correlation coefficient (%) be-
iween SPAHSs and carbon monoxide (C0), lotal nilrogen ox-
ides (R0, carbon dioxide {C03), and RC measured by the
AML. The table presents resulis calculated using alt SPAH
dala and only unceated SPAH data, screened vsing the eri-
teripn previously described. Tn most cases, except for Plco
Tres Padres, focusing on fresh SPAH produces higher slopes
and stronger correlations.  Measuremsnts at Pedregal taonk
place over a weekend, so rosults from this site may not he
representative.

Al the remaining sites {T1, Santa Ana, PEMEX, and T{),
the strongest correlations and highest slopes tend to be ob-
served st the more urhanized locations, TO and TL. The dil-
ferent slopes are likely to be indicative of a different mix of
sources at cach site. Fresh SPAHs are reasonably well cor-
related with €O, with an &2 of 0.72 10 0.93. The SPAIVCO
slope is similar at T1, PUMEX, and TO and an order of mag-
nitnde lower gt Santa Ana,  Fresh SPAHs are even more
strongly correlated with WOy, 2 values range from 0.36 to
0.0% at the last four sites shown in Table 2. The SPATI/NO,
and SPAIVCO, slopes are highest at T1 and TG, moderate at
PEMIX, and lowesl al Santa Ana. The regressions belween
SPAHs and trug NOy are not significantly different from
those with MOy, 50 henecforth, we will rofer to the relation-
ship as with NOy. This notalion will facilitate comparison
with ather stadics, the majority of which use chemilumines-
cenee and report resulls as NOy. When all data arc consid-
ered, SPAH/BC rafios arc highest, approximately 10ng pag™
at Pedregal, T1, and T{; and the carrelalions ate sicongest al
these three sites and PEMEX . The correlations improve Gon-
siderably for uncouted particles.

Table 2 contrasts SPAIIBC vatios a1 T0 In Mexivo City
with those measured i thiee other citics, where the same
aerosol pholoionization method was used to measure SPAHs.
The mass ratio of SPAHs 1 BC in Mexico City is similar to
thal measured along a freeway loup in the Los Angeles area
and approximately B30 times higher than in diluted vehicle
exhanst i Ogden, Utdh and ambient sir in Fresno, Califor-
nia. The correlation factors between SPAHs and DT are sim-
ilar in all citivs. Limiting the analysis to uocoated PAHs m
Mexivo Cily docs not have a large effect on the ratic.

4 Discussion
4.1 PaH and AS concentralions, sources, and aging

PAI] concentmtions may vary considerably belween cities
due 1o differcnces in emission soutces and meteorological
conditions.  Mexico Cily’s SPAH cancentralions, 2 lower
limit of total particulate PATls, are substantially higher thun
lhose measmed in other large cities, Ripurcn-Fernendez

wwnw.atmos-chem-phys. net/8F3093/2008/
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Table 2. Least-squarcs linear regression slopotstandurd error and 72 between SPAHy and gasenus pallutants for all PALL data {top sct of

numbers) and uneoated perticles only (bottom sct of numbers).

Site SPAHICOslape  R?  SPAH/NORslope K SPAHICO; slope &% SPAMMRCslope &2
fog m>ppb~"} (ng m—3ppb=1) {ng M~ ppe !y {ng g ™)

Pedregal 0.0208-L0.0000  0.69 0.12+0.02 .18 0.61+0.04 .51 10.4:£01.5 0.59
0.02BSE0.0005 (198 0.2:L0.] 015 0.9410.04 0.88 157103 0.00
Pico Tres Padres 00027400002 .17 00600002 026 01210007 016 00770008 006
0.003+0.007 .04 0.04:£0.01 .02 0.0340.00 0.02 0.60.1 0.04
Tl 0.090£0003 077 1.1040.02 .87 14402 .28 10,6402 0.5%
0.087£0.005  0.93 1.2040.04 0.96 412 072 11324009 10D
Santa Ana 0.0122L0.0007 (.44 0.22-+0.02 0.34 0.25:+0.02 0.33 1.3+0.2 .17
0M71L0.0007 080 0.34-L0.01 0.36 0462002 0.68 8.7:L0.3 0.37
PEMEX 0047EG004 034 B.62:10.02 0.36 1.14:0.1 0.37 6.5:40.2 0.77
0. 13£8.00 0.75 0.7940.02 0.95 11402 0.87 11.240.3 0.96
T0 0.066£0.004 047 1.194-0,03 0.77 3.340.1 B.70 10.0+0.2 .85
0.096£0,005 072 1.45+0.03 0.95 4.340.1 D87 11.540.2 097

" MOy is tolal nitrogen vxides measured by ehemilumineseenee with a molybdenum converter. The ralios arc oot signilicantty differeit when

true WO, = N0 + NO; is used instead,

et nl (2004) measurcd Lotal particulate PAH concentrations
of 0.5ngm™ and 2ngni in rural and urban arcas of
Lus Angeles, respectively. In conlrast, concendeations m ru-
ral and urban areas of Mexico City arc nearly 23 times higher,
In Hong Kong, purliculate PA concentrations tanged from
0.41 ngm ™ to 48ngm—> in rural to urban arcas {Zheng and
Fang, 2000). These valucs compats mare closely with Moex-
ico Cily; however, TAH concenlralions in Mexico Cily o
still highcr. PAHs have alse been measured in different en-
virooments of Greeee (Mantis et al., 2005}, where total par-
ticulale concentrations ranged from 2ngm ™ to 5Zngm—
in rural to urban areas, Apain, these values comparc more
cluscly with the resulls seen in Mexice Cily, but the values
for Mexico Cily are higher yet.

The dutabase of measuremcis of ambient AS in other
citics 15 considetably smaller, Mexicoe Cily's mean AS
concentration of 80mmZm- > &t TO is compuarable 10 that
found in Los Anpcles, whers mean concentrations of 69 and
53mm? m~? were vecorded at two ambient Jocations (Ntzi-
achristos of al, 2007). AS in a residentinl area of Redwood
City ranged between 40-300 mm? 3, with the higher con-
centrlions atiributed to wood burning and fircplaces in the
neighborhood [Ott and Siegmann, 2006). Tt appeavs that
while particulare PAH toading in Mexico City is higher than
in many other cities, its asrosol swrface arca loading is not
comparatively cxiraordinary.

Vehivular 1raffic has been recopnized as the major contrib-
utor to PAH emissions in urban arcas (Kiltleson et al., 2004;
Lee ot al,, 1995), and therefore it is not surprising that the
highest average SPAH and AS concentrations arne ound at
TO, where traffic is heayiest. The timing of SPAH and AS
peuks a1 the more urban locations corresponds to periods of
rush hour traftic. Burlscher et al. (1 993) also found the high-

wwrwalnos-chein-phys net/8/3 0932008/

Table 3. Total parlicylete SPAH/MC mass miios in Mexico City
comparcd ta other locatiens.

Rofercnea

Laualion STAINBC &
{muwss ratiod

Maxico City [(10)

ATl data l2xl0~2 077  Thissludy

Uneerted SPAH s tn? 0% This siudy
Cpclen, LITH L2510 075 tAmotlelal, 2008)
Fresna, CA {Winler) LaxIo ¥ 074 (Aot et al, 2005)
Prezng, TA {Summer) 3321071 5,75 (Aot et el, 2005
Lo Angeles, TA 1102 082 (Westerdshl et al,, 2005}

& Tilutedh vehicle extiaust, not ambient air.

exl PATT and A3 valucs in Zurich to ocour during rush hour
and aseribed them to motor vehicles.

At some locations, including Pedregal, T1, and PEMEX,
incrcascs in SPA1T concentrations ocoor at nighttime hetweon
23:00 and 04:00 (Fig. 3). The ingrease in SPATLs may be duc
1o transpart of particles emitted earlier in the evening during
times of high traffic densily, or it imay indicate the presence
ot other nighttime sources, Spocialion measurements in 2003
suggest thal wood and trash buming contribute to PAH: ob-
served at night (Mazr et al., 2006), The impact of emissions
al nighttime can be magnified because of stable atmaospheric
conditions. Some industrics are thought to switch [0 using
dirfier fuels and progesses at nighl, when enforcement of reg-
ulations is less likely. Furthermore, at T1 during the fivst two
weeks of the field campaign, Doran et al. (2007) observed in-
oreased organic and clemental carbon during nighttime hours
with peak values attained in the moming hours near sunrise.

Almoz, Chem. Plys., B, 3093-3 105, 2008
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A similar pattern occurred at T1 on 21 March, The tempo-
ral variations imply that at night a buildup of pellution from
ncarby urban sources is accurring, followed by a subsequent
dilutign during the nexl mothing ag the boundary layer ex-
pands.

Spatial and temnporal pattens in concentrations indicale
not only patential sources of TAHs but alse the degree of
gimaspheric processing the particles undergo. As emissions
are transported, they are subject to dilution and other trans-
formations. This bohavior 18 supporied by Vig. 3, which
shows that in general, higher SPAH concentraliona oceur af
T and PUMEX, which are dominated by ficsh cmissions,
Lower concentealions occur at Pico Tres Padres and Sanfa
Ang, which arc receplor sites where emissions have under-
gone dilution and aging by he time they arrive. Intermediate
concentrations oocur at T1 and Pedregal, which lic betwecn
he two cxiremes.

SPAHs as detected by the surface-specific photoemission
method may diminizh due 1o coating by secondary aerosol,
and Figs. 4 and 5 supporl this hypothesiz. PAIT lass by pho-
todegradation, heterogensous reackions, or volalilization is
less likely bacause measurcments in 2003 showed that even
when surface-bound PATTs diminish, PAHs are still detected
by asrosol mass speclromelry, a method that is able to de-
tect them anywhere in the particles, not just on fhe surface
{Marr et al., 2006). An increasc in sccondary asrogol in the
tid-morning liours contributes to acrosol surtuee area and is
cxpeeted 1o cause a teduction in both SPAF/AS and BC/AS
ratios, but i dues not explain the decrease in SPAH/BLC ratio
{Fig. 5} or the divergence between the two (Fig, 6} Stud-
ies using a variety of techniques have shown that primary
cumbustion particles are rapidly coated by sccondary scrosel
withina few houwrs in Mexico City {Baumgardner ct al., 2007,
Dzepina ct 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
bucause secondary nerosol formation would net increase the
total mass of PAHs bt could contribute to it being coated,
After condensation of secondary aerosol on primary com-
bustion particles, the PAHs on the smlaces of primary par-
ticles would ne lenger he detectable by the photoionization
mcthad, but BC would remain detectable by the light ab-
sorptinn method,  In contrast, the ratios of SPAF/AS and
SPAH/BC were found o be mwich more constant fhrough-
out the day at 8 port south of Los Angelea (Polidori et al.,
2008). The difference may be due to the opwind location of
this site, which experiences relatively clean inflow from the
Tacific Ocean and thus less secondary serosol formation.

Pico Tres Padres 1s of gpeeial interest beeause it zits 300m
above the valley floor, and during the moming hours, it is
above the mixing (boundary) layer that contains freshly emit-
led pullutants. Its divrmal patterns of particulate mass loading
differ from thosc at zitss on Lhe valley foor. Ph; 5 concentra-
tions increase around 10:00 cach day, coinciding with fhe 1is-
ing of the boundary layer, verified visually, up to the AML's

Atmos, Cham. Phys., 8B, 3093-3 105, 2008
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location on the mountain. Parlicle surlaee PATT concentra-
tiong, however, do not rise concomitantly, further support-
ing the proposition that initially fresh combustion cnissions
from the valley below have undergone transformations that
Inhibit the detection of surface-boutd PAT =,

The rapid coating of primary combustion particles n the
mepacily environment could have important implications for
PAH longevity in the atmosphere. Fxperinients have shown
that particolate PAHs can deeay in the presence of sunlight
{Kamens et al,, 1988) and can usdergo heterageneous rc-
actions wilh the hydroxyt radical, exone, and N, {Esteve
el al., 2006; Kwamena et al,, 2007, Molina et al., 2004).
Hrrwever, if Lhe PATTs are coated by secondary acrosol, they
may be less susceplible o degeadation and may persist long
enpugh to be tinspotied (o remote areas.

4.2  Tntersilg cormctations of S3PATT and BC

Figure | shows that SPAEI intersite corvglation coeffivicnts
calculated tor other sitea versus TO are quite weak, cxocpl
for T1. It is possible thal the spatial correlations for aged
PAIIs might be stronger, bul the intersite correlations for
B, which serves as a proxy for total particulate PALls,
arc stmilar o those for SPAH. While sirong intcrsile cor-
relations would indicale spatially waoiform emission paltomns
and sources and regional-zeale mixing of pollutants, the re-
sults for Mexico City suppesl thal PAHS vary considerably
in space. Concentrations at individual sitcs are largely Inde-
pendent of one another and are instead dominated by Local
sources, andfor frosh combustion partivles have been suffi-
ciently transformcd that surface-bound PAlls are ne longer
present by the time the particles reach other siles. This con-
clugion is further supported by the lack of a consiztent re-
lationship between SPAN and AS conconbations and wind
transport cpisodes (Fig, 23 regional-scale meteoralogical
paitemns do not have a sirong elect on concentrations,

Maiis et al. {2005} and Sicpmeann ol al. {199%) report pen-
crally highcr correlation coefiicients for their intersite com-
parisans during sludies of PAHs in Gresce and Switzertand,
respectively, The study in the Greater Athens arca of Greece
found an intersite corrclation of #=0.61 between two urban
locations, F—0.7% between an urban location and a back-
ground location, and »—0.57 between an urban localion and
a mrixcd-urban indualrial location, An important implication
for risk assessment sludicy is thal & single monitoring site in
Mexica Cily will not adegualely represent the population's
ExPOSULE,

4.3 Correlation of 3PAHs with A8, NO,, 0., CO, and
BC

The ratio of SPAH to AS concentrabivng has been described
as a fingerprint lor differant types of combustion particles
{Rukowiccki ol al., 2002; hatter et al., 199%; Siegmann ctal.,
1999}, The relationship botween these parameters provides
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a qualilative means of identifying different sources and de-
scribing the physical and chemical properties of particles. Tn
contrast to previous studics which have shown tighter rela-
tionships between SPAHs and AS for speeilic sources such
as dicsel exbaust, roadway vehicle gmissions, candles, fires,
and cigarctles {(Bukowieckd et al.,, 2002; Marr et al,, 2004,
Siegmann cf al., 1999}, the relationship shown in Fig. ¥ con-
tains sighificently maore scatter. For a single source, the rela-
tionship between SPAHs and AR is cxpeeted 1o be linear with
a characterigtic slope. The spread of the data indicales thal
the acrosul represents a mixiure of different sowces and par-
ticles of Jdiffcrent ages. Ambienl mensurements in complex
envirommends ave expected to praduce auch resulls.

The stronger correlation of SPAHs with MOy and BC, ver-
sus with €0 and CO3 (Lahle 23, likely reflects the iniportance
of dicsel engines as sources of both PAH and N0, cmissions
(Harley et al_, Z005; Marr ¢l al., 1999, CO s emitied mainly
by gasoline-prwered vehicles, which emit far Lower particu-
late PAIIs then do diesel engines (Marr of al., 2002} Weak
posilive correlations between PAHs and N0y have also been
reported in Brisbane, Australia (Muller et al., 1998).

The ratios should be higher and corrglations strenger in
source areas and receptor sitcs with a large impact of local
sources, and the results shown in Table 2 supporl this hypoth-
esis. The highest ratios of SPAH to the four other pollutants
and strongest correlations cocur &t T1 and TO. Tn MILAGRO,
TI 15 gencrally considened a receptor site, but concentration
field analysis (Fig. 4) shows that it has slrong local sources,
and T0 is the closest site to the center of Lhe MCMA. Values
are interencdisie at Pedregal and PEMEX, hoth of which are
located toward he outskires of the MCMA. Values arc low-
est at Pico Tres Padres and Sanila Ana, the first of which can
be thought of as a vertically dovwnwind receptor site and the
second of which is an cutfiow peint of the MCMA basin,

Bollutanl ratios can be vseful for estimating cnissions
and for deseribing the evolution of sowrce strengths over
decadal time scales (Mamr el al, 2002). The mass ratio
of patticulate SPAHMNO, measured along roads during the
MCMA-2003 field campaign was 4.7£5.9x107* (Jiang et
al., 2005), Dwring the MCMA-2006 field campaign, this ra-
tio was 1.0920.05ngm 3 ppb—!, ar 77104 1077 in mass
terms, at TO {and annilar ul the other vrhanized sites T1 and
PLEMEX)Y. The ratio in 2006 has nol chanped significantly
fromn thal measured in 2003, within the precision of the melh-
ods used.

While the mass ralio of SEAN/BC at TC {Teble 3} is sim-
ilar to that observed along a freeway loop in the Los Ange-
les area (Westerdahl et al.,, 2005), lower ralios were found
in armbient air in Fresne, Califomia and dilufcd vehicle ex-
haust in Ogden, WMah (Armott et al., 2005). The similatly in
SPAHMRC between TO and the Loz Angeles freeway may in-
dicate that vehicular sources are simdlar in the two locations
and dominate measurements at TO or alleomatively, iF parti-
cles have aged slightly by the time they reach the clewated
T measurement site, may indicate that the SPAH/BC ratio
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in fresl emissions in Mexico City is aciually higher than in
Los Angelea, The ambient ralio in Mexico Cily i3 neatly 10
timas higher than in Fresno, Direct measurenicnts of cxhaust
are needed to determine whether pariiculate emissious from
Mexico Cily’s vehicles contain higher amounts of PAHs than
in the U.8, If so, PAH emissions could be mintmized by re-
ducing the PAIT content of fuels {Marr ct al., 1939).

5 Concluslons

It is apparent that BPAH poellution is a major prollem in the
more heavily trafficked areas of the MCMA. SPAH concen-
trations near downtown exhibit a consistent divenal paltern
and routinely cxeeed 200ngm™ during the morning tush
hour, Weak correlations between SPAHs and AS arc in-
dicative of the widc varicly of sources and ages of patticles
preseat in Mexico City, SPAH cuncentrations ate poorly cor-
related in space, and therefire PAHS should not be treated as
4 regional-scale pollutant. An important implication of this
vasult s thal fur risk assessment siudies, a single moenitoring
site will nof sdequalely represent an individual®s exposore.
The stronger corrglation of SPAHs with NGOy, rather than
with CO and Oz, prabably reflects the importance of dissel
copincs as soutces of both PAH and NO, cmissions, Mexico
City™s SPAH/BC ratio is similar to that frund along froeways
in Los Angeles and 8-30 Limes higher than thet Tound m iwo
other cities. Aping of primary combustion particles by coat-
ing with secondary aevosol appcars Lo resull in A decrease
in surface SPAH/AS and SPAH/BC ratios over the coutse
of the day and may proleng the lifetime of PAHs in the at-
mosphere. The photocmission method nsed in this study to
ineasure FAHS detects only those on particles” surfaces. This
spoeificity can be considered a strength if PAHs" toxicily is
medialed via ineractions with only the outer surfaces of par-
ticles but a weaknoss if vne is allempring to characterize total
particulate PAH concentrativos, Measurements using other
techniques such as aerornl mass specitomelry may be mors
representative of the total, although phatocmission is a more
scositive lechnigue al present.
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Abstract,  Mixing ratios of hydrogen peroxide and
hydroxymethiyl hydroperoxide were determined aboard the
US Department of Lnerpy G-1 Rescarch Aireratt during the
March, 2006 MILAGRO field campaign in Mexice. Ground
mesurements of total hydroperoxide were made at Tecdinac
University, about 33 km NW of Mexico Cily. In the air and
on the ground, peroxide nuixing ratios near the source region
were generally near 1 ppby. Sirong southerly flow resulted in
iranspord of pellutants from Mexico City to two downwind
surface sites on several flight days. On these days, it was
obssrved (hat peroxide concentrations slightly decreased as
the G-1 flew progressively downwind. This obhservation is
congislent with low ar nepative nct perexide production rates
cialoululed for the source region and ig due to the very high
MO, concentrattons in the Mexico City plateau. However,
relalively high values of peroxide were obzerved at lakeoff
and landing near Veracruz, a site with much higher humidity
and lower NO,, concentrilions.

1 [Inireduction

In March 2006, MILAGRO (Megacity Iniriative: Local and
Gilobal Research Ohservations), an international and mulli-
agency field experiment, ook place with the primary goal
ol leamning how a megacity affeets aiv quality. Air pollution
genersted by mepacities (i.g, population =10 million) is an

=

Wﬁé Corvespondence to; L. 1. Nunnermacker

o {lindanf@bnl.pov)

important covironmental, health, and financial issne {(Molina
and Molina, 2002). Tn addition to [ocal effects, there is a po-
tential for the prowing number of megacities 1o have plobal
impacts on air quality as well as climaile change. Mexico
City iz uniquely siualed on an clevaled basin (2240 mms])
surrcunded by muountaing with openings to the novth and
south-southwest. This large cily has diverse sources of fossil
tuzl combustion, including automolive {nearly 4 million ve-
hicles), residential cooking and heating, and various mdus-
tries providing ample anounls of hydrocarbons and oxides
of nitragen.

The Department of Buergy (DOL) portion of MILAGRD,
the Megacity Acrosol cXperiment — MEXico Ciiy {MAX-
Mex) focused on the chemical, physical, and optical char-
acterization of gerosols, as well a5 trace pas precursora of
aerosels, and photochemisiry. “The DO G-1 aircraft flew
in and around the city souree replon (MCMA=Mexica City
Metropolitan Arca) and into the outflow from the ciky in
an ellorl 1o sludy the cffeots of the megacity plume. The
field program was dssigned so that investigators cowld fol-
low the cutflow of the source region {10 site — Moxican
Petrolewm Instilute, an wreban sile in the northwestem part
of the MCMA} as it moved over two downswind sites (T -
Tecamae University <33k from T, and T2 — Rancho 1a
Bisnapa ~Tkm from TO) (Doran et al., 20077,

Peroxides are important fermination products of the free-
radical chemistry responsible for gzone formation in the
truposphere,  Under low NG, (nitric oxide and nitrogen
dioxide; [WOINOaT) conditions, combination rcaclions of
peroxy radicals {HO: and RO} leading fo hydroporoxides
fHz 0z and ROOH) are the primary terminalion pattoway for

Publishcd by Copeoroicus Publications on behalf of the BEuropean Geoselences Union,



1620

Table 1. Flights when the peroxide instrurnent was operational.

L. I. Munnermacker et al.: Hydropsroxides in MILAGRO, 2006

Flight Start time  Stop lime  Ceneral deseription
(LEL) (L5T)
0603156 15:00041  18:15:36 Weak Sowlhcasterly Aow
0603182 132832 17:09:50  Southerly Dow Mo g, ight
0a03 1492 09:38:40  12:5240 Strong South-Scutlvvesteely Aow
De0ZI9  14:55:38 18:05:04  Strong Soulhwesterly Bow
De03Xda  O%3250  12:1722 Strong South-Southwesterly Dow
0603206 14:01:49 16:58:15  Strong Suulbweslierly Oow
060322a 3046 1223230 Mederate Southwesterly flow We pam, flight
0603268 O0fd6:34 12:53:30  Woeak Westerly (o Southwesterly Mow Ma poan, Higin
0603270 VEST3T 140950 Weak Soofherly low Mo pon. flight

e osone {O4) lotming chain reaction. Under high NOy
conditions, concentealions of HOg and RO; are suppressed
by reactipns with NO. The primary termination pathway is
then by reaction of free radicals with W0y, lcading to com-
pounds calleclively designated s WO,, which mclude ni-
tric acid {HNO4), organic nitrates, and peroxyacelyl nitrates.
Photochemical model caleutationa show that ozone produc-
ticn is WOy - or VOC-limited according to whether 1t oeeors
under low or high N0, condilions, or cquivalently accovd-
ing to whether hydrogen peraxide or HNO; (somestimes ap-
proximated by NO.} iz the primary tennination produet (Sill-
man, 1995, Kleinman, 2001, 20054} The ratio of HzO05 1o
HMN0} thercfore indicates whether Oy was formed inoa NOy-
o1 VOOC-limited envirpnment and can be uscd to dovelop Oy
mitigation strategies {Sillman, 1995, 1999; Watkins & ak.,
1995},

In comparison fo other citics in which the (G-1 has been
used for uthan sampling, NO; concentrations over downkown
Mexico City are extremely high (Kleinman st al., 2005b).
Concenlrations i 500m altitude (a1} approach 100 ppbw,
a valuc usually seen only in power plant plumes. Under these
condilions it 15 expected that peroxide formation wifl bo sup-
pressed and Oy production will be strongly VOO limited,
Peak O3 levels, however, ocour in the afternoon under lower
MO, conditions in areas thal are downwind of the City. The
usnal scquence of cvents ix for pholochemistry o siar out
YOC limiled and become NOk limited as an air mass ages
(Kleinman et al., 20017, Thers is lile observational evidenge
as 1o whesre and when this transition ocours in Mexico City
amd haw il affects peak O3 levels.

In place of dirget observational evidence, models have
been used to determine whether peak O concentrations in
Mexica Cily can be more eflectively controlled by reducing,
N0, or VOO emissions (Lei of al., 2007; Tie e al., 2007).
tlodels Lypically are validated by thetr perfimmance in pre-
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dicting concentrations of O3 and a few other commonly mca-
sured species. Often, such models correctly predict omone,
bul fail o correcily predict concentrations of the peroxide
and HMNO; radical termination prodouets. From the standpoint
of dovcloping Oy contrel sivategics, 11 1s imporlant thal mod-
els properly represent the chemical pathways associated with
WO, mnd YOO limited conditions. Agcurate Hy Q2 ohscrva-
Lions and model predictions of 113 Oa are important [n distin-
puishing between these pathways.

The MILAGRO campaign was the first instance in which
gazeous hydroperoxides were measured in Mexico City. This
sludy presents measurcinents from the T1 surface site and
the (-1 aircraft using a plass coil infel serubber with con-
titwous flowy dervivatization and fluorescence detection (Lee
et nl., 1990, 1994), G-l Aights were directed primarily at
measurements over Mexico Cily and downswind sreas on the
Moexico Cily platean. Ferry sepments to and from Veracruz,
located in a2 more humid, less polloled environmment 300 km
ta the east on the Gulf of Moxica, provide an intoresling con-
Ltast to the observations taken over the plateaw.

Boeause we sample using agueous solation, only solu-
ble hydroporoxides arc collected.  Previous siudies have
shown that hydropen peraxide (Ha02), methyl hydroperox-
ide (CII; 0001 or MHP) and hydroxymsthyl hydroperexide
{HOCHzOOIT or IIMIIP) are the principal species ohserved
under these vonditions {Lee el al., 2000). Ha0; is the prod-
uct of scf=rcaction of HOz cadicals, CHaOOH is alao a rad-

. Igal termination product, arising from the reaction between

110 and CIHaOa cadicals, the latter formed from oxidation of
methane by OH radical. While TTMITP may be formed from
radical-radical resctions (i et al., 1%99), il iz also fonned
when gzono reacts with ferminal alkenes in the aimosphere
(Lee ot ul., 2000, and references therein), The particular hy-
droperoxides detennined dwing this study are described m
the cxperimenlal scetion.

woanwalmos-chem-phys.net 8/ 76192008/
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Fig. 1. Compositc of all flight tracks, 15-27 Mareh 2006, The Mexico City Metropolitan Arca {(MCMA) is indicated by ihe red outline
within the Nlighl irscks, The surlaeg siles, T9, T1, and ‘12 are indicated by the red squarcs,

Tablg 2. Three channel peroxide insimment aperating paramcters.

Channel#  Scmbbing Lenvatizing Species
solntion reagent detected
pH
1 pH S p-hydrozyphenylacetic  Total soluble hydroperoxide=
avid (PCHIPA A) fHp O HMHP*+HHMHP**)
2 prry Ferrous sutfatef Hy Q2 +HBHT
benzoic arid (FeBA) ,
3 pH B Tervous sulfatef H; O
henzoic acid {Fel3A)

#hcthyl hydroperoxide ** Hydrooymetby] hdempecoxide

2  Experimental
2.1 Meteorological conditions and Gi-1 flights

A lrajeclory analysis by Doran et al. (2007} indicates the days
when pollulanis from Mexico City were likely to impact the
T1 and T2 ground sites {Table 1}, The G-1 flew nins {lights
with the peroxide instrument ahoard, five of which wers on
18, 19, 20 darch with trensport from dMexica City to T1 and
TZ. Several other days bad briefer periods of flow from the
wrban region lo Lhese surlaee sites (i.e 26 and 27 dMarch). In
sommie cases, the air traveling over the surfaee sites did not
originate in the uban baszin (Lc. 15 March). Also observed
waa a distinet change in the relative humidity on 215t March
thug separating the field experiment inte a dry period (120
March) and a wet period {21-28 March). The rate of growth
of the boundary layer {BL) appeared Lo be gimilar at T1 and
T2, with BL depth increasing at buth siles from about 1000 m
al 11:00 10 about 3500 m at 15:00 LST, These depths werc
slighily lower than observed in a previous campaign in Mex-
ico City {Tovan et al,, 1998, 2007},

wwwalmos-chem-phys.net/8/7619/2008/

The DOE G-1 Research Averafi wus based al sen level st
the General Ieriberto Jara International Aqport in Viersene,
Mexico, Starting on 3 March 2006 through the end of the
month, the DOE G-1 flew 15 research flights, and peraxide
measurements were made an cvery [light starting on the af-
ternoon of 1§ March throuph 27 Murch, Reauliz reported in
this paper vse only the data subset for this period of Lime.
Typically, there waz a morning flight track around the source
region (L3, L4, L5}, vver the source region (LOY and some-
times downwind (L1 and L2). LG, L] and L2 designate flight .
legs that passed within 2 km of the ground sits T0, T1 and
T2, tespectively (Fig. 1), Afternoon fight tracks usually in-
cluded 1O, L1 and L2, For a description of trace gas and par-
Licle instrumenlalion aboand the G-1, the reader is directed to
Springstoo, 20004,

2.2 G-1 peroxide measurenents

Ilydroperoxides were captured by passing sampled aiv aver
an agquecus surface filim in a glass coil scrubber, followed
by continuous-{low derivatization, and flucrescence detec-
tion, similar to earlier measurcments {Leée €l al., 1990, 1994},

Almos, Chem. Phys., 8, 7619 7636, 2003
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Three independent channels, nzing different reagents, were
wscd to allow delection of the diszolved hydroporexides, as
summarized in Table 2, Details of the collection and analysis
system can be found [n the references. Due to the high alti-
tude required for Nights over Mexico City, we reconfigured
the peroxide analyzer for operation in o pressurized cabin.
The inlet was designed lo minimize contact of sampled air
with dry surfaces prior to scubbing. Ram air was dirceted
through & 43° forward-facing 1/2% 1D bypass, and drawn
through 4.27 of 114" OD tubing prios to mesting scrub so-
luwtion. A diapheagtn pump waa used to deaw air nt 1.5 SLPM
through each channel vsing individoat mass flow controllers.
Surfaces exposed to tha air sample stremm were cither glass
or ‘Leflon® PFA tubing. Baselines were established prior to
and during flight using zero air.

Two-point calibralions were conducted before or afier
each flight using aqueous peroxide siandards, nominaliy 2.0
and 4.0 or 4.0 and B0 M, prepared from unslabilized 3%
petoxide stack, with scrubbing solution used for the final di-
lwiion, Stock peroxide was litrated against standardized ner-
manganale before and alier the 30-day measurement period,
and na deercase in concenlralion was observed. Liquid and
air flow rates, nominally 0.6 mL/min and 1.5 L/min, respec-
tively, were calibrated regularly.

A 4-channel filter luorimeter system with dual cadmium
lamps and 24 L flow-through luarescence cells (Mclher-
gon, Inc., Chelmsford, MAY was wsed for the first time In
this study. The 10 90% response time of the instrument
was 425, The detection limit, based oo 2 the bascline
noige, was 0.27 ppbwv for 11305 and 0.38 ppby for hydrox-
ymolhyl hydroperoxide (HMHPY. A leak in channel 1 pre-
vented us from acquiring a relighle baseline for the total sel-
uble peroxide concentration, which iz necded to make the
difference messurement for methyl hydroperexide, Thos, for
this siudy, only measurements of [IMITP and [10;, abtained
from channcls 2 and 3, ure roported lor the G-1 flights.

Adrcraft data for the MAX-Mex field propram may be
obtained at the following URL: fipéffip.asd.bnl gow/pub/
AP0 eldva20Proprams/ 20060 A X Mex/, Unless other-
wisc noted, all GT data used in his paper were 10-5 averagss.
Times arc local standard fimes {LST} and alliludes are mean
sea level {m 1) unless otherwise noted.

2.3 Tl Ground measorements

Hydroperoxide measureinents were conducted at Tecamac
University, o suclaee gite abouwt 35 kn NW of Mexico Cily
at an clovation of 2.3km. Becawse the site abulted a 4-lane
highway, and was located less than 1 km from a faom, M was
impasted by motor vehicle and MH; emissions on a regular
basis. Trajeclory analyses show that this site was downwind
of Moxico Cily for approximately hall of the days between
L 5th barch and 30th March (Dorun of al., 2007}

Almos. Chern. Phys., 8, 7619-7636, 2008
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Free 1adicals {OH, and the sum of peroxy radicals,
I102+R0s) were determingd at this site by Chemical Ion-
ization Mass Speciroscopy.  Details of the technique are
piven in the refercnce by Sjosted) 2 al. (2007). Droadband
wliraviolet-B (UIV-B} radiation mcasurcments wore taken
with Robertson-Berger radiometers (Solar Light Co. Modsl
5017 and cain intensity was measured using a mulli-sensor
wealher package (Vaisola, WXTL30) with the RATNCAT
sensor. Ozonc was measured with a commiercial instrument
{ThermoEnvirpnmental Modcl 42).

A continueus peroxide aualyzer was deployed in the Geor-
gia Tech trailer at the surface site. We measured only lotal
goluble hydroperoxide, using pll & scrubbing solution and
POHPAA-derivalizing reagent, ag deseribed sbove for tite
aivgraft measurcnents, I is importaol 10 nede that although
H: 03 and HMHFE arc completely soluble under the measue-
ing conditions, MHT is not. 3ince we did not determine spe-
cialed hydroperoxides at the TL site, we could not corrcct
for the lower cotlection efliciency of any KMLIP that was col-
lected, Thos, our reported values for “iolal hydroperoxide™
at this site should be viewed as a lower Toit.

Earlier studies have shown that there iz potential for sub-
sluntial loss of peroxide in inlet lines during surface sampling
{Jackson ol al, 1996; Lee el al., 1991, Watkins et al., 1935).
To avoid mlct losscs, we moaunlad the coil scrubbers on the
trailer roof approximately 5m above ground, and drew air
through a pinhels directly into the siripping solution. The re-
sulting aqueous peroxide solution was pumped to the instro-
micnt theowgh 2 m ol 0.8 mm 12 PFTA mibing. Previous labora-
tory tests showed no peroxide decomposilion in the aqueons
solution under these conditions. Howover, this amrangement
creales significant lag time between collecting and ohserviog
sample {12 min), and a somewhat broadened response (10
D0% rige time of 2.0 min). Dala reported here were corrected
for the lag time, and ten-minnke averapes wers used for all
data analvais. The liquid fiow rate was maintaincd nominally
af 0.3 mL/min using a peristaltic pump, and the air Alow at
1 LPM using a critical orifice. Liguid and air flow rate cali-
brations were conducted Lhres limes during the measurement
peried. The local pressurc at thiy sile {0.77 a.1.m.) wag uzed
to compute the equivalent gas-phase concentration. Two-
point calibrations were conducted daily vsing agueous por-
oxidc standards, nominaliy 2.0 and 4.0 pM, prepared from
unstabilized 3% peroxide slock, with serubbing solution used
for the final dilution. The detcction limit for this configura-
tion was 0.20pphy, based on twice the baseline noise. All
ground data mey be obtained on the NCATR data jportal at the
following URL: hitpediedp.ucar.edu/homedhome. i,

wwwalmos-chem-plhys. nel/8/ 7619/ 2008/
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Table . Summary stailistics Tor G-I Nights {1527 Warch 2006).

1623

Specics L3 I4 L5 L& L1 L2

Mean  Mux  Mcan  Mux  Meon  Max  Mean  Max  Mear Max  Mean Max
Ha 0z (ppby} 1.2 22 1.1 2.5 la 30 14 23 12 25 1.4 3.2
HMHP B.36 1.1 0.33 1.3 0.3y 10 03z 03 0.3 12 03 n.77
Oy (ppbe) 71 156 o4 170 50 To 65 9k 57 a0 55 72
NOx (ppbv} 164 500 177 K57 i3 41 234 6o A3 03 23 6.
Ny (ppbv) 20,0 68 2.8 117 3.3 L X 82 X 2 7.0 13
N /MOy, 058 DS (.52 1.1 D21 L7 03 087 033 07l 029 052
0 vy o610 132 Qv 291 028 L7000 205 N2a 046 023 0324
S0 (ppbv) N 27 34 24 14 83 6 155 1.2 55 23 17
PCASPE (103 em™ ) 24 47 22 58 12 40 24 57 13 27 1.2 2.0
Ha0 (g kg~ ") a6l 4.8 Ry g3 5% 718 3.5 g0 5.1 1.9 4.7 1.3
RIT (%} 51 g0 51 7% 50 81 47 T4 472 #3 43 #3
Temperature (7C) 1.8 159 I1LE  158% 12t 164 122 191 102 162 105 14.5
Alitade (ki m.s.l) 124 404 343 480 344 439 302 359 161 4D 36 492

3 Observations

1 Gl

3.1.1  General flight statistics

In this section, we present peroxide observations from 15-27
March 2006. Shown in Fig. | is a composite of sll the flight
{rucks around the sooree region (L3, L4, L), over the source
region {I.& over T and the cuthow transcets (L1 over T1
and L2 over T23, Listed in Table 3, according to Lranscel,
are the means and maximums for the G-1 Aights, The aver-
apge peroxide and HMHP concenlrations, for the entire period
over all the regions, wore low (1.c. =1.6 and =037 ppbv, re-
spectively} with ng significant increasc cven over T2, On the
other hand, mean NO, congentrations were quite high in the
goures ragion (i.e. =23 ppbv) and then decreased as the air
Mowed rrver T1 and T2, From these data, it is apparent that
transcets L3 and L4 were aclually panl of the source region
with average values for O3, NOy and OO similar 1o those of
‘0. Meati values of these species were significantly lower an
transect L5, 1IMIIP was observed above the detection himit
in only 18% of the messurements. There was no observable
trend in HMHF with aftilude or geographical location. These
low values are expected if the principal stree of HMHP is
reaction of ozone with biogenic alkenes, since abundances of
the laler were rather low during the study, Tn Mexice Cily,
tower than 209 of the G-1 hydrocarbon samples showed iso-

www.almos-chem-phys.net 876192008/

prene mixing ratios higher than 0.2 ppby, in contrast to 36%
in the Texas 2000 study and 94%;, in the Nashville 505 study.

3.1.2  Vertical profiles

Composite vertical profiles for several specics of interest are
shown in Fig, 2. Measuremenls were made npon lake-off
from and descent into the Yeracmz Airport as well as over the
Mexico Cily basin, Alitndes below 500 m are not shown due
to the fact that sonic instruments were nol Warned on wintil the
-1 was airborne and (here were concentration exiremes al
ground level in the sirport. Altitudes lower than 2500 m arc
limiled 1o periods when the G-1 had taken off fiom or was
on approach fo the airporl ol Veracruz, The 2500-3000 m
allitude bin primarily contains data from Iraverses over Mex-
ize City on LO and swrounding arcas (L3, L4, and L5). Al
3000 and 35001 there is a mixture of contribution from ail
legs cxcepl L2, At higher altindes, above 3300 m, most of
the data arc from L1 and L2, Mean CO and NO, concen-
Irations were the largest between the altiludes of 2300 and
3000m (i.e. over the source region), Mean Oy concenlrations
sliphtly {ncreased between the altitndes of 2300 to 4000 m
indicaling 1hal szone is produced 88 air masses move down.
wind gver the L] and L2 regions. Sullur dioxide, 303, con-
cenfrations (ot shown in the figuee} woers dominated by the
large excursions observed while flying over the Tula power
plant (20°06°13.237 —00°1707.16"). After remoying 802
plunie data (peak concentrations =100 ppbv), we observed
the highest SO; congentrations in the MCMA region,

Atmos, Chem. Phys., 8, 7619-7636, 2008
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Flg. 2. Altitude profiles {m.sl) showing the median {thin black line in box} concenirations of impotlant tmwee goses duritg MIT.AGRO.
Boxes enclose 5 of the data, whiskers indicate the 10-9th percentile, and upper and fower lmils (lled eircles) ore the Sil and 3th
peccentile of the data: (al=NCy,, (h)=0, €)=C0, {d)=Accumulzation Modc Particles, (e)=Water Yapor, (D=H205.

Althouph gur primavy goal wax to sludy cmissions and
transformations in and around the Mexico City region, we
note kere sothe interesting feahures from measurcments con-
ducted in and around Veracruz ot alitudes <2500m. The
mcan water vapor concenitalion peiked belween 500 and
1000 m and decrcascd with inercasing alfitude (Fiyg. 2} Con-
centralions of WO, were relatively low {mean vahag tess than
4 ppby) and consisted of less than 20% WO,. The highest
mean and maximum perexide concentralions for the entire
campaipl were observed in Lhs region. These observations
ara consistent with owr noderstanding of the mechanism of
HzO formation in a high-humidity and 1ow-WN0Qy coviron-
Inant.

3.1.3  Production of peraxide

Under conditions where NO, [s low and there are no de-
posilional logses, we sxpecl peroxide concenlration to de-

Atmos. Chem. Phys., 8, 761976306, 2008

pend on the production rate of radicals which is propor-
tional o the prodoect of Oz and HaO il a5 iz often the cass,
03 photolysis is the dominant souree of radicals {Daum ot
al., 1990, Tremmel et al., 1993, and Weinsicin-Lloyd &
al., 199&5). Figare 3 illustrates the relatiomship betweon
H303, Oz and water vapor using ali data obtained for alti-
tudeys =3500m and |[NOy] <5ppby (with the exception of
farry transccts to and from Versenue}, The slope of this line
{00056 p]}l:lwppnw?'] is similar ko that obscrved in Nova Sco-
tia (0.0054 ppbv/ppmy?), Weinstein-Llayd et al., 1956) and
over the Noriheastern United States (0.0050 pphv/ppnv?,
Tremmel ol al., [993),

Tn g more polluted boundary layer, peroxide production is
more complex, and depends on precursors, altitude and me-
teorology. We cxamined the rend in peroxide abundance
when winds carried the urban plome over the L1 and L2
rcpions [Tahle 13, The besl days [or teanspotl from 10 to
T and T2 cccwred on 18, 19, and 20th March. Figurc 4

www. almos-chem-phya. net/8/ 761 %2008/
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shows the mean peroxide cuncentration as a finction of lo-
cation for Mights on those days. During this period, the LS
lranscel was upwing of Mexico City and had the “cleanest”
air {sec Table 3). Moving downwind {romn L5, 4 decroasing
trend in peroxide concenlration is cbscrved. This range is
smell (1.3 pphv} and the change in peroxide concentration is
within the uncerlainty of the measurement, Cverall, the con-
cenlration of peroxide was low upwind of the cily, and its
production suppressed over the entire Mexico City basin,

3.1.4  Peroxide in arban and power plant plumes

During this study, we identified 63 plume Iraverses charac-
terized by an ozone increase of al leust 20pphv, Figure Sa
shiows a typical plume raverse 1o the Mexico City basin on
20 Mareh. There is a NO; plume (i.e. NO,—NO, —NO, )
. coincident with the Oz plume, but no indieation of an
increase in H;O; above background levels.  Abscnce of
peroxide production in czone plumes was the norm, ooour-
ring even when we encouniercd the highest oxone concenlea-
tiong during G-1 Rights — a plume containing 179 ppby O
and 27 pptw MO, at 22:36 an 13th March and one conlain-
ing 116 ppby O3 and 41 ppbyv MO, at 23.37 on 19th Mach,
Teroxide formation in these plumes is inhibited by high NQ,,
concantralions thal cffectively scavonge HO; radicels. For-
mation of NGOz but not peroxides js characteristic of O
plumes that are formed under ¥OC limited conditions (Silt-
imnan, 1995 Kleinman et al., 2005b).

There were only four ozone plumnes where we obscrved
@ perexide increase above the deteetion limnit of 027 pphy.
Three of lhese cascs were observed at high (=4 km m.sl)
allitude: just cast of the T1 site. An example for 19th March
ix shown in Fig. 5b. These plumes wete characterized by low
MOy {in this case <ippbv) and high NO; concentrations,
These few air masses had thos aged enough o allow for pro-
dnetion of peroxide.

The eomcenteation of HyOy during a typical traverse ol the
Tula power/chemical processing facility is shown in Fig, 6.
High 80; and NOy concenlralions were always associated
with flycvers in this rogion. Plumes were also characterized
by dips in concentration for O and HzO; an at least five
separate fHights (i.e. A HaOp=—{.620.1 ppby and A0;=—14
L8 ppbv) when the G-1 passed over the Tula (aciiily. Oronc
dips result from less via reaction wilh WO, Cross-plume dips
in peroxide were chaerved previouwsly for power plants {Job-
sonl el al., 1998, Weinstein-Lioyd et al., 1998). The net de-
structivn of peroxide near plume cender was attributed to the
high MOy concentration, which inhibils petoxide production,
coupled with peroxide loss by dry deposifion, photalysis and
reaction with OH. The loss obscryed in the Tula traverses,
while parlly offsct by production cutside of the plume, is
larger Lhan can be explained by these mechanisms. Thers
ave tywo possibilities for the observations: loss of Hz{)2 on
acrosols and artifael losses due Lo reaction of HaQa with 50,
in the inlet, Hydrogen peroxide decomposition on aerosol

www.almos-chem-phys nel/8/7619/2008/
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Fig. 3. Production of peroxide in the free troposphess at alliludes
greater than 3500 m and [Nk, ] less than 5 ppby (daia were hinned
a& 10% inerements of this set with circles indicating the averape of
the hin; error bars indicate the le standacd deviation of (he binned
date). Slopre ‘00056, F2=0.5, 4=1974.
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Fip. 4, Averaps peroxide ¢aneenitalion vy a function of region in the
Mexico City basin an souflweslerly Dusy days. Error bars indicatc
the ler standard deviation of the averaged dala Tor Give Mights on 18,
19, and 20th March.

surfaces may be efficient if transition metals are prosent. We
have conducted laboratory sludics that rule out artifact loss of
peroxide up 10 an 805 concentration of 200 ppb, However,
instantaneous concentrations of 505 may have exceeded this
valuc in some passages threugh the Tula plume.

315 Peroxide as a radical sink (i.e, Q3 vs, 2 HaOa+NO)
Sillmun has noted that the concentralion of ozone, as & soures
of free radicals, should be relaled 10 the sum of peroxide

and niteic acid, a3 a radical sink, independent of whether
ozone formation is limited by YOO or MO, (Sillman, 1995;

Aoz, Chemn. Phys, B, 7619-7636, 2008
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Sillman et al, 1998). We cxamined the relationship be-
tween Oy and the sum (NO+2 Ha0O3) for cach transect de-
soribed in Sect. 2.1, Wo include in Table 4 only those data
for which =05, indicative of & single air mass. Sillman
et al. (1998) noted that there is little varialion in thiz slope
when obhaervations are compared between rural locafions and
wrban lacalions, where O3 concentrations varicd from 3 to
140 ppbv. The data in Table 4 confitm this observation, as
there is no observable trend in slope between the souree re-
gion and downwind regions. Tlowever, we did observe a dis-
tinet difference belween (he dry and wel period. On 21t
March, the relative humidity changed abruptly fron an aver-
age 30% to over 50%, After that date, the average O3 ver-
sus (NOx+2 H;O2) slope (dry ve.wet) drops by 33% lrom
48114 (n=F2) to 29408 {w=7). The dircetion of chunpe
iz in agreement wilh the assumplion in Sillnan’s wark, that
the correlation arises fromn 2 relation between 1adical pro-
duction represented by Oa and radical loss represented by
N{;+2 Hz0Op. But radical production from Oj is propor-
tional to the producl of Gy and HyO, and inercasing Ha O
will resule in & lower slope if the bBalunce between produe-
lion and luss of radicals is to be maintained, Tt is interesting
thal the relations predicted by Sillman cccur in Mexico City,
even though O photolysis is not expected 1o be the dominant
source of radicals {Volkamer et al., 2007).

www.almos-chem-phys ncUB 761972008



L. I. Nunneemacker et al.: Hydroperoxides in MILAGRO, 2006

Table 4. Slope of the regeession Lne of {33 versus its tennioation
products (2[Ha O [H N

Flight Region Slape [03] 2 BRI
(211051 H{NO])

060315 Ll 5.7 089 3512

L3, L4, L5 1o 54 097 2849

D603 18A Li 40 155 2410

12 59 091 25310

0603193 L1-L1 15 0.0 3E+7

10 LI 47 053 3647

L2 50 DET 3947

01 9h L 2l 074 26113

L2 50 050 2740

60320 L1 X 090 21413

{15320k L1 50 0.9 2639

L2 7.0 092 3049

0603220 Lo 1.5 871 BlEY

Ll 2.4 057 54410

12 3.3 052 TaLI2

0603263 L3, L4,15 LI 23 07y 7044

Lo 12 87 712

603373 L3, LALLi 1.1 0.9 6613

LO-LI 34 078 5540

3.1.6 Peroxides and particles

Hxydrogen perexide is tarpely responsible for axidizing sulfur
dioxide In clowds (Penkeu et al., 1979; Calvert and Stock-
well, 1983; Lind 1 al, 1987, Klcinman and Daun, 19%];
Husain et al., 2000). Maodcl calculations predicl that a large
fraction of the resulting sulfate is returned to the atinosphere
as aerosol when clouds evaporate {(Langner and Rodhe, 1991;
Denkovitz 21 al., 2004}, Obsorvations of serosol prowth in 4
boundary layer wilth cloud coverage also indicate the impor-
lanee of sulfur dioxide and hydropen peroxide in generating
a distribution of aerosol sizes {Wang et al., 2007, Unforiu-
nately while in Mexico, the G-1 rarely flew in or near sta-
ble clonds, zo this aspect of peroxide chemisicy could not be
investigated. Howoever, we have examined the potential for
acrosn] fivmation based on the stoichiometry of the one-to-
o reaction of 302 and H2Oz in the aqueous phase.

An gvaluation of the aerosol maess specicometer mea-
surements aboard the G-1 showed that organic and nifrate
aerosols dominate in the Mexico City basin with sulfaie
acrozol accounting for Yess than 20% {Klcinman cf al, 2007);
in gharp contrast to the casten United States where sulfate
dominates aerosol counposition (Malm et al., 2004). De-

wwwalmuos-chem-phys. nct/8(76 192008/
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Fig. 7. Histopram of observed 5013 measurements. Highligheed
bars show measurcments where the H3; concentration was less
than 805, Overall, H2xOq iz the limiting reagent (LK) for 6046 of
the mepsurcinents when matched weith 807 in the MChA.

cause peroxide concentralions were supprassed thronghoul
the Mexico Citly baain, it scemed unlikely thatl agueous-phase
axidation of §{J3 by peroxide contributed sipnificantly to sul-
fate aprosgl formation during the measurement period. The-
pending on concentration, either S0z or 11503 can be the
limiting reagent to serosol formation. In the MCMA, perox-
ide concenlrafion varied frum the detection limit 1o 3 ppby,
while 803, lcaving aside plumcs fron Tula, varicd fron the
detection limit tn 24 pphy, Taken as a whole, the mean value
of 8O3 (3.0ppbv) exceeded that of I1:0: (1.2 ppbv} mak-
ing peroxide the limiting reagent for sullate formation (i.e. il
liguid were presenl, peroxide woold have been the limiting
rcagont to sulfate production}. Maore specifically, when pairs
of data points are examined we find that 60% of the observa-
tions were characterized by SO; greater than 11205, InFig. 7,
we show a histogram of this observation wilh the bighlighicd
arca indicating the frction of events when the HpO; concen-
tration wax legs fhan 502, Low humidity and a lack of avail.-
able H202 thus contribude to the small fiaction of sulfate in
asrasal.

3.2  Swrface nicasurcments

3.2.1 OGoencral obscrnvations and corclations with ofher
s]pecies

The abundance of tetal hydroperoxide at T1 was determined
for the period 13th March — 30th March with nightlime satn-
pling beginning on 23rd Mareh, Wo show the Lime course of
tofat peroxide and related specics for the enlite measurement
peried in Fig. 8, and the composite diwmal profile of total
peroxide in Fig. 9. On average, growth conumences around
09:00, reaching a maximun value of 1.3 ppby between 14:00
and 15:00 LET. Peak peroxide vulocs reached belween 1 and
2 pphy cach atteimnon, decayed slowly, and remaingd near
O.5ppby overnight, There were several episodes when we
observed well-correlated plumes of peroxide and orzone aller

Almos, Chem. Fhys., 8, 70197636, 2008
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Fig. 2. Composite diarnal profile of tolal hydroperoxide detennined
at Tecdmac University. Data have been binned into 1-h averages.
The pray boxes enclose the central 50% of measurements, solid
line is the median and dashed ling is the mean; bars enclose all data
in the 10th—20th poreentile and symbols show the 5-95th percentilo
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Floare L5T

Fig. 10. Diuma! paltcms for solar inteosily, concvenémtions of to-
a] peroxide, arone, NO, sl perogy vadicals, Nole (hat the gon-
centralions have been scaled o illusirate The relationship between
species. These are ingan hotely averages, which have been nommal-
ized Ko betrer compate (he diomal variations. Average daily maxi-
muin values are 22ty for the sun of HOg and WOy, B0 ppby for
{3, 1.2 ppby for total hydroperoxide, and 80 pphy for WO,
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Flg. 13. Time series of trace pos observations on 20 March at T1.

the blve symbols in Fig. 8, were determined by precipitation
calleclion an the roof of Tecdmae University. Figure 8 shows
that rain was rarc prior to 21st March, bul occurred almost
daily thereafter, At the T site, wmedian midday rclative
humidity incteased from 12% for the dry perigd {13 20th
March) 1o 26% for the wet period (21-30th March}. In ad-
dilica, LIDAR showed episades during the wet period when
aerasol layers fonmed aloft and descended to the mikimum

Almas. Chetn. Phys., &, F619-76%6, 2008
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ghzervable height (200 m), possibly as rain that evaporated
hefore roaching the surfuee (R, Couller, private comnuinica-
tion). Alilhough the pegk ozene increased from 75 ppby {dry)
to 100 ppbv (wet), there was no significant increase in peak
peroxide concentration {1.5 vs. 1.6 ppbv}. Significant rainfall
ws associaled with a dramalic decrease in peroxide, presum-
ably duc to wel seavenging on the aficmoons of 26ih March
and 27th March (see Fig, 8). However, peroaides remaincd
elevated during rainfall on the might of 25th March. Convee-
tion associated with the rain event may have mixed peroxides
{and oxzone) from aloft down to the surface.

324 TO-TI-T2 transport periods

Fast et al_ {2007) and Doran ot al. {2007} have wdentificd sov-
eral days in wWiarch that were most favorable for transport of
pollutants from T to the T1 and T? sampling sites. We
have cxamined the abundance of ozone and peroxide dur-
ing the days judged o be likely for iransport (1522, 24,
and 30 March} and unlikely for transport {13-16 March).
Mean peak orone is significantly higher on transport days
(100 ve. 75 pphy) but mean peak peroxide is essentially the
game {17 va. 1.6 pphyv). This is consistent with the discussion
of the G-1 resulls, as the T siie should experience excess
orone from high concentrations of procursors on lransporl
days. Teroxide production docs net accompany ozone for-
mation on these days hecause the orone is produced under
YO limiled conditions.

33 Comparison of proond and airerall ohaervations

The G-[ aircratt Hew over the surface site nuomerous 1imes,
enabling us to compare porexides at the Tl xite with those
abserved on the airceaft, As noted in the experimental sag-
lion, we were not able to measure speciated peroxides, so
the comparizon of HyOg obscrvations {ram the G-1 with 1o-
tal soluble hydroperoxide ot the sorface site is only semi-
guantitative. Peroxide concentrations were comparcd when
the G-1 was within roughly 3 km of T1 and all of these data
points were raken at altitudes <4.5 km. There is a reasonable
comretation belween the coneenivation of tolal peroxide a1 T
and Hz03 an G-1 over flights, ax scen in Fig. 12, Cencontea-
tions observed on the G-1 were most likely higher than thosc
observed at the surface due to deposition losses,

4 Discussion

i this section, we present details of the G-1 flights on 20th
March as a case gindy. This day was selected because the
standard G-1 flight tracks were oplima] for oherving the pro-
gression of gas-phaxe reactions and acrosel formation as the
air moved from the source region over the surface sites, We
also compare the observations with model caleulations, and
with hydroperoxide observations in Phoenix, AZ.

www.atmos-chem-phys.net/8/ 76192008/
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4.1 20 March 20015 - 3 case study

On 20 March 2006, the winds were flowing from the south-
wesl and had been sinee the previous day {shifting from the
south to southwest on the previous day, 19 March). Winds
were sirang and steady at ~6.5m s~ ensuring that air over
T1 and T2 originared in the source region earlicr in the duy
{i.e. nol a slagnation ovent). The G-1 moming flight con-
sisled of u flipht track aver L3, L4, and 1.5, and the sur-
tace sites of T, T1 and T2, The afternoon flight track was
shightly different than previous days, only poing over 1'1 and
T2 {i.e. no over {light of T). Alibhough this is not a tree La-
grangian siudy, air sampled al T1 would have originated at
the TO site 1.5 h carlicr in the day, as calculated with an aver-
ape wind speed of 6.5 ms ™! and the 35 km distance between
T and T1; the transit ime from T0 to T2 waes 3h.

Shown in Fig. 13 are the time series plots for the race
gascs (MO, 803, CO, and Oy at the T1 surface site. At ap-
proximately 05:00a.m. LT, concenirations ol OO and NO
increase due to local emissions into the shallow boundary
leyer while O3 concertmtions surc near zero. Later in the
moming, between 10 and 11 am,, the boundary laver begins
to risc and Oy photochemistey procesds, with O+ reacliing a
maximum of 100 ppby laker in the day.

On 20th March, the GG-1 flew over the T1 site 3 times,
twice in fhe moming and onece in the aftemoon. That morn-
ing the average Oy concenlrations obaerved on the G-1 as il
flew over T1 were approximately 42 and 46 ppbv, in pood
agreemenl with the surface obscrvation of 41 and 48 ppby,
rcspectively. By the aftemaon, Oy concentrations at T1 had
risen to 98 pplv and observations on the G-1 were in the
same range (i.e. ~90ppbv). Although there was ito formak
comparison of the pround and airerafl instruments, the Hy-
overs provide confidence in the validity ofthe measurements.

Daring the morning Might, concenlrations of C0 and N0,
were high for the L3, L4 and LO transcets, characteristic of
the source region (Fig. 14), Ozone concentrations were gtill
low, below 50 ppby, oo tansects 1.3, L4, L3 and L0, partly
due tatitralion with WO, The atmospliere was quite dry in the
Mexico City source region with HzO concentrations <5 gikg
and peroxide concentrslions were also low {1 ppbv). On
the atternnon flight, shown in Fig. 15, ozone concentrations
had doubled due to photochemistry and transport from the
city. The peroxide concentrations had not changed signili-
cantly by the lime the afismoon flight took place, indicat-
ing that thers was no enhanced production in the oufflow of
the MCMA. However, noar Voracrnz, water vapor congentra-
tions were significantly highet and MO, concenlrations wels
low, s shown in the altitude profiles (IFig. 2), allowing for
more produstion ol peroxide with concentrations =3 ppby.

Peroxide production rates were caleulated from a con-
sirained steady state (CS8) box model similar 1o (hat vsed in
a sludy of O3 production in five US cities (Kleinman et al.,
2005k}, The C55 medel was also used to calculate produc-
tion rates of radicals and to determines the fraction of radicals

wwww. abmos-chem-phys not/R/76 1 92008/
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Table 5 Morning and adiernoon ozone prodiction elficiencies on
20 March 2006,

Flight teangect OPE  #2 N /Ny #2

L1l 52 D.A2 085 .99
L1 a0 094 075 0.99
L2 4.0 062 072 096
Li 07 95 044 094
L2 74 085 023 o9l

Wotes: 1} Aftcmoon Rights asc listed after the single horizontal ling;
2)Tur cach transcet, OFE 15 detennined s the slops of a lincar least
Rquares regression of Oz+NO v, NO5; NOWMOy ay (he slope of
MOy va.NCy. r2 is the sguare of the carrelation coefficient.

that are retnoved by reaction wilh MOy, L,/Q. For a deserip-
tiom of the model scec Kleimnan cf al. {2005b). In brict, oh-
scrved concentratinng of stable spocics are vsed to constrain
fast radical chemistry, Chemical inputs consist of MO, CO,
CHy (nominal value}, Oy, [120, ITa 03, organic peroxides {set
equal to ITa05Y, 30;, HCHO, CHCITO, and ~50 hydrocar-
bong imedsured wsing canister samples snd by PTR-MS. Be-
vause of the difficulty in calibrating PTR-MS HCHO mea-
surements, resulls were nonmalized vsing the HCHO-CO-0
relations reported by Garcin et al. (2006). Phatolysis rate
conglants were delermined from an Eppley radiomeler by sel-
ling up a correspondence betvween those messurements marde
in clear sky, in 3 altitude ranges as a function of time of
day, and cutput from the TUY model (8. hMMadronich hitp:
Heprmaod.caredu/Model s/ TUNV indexshtml). The differ-
ence beiween aclual and clear-sky Lppley radiance measure-
menls were used Lo seale the TUY photolysis ale constants,
therchy providing an estimate of the effects of cloud cover
and aerosals,

The ohservalion thet HaO; concenirations do not increase
downwind of the MCMA on 20th March is consistent with
the ealeulations shown in Fig. 16. The calculations indicate
that there was no nel production {ic. production minos loss)
in the MOMA repion in the merning, ang thos ne significant
change in concentration would be observed by the time tran-
sects were flown over L] and L2, Por examnple, il Lhe nel
production over L0 was in the range of —0.1 10 0 ppby Hz03
per hour and the Lravel fime o L2 wus 3h {al the averape
wind speed of 6.5ms™ 1) then there would be no ohservable
change in peroxide, By the aftemmoon, several instances of net
production of TTa 0y =0.2 ppb L~ were caleulated for dwe L2
region, indicating that MO, levels had decreased and more
gipnificant formatinn of peroxide was beginning.

[n eoniragl 1o lhe HaOp production, significant Oy pro-
duction took place between the moming flight and the af-
ternoan flight as evidenced by the increased concenteations
obssrved on wangects L1 and L2 {i.e. =80 ppbv} in Fig. 15.

Atmas, Chem. Phys., 3, 7619-7636, 2008
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Az the air mass moved from the MCMA region 1o the TI1
and T2 sites, there was a significant increase in ozone pro-
duction efficiency (OPE, i.g, the number of moelecoles of odd
oxygen—0y- NG, produced per molecule of MO, as well as
improvement in correlation between Oy and WO, from the
morning to afternoon flighls. Orone produciion efliciencies
for this day and the NOW/MNOy ratios for the comesponding
transects are shown in Table 3. For the merning fiight, all
three transects had high NO, to NO, ratios, indicative of
{resh cmissions due o local sources. 13y the afternoon flight,
significant aging had taken place as tho MOy 10 NOy ratio
had decreased to 0.25, At this point, N0, concenlrations in
the area had been reduced sufficiently for more peroxide pro-
duction 1o 1ake placs {ie. see IMigs. 14, 15 and 16).

www.atmos-chem-phys.net/2/ 76192008/

4.2 110; production rates by transect

All flights were segregated into regions as described in
Scel. 2.1, Median C88 values are given in Table 6. Wo hy-
drovarbon samples were laken on L5 and 1herelore it is not
included in the talile, We note that the instantancons produc-
tion rate for peroxide is low over the first 3 regions of inter-
esl and increases slightly by the time the wrban air mass has
mwved over the L2 region. The nel production of peroxide
is negative on the first three leps, with posilive net produc-
tion on T.1 angd £.2, For {he conditions cocounlered, the nel
rate of peroxide formation was genevally negative for N =
Jppbyv. Nepative and low peroxide production rates have
been observed previously in Phoenix, A¥ (Nunnennacker et
al., 2004} where they were athiibuted to the high NO, of the

Almos. Chem. Phys., 8, 76197636, 2008
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Tahle d. Wean values (or several 53 caleutations in (he Mexivo Clty basin.

Rexion
Paramater L3&L4 1.0 I.1 I2
Prydrogen poraxide=Ha Oz prodution mte (ppby h_]] 0.04 0o3 ol Qg

Net Plydeogen peconide PPy i)
(=radical production ratc {ppbv h ")

—n.nl —003  Do2 007

2.6 3.5 1.8 1.6

flOg )—fraction of radicals produced from Oy phatolysis 0.35 036 033 025

Po,=(ppbvh~")
Ly f@=fraction of radicals removed as MUy

n=number of calculations

13 28 16 1
R4 0HEE 061 045
22 15 35 30

Data obtained at sltiludes =4 km m.s.l.

gource region eoupled with & low rate of radiesl prodociion
duc ta the extremely diy elimate. An inferesting foalue of
our data, in agreement with Yolkamer et al. (2007}, s that
mwost of the radicel production is not from O, buat from plo-
tolysis of HCHO. Oversll, the total radical production rate,
(1, iz much higher for Mexico Cily (han Phocnix. Therelore,
the cxlremcly high NO, concentrations cffeclively remove
any radicals from peroxide fonning pathways and inhibit per-
oxide formation in the Mexice City hasin.

4.3 {omparisons with calculations

Ozone production in Mexico City has been =wndied us-
ing box and Bulcrisn chomical transporl (CTM} models
{c.p. Madonich, 2008; Lei et al,, 2007; Tic ot al, 2007).
Madronich initiated a box mode! with an urban mixture of
pollutants and followed its time evolution, finding that af-
er one day Fppbv of HpOz was fonned along with sev-
cral hundred ppby of 03, In 4 comment lo this sludy,
MWladronich (2008) attributed the higher than obsenved oxi-
dant levels to initializing the calculations with a NO, con-
centration significantly lower than observed at monitoring
gites. Produstion ol mons O3 {and HaOhs ) atl a lower NO, con-
cendralion is in agreement wilh an analysis of the weekday-
weekend effect by Stephens et al. (2008).

Lei et al. {20071 have analyzed CTh results from 2003 in
terms of radical removal pathways finding that L, /) is close
to unity, indicating YOO limiled conditions and low perox-
ide concenirations, YOU limited conditions were substanli-
ated by calculations with perturbed emissions rates, HaUOz
cancentralions caleulated by Lei et al, (2007, and personal
communication, 2008) were | ppbv in Lhe Mexico City urban
arca; urban ozone plumes were usually associated with holes
in the H20; concentration fiold (W, Lei, personal comniuni-
cation}, Tie &t al, (2087) also find that Oy produciion in the
Mexico City metropolitan area is YOC limited. A concentra-
tioth map far 18 March 2006 (X, Tic, personal communica-

Atmos. Chem. Phys., 8, 76197636, 2008

tion} shows urban HzOs coneentralions of ~1 ppb, consistent
with G-1 obscrvations. On this day the G-1 went further wesl
than usuel, transitioning into cleaner air near 207 N, 100° W
at which point H20; increazed by 0.5 pphy, duplicating the
pradient caleulated by Tie et al. {2007).

5 Conclusions

We heve presented measurements of gas-phase hydroperox-
ides in and around Mexico Cily and Yeraciuz during hMarch
2006, a repion whers o dats thers have been fow ficld ob-
servations, Measurod concentrations of hydroxymethyl hy-
droperoxide were gt or near the detection limit for most of
the program. This finding is not surprising given the near
absence of biogenic alkenes (lewit el al., 1990} Mea-
sured conecnimtions of hydrogen peroxide in the Mexico
Clity basin were gencrally ncar 1 ppbv. The high humidity
and Tow WOy congentrations near Yeraguz consistently gave
rise to the highest observed peroxide concentrations during
the campaign.

The G-1 dala sel, in and downwind of Mexico City, con-
tained 63 transects of plumes in which O3 concentostion in-
creascd by at least 20pphy. In only 4 of these plumcs was
thete & significant increase in HyO;. The absence of Hy Q2
praduction indicates thet Oy penecally is formed under YOUC-
limited condilions in this region.

The high NO, conditions in (he Mexico Cily Basin re-
sulled in u caleulaled low or negative nel production of hy-
drogen peroxide, with some evidence of production on the 1.2
tranzect farthest downwingd from the sonrge region, Because
peroxides can persisl in the atmosphere for several days, and
may serve s A reservoir for free radicals, the produclion
of high concenfrations of hydrogen peroxide in the Mexico
City basin would have important regional consequences. Al-
thougl we did not observe the high peroxide concentrations
predicied by some models (Madronich, 2008), processed aic

www REmos-chem-phys net/8F7619/2008/
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at the 'I'2 site displays significant ozone-forming potential,
reflecied by MOL/MNO, ratios near 0.3 and CO near 230 ppby,

Additionsl poroxide prodoction in this air mass as it travels

further dewnwingd is expected. However, it would be diffi-
cult to predict its magnitude without a detailed model that
includes dilation and additional precursors.
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Absiract. MILAGRO {Mepacity Initiative: Local And
Global Rescarch Observations) is an infernatipnal collabg-
rative project to examing the behavior and the export of at-
mosphsric emissions from a megeeity. The Mexico City
Metropolitan Arca {(MCMAY — one of the world’s largest
mogacilies and Morth America’s most populous cily — was
selected as the casc study to characterize the sources, concein-
lrations, transpaort, and transformation processes of the gases
and fine particles emitted to the MCMA atnosphere and to
evaluate the regional and global impacts of these amissiona.
The fndings of this study arc relevant to the cvolution and
impacix of pollution from many other mepacitics.

The measurement phase consisted of & month-long serics
of carcfully coordinated observations of the chemistry and
physics of the atmosphere in and near Mexico City during

Corvespondence for 1., T. Molina
(ltmolingi@mit.edu)

barch 2006, using & wide range of insiruments a1 ground
gites, on aivcraft and =atellites, and enlisting over 450 scien-
tists from 150 mstibutions in 30 counbies. Three ground su-
persites were set up to examine the evolution of the primary
emitied gases and fine parlicles. Additional plalforms in or
near Mexico City included mabile vans containing scientific
lahoratorics @and mohile and stationary upward-looking li-
ders. Seven instiwmented rescarch aircraft provided infor-
ination about the atmosphere over a latge repion and at var-
ioug aliilndes. Satellite-based instrumenis peered down inlo
the atmosphere, providing cven larger peographical cover-
ape, The overall campaign was complemented by metocong-
logical forecasting and numerical simulations, satellite ob-
servations and surface networks. Together, these research
vbservations have provided the mos| comprehensive charc-
terization of the MCMA™ urban and regional aimospheric
composition and chemistey that will take years to analyze
and evaluate fully,

Published by Copernicus Publications on behalf of the Furopean Geosclences Union,
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In this paper wc review over 120 papers resulting from the
MILAGRI¥INTEX-B Campalgy thal have been puhblished
or submuitted, as well az relovant papers from the earlicr
MOMA-2003 Campaign, with the aim of providing a road
map for the scientific community [nterested in understanding
the emizgions from a megacity such ag the MCMA and their
[mpacts on air quality and climate,

This paper describes the measurements performed Jur-
ing MILAGRO and the results obtained on MCMAS at-
tospheric meteorology and dynamics, emissions of gases
and fine particles, sources and concentrations of volatile ar-
ganic compounds, urban and regional photochemisiry, am-
bient particulale matlcr, acrasol radistive properlics, urban
plumne characterization, and heallh studics. A summary of
key lindings from the field study is prosented,

1 TIntreduaction

The world’s population is projected to increase 33% during
the wext three decades Lo 8.1 hillion, Nearly ali of the pro-
Jected growth i expected to he concentrated in urban conters,
Rapidly expanding urban areas and their surronnding suburhs
are fecding to the nhenomenon of mopacitics (melropoli-
tan arcas with populations exceeding 10 million inhabitanis).
Well planned and governed, densely populated seltlements
can reduce the need for land conversion and provide prox-
imity to infrastructure and services. Howover, many ur-
ban areas experience wncontrolled growth lcading to urban
sprawl, a leading cavse of envirommental problems. These
mcpga-cenfers of human population lead to increasing de-
mands for energy, and indushial aclivity and Lansportation,
all of which result in enhanced, concentraicd atmospheric
emissions of gases and particulale mattcr (M) that impact
air quality and ¢limate. Air pellution and climate change arc
among the most kmporlant civivonmental challenges of this
centuty. This challenge is pardicularly acute in the develop-
ing world where the rapid growth of megacitics is producing
almosphenc emissions of unprecedented severity mnd extent
{Muolina and Malina, 2004, Maling et al,, 2004; Lavwrence ot
al., 2007; Gurjar et al., 2008},

There is growing recognition that airhnme emissions from
major urban and industrial areas influence both air quality
and climate on seales ranging from regional o conlincntal
and global {Molina and Maling, 2002; Molina ct al., 2004;
Lawrence ot al,, 2007; Partish et al., 2009a). Urbanfindustrial
cruissions from the developed world, and increasingly from
the megacilies of the developing world, change the chemical
content of the downwind lroposphere in 8 number of fun-
damental ways. Emissions of nitrogen oxides (NOy), car-
bon monoxide (CO) and volatile organic compounds {¥OCs)
drive the formation of photochemical smog and jta associ-
ated oxidants, degrading air quality and threatening both hu-
man and ceosystem health and agriculiural productivity, On

Almas, Chatr. Phys., 10, B607-8760, 2010
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a lurger scale, these saine emissions drive the production of
czone {a powerful greenhouse pas) in the fiee troposphers,
contributing subsiantially 1o global warming, Urban and in-
dustrial areas are also major sources of the important directly
forcing greenhouse gases, including carbon dioxide (C0O2),
methane (CHy}, nitrous oxide {NzO) and halocarhons, as
well as other radiatively imporient species that contribute
fo climate change. Nitogen oxide and sulfin dioxide emis-
sions are also processed to strovg acids by abmospheric pho-
tochemisicy on regional to continental scales, driving acid
depasilion fo scnsitive ecosystems. Dircct urhanfindustrial
emissions of carbonaceous actosol particles are compeunded
by fhe emission of high levels of sccandary aerasel precur-
sors, including: MO, VOCs, 502, and NIIs, tesulling in
the production «f copious amounts of fine astosol, affecting
the urban source arcas and air qualily, atmospheric radiation,
cloud microphysical properties, and precipitation hundreds
to thonsands of kilometers downwind.

The geographic redistribution of wban emissions, the evo-
Iution of their chemical, physical, and optical properlics, the
interaciion with clouds, and the mechanisms for their even-
al removal from the atmosphere are very complex and ob-
vicusly impartant, yet only partly onderstood at the present
fime,

MILAGRO {Mogacily Tnitiative: Local And Global Re-
search Observations) is an international collaborative project
to examinc the properties, evolwlion, and cxport of atmo-
spheric emissions penerated in a megacity. The Mexico City
Metropolitan Area (MCMA) — onc of the world’s largest
megacities and North America’s most populous eity — was
selected as the casc study to characterize the sources and pro-
ecases of cmissions from the urban center and to evaluate (he
regional and global impacts of the Mexico City emissions.

MILAGRO is orpanizcd under four coordinated com-
ponentz {MCMA-2006, MAX Mex, MIBAGLE-Mex and
INTEX-B} that tonk place simultancously during March
2006 and involved the participation of more than 130 insti-
luticns from Mexico, the United States and Fuvope and over
450 investigators and toehnicians representing 30 different
nationalities, The: messurement campaign was sponsorcd by
the US Malional Science Foundation {NSF}, Department of
Incrgy {D0OE}, and Natienta] Aeronavtic and Space Admin-
islration (MASA), and by many Moxican agencies, including
the Mexicon Ministry of the Envirenment (SEMARNAT),
the Metropolilan Enviromnental Commission of the Valley of
Mexico (CAM), Consefo Nacionad de Ciencia y Techwologia
{CONACYT) and Petrdfens Mexicanos (PEMEX),

This paper provides an overview of the MILAGRO Cam-
paign in Mexico Cily and iz divided into % sectionz cover-
ing the following topics: scope of the MILAGRO Campaipn
(Secl. 3% metcwrology and dynainics (Sect. 43, MCMA emis-
sions of gases and fine particulats matter (Sect. 5% volatile
prganic cempotnd soutces and concentrations {Sect. 8); ur-
ban and regional photechemistiy {Sect. 73, ambient parlicu-
late matter (Scct, &) asrosol optical propertics and radiative

www.abmos-chem-phys. net 10869 7/2010/
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Fig. 1. Left 'anel: topographical map of the MCMA; Right Panel; Megalopolis in the year 2000 (from Meoling snd Malina, 2003},

influences (Scet. 9); regional plume from INTEX-B flights
over Mexivo City and the Gulf (Sect. 10Y; and health stud-
ics (Sect. 11). A summary of key findings is presented in
Boct, 127 while some directions fur future rescarch are pre-
senked in Sect. 13. A list of acronyims is provided in Ap-
pendix A.

2 Alr quality in the Mexico Megacliy

The MCMA lics in an clevated basin 22401n above sea lovel.
The basin is surrounded on three sides by mountain tdges,
but with a broad opening to the north and a narrewer gap ta
the: south-southswest. Figute 1u shows the tepographical map
of the MCMA. During the twenticth century the MCMA ex-
perienced huge increases in population and wrbanized arcs
as it atlracted migrants from olher paris of the country and
industrialization stimulated economic growih, The popula-
ticn grewy from fewer than 3 million in 1950 to over I8 mil-
lion in 2000; the urbanized area now covers about 1500 km?
—about 10 times as much land as it oceupied jusl 50 years
ago. The expansion of the MCMA is not unique in the re-
gion; the neighboring metropolitan areas {Pushla, Tlaxcala,
Cucmavaca, Pachuca, and Toluca} are also extending their
territories.  This multiple ckpansion has produced a con-
tiguous urtan complex known as the Mexico “Megalopolis®
which cxfends beyond the MCMA 10 include (he surround-
ing “caroua® or “crown™ of cities including Pucbla, Tlaxcala,
Cuemavaca, Cuautla, Pachuca, and Toluca, extending 75—
1530 km from the city center with an estimated population of
about 30 milliun {sce Fig, 1b). The growth of the Mcgalopo-
lis will clearly have important consequences for cnergy use
and the regional ecelogy and covireoment (Terama et al,
2002,

www.atmos-chom-phys.net/ 1 B89 72010/

The MCMA's nearly 20 miliion inlabitants, over 40000
indusiries and 4 million vehicles consume more than 40 mil-
lion lilers of petrolenm fuels per day and produce thousands
of toms of pollutants. The high altilwde and tropical inso-
lation facilitate ozone production all year and conlribute 10
the formation of secondury particulate matter. Air quality is
genetally wurse in the winter, when tain is less common and
thermal inversions are more frequent (Molina and Molina,
2002, 20043,

During the pas! decade, the Mexican poverntment has madc
significant progress in Iimproving air quality. Figure 2 shaws
the air queality trends of the MOMA; plots show the ammual
average concentraliona fur the criteria pollutants (O3, W04,
CQ, 50, Pb, TSR, PM | and Py <) Substantial reductions
in the concentrations of some critetia pollutants fxuch as lead,
CO and 50;) were achieved by developing and implement-
ing comprehensive air quality tunapement programs and
improving air qualily monitoring and evaluation programs
{Malina et al., 2002), Despibe these important gaing, MUMA
regidents remain cxposed to concentrations of aithome pal-
lutanls cxcceding ambient air qualily slandards, cspecially
M and ozone, the two most important pollutants from the
standpaoint of public health (Evans et al., 20021,

2.1 Intensive field stadiey

As North Ameriea’s most populated megacily, with a uniquc
combination of metcornlogy, topography, population and
multi-pollutant emission density, the MCMA has attracted
a numhber of air quality field siudics. The Mexice City Air
(Juality Research [nitiative (MARI) project gathered sur-
face and vettical profile ohservations of meteorology and
pollutanis during 19590 1994 {LANL and 1ME, 1994; Streif
and Guzman, 1996}, The IMADA-AVER (favesripacidu

Almoes, Chem. Phys., 10, 86978764, 2010
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Fig. 2. Adir quality teends of the MCMA. Plots show the concen-
Irattuns cstimated as the average of the Sth annual meaximum from
ali stutiony with valid data for & given yoar for the following erileria
polfutants: O3, WO €O, 803, Pb (ivided by 10), TSP (Toial Sus-
pended Panticles), Piyg and My 5. {Dats provided by SMA-GOT,
20069).

spbre Materia Parficuladu y Deteriorn Atmosférics, Acrosol
and Visibility Evalualion Rescarch) campaign in February--
Mearch 1997 yielded comprehensive meteorological measure-
ments in the basin, and provided insights into particulate
compositien (TMT, 1998; Doran et al., 1998; Edgerton e al.,
1999; Molina and Molina, 20023,

The MCMA-2(03 measurement campaign was carcicd out
during April 2003 1o cover the height of the anoual pho-
tochemical season just prior to the onsel of the ainy sea-
soin It invelved a highly-instrumented supersite located at
the Malivnal Center for Enwizonmental Research and ‘Teain-
ing {Centro Nacional de Investigation y Capeitocian Ambi-
enfal, CEMNICA), & compoment of the MNationat Institate of
Ecology {INL) of the Ministry of the Envitonment {(SEMAR-
NAT), with statc-of-the-srt inslrumcntation conlributed by
many Us and Eutapean teama. A mobile labozatory from
Acrodyne Research Ine.  was deployed for wehicle-chase
sampling measurements, as well as for fixed multi-day mea-
suraments al various lecations n the MCMA. Many high
time rezolulion instruments were deployed to the MCMA for
the first time during this campaign, MCMA-2003 and an
explaratory mission in February 2002 generated cxfensive
measurentents of many oxidant precursors and photochem-
ical preducts and intermediates including radicals, speciated
YOCs and PM, as well as meteorology and emissions. An
overview of MCMA-2003 measurcments has been published
by Mulina et rl. (2007).

Ohacrvations and modeling studies from MOMA-2003
show that under most conditions, polluladt cxport from the
basin [s relatively rapid and that pollulant cammyover from
day Lo day is not & major factor in the valley’s pholochcm-

Atmos, Chem. Phys,, 10, 86978760, 2010
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Fiz 2. MILAGRO Compaign: Geographic Coverape, Measure-
tghly were performed in the MOMA (sec Fig, 4). The size af (he
cirele (MAX-Mox, MIRAGE-Mex and INTEX-13) indicates the ge-
ographic covernge of the airoraft deploped,

istry, Lmissions studies confirmed that motor vehicles play
& major rulc in supplying the WOy and VOO precursors that
Tuel MCMA's extremely active phutochomistry. Key results
documented in Melina el al. (2007) included a vastly im-
proved speciated emissions inventary from on-toad vehicles,
showing that the MCMA metor veliicles produce abundant
amounls of primary PM, elemental carbon, particle-bound
polyeyclic aromatic hydrocarbons, carbon monoxide and &
wide range of air toxics, including formaldehyde, accialde-
hyde, benzene, toluenc, and xylenes. The feasibility of using
eddy covariance techniques to measure fluxes of volatile or-
ganic compounds in an urban core wus demaonstrated, prov-
ing a valuahle tool for validating the local emissions inven-
lory. A much beiter understanding of the sources and atmg-
spheric loadings of YOCs was obtained, including the first
speciroscopic detection of glyoxal in the atmosphers and a
unique analysis of the high fraction of smbient formaldehyde
{zom primary emission sources. A more comprehensive char-
geterization of ozone furmation and its sensitivity 1o V0Cs
and NO, and a much maore extensive knowledge of the com-
position, siee distribution and atmospheric mass Joadings of
both primary and secondary fine PA, incloding the fact that
the rate of MUMA S0A production greatly exceeded that
predicted by currenl almosphers maodels were obtuined. Tn-
tercomparisons between research grade atd muomitoring in-
struments demunstrate that significam crrors can arise from
atandard air quality monitors for veonc and nilrogen diox-

‘ide. Comparison of aromatic hydrocarbon measurements us-

ing three different techniques highlights a potential problem
in defining & YOC sampling strategy in urban environment
titat i meaningful for the comparison with photochemical
trangport models.  Also, the implementation of an intova-
tive Markov Chain Monte Carlo methed for inorganic acrosol
modeling provided a pewerful tool o analyze aevosol data

vt almos-cheni-phys. net/ LVEEO7/201 0/
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Fig. 4. MCWA-2008: Ground-Based Mesyorement Sires.

and predicl precursor gas phase concentrations where these
are unavailable, MCMA-2003 scientific findings were fun-
dumental for the planning of the MILAGRO Campaign, the
largest MCMA-Tocuscd feld study to datc.,

MILAGRO'S measurement phase consisted of a month-
long serics of carefully coordinated obssrvations of the
chemisiry and physics of the almosphere in and near Mexico
City during March 2006, using a wide range of insiruments
at grownd sites and on aircraft,. MILAGRO S measuremenis
were complemented by meteoralogical tirecasting and nu-
metical simulations and data from satelite observations and
surface monitoring networks.  Together, these rescurch ob-
servations have provided a wealth of information on MO A
pollutant emissions und ambient concenirations, their disper-
sion and wransformation processes, and their urban, regional
and hemispherc impacts.

Reavits from MCMA-2003 and from MLLAGRO-200H
were presented al spocial sessions on alr quality and cli-
mate impacts of megacities at the meclings of the Amer-
ican Geophysical Uhion in 2008 and 2007 and the Uuro-
pean Geosciences Union in 2007-2000.  Major findings
from the MCMA-2003 and MILAGRO-2006 have: been pub-
lished in two special issucs of Atmosphetic Chemishy and
Physics {ACP) as wcll as in other peer-rovicwed journals. A
complete list of publications is available at http:/fmee2.org/
publications, html,

3 Scope of the MILAGRO campaign

The MILAGRO Campaign is a large, intemational, multi-
ageney, collaborative project to ovaluate the regional impacts
of the Mexico City air pollution plume a5 a means of under-
standing wban impaets on the regional and ploba? aiv qual-
ity and climate. Specific goals of the campaign included:
(i) quantifying the spatinl and lemporal extent of the wrban
plume; (i} anrlyzing pollutant chemical and physical trans-

www. almos-chem-phys.net/1 0869720 10/

formation in the phane; (iil} quantifying the regional impacts
of the plume; and (iv) exatrining the interaction of the vrban
plume with surrounding sources,

After an inilial planning phase which included model sim-
ulations of pussible dispersion seenarios to guids site selec-
Lion, the data-cellection phass of MILAGRO tock place dur-
ing March 2006, The measurcments included & wide range of
instruments at grownd silcs, on aircraft, and satcllitcs. Three
supersites, spaced about 30w apart 1o examine the pellutant
plume evolution, wore st up at the Institato Mexicana del
Petrdleo {IMP, “T0™), Universidad Teenoldgica de Techmas
in the State of Mexico (“T17) and Ranche La Disnaga in the
Statc of Hidalgo (“T2"}, The designations “T0" (initial time),
ST1™ {first lime step}, and *T2” (secoid time step) refer to
the liming of Iansport of the urban plume to different points
it space and Ume. Additional platforms in ar near Mexico
City included mobile vans containing scientific laboraturies
and mohile and stationary upward-locking lidars, and fixed
mobile units provided by Mexican inatitutions located at the
boundary sites Lo measure criteria pollalants and meteoro-
logical paramcters. Tablez 14 list the key participating in-
stitulivns and instrumentation deployed at fhe various surfuce
sitcs,

Beven instramented rerearch aircall partivipated in Mi-
LAGRO: five wore based in Veracruz, Mexico, ong in Puehla,
Mexico and one in Houston, Texas. The five afrcraft based in
Veracroe wore the WNCAR/NSF C-134, the DOE Gullsiresm-
1 {G-1}, the 1JS Porest Scrvice Tain Otter, and the NASA -
31 and King Air, while the NASA THC-B was based in Hous-
ton, Texas, The FZK-ENDURQ Uliea-light aircraft was sta-
tioned a1l Hermanes Serdén Airpoil ncar Hugjotzingo, Puebla
{Grutter et al., 2008). The scientific payloads of the three
larger aircraft ate sammarized in Table § for the C-130, Ta-
hie i for the G-1, and Table 2a of Singh ot al. (2009) for
the DC-8. The J-31 carvied mostly radiometric instruments
used Lo meoasure aerosols, waler vapor, clonds, Barth surface
properties, and radiation ficlds (see Sect. 10 and Tble 7,
wihile the King Air carricd the high spectral resolution Ji-
dar described by Ropers et al. (20090 (scc Bect. %), The
Twin Ouer focused its sampling on the cutflow from biomass
burning, with 3 paylead that was doscribed by Yokelson ot
al. (2007} and included an FTTR instrument, whole sir sam-
pling, a nephelometer, and particle sampling for subscquent
analysis.

These airbome measurements provided infonmation abowt
the atmosphere over a large region, and at various alti-
ludes. Satellite-based instruments peersd down into the at-
masphere, providing cven larger geographical coverape, Fig-
ure 3 shows the poographic coverage and Fig. 4 shows
the pround-based measurement sties. The overall campaign
was supported Ly forecasis from meteorological and chem-
feal models, satellite observatioms, the ambient air quality
maonitoring network operated by the Atmospheric Monitor
ing System of the Federal District (Sizfenta de Monitoreo
Atmosférica, BIMAT) and metcorglogical measurements

Atmos, Chem. Phys., 10, BR97- 8760, 2010
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Table B, List of participating instilutions and instrunents deployed at the urben siles,

Tnstitutions Pritigipal tlethods Paraineters References*
Inwestigatary
TO (1)
CEMICA B, Cardenas  tethered balloon, (4 andd met parametets Yeluseo ct al., 2008
ozonesondes, melsondes; up o 1900 i, ¥OCs up ko 2000m;
pilot balloons with wind speed and wind
ltheodolitcs dircclion vertical peolile
CENICA,; B, Cardcnas, (5} mini-vol samplers; (2 0C, EC, thermal optical Cucrol et al., 2008
CEIC (Spain) X, Coerol HivVol, 1 RAAS and d mini-  reflectanes snd ions in
vol manual sainplers for FMy s: metals, morphology
M5 5, TEF and Pl by BEM; real thme
Laser spoetrometear measurenent of Phdyy,
PMz 5, PMy
MITIMCES L. T. Mulina, [(2) LP-TJ0AS; M}y, HOMO, VOCs, Volkamer et al., 2007;
UCSI¥Heidetberg R, Vilkamer,  Spectroradicmater Elyoxal, amomualic VOCs, Dusanter ot al,, 2009
U, Flart 505; LIV actinic Muxes
Texas Afh E. Zhang PTR-IS; CIMS; VOCs, HNG;; Fortner et al., 2009,
Zheng et al., 2008
Tenas Adid D Colling TDMA; APS: CCH Hyproscopivity; acrosol Warg ot al., 2010
scparatar supemuicreds aize disiri-
bution; CCN projerties
MITAGotebarp LI, ), Petterszon,  SPMS: AMS: Acrosol Aerosol aumbcr, size Aiken ct al., 2000
I Moda Spectrameier (portable); distribuiion; Ny, K, Rb, Cs
PM3 5 samplers in 1"M); 13 giwe channcl
count and mmass distribution
“in 0.13-20pm range;, PM; 5 -
ANL, baLr ). Gaffncy, Acethalometer (7 channel); Aerosel pbsorption (BC); barley ot al., 20093, b
M. Murley tlulti-angle Absorption dry and wet particle
Photoneter; nephelometer seattering; OCYNC, Humic-
(3 and | wavelengihs): bk substances, 14, W,
[ilter sampler szh, ?Be, 219?:}, 2l0p;
AML, UALR ). Gaffney, Woisala Weather Station, Wit sprodiditection, rain, bdarley et al., 200590, 1
M, darley radiometer T, P, RH; brondband UV
radintion
BHI. J. Wang CCN Crunter; CCi, Aiken el al,, 2009,
SMPS acrosol size distributiong Ervens et al_, 2010;
YWang et al., 2010
MITVT L. T.Muling, EcoChem PAS 2000 CE; PAHs, Thomhill ct al., 2008
L. Marr DC 2000 CE maenitars active surface
U Coloradn 1L, Jimenez  FTR-ToF-AMS; thermal Acrosol size, composition, Aikeon et al., 2008,
dernuder; serosol nmber; nanoparticle size 2009, 2010%; Huffinan
cocentrator optical distribution; acrosol ¢t al, 2009 Salceda
particle counter; SKPS; concantratian etal,, 2010; Parcdes-
DustTrak hiranda ct al,, 2009;
Al [ Worsnop  HR-ToOF-AMS with soft [ing PM organic
ionization cornrsition
DRI, UMovada B. Arnoll Photoacoustic Acrosol elsomplion Pacedes-Miranda et
sprotrometer al, 2009
PNNL/EMSI. A, Laskin DRUM acrosol samplet; Sempling for Johnson et al., 2005,
TRAC acrosol sampler, FIXEPESA/STEM; TEM, Alkenetal, 2010
Careade finpactor SEMTDX analysis

Atmos. Chem. Phys., 10, 8697-8750, 2010
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hstitutions Prncipal delwtharls Paraoeciors Redfetences*
[nvestigators
WML . Doran, MFRER; Eppley BEW tadkation, acrosal optical Dwran et al., 2007
W. Shawy radioincler ilepth
Colorads Stale 13, ). Slusser MERSIE UV filter irrudiances Dargn cal, 2007
{hiffusc and tojal)
LAME . Dubey Ha/ODC 2 H, Muonitor Ug, C0, CyHy
Chalmers B. alle IMAN-DOAR; Yertical and howizpnta] Johansson ceal,,
mapping of MO 20400
U, alabama at I, Walters wing profiler; ceilemeler; Wind speedidirgclion Shaw el al., 2007;
Hunts villes {LIAH) 12-channel pussive veersus heighl de Foy ot al, 2009
Micronwvave radicmeter
IFU YW Junkernurn HCHO instrument HCHG Dusanter ct al., 200%h
UCED K. Prather ATF-ME Single parlicle sice and Molfet gt 5], 20084
compusition
L% hadison 1. Bchauor Filter Sarmpler, Semi- Organic specialion; Slene ot al, 2008,
conlinuows OO realiime FOAOC 2010a; Aiken ctal.,
2004, 2010
UW-hulizon I. Behungr Tekran Ambient Mereury Ulg in gns and particulaie Ruttor o1 al, 2000

UAM-Azcapalzaloo

¥ Mugica

Analyzer
High Val Semplers

phasc
FMig, Mz 5

Mugica ci al., 2003

U-lowsu C. Slainier dry-ambienl erosol size aerasol water content
spoclevmctor; ShAfS using KH-conralled SMPS
& APS
IT, livny W. Righinger Vertically parinling lidar, eercso] vertical profile; T.ewandowski et al.,
Ha Ty sonsor, OO0 Hz0, COs, CO, T, F, 2010
monitor; T, P and humidicy RH, WS, WD, radiation
prolies; op and down-
welliog Tong & shout
wye radiation;
BLC BNCMONICIeTy
Indiana U. B Stovens T.aser and supporting HOy concenleations Drusanter el al,
cquipment [oe 10, 2004
MoasLLaEn s
Taul Scherrer U. Baleospergor [C-0S Organic veids (gas & Zheng et al., 2008
instiate ezl
SMA-GDF A Reloma commercial autamatic WOy, €0, Oy, 5003, and Malina ol al,, 2007
miocilors Phiyg
SIMAT Site
WELMCEZ I Lamb, Flux tower; IFast Oletin fluxes of VO, OO0, Yelasco oL al., 2008, 20140
T. Jobzan Sensor, PTR-ME, CO4f Hy0,03, PAH; sensible
L. T. Moling Ha O IRGA, met stalion, atd latent heat, radiation,
QC-FITY for VOO flux samples  met data: T, R, P, WS, WD
PHRLAWSUSCERAD. B Alexandor Quadrupcle AMS Bixe-resolved compaosition Yu ot al, 200%
Colurado aritl fluxes of speciated
non-tefractory PM egroscls
LTSI T.. Runascll Submicron acrosol Organic lunclional praups Gilardowi ot al., 2000
sanmiples (FTIR and XRF
analysiz)
ucLA ). Stutz LEDOAS O3, NOy, HCHO, N,
TIOMNO, and 50

waw.Atmes-chem-phys net/ | F8697/201 0/
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Table 1, Conlinued.

Institulions Principal Methods Parametecs Referonpes®
Invesiigators
CEMICA Site
CENTCA B. Cardenazs GO-FIN 535 speciated hydrocarbons Withicnschiminel et
al., 2014
CENICA B Cardenzs  Cownnercial automatic PM g, PMz 5, WO, OO, Cuerol el al,, 2008
monitors at CEMICA 801, Oy, Total
Manitoring staijon for hydrocathons, cacban in
erilgrip polhutants and paniicles; UVA und VR,
metcorolopical puramciers W5, WD, RH, ¥
CENICA, C5IC B. Cardenus, 2 Hi-Vol fur PM 5 chemical characterization uetol of al., 2008;
(Spain} X Quoercl of’ ians, metals, OC, Moreno el al,, 20080

BC TS, morphalegy by SEM

MNaucalpan Tndusirial Sites

ITESM . Mejia Amomalic conlinuous Phig 5, Py
measurement of paniches
Thermo TIALA RANM,
CLIMET, PARTISOL
ITESM DO, Tejeda Llectron microscope; paclicle size and shape;
Tsokinelicy concenitation of virious
cambyslion gases in slacks
MAX-DODAS Metwork
MITAACIZZ, L. T. Moding, 3 passive multiple axis Wertical prafiles of NO;,
UCED, Heidelberg B Volkumeor, DOAS (MMAX-DOAS) 807, HCHO, CHOCII,
1. Pluit {at T, T, 12, Pico de O, HOND
Trex Padres, Tenangs del

Airg, Como Chiguevite)

Sun Fhotometer Metwarlk

MOE20IT, L. T. Molina,
MNASA Goddard ¥, hiartins

5 Miccotops 1l sun

Hidalgo, UNAM, Crrena,
TEC, UAM-I, T0, TI, T2}

fhetemcters and 3 CIMEL ABRONET (el

Agrozol oplical thickness, Caslanhg ¢t al, 2007
retricvals of astosal

aplical paranelers

* The rebrted puiblivalions wheoe the Insloumants or methads v been deseribed or tuinmed,

provided by the Mexican National Weather Service (Servic
cig Meteoroldgive Nacional, SMN).

The MILAGRO campaign was organized under the fol-
lenning four coordinated components that toak place simulta-
neously during March 2006:

3.1 The MCMA-2006 (Mexico Clty Mretropolitan Area
— 2006 Experiment)

The MUMA-2006 cxamined emissions and surface concen-
trations wilhin the Mexico City Basin, their transport and
transformalion in the atmosphere, and the offects on -
man health. MCMA-2006 was led by the Molina Center
[or Energy and the Environment {MCE2) with profects spon-
sorcd by NSL, DOE, and several Mexican research agen-
cies, including CAM, INE/SEMARNAT, CONACYT and

Almes, Chem. Phys., 10 83697-8760, 2010

PEMUX, as well as Burepean agencies. The overali purpose
ol MCMA-2006 was to strengthen Lhe scientific base Tor the
design and evalualion of policies to improve the air quality in
the MCMA by pathering scientific information that hetps to
better understand the pencration and processing of pollutanis
in the MCMA, their dispersal, transport and transformation
it the atmosphere, the exposuie patlemns of the population to
these poilutants and the effects on human health. MCMA-
2006 also provided many of the urban measurements nooded
for undetstanding the lacger scale pollutant evolution which
wils the focus of its sister campaigns. The required data on
particles, ¥OCs and other gases, melcorategy, and solar -
diation was gathercd at the TO supersite, a flux tower located
at the SIMAT headquarters in the city center {referred o as
“SIMAT™ site thereafier), measurements at the Tula refinety
gite and industrial zone in Naucalpan, in combination wilh a

wwvw.atmos-chem-phys.net! [Q/B60 32010/
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Table 2. List ol participating institulions and instroments deployed at the T1 site,

Institntions Pringipal iathoda Trarmmeders Refercnocs™
[ovestigalorg
AN, UALR I Galley, Filter Sarnpter; Filter i, $0g gy Ppg, 20y, Marlcy ct al,, HI0%, b
M. Marclcy Samplers for wet sorosols; 2055, /B, Humic Like
Preeipilalion Sminpler; Substonces; C-14,
Radionwslides.
ANL, VALK 1. GalTney, Vaigala weather siation; W, WD, 7', RH, Marley et al,, 200%a.b
N. Marley HH radiometer; Jrecipilation rate;
broadband LY eadialion
AN, T Alabama R Condier, Rader wind profiler, Wind speed, ditection vs L}oman et al., 2007, 2608:
at Hunievilla J. W¥alicrs radivsondes; Sadar; haight; RH, T vz, hefplt; Rlaaw et ul,, 2007
tdferopulse lidur Lower wind fictds,
acrosol cuncenlrution va. heiglt;
CENICA, CRIC . Curdenas, (5] minivol aamplees; 0C, BC, thermgd eplicol Queral ¢ al., 2008;
{3pain) X, Querol (2 Hivol, 1 BAAS and reflec lance and ions Mareno ot al., 2008k
4 mini-vol manual Ramplers in Py 5; melals,
fiwr iy 5, TSY and PM | 3 murphology by SEM
CERICA B. Cartenas, Tekran 23377 Hg in gas phase Ruller et al, 2009
. Solérzann
MRT-Reawr P Amall phagacowslic spedioomeier 20r080] abserption Diarun e al., 2007
Cieongie Inst. Tech, A, Menes, HTDMA,CCN counter; lyproscopiciny sire Padré ¢t a1, 2010
1. Smith K5V teraiometer regolved in 10-150nm
range; COMN concentrulien
surloe tension
(foorgia Insl, Teeh. 05 Huay CIMS; CLD OH, HO; 1 RO;, HaS0y: Munnermacker ct al., 2008:
MO, BCry, OO0 and 00y Emith et al., 2004
Georgia Inst, Tech. R Weler TEOM; i Vo) Phls x5 woinss; Slune et al., 2008;
filter sampling Padred el al., 20010
eorgio [ost. Tech. R Weber PILE Rulk suluble ergenica Fountoukiz ot al., 2009,
unil inorganics Heanigen el al,, 2008
IR W. Junkermann  HCI instrument (Hantzsghy 100110 de Crouw et al,, 2003
1R, Marzlos A_ Baleida, 3-1 sonic ancmanislens WD, WS, I, BT NMuwes. de Cousr et al., 2009;
AT Celada Marcnooef al,, 20056
LBNIL (LOEL} M. Fizaller MNIR-TDILAS ™NHy Founlgukis et al., 200%
NCAR M. Guendher, Conlinuous pradiling Oy, particlcs, Greonberg el ul,, 2009
J. Greenberg, icthered batloon T.WE Wi, RH,
A.Tumipseed  sysiem; radiomcters dircol diffuse FAR
NCAR Mike Coffesy mobile Fouder Ciodumn: Hafd, O,
Tranafonm Specimmeler CF5Cly, HEN, My, HCL,
N0, 00, CFCl, O08,
M, 115 O3, CH4, 80,
KOk, Calg, TINCH, PAN,
Call;, CHa), CHF3T
WA, L de Galy, GC-FID; Alkanes, alkenss; de Gouw a1 al., 20002
Univ Coloradn C. Warncka, PIT-M54 YOS (acomatics,
ARVEENALLS, loprone,
menolerpenes, weeioniinile
Penn Stane A Thompsen Czohesonde wround slation O pridile Thompsnn ei al., 2008

highty capable mobile laboratory, & microlight research air-
crafl and soveral fixed mobile units deployed throughout the
MCMA at representative urban and boundary sites. In ad-
dition, two healih studies were carried out during the cam-

paign.

wwwalmos-cheimn-pliys. net/ | Y8697/ 2010/
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In order to contribute to the education snd training of
younp investigators and to raise public awarcness toward at-
mospheric polhitio: problems, the Molina Center, in collab-
cration witk the Mexican Nationa] Institute of Leology and
athier local institutions, set up a scries of education and out-
teach activities, including public lectures, workshops, guided

Aftmos, Chem. Phys., 10, 86378760, 2010
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Instilwticns Principal Methads Pammetcra References*
Investigatars
PNHL €. Dogan, Epplcy RE&EW mdiometers; sHar radiatioa; wenoao] Docun o al., 2007, 2008;
W Shawr, Hephelameter; PSAK; size aod numkbers; o Yuet al., 2009
). Dumard OCELD noalyzer; CPC light seuilerng ; Black
MFRESR, pydiwliometes, Carban (agtesol nbsomptiond;
solar irocker QAL aerosn] aptical
diptly, g0lar rudiatio
PHNLEMSL A, Laskin, LMUM Acrosol Sanpler; sumpling for PIXFPESASTEM,  Moffet of ul, 2010
M. Alexander  TRAC Arrasc! Serapler, sampliog for THA,
SMPS; COM counter EEMVEDX analysis; fuerpanl
sieg; CUN counter
TR M. Almiandsr TOF-AWG aerasol concainlion e Gouw at al., 2009;
and siee distribution Y et al,, 200
RAMA A Retama Bohile il CC, MOy, 5005, O3, FM g, Molino o1 al., 20607
Wi, Ws, T, HR
Texms AXM LL Lo Collins A, ILY-TRAIA aargeal (L0 - micron Wanrg ci al., 2010
size, Slma resolvisd
Iy groscopicity, volatitily,
mixing geafy
U. C. Borkeley B Cohen TU-LIF Mz, MOz, Wa0s, 1IN0 Feamnipukis et at., 2009
11, Tlouston, R, Leler, SAFS, MEHER. UYanfr, Spectral activic fux, Llennigan o4 a1, 20608
Colarado Slaps U ). SEosger poud camera, Cimel UV imadiances Coeg eLal, 2007
{ditMisz and toal)
L. Mimni, E. Atlag, WOUC Canigter sumpling; unthropogenic sild biogenie de Gouw ot al, 2009
U. C. [oving 1, Blake adsurbent and HCs, RONO;, MTBER,
tilber aatrples DS, 005, halowenated
UTjUTICE; DilTRles
I, Minocsoial B MeMurray, TDCIME MTDMA, uliraflne serosol composition; Smith et al., 2008;
WCAR 1. Bmih KiMA; High-vol samplor nanopaniicly size dislribation, [idu et al., 2008
Ty prosuupicity and volatilily;
ambEent joals wnd
ion chrsters; aerso]
surface leosion
LI Wistomsin T Schiwer Filter sarmples with GC-35 speeiated obgminic comcnt Sione ot a1, 2009
al hTzdizon wnd wvarious 1., GCMS
U, Wisconsin ). Bchauer Tokean ambicnt Hp in gas and Huotter ct al., 2009
Hp analyzer paricelaic phase
UMAM A uhlia Pyeanomeder, snegirg] i mdivnee | Castenten et al,, 2007
AERDMNET; aerasal aplical Jepth,
UNAM 2. Micands  Minival T g, Mz
LINAM T, Caslme Moudi, neplielomeater, paniclcs (nusther, size, Wurley el al., 20600
parlicle aom ahsorplion «lwernical contposition,
phalameder, padiclc aptical propeciise),
oounters, PATLinonitor, C0g moaliur - PANL, CO5
UNAM b, tava Filler sumples M), Pz s
LINAM, Luphora (4, Rules HONGQ Long pab HOMO

Absurplion Phatonsier

*The nlaled publications whese the instruments ae methads have been deseribed oc mentioned.

tomrs, gasay and poster contests, which were carricd out in
parallel to (he scientific activities by Mexican and interna-
tional rescarchers working at the different measurement gites
(hip:fmee orgleducation/milagro.himl ).

Mexice City)

3.2 MAX-Mox {Meygacity Aeroso! Experiment:

Atmos, Chem. Phys., 10, 36978760, 2010

Max-Mex focused on examining how the Mexico megac-
ity aercsol evolves during Iransport, and how the chomical
and physical nature of the acrosol affected scattering and

wwwatmos-chem-phys.net! LB G 7/201 0/
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Table 3. List of participuting institutions and instruments deployed at T2 and other zites
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Inslilutions

Principal
Investigators

Wlethmds

Parameters

Refereneey®

T2 (Rancha La Bisnaga, Hidalgo)

DRI 1T of I Arnatt Photoaconstic Absorplion Aerasol abzorpeion: Paredes-Micanda &t al., 2002
Nevads-Reno Spectrometer Tight seattering,
PHNL C, Droran FSAF, Acthaloniocter; Aaerosnl kizg and aumbers; Doran e al., 2007,
W, Shaw Mephelpineter; FSAD, light scatiering ; Black
OUEC analyzer; CPC Carhan (arrozol
absnmition); UCEC
EMPL . Lroran, Radar wind proftlcr; W8 and WD vs, height, RIT,  Deoran cial,, 2007,
W, Blhavy, radivsunies, Sodar; T ws. height; Shaw et al., 2007
K. Coulter wealher shation: Loewer Wind ficlds;
cadipmeter, MFRSRE solor catiation; aerosol
oplical depth
AML . tGaffiey Aptasol sampler Radiouelides Murley cf al., 2009
PHNLERMSL A_ Laskin Timec-Resolved Aerpen] XRE, Microscopy al EMST. Johnzon el al,, 2006
Collector {TRAC)
LAM A, Muhlis Pyranomcier Bolar imadiance
CENICA, CSIC A, Cardenas, HisVol, 1 RAAS and 4 mini- O, BC, ermal oplical Querol ¢t al.,, 2008
{3pain) H, Qucrol vol saimeal sumplees for refleciance and ions in Mureno o al,, 2008
FMgz 5, TSP and FMp P8z 55 metaly, morpholopy
by SEA
Popocatepet] Site
Chalmers B. Galle Scanning Mini-DOAS %07 Biissions fram Gruiter ¢t al., 2008
Popocatepet]
UNAM M. Gruiter Scanning imeging infrared Visualizing 80y plumc from  Grulter ci al., 2008

pacironuier

Voleano

Altromani Bite

TMAM D. Baumgardner, FLIR; Dual-calumn Gy C0O, 03, 504 Eauimgurdngr cf al,, 2009
M, Grutier T8I scanning mobility PANs; condensation
patticle sizer (SMME); nueled cone.; purticlz,
LasAir parligle size; patticle seallering
MNephlomeier {1 wavelenglh)
UCSEI0 L. Russell Quadnipole AW aernsol 1mazs Gilatdoni ol al,, 2000
Sub-miiceon filter samples eonccniralion; nrganic
(ofT line FTIR, analysis) fimetional gronp
Tila Industtal Complex
Ly A, Lambrang Biocmanilaring PAH and metals {Cd, O, Zambrang Garela el a1, 2000
Cu, Hg, Ni, Pk, ¥, £n)
iMP E. Gonzales Moudi, Mephelowneter, gize distributions, oplica
SMPEE, Aethelmetcr, propectics, carbon
golar photoameler eoncentralion, opical dopth
IME E. Vepa MOLUTH + Mini-vol FMa 4
e I L. Arrigga Canistecs snd cartridges VOCEvVOC Carbonyls
IMF, Chalmers G, Sasa, MWobile mini-DOAS 80z, NO; cmissions Kivera el al., 2000
. Gallg
IME CENTCA i, Soza, Radinsondes; pilot balloons WD, WS, T, £, RH, Wahonachinume] el al., 2010

H. Wihmsehimme]

*Tlk: vilalel pablications whens the instruments o methids have been deseribed o mentioned,

www atmos-chem-phys.net! 10B6S 72010/

Almos, Chem. Phys,, 10, 36078760, 2010
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Talite 4. List of parti¢ipating institmions snd instruments deployed in the mobile labs and mobile moils,

Institutions Frincipal Methods Paramstors References®
Investipators

ARI Mabile Laboratory

AR . Kaoll ToF - AMS, SMPS; i Size & Cormposition; Herndan et al,,
Oplical article Counter; PM sirg distribulion; 2008; Zavala e al.,
Condensation Paxligl: Fine PM mass and numher  2009; Wood o al.,
Crounier Density 2009, 20010

ARI . Kol Multi-Angle Absomption Finc PM BC See abrrine
Photometer (MAAP)

ART C. Kalb 4 Dueantum Cascade CO, NOy, NH3, HNOq, See above
Tunable [R Lasers, HCHO
(QU-TILRAS)

AR C. Kalb UY Abserption Phutomoter; Oy Sce above
Chemiluminescent Jedetor;  NO
Ligor pon-dispersive TR Cog

AL {1 Kolh Anemnomeler, BH sensor, Wind Velocity, RH, T, F Hee above
Pres pauge, thermocouple

hWCEZ L. T Molina  Chemiluminescent Dategtor NOhy, Sec obove

Momanga State L. B, Knighton  ['TR-M3 YO, selected argumatics, See aboye

oxypenalcs, olefing, ele,
LilA k. Seila YOO canister sampler VOUCs Sec above
MLN2, VT L. T. Mulina, Fhoto-ionization aerasal PAHs; Thoenhill ct al., 2000
L. Marr counter; Dilfusion Charger Fine PM surface aren

LANL M. Dubey Photo-acoustic Tnstrument;  aerosn] absorption &
PI filter samiples scattering; SEM images

WELT 0. Lamb 507 Anomsecnee 50 de Foy ¢t al., 20080

Chielmers hlobile mini-NOAS

Chalmers

R, Gulle

Maobile Mini-DOAY
instrnments

50, N0z, IICHD

Jahansson ot al., 2009

Jovra Muobile Vertieal Lidar Systom

University of lowa

W. Eichinger

mobile upward-loaking
lidar; Bun photometer

acrosol vertical profile;
dircet and indirect radintion

Lewinulowski ot al, 2010

Contrlled Meteorologicsl {CMET) Ballaans

smilh College,
TMNT.

P. Vous,
R, Faverl

Ieee-Mlowing altitude-
canteodled baloons with T
and humidity scosor

T, P, horizontal winds,
relative humidiny

Yoss et al., 2010

abzorplion of atmosphetic radiation. MAX-Mcox was con-
ducted by the Atmespheric Science Program of the DOE Cli-
mate Change Rescarch Division in collaberation with seico-
tists supporied by NSF, NASA, and Mexican agencies. Mca-
surements wore conducted using an airborne lidar operated
by MASA scientists with support from DOE, the DOE -
1 aithomc platform that ohtained gas and acrosol ineasure-
ments, and also af the three supetsites t examine the acrosol
nlume evolution. The TO and T1 sites were heavily insty-

Admes, Chem. Phys., 10, 8697-8760, 2010

mented in order to characterize atmospheric chemical and
physical propertics including the scattering and absurption
of tadiation by particles, particularly in the sub-micrometer
Tractions that are anticipated to have the longest lifetimes and
have the greatest impact an regional and potentially plobal
climate foreing, Although there were fewer nstruments at
the T2 site, they provided Infonmation on aging of pollutant
plumes further downwind,

wwwalmos-cliem-phys net! |Q/B607/2010/
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‘Table 4. Continued.

809

Fixcd Mobile Units

Institation(=) Lecation Mcthod Marpmglrs References
IMNE - CENICA Huixquilucan Mobile unil for eritcria {10, NOy, 803, O, FM |, Mate: data from
pollutanis and met, WD, W5, T, RH, P, solar the mobile units
paramcters radiatiom have been used in
various publications
ZMVM T1 Mabile unil for criteria C0, NOy, 804, 03, PM 0, Sea above
pollutanis and met, WD, W5 T.EH, *
parameters
Guanajuato CORENA hdobile unit for criterie MOy, B0, O3, PMy, Sen wbove
pollutams and met. WLy, WS, 7, tH, P, CHy,
patanietets MMHC, THC
Hidalgo T2 tobilc unit for criteria COy, N0y, B0y, Oz, PM 0, Sco above
pollutants and ner. WD, W8 T, BH,
fraraneters precipitalion
Estada de Avila Campache  Mobile unit for eriteria CO, MOy, 80, O, FMyg, See abre
tlexico pollutants and med, WD, WS T, EH,
paAmcters precipitotion, B, solar
radiation
Muewa Teon Hanta Any Mahite pail for eritcria 0, NGy, 803, O, PMp, PMa s, See aboye
polturanis and mnct, WO, W3, T, RH, precipitation, P, solar
DPATANRIETS radialion
Queretaro Alleapan Mlrriles unit for criteria SOy, MOy, 804, O3, PMyg Bee above
pothutants
UNAM-CCA-FOA,  ‘lemangndeluire  Standard AGQ monikors, GO, MOy, NOy, 802, 04, Melamed el al,, 2009

WE, IME-TFL,
MCEZ

Surface met patonaters,
Hanlzzsh (HCHO),
BICAS (NO2),

Ceilpmeter, Filot balloans

Ultea-Tight plane (Row

around the lwo volcanoes)

Ws, T, BRI WD
HCHO;

MOz (Column;
Phdyg, COH,

dew point monitors

* The related publicnigons where dhe insicinenls or metheda have beea deseabed or menlicned.

33 MIRAGE-Mex (Megacity Impacts an Reglonal and
Glabal Environnents — Mexica)

MIRAGE-Mex examined the chemicaliphysical teansforma-
tions of gaseous nd parliculate pollutants expurted from
Mexico City, providing a case sludy of the effects of a
megacity on regional and global aunospheric composition
and elimate. MIRAGE-Mex was led by the Natfonal Cen-
ter for Atmospheric Research (NCAR) in collaboration with
academic researchers under NSF sponsorship. Specific ob-
juctives were to0 (i) quantify the spatial cxtcnt and tem-
poral persistence of the polluted outflow plume; (i) iden-
tify and quantify the chemical and physical transformations
of the gascs and aerosols in the plume, especially the mo-
vesscs that lead to the removal of these pollutants from the
atmaosphere; (fii} quantify the effects of the plume on re-
gional oxidants and radiation budgets, and ullimately on rc-

waaw atmes-chem-phys.net! [ V3697201 0/

gional climate; and {iv} examine the interactions of the urhan
plume with background air, ax well as pollutants from other
gources mcluding wgional anthropopenic pollutants, cmis-
sinns from biomass fires, and biogenic cmissions from vep-
gtation. The NCAR/MNSF C-130 aircraft carried & payload of
state-of-the-art scientific instruments and sampled air ahove
and at different distances from Mexice City to measure how
pascs and particles ape during transport, specifically teack-
ing those chemical, physical, and optical propertiss that have
the potential 1o affect nir quality, weather, and clitats on
large geopraphic scales. An additional aircrafl (Twin Ot-
ter) conducted studies of fire emissions and their effect on
the local and regional composition of the almosphere, Other
MIRAGE-Mex researchers were located at the T1 supersiie,
to examine the chemistiy and physics of surface air as it first
exits Mexico Cily.

Atmas, Chem. Phys., L0, 8697 8780, 2010
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Tuble 5. C-130 selentific payload

Poramelers Method rincipal Detection Limil?
Tnwestigetar Response Time

Spectral Actinic Mux SAFS R. Shetler (NCAR) Nif 1s

(] YUY fuoreaceice T. Campos (MOAR) 2ppby {1z

Haty CO2 T. Campuox (NCAR) 10 ppay, Ls 1 ppmy, 13

NO WOy MOy (3 Chemiluminescence Weinheimer (NCAR) 3ppty, 53 20ppwy, 33 SOppty, 15 200ppiy, 15

HO3z, Hz + ROy CIKS C. Cuntrgl] (NCAR) vatiable*, 203

QIl CIME Mauldin, Cisele (MCAR) [ cm_3, s

CHyO DFG-THL A Fricd (NCAR) ~ 100pplv*, 105

801 Modiked TR L Holloway (N0 AY S00pptv, 1s

YOCs, OVOCs Fast GC-MS (TOGA) F. Apcl {(NCAR) varies hy compound®, 2 min

Vs, TVOCs FTR-MS T. Karl (HCAR) var, by compd ¥, 353

Oepanic trace gses Wheole Air Sampling K, Atlas (U, Miami}, In Bleke  ver, by compd.™, varisble®
(U, Calitoenia/Tevine

PANs LTS B Flugke (NCAR) 2pplv, 25

Omgunie acids (foonic, CIKS I Wennberg (Cul. Tech,)

acctie, peraceiic, 150 ppty, 154

propanaic) 50 ppty, 155

120, 100 pply, 155

RCH S0pply, 15w

HIMNOy SOpply, i5%

CH{OOH) 250k, 158

20 2Hpplv, 155

CICH

HO WO SOpplyv, 155

Size-resolved compo- AbfS X Yimenez {U. Colorada} 0.05-035 ug/m?,

sition of non-refuctory I0-3s"

subinicro aeraucls

Acqozol physto-chemisloy

and oplical properlies
Acragnl physio-chemisiry

Aemenl compoyition and
uplicy

Tandeom volatility WA,

FMPFS, OPCs, nephelomaler,

T3AP

DA, Tandem DDMA,
HTDMA

CON, SP2, PARS, fillers

A, Clarke (T, Hawaii)

D Colling {Texes AZM TS

L. Kusscll and GG, Raherls
(UCSDEI0Y, G. Kok (RMT)

Variable by spegics®,
Varizhle by mcasurcment®

var, by spec_*,
varalle by meay

varL. by spec®,
variable by meas.*

Fine particle composilion PTG K. Weher (Georgia Tech) vir, by spes®,
vurighlg by incas.”*
Soant agrozn] teunsmisaion efcciron T Buseck (Arizona Stalc U} N/A, NJA®
migrozcopy [T1EM),
lomography
Armosel lidar SADL Morley (MCAR) /A, variable®

A4

* sue nrchived data filea for details

Expreriment-B)

INTEX-EB (Intercontincntal Chemical Transpnrt

INTEX-I} was an integrated field campaign desipnad to
undersiand the transport and transformation of gases and
acrosols on transcontinental/imlcreontinental scales and 1o

Aunos, Chem. Phys,, 10, 3697-8760, 2010

assess their impact on air guelity and climaie. Central to
achicving this poal was the need to rclate space-based ob-
servations with those ftom aithorne and surface platforms,
Specific INTLX-B/MILAGRO objectives were lo: (1) in-
vesligate the cxtent and persistence of the sutflow of pollu-
tion from Mexico; () understand transport and evolution of

www.almos-chem-phya net/ 1HEAIT20107
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Table 6. Scicndific paylead of the G-1 aireraf.
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Farameiers

Method

Frinvipal Investigator

Cctection Limit!
Brspounse Timo

0
co
J0;
NG
MOy

Ny
11307, HMHP

kMgt Nal Nirko-,
NOy 50
Padicls Incandcsconce

Aerazol
Bize/Composition

VOCs

ViiCs

Aerosol Count O =10 pm
Acrosol Count Bp =3 nm

Aerosol Count (2] bins,

UV Photometry

VYUY Flucresoenge
Pulsed Fivorescence
(ly Chemilumincseoncs

WO Plhotolysisf,
Chemiluminescence

Mo Catalyst'Os Chomniluminescence
Scrubbererivatization/Fluotescenges

FILS

Single Porticte Socl Pholometry

Acrosol Mass Speclrometty {CTOF)

Whole Air Samples/GC-FID
Proton Transfer b5

CPC

cre

Differential Mability Anralyzer

8. R. Springston, BL
8. . Springston, ANL
8, R. Springston, BNL
8. R Springaton, NI
5. R. Bpringstan, BNL

8. L. Springston, TINT.

1. Weinstein-Lloyd,
SUNY Old Westhwy

¥.-N. Leg, DNL.

G. Senum, BML
I, Alexander, PNMNL

J. Rudalf, Yark Universily
TIi. Alexander, FNMNL

I WL Tulsha, PNMNI.

I. M. Hubbe, PMML

I, Wanyg, FNL

2 ppbvid s, +/ —5%)
Sppbwl] s (H—30%)
0.2 ppt10 5 (H-5%%)
10 pptf 10 s {+/—5%)
40 ppd 108 (15

HOppbwd 10 5 {(-H—5%)
300 pptw’1 min (14— 10%)

re (0,3 ug m A min (49— 159

0.2 f particle— L]
TBi¥15s

Varies 10 & (H—15%)
Varies/20 s [+/f—35%]
0% @ Lo noofl =
0% @ 3nmndl s
single particle/~60s

10444 nim)

M (30 bins, 0.1-3 wn)

N {201 hing, 0.6—50 um}
W {60 bins, 25 1550w

Optical Probe (PCASP X100)
Optical I'robe (CAPE prabe, CAS)
Opligal Probe {CARS probe, C11%)
Ligmik Watcr Content Hot Wire

Total!Back Scatter
(3 wavelengths)

Mephelometry

Acrozo] Absorbance Filter Absorption Spootromety

(3 wavclengths)
Venrical Wind Velogilies
Turbulence

200-Hz Gust robe
200-TT= Gust Probe

(3. Sonum, BNL
G, ennm, BNL
G. Senum, BNL

single parlicleft §
single particle/] s
single droplet’l s

G. Senum, BNL olpm=31s
(3. Rennm, ANT, 2Mm— 155
3. B. Bpringston, BML IMm— 85

10ems—"0.1s
10 Fem s —300 5

i Senuen, [N,
G, Senum, BML

Complele dedz sct, weage ghldelines sl meta sk iz pynilable by anonymous fg al: fpe0p.asd ol goo puby & G148 K =5 B Progrios W06 MA X Mexs

Kaotes:

) Tngtnomenis on bonrd the G-1 glse messured zenith and sdiz imacdionge (UY nngd specimlly resolved VisTR)E winds alofl, iorlulonce, presance, Tenperatume, dew podnl, ainernlt

pedition vncl vrgntation,

B Theae ars nantinal valuss, 1Ttailed anvasurenient specificotions anc provided in 1lie headers along witl data.

Asian pollution and implications for air quality and climate;
(3) moap anilvopogenic and biogenic eimissions and relate at-
mospheric composilion Lo sources and sinks; (1) characterize
effects of acrosols on sular radiation; and (5) validate space-
botne ohscrvations of tropospheric composition. INTLX-
BAILAGRO campaign was performed in two parls in the
spring of 2008, In the Orat part, the DC-§ operated fiom

www.alnos-chom-phys.net! ] (FRE97 20 L0/

Houston, T with research flights over Mexico and the Gulf
of Mexice (121 Marel) while the J-31 and NSF/NCAR -
130 operated from Vermerue, Mexico. Tn the second part, the
DC-8 waz based in Honolulo, HT{17 30 Aprily and Anchor-
age, AK (1-15 May) with the NSFANCAR C-130 operating
trom Seattle, WA (17 April-13 May) in a coordinaicd fash-
ion. An overview deseribing the INTEX-B [XC-2 studies over

Atmes, Chem. Plys., 10, 86978760, 2010
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Table 7. T3 aircraft instromentacion for INTEX-BAAILAGRL).

Insimameni Manie

Date Pracucts

Technigue

Principal Invesligalar

Dictection linit
(Mominal acouracy’}

Aumes Alrbome Tracking
Sunphotometer (AATS}

Solar Spectral Flux
Rudicmeior (855K

Restarch Seanning
Polurimeter (H5F)

Cloud Absocpion
Radiomeler (CAR)

Mavigation,Meteoralagy,
and Data Acquiskilion
System (MNavhiel)

Fositien and Orienletion
Systen {(POS}

Aerosol oplical depth and
extinclion, water vapor
columun and profile

Solar speciral M

Polatized maliance, |
aerosel cloud & Farth
sitface propertics

Fadiance, aerosol, clowd
& Earth surloce propertics

Proasute, temperature,
humidive

Ajircrafi position
and otientation

Teacking Sun photometer,
3542138 nm

Spectainelr
(FE0-1700 m)

wilh nudic and zenith
hemizpheric collectors

Angtilar (along-loagk
dovinwand) scenning
polarimeler, $12-2250 nm

Angular (cross-frack
zeniill to nadiy) scanning ,
tadiomeiar 340-2301 nm

Sefra model 470
Vaisala model HWF243

Applanix model
POS-AV 310

1. Redemsonn,
BACRUYNASA ARL

I Pilewskie,
L. Coloradi

B. Caims,
Columbia 17,

., Gatehe,
UMBC/NASA GEFC
M. King*, MASA GSFC

W. (ore, MASA ARC

B. Dominguer, TIC
Sunta Cruzf NASA ARC

Slant OD ~0.002 {L0.01}
Slant WV ~0.0005 (o
0006 & e =2 [£8%)

Absalute accuracy 3-5%.
Preeizion 1%

Radiance shsnbutc
aeeurecy < 5%,

Uncertoinly
Pressure: ~01.2 hPa
Temperatore: 01 C
EII: 0.5%

+2 5% RH(D o 1)

Precision
latTam: G.OGMWIOT®

pitchérallheading: 0.0401°
Allitude: 1.0 m

DOPS Acouracy

Pasition: §.5-2.0m
Pitehiroll; 9.030°
Hcading: 0,080

Alsitude: 0.75-3.0m

* Coarent effllistion 1, Colorle

the Pacific and Gull of Mexico has been published (Singh ct
al., 2009). Key results frone the INTEX-13 flights over Mex-
feo City, as well as J-31 and C-130 llights over the Gulf
ol Mexive and the Mexico City arca, arc includsd in this
averview article.

The MTLAGRC Campaign has generated very comprehen-
sive data and many intercsting resutts have emetged over
the past aeveral yewrs. The observations from MOMA-2003
Catnpaign wore mostly confinmed during MILAGRC, addi-
tionally MILAGRO provided more detailed sas and asrosol
chemistry, agrosol particle microphysics and optics, and ra-
diation data, as well as verlical and wider regional-scale cov-
erage. In the [llowing scctions, we present some key ro-
sults and a more detailed description of the instrumentation
deployed during the campaign. Data scts are available ta the
enlive atmespheric community for further modeling and eval-
uatien:

— MILAGRO Campaign data sets and data sharing policy
are available af:
bup:ffwww.data.col ucarediinaster st Fprojest=MILAGRO,
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— High spretral resclution lidae (TISRI.) data from MILAGRC
are shien at; hitpoifscience lavc.nasa govthsrlfmilagro2. html.

- INTEX-B/MTT.AGRG data from the DC-E, C-130, King Air,
and 3-31 are archived al;
ity aie Lo nesn, gow/cei-binfarcstat-h.

4 Metcorclogy and dynamics
4.1 Observatlonal resonrees

A wide ranpge of metecrological instrumentatien was de-
ploycd at TO, T1, and T2 10 messure the evolution of wind
field= and houndary layer properties that affect the vertival
mixing, transport, and transformation of pollutants (scc Ta-
bles 143, As deseribed by Doran et al. (2007), radar wingd
profilcrs at each site obtained wind speed and direction pro-
files up to 4 km above ground lovel (agl). A radar wind
profiler was also deployed at Veracruz, located on the Gult
of Mexico east of Mexice Cily to obtait wind information
aloft Father dewnwind of Mexico City. Scveral radiosondes
were lapnched from T1 and T2 an sclected abreraft sanipling
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days und once per day on other days to obtain tempera-
turc and humidity profiles that characterize boundary layer
growth (Shaw ot al,, 2007). Some of these radivsondes also
obtained wind profiles that extended above the height of the
radat wind profilers mcasurements. Other radiosondes were
released at TI that obtained profiles of ozone (Thompson
et al., 2008) in addition to standard mcteorolopical parame-
ters. Temperature and humidity profiles &t 10 were obtained
at l-minaie intervals up to 10km a.gl. from s microwave
tadiomcter. A micro-pulse lidar and telhersendes were de-
ployed at both T and T1 to obtain addilional infonmation on
boundary laycr properties. Semi-Lagrangian measurcments
of temperatace, pressure, and humidity downwind of Mexico
City were obtained on several days by Conlrollcd Meteoro-
logical (CMET) balloons, alsa known s tetroos, launched
in the vicinity of T1 (Voxs ct al,, 20100, Pilot balloons were
released four tintes 4 day from a site in the south of the city
and one in the moontain gap to the south-east of the MCMA,
Further releascs took place al the end of the campaign to the
notth of the basin in conjunction with radiosonde launches
(Rivera et al., 2009,

Mrasurements of the spatielly varying wind speed, wing
divection, temperature, pressurc, and lumidily over central
Mexico were collected by the G-1 (Kleinman ct al,, 2008),
C-130{de Carlo et al., 2008), DC-8 {Singh ¢l al_, 2009), Twin
Outer (Yokelson et al, 2007), and the FZE-ENDURO ulira-
light aircraft (Grulter ct al,, 2008). The J-31 (Livingston,
ct al., 2009 measured terperature, pressute, and humidity.
Meteorological stations wete deployed at several sites in the
vicinity of Mexico Cily in addition to 'T0, T1, and T2, includ-
inig CENICA and Paso de Cortes {Alteomont) {Baumpgard-
ner et al., 2009}, Tenanga del Aire, Santa Ana, Pico de Tres
Padres (IIemdan ct al., 2008}, which measured ncar-surface
wind speed, wind direction, lemperature, pressurc, humidity,
and preeipitation. Radialion and cloudiness was measured st
TT and T2 by muhi-band rotating shadowband radiomneters
(MFR3R} and Eppley broadband radiometers (Doran et al.,
20137, Fast el ul,, 2007). Droadband radiometers were also
deployed at Paso de Corles. At T1, ali sky photos were ac-
quired between @ March and | April 2006 using o Total Sky
[mager (Model #4404 Yankee Environmental Systems, Tnc.)
with | min time resolution between 14:15-23; 10 UT {(Corr st
al., 2009). Turbulence paramelers were measured using sonic
anemotnciers at TO and af the STMAT headyuaiters (Velaseo
et al., 2009,

Operational inetcorological measurcmeants were collccted
by the Mexican National Weather Service {SMM) (httpe
smn.cna.gob.mxd), the Ambient Air Quality Monitoring Net-
work (Red Automatica de Monitoreo Atmosferico, RAMA)
{hup:Awww.sma.dlgobmxfsimat?) and the Programa de
Lstaciones Meteorvfogicas def Rachiflergro Universitario
(FEMBU} e fpembo. aimoafow.unam,mxd, SMN collected
data for the entire country with five stations in the MOMA,
while RAMA had fourleen stations in the MCM A, Radioson-
des with GPS were launched four times a day at 00:00, G300,
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12:00 and 18:00UTC st Mexica City, Verseruz and Aca-
puleo for the duration of the field campaign. Other sites in
Mexico continucd with the regular, dry-sesson schedule of
one sounding per day at 00:00 UTC.

Semi-Lagrangian measurcments of temperature, pressure,
and humidity downhwind of Mexico Cily were obtained on
several days by CMET balloons launched in the vicinily
at' T1. These balleons also racked the long-range irans-
port of pollutants downwind of Mexico City. During the
1819 March outflow event, a pair of CMET balloons was
launched fram the north end of the MCMA basin immedi-
alely after the DOE G-1 aivcraft had sampled the area. The
balloons performed repeated soundings as they drilled with
the outilow and helped guide the MCAR C-130 aircraft to
the owllow 24 h later. The quasi-T.agrangian balloon profile
data provided water vapor, potential tempetature, and winds
(%oss ct al, 2010) and in combination with G-1 and €-130
aircraft measursments provided insight into the evolution of
trace gasea and acrosols over & period of 24 b (Zaveri ot al,
2007).

4.2 Meteoralogical overvicw
4.2.1 Synoptle conditions

The month of March was sclected for the field campaign pe-
riod beeause of the dry, mostly sunny conditions observed
ovir central Mexico at this time of the yoar (Juregui, 2000).
Clouds and precipitation that ususlly incresse during April
would complicate aircrafl sampling and scavenge a poction
of the pollutants, Cluster analysis of ten years of radiosonde
profiles found thet synoptic conditions during March 2006
weic representative of the warm dry season {de Foy el al_,
2013}, albeit with an undsr-representation of clean days and
fewer wet o humid days,

A deseribed i Fast ol zl. {2007), high pressure in the mid
to lower troposphers slowly moved from northwestern Mex-
ivo towards the east botween | and 8 March so that the winds
wver Mexico City were from the north and east. An upper-
level trough propagating throngh the south-central US on
9 March produced westerly winds over Mexicn, The winds
became sonthwesterly befween 10 and 12 March &5 8 trough
developed over the western US. Afier this trough moved over
the north-central TI8 on 13 March, the winds aver conteal
Mexico beeame light and variable, Retween 14 and 18 March
a series of troughs and tidges propagated from west to east
acrosy the [T that affected the position of the high pressurc
gystemn gver the Gulf of Mexico and led to variable wind
directions over central Mexico. A stronger trough propa-
gated into the south-centzal US, producing stronger south-
westetly winds between 19 and 20 March. Aficr 21 March,
high pressure gradually developed over southers Mexico that
produced westerly winds at this level over central Mexico for
the rest ol 1he month,
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Strong northerly near-surface flows associated with the
nassage of cold fronls vver the Gulf of Mexico, koown ax
Cold Burge or Bl Norte events, accurred on 14, 21, and
23 March. Although cold fronts gradually dissipate as they
prapagate ino the subtropics, the intemction of the south-
ward inovityg high-pressurc systems with the tetrain of the
Sierra Muadre Oriental often accelerates the northerly flow
along the coast. While northerly winds eceurrcd briefly over
Mexico City after the passage of the fronts, the wind spucds
were much lower than those observed along the coast gt
tower elevaliuns.

In addition to aitceting the loval transpori of pollulants
over veniral Mexico, the cold fronts Ted to incrcased humid-
ily, cloudiness, and precipitation, Enhanced mixing and re-
moval processes likely contributed to the observed docrease
i1 background concenlrations of organic carbon at T1 {Do-
ran etal., 2007} after the stronges! cold front passed over the
togion on 23 March. Marley et al. {2009a) found thet aerosol
seattering decteuased when eain was observed helween 23 and
27 March since scattering avrosols are partially inorganic and
hydrophilic and expected to be seavenged more readily, The
increases in humidily and the moring clear-sky insolation
over the platean afier 14 March were favorable for thermally-
driven slope flows so that shallow and deep convective clouds
developed preferentially aver the highest terrain during the
afternoon.

4.2.2 Local circulations

Winds measured by the operational surface tonitoring net-
work, radiosondes, and radar wind profilers werg analyzed
by de Foy ot al. (2008) o identify dominant wind pallerns
m the vicinity of Mexico City, Six types of daya were iden-
tified according to basin-scale circulations, providing a way
for attributing metecorological ellects on gbserved changes in
lrace pases and particulate matter during the field canpaign,
in contrast 1o three episede types for MCMA-2003 {de Fay
et al., 2005). Well-defincd drainage lows inta tie basin were
chserved cvery morning. Coupling with the evolving syn-
optic flows aloft led to near-surface convergence zones with
high pollutant icadings. Days with the poorest air guality
were often associated with the strongest vertical wind direc-
tion shear. In contrest, porsistent southerly winds at all alti-
tudes (&.i., 18 and 20 March) likely contributed 1o tow pollu-
tant concenirations in the basin. Surface wind clusters were
oblained for 10 years of RAMA data, further showing that
Marell 2006 was representative of the warm season, and en-
abling a comparison of transport events with specific days
during MOMA-2003 and 1997 IMADA-AVER field cam-

paigns.
4.2.5 Boundary layer charavteristics

Shaw ot al. {2007} describe haw the radicsendes, radar wind
profilers, sodars, and a micropulse lidar were used fo estimate
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houndaty layer depths, a key factor atfecting near-surface
concenlrations and chemical transformation of [race gases
and acrosols. They showed how varigus measurement tech-
nigues could lead to differenves in the eslimates of bound-
ary layer depth, An example of convertive boundary layer
depth estimates during the day derived from lider and cadar
wind profiler measurements is shown in Fig. 5. The onset of
conveetion was found to starl between 45 and 90 min afier
sunrise, Although growth of the convective boumdary layer
was similar emong the theeo sites, the mixing layer was of-
ten sliphtly deeper over Mexico City during the afiemoon.
Topography variations in the vicinity of T2 did not signifi-
cantly atfect convective houndary layer growth. Maxirmm
daily mixing layer depths werc abways at least 2km deep,
and frequently cxtonded to 4km a g l, indicating that race
gases and acrosals within the bommdary luyer are injected di-
rectly into the mid-lroposphere in contrast to most ather gr-
ban arcas, since the elevation of Mexico City is ~2.2km.
The comvective boundary layer growth rate and depth were
{tnmd to be simitar to those observed during the IMADA-
AVER campaign (Doran el al., 1958} in the same season dor-
ing 1997, cxcept that the depths were soruewhat higher dur-
g MILAGRO after 20:00 ITC,

Hemdon et al. {2008) deseribud the effects of convectjve
boundary layer growth on trace pas and aeroso] concentra-
lions abserved at Pico de Tres Padres. Since this measure-
ment site was ~0.7kin above Mexico City, it sampled air
within the residual layer at night (hat was decoupled from
the shultow houndary layer over Mcxico Cily. But concen-
irations of trace pases and acrosols increascd considerably
during the laic moming as the convective bowndary layer
grew and coveloped the mountain, consistent with the bound-
ary layer growih obscrved nearby at TO and T1. Similarly,
Bavmgardner ¢ al. (2009) repori that diurnai variations in
lrace gases and parficulate mutter measurcd at the Pazo dc
Cuortes site woere consistent with the convective boondary
layer growing above the height of he sife (~1.8km above
Mexico City}. Boundary layer growth and trangport thraugh
the mountain pass southeast of Tenango del Aire was mea-
suted using & mnobile lidar, showing n shallow early morn-
inge Jayer with pollution aceumuiation, and a residoal layer
aloft inixing down to the surface as the Alow exits the basin
{(Lewandowski gt al,, 2010),

Despite the dry conditions usually at the surface over cen-
iral Mexico, radiosonde profiles showed relative humidity of-
len exceeded 50% in the carly morning in the upper bound-
ary layer on many days. The higher rclative humidity may
result in hygroscopic growth [ acrosols and comsequeit(y
contribute to chemical transformation of serosols and afleot
local radiative forcing. Fast et al. (2007) showed that bound-
ary layer over the central platcan was substantially cooler and
maoister aller the second vold front passage on 21 March for
the rest of the field campaign, but the peak buundary layer
depth did not change significantly.
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4.3  Meteorological modellng studics

de Foy et al. (2009a) found that Weather Research Fore-
casting (WEF} mesozcale model simulations of the basin
flows during MILAGRO were an improvement over MM3
simulations and showed that the simulated wind transport
was representalive of the basin dynamics.  Nevertheless,
WERF drainage flows within the bagin were too weak and
the predicted vertical wind shear was wo streng.  Particle
medel simulations coupled with WRY showed rapid venting
of the basin almosphere with liltle recireulation of the urbag
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 perieds between Mexico City, TI,
and T2 using assitnilation of radar wind profiler measure-
ments inte WRY and a particle dispemsion model o simulate
lranzport and mixing of urban und biomass buming sources
of elemental carbon. They found that specific absorption did
increase as scrosols were transported between T1 and T2
The statistical significance of the rosult was limited by the
number of irangport cpisodes availsble that did not have sig-
nificant open biomass burning influence.

The surface meteorological network, boundary layer mea-
surérnents, and radur wind profiler measuraments have also
been used to examine the performance of mctcorologi-
cal predictions made by coupled metearplogical-chemistry-
particulate models, such as WRF-Chem {Fast et al.,, 2009,
Tie et al., 2009; Zhang ct al., 2009; Hodzic ef al., 2009},
to understand how furceast errors in meteorology affect pre-
dictions of trace gascs and particulate matter. In general,
the synoptic-seale circulations arc simulated reasonably well
by mesogcale models, although the details {i.c,, timing and
strength) of tecal and reginnal winds affected by terrain vari-
ationis aromd Mexico City are imore ditFcult to reproduce by
inodels. Mesoscale modeling stndies (e.g., Fasl ct al., 2009;
Hadzic et al., 2009) show thal the cverall diumal variation in
fhe shmulated houndary layer depth was similar to obeerva-
tion; however, boundary layer paremelcrizations Trequently
produced relatively large errors during the afternoon and at
night, These errors will affect predicted dilulion of trace
pazes and aerosnls, These mofcorological obscrvations have
also been incoporated inte meteorological modeling through
data assimilation technique such as Four-Dimensional Data
Assimitation {(FDDA) and 3-D varialional data assimilation
(3D VAR) to reduce forecast errors and improve air qQualily
prediction (Bei ct al,, 2010).

44 Metearological transport studics

Meteorological data are being used to infer transport, mix-
ing, and chemical transformation of pollutants. For cxam-
ple, Doran et al. (2007} employed trajcctories based o radar
wind profilet measurements io infer periods ol transport be-
tween Mexiva City, T1, and T2, Noetuenal and garly moming
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Fig. 5. Backscatter signal sirongth as e funetion heipht on
9 March 2006 fuor the lidar deployed at the '] site. The white line
denotes the subjectively determined estimate of mixed kuyer depth
feom the lidar, while the red line s the same quantity derved from
the rader wind profiler, RBed triangles denets sunrise and sumsct
{Source: Shaw ot al., 2007,

buildup feom local sourees was inferred from organic car-
bon {OC) and elememal carhon {EC) at T1, while Iransport
from the MCMA was seen at T2, Specitic absorption during
transport periods was lower than during other times, consis-
lent with the likelihood of fresh cmissions being found when
the winds blew from Mexico Cily over T1 and T2. Back
trajectorics were employed by Moffel et al. (2009) 10 show
that orgunic mass per particle increascd and the fraction of
carbon-carbon bonds decreased as the Mexico Cily plume
was transporled north over the T1 and T2 sites. FLEXPART
Lagrangian dispersion modeling was used by scveral studies
to inveatigate dispersion of 804, N, aod biomass buming
agrosols, with good overall quelity in the predictions (Rivera
gt al., 2009; Aiken ct al., 2010; DeCarlo et al., 201 m. Yu et
al. (2009} also ulilized transpurt categories to cxplain vari-
ations in OC and BC observed at T1 and T2. Melamed ct
al. (2009} studied the iwensport of the urhan plume in the
mountain gap southeast of the Chaleo Valley using DOAS
columns and surfiee measurements of NO» combined with
ceilometer Ineasurcments al Tenango del Aire. Tn addition
to the urban plume, NO; alutt was detected, possibly duc 10
ather factors such as bivmass burning, volcanic sources or
lighining NG, Siremme et al. {2009} measured columns of
CO using sofar and lunar FTIR and deduced mixing layer
heights in the MCMA during hoth day and night, de Foy et
al. (2009b) used SO; transport detected by surface nerworks
and OMI satcllite retrfevals to identily double impacis in the
MCMA from stable shallow flow from the north transporting
an industial plume and from southerly winds alofl transport-
ing a voleanic plume,

Coneentration Fisld Analysis ({CTA) combines sitdated
back Irgjectaries with measurement time seriss to identify
potenlial source regions, This type of analysis was car
ricd out to determing source-receptar relationships of various
trace gases and aerosols measured at select sites, Moffel o
al. {2008a) used CFA to identify possible wban, point source,
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and biomass burning sources of particutate malter measurcd
by an aerosol lime-of-flight mass spectrometry at T, Rui-
ter et al. (2009) identified possible source regions of gaseous
and patliculalc mercury associated with measurcrents at T0
and T1. Salcedo et al. (2010) used CFA to identify sources
ol particulate lead at TO, and found (hat different ehiemical
forms of lead had very different source foolprints.

4.5 Key meteorological results and apalyses

The overail synoptic and boundary layer circulations ob-
served during MILAGRO over Mexico City were similar
(o thase reported by provious stadics. Tn contrast 1o provi-
ous field campaigns, the instrumentation at '] and T2 and
anboard the various aircraft during MILAGRO provided a
means of quantifying flows over the central plateau. For ex-
ample, horizontal wind shear was quantilicd hetween *10 and
T1 that indicated channcling around the Sisrra de Guadalope
mountains (de Foy cf al,, 2008), (hc timing of propagat-
ing densily current that transports moist marine air over the
central plateau into Mexico was quantified by the measure-
ment network (Fast et al., 2007), and vatiations in PBL depth
over the central plateau were examincd (Shaw et al., 2007).
The similarity of the boundary layer growth from day 1o day
for both 1997 and 2006 suggests that the boundary layer
growth over the central Mexican platean falls within pre-
diclable bounds during the spring dry scason,
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Surliee and airbome lidars, as well a3 sirbome meteoro-
logical measurements have shown multiple layers of parlic-
ulate matter and complex mixing processes (Rogers cf al,
2009}, These dats have yet to be used to evaluale nomerical
model representations of these layering processes and deter-
mine the meteorological factors involved. Improved meteo-
rologica] nnderstanding and transporl simulations are being
used to analyze a large range of different measurerents from
MILAGRO, For example, radar wind profiler data are an in-
valuable supplement to surfice measurements and to model
results when determining transport events al the super siles.
Vurthermare, transport times and impact indexes are being
used to relate point measurements ko cmission inventories
and to chemnical transformation processes.

5 MCMA emissions of gases nnd fine PM

Enowledge of gaseous and PM emnissions i5 an important
parl of an informed air quality control policy. Tn a megac-
ity, varying economic and social conditions make the char-
acterization of accurate emissions inventories a difficult task;
it prescals a particularly daunting task it a rapidly develop-
ing megacity like the MCMA, The evaluation of bottom-np
emissions inventories using dedicated field experiments rep-
resents a unique opportunity for reducing tie associated un-
certainties in the emissions cstimates. Figure & shows the
2006 MCMA emissions inventory for PM |y, PMs 5, VOO
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and MO, Maohile 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 carbou, particle bound pulyeyclic aromatic hydrocarhons,
€0 and a wide range of air toxics, including formaldehyde,
acetaldehyde, henzenc, toluene, and xylenss (Moling et al.,
2007}, The MILAGRO campaign has shown the synergy
of using multiple measuring platforms, instrumentation, and
data analysis techniques for obtgining un improved under-
standing of the physical and chemical eharacterisiics of eomis-
sions in @ megacity,

51 MCMA emissions inventerles

The first emissions inventary for criteria pollutants in the
MOCMA was compleled in 1994, The use of homogenous
methadologies was introduced in the 1998 fnventory and
sinee then it hna been updated every two years. The 2006
inventory (T'ig, 6) includes substantial improvemenis in the
deseription of spatisl and lemporal emission paiterns of the
criteria pollutants {SMA-GIUF, 2008a1). This emissions -
ventory was created using bottom-up methods and emission
factors which were cither messured lacally or taken from the
litcrature. For cxample, for mabile sourees the MOBILES
cmissions model was adapted to account for local vehicle
characteristics, and their crmissions were distiibuted spatially
and temparally on the basis of traffic count duta for pri-
maty and secondary roadways. Emissions from area sources
were cstimated using geographical statistics, including pop-
ulation density, land use and economic level of each of the
districts within the ineélropolitan area. Emissions from indus-
tries, workshops, and commeres and serviee establishments
were obtained Irom operational permits containing informa-
Lion ahout their sctivities, such as processcs, warking hours,
and location. The study region of the inventery {16 dele-
gations in the Federal District and 59 — out of 125 - -
nicipalitics of the State of Mexico) covers a tofal area of
about 7700 km? or about 0.25% of the Mexican teritory. The
study region was chosen to include the arcas with the highest
ropulation densities in the MCMA, However, soil crosion,
biomass buming and biogenic emissions are nol Nmited 10
the city boundaries and their relative contributions depend
an the chosen inventory area.

In addition, a 2006-base inventary of toxic pollutants for
Mexico Cily has been produced conlaining emissions esti-
mates for 109 species (mostly VOCs and metals} from var-
fous cmission sources (SMA-GIF, 2008b}. A greenhouse
gax inventory for the emissions of CQs, CHa, and Ma0 has
also been produced for the year 2006 (SMA-GDF, 2HIBe).
At the national level, the first comprehensive national cri-
teria pollntant emissions inventory for the year 1959 was ro-
ieased in 2006 (SEMARNAT, 2006). This itventory sugEests
that some of the municipalitics with largest cmissions in the
country are located withio the MOMA, A new version of the
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national inventory with base 2003 will be released in 2010
{CEC, 20093,

All these inventorics use traditional bottom-up techniques
that combine activity data and cmission (actors for indi-
vidoal sources.  Although locally-measurcd emission fac-
tars are uscd whenever possible, & large fraction of the in-
ventories in Mexico arc based on emissions fhclurs com-
piled and emissions models construcied in the TS that are
adapted for local conditions (CEC, 2009). This is an im-
purtant potential source of bias that campaigns such as the
MILAGROYMCMA-2006 study are poised to address,

Anthropogenic missions dominate the total burden of
pollutants in the MCMA emissions inventories for criterin
and loxic compounds, As shewn in Rig. 6, mobile emissions
arc a large fraction of the wolal-anthropogenic emissions. In
the MCMA criteria pollulant emission inventory, il is csti-
mated that emissions {rmn gasoline and diesel powered ve-
hicles each contribute substantially to the toral mass emis-
sfons burden for CO (83% and 16%), VOCs {27% and e},
NO, (54% and 28%), PM, (6% and 17%), and PM3 5(12%
and 50%, respectively) (SMA-GDF, 2008a). Other itportant
sources of ¥OCs are solvents and painting activities (2424),
industrics (19%), and LTG leaks (11%4); whercas for N,
indusirics and other area sources conlribute with 11% and
%, terpectively. The estimated emissions of ra-suspended
particles from paved and unpaved roads suggests that these
sOUTCes are also important contributors for PMyg (51%) and
vl 5 (16%).

Several sources of uncertainly are unavoidably present
whan using bottem-up techniques for the dovelopment of
cissions inventories, and the MCMA inventories estimates
do not escape this issue. These include the uncetlaintics asso-
cinted with the representativeness, procision (random efror),
accuravy (systemalic crar}, variability, and completeness of
the databases wscd for estimating the activily and emissions
factors (NARSTO, 20033, In addition, the combination of 1o-
cal conditions of meteoralogy, tepography, altitude, unique
source characteristics {e.g., fleel composition, informal com-
meree activities, cte.), and social practices in Mexico City
may intreduee further uncertainties when coission faclors
ave obtained by using emission inodels that were devcloped
and validated elsewhere. Tt is, therefore, very important to
use independent measurement-based {“top-down™) evalua-
tions of the local cmissions inventories estimates as much
as pussible. Dy implementing top-down approaches for the
cvaluation of cmissions, il is possible to identify problems
and set prioritics for inventory Inprovements.

In the following scetions we summarize the results from
the application of top-dewn technigues in the MCMA with
the analysiz of data obtained during MILAGRO. Additional
CONSEEOIS Messurements arc deseribed under Sect. § (VOCs)
and Secl. § (PM).
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5.2 Moblle emiszions measurements

The wehicle flect i the MCMA i= diverse in beth composi-
tion and ape, and hes recently shown a notable increase in
its tnover rate, The MCMA, experienced a large increase
itt moten vehicle use botween 1996 and 2006, During this
interyal gesoline-powered passenger vehicle usage ingreased
from 0.13 10 0.2 vehicle/person. Qver the same period, this
index it Los Angeles actually deerensed from 0,36 to 0.34
vehicle/porson,  In part, this is due 1o rclatively slow fleet
lurnaver rates for older vehicls model years, but il is primary
a rcsponse to the rapid introduetion of newer vehicies (Zavala
ctal., 2009b). This is imporianl because of the approximately
four million paseling-powercd vehicles in the MCMA, inote
than 20% ave 1990 modcls or older and do not have emission
conlrol technologics. Ahout 7% of MOMA gesoline vehi-
cles are 1991-1992 models thal have 2-way catulytic con-
verters designed to reduce OO and VOCs bul not NG, and
the rest have three-way catalytic converters that are designed
to reduce all three pollutants {SMA-GDF, 2008a). In addi-
tion, dicsel vehicles constitute anly sround 4% of the wehicle
ficet, but contribute disproportionally to WO,, FM, and se-
iccted VOCs emissions,

During MILAGROMCMA-2006, direct measurcments of
mobile emissions were obtained using the Acrodyne mno-
bile labuoratery, which confained an extcnsive set of senxi-
tive, fast response (1-2 s measurement times) trace pas und
fine P¥ instruments {Zavala et al., 2009; Thornhill et al,
2009).These {ast time response instruments wore used dur-
ing mobile lah transits between sites to oblain on-road wehi-
cle emissions data {sce Fig. 7). The comparison of the 2006
results to similar on-read measurements conducted during
MOMA-2003 (Zavala et al., 2006} indicates some inlcresting
trends. Wihile the NO emission factors have remained within
the measured variability ranges, emission factors of aldelyde
and aramatic species were reduced in 2006 rolative to 2003,
The camparison with the 2606 mobile emissions inventory
indicale an over-prediction of mean cmissions iwventory mo-
tor vehicle cstimates on the order of 20—-28% for OO and 14—
20% lor NO. However, hese neasureiments also suggest that
the emissions inventory underprediets 1otal VOC emissions
from mobile sources by a factor of 1.4 to 1.9, For speci-
ated VOO compounds: the Dwventory estimates of benzene
and taluene cmissions from mobile sources are within the un-
certaintics of the corresponding measured on-road emissions
egtimates, This is in contrast to the results for the aldehydcs
from mobils emissions. Compared to on-road nreasurements,
the 2006 inwveniory underpredicls formaldehyde (HCHO} and
acetaldehyds (CHaCHO) by factors of 3 and 2, respectively
{Zavala et al., 20000,

Additional information on the chemical and physical char-
actetistics of emissions froim mobile sources has been ob-
tained from source spportionment analysis of statfonsry data
at TQ {Aiken ot al, 2009, 20H0; Paredes-Miranda ot al,
2009, arce-averaged emission fluxes at the SIMAT tower
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Fig. 7. Comparison among LDGY on-road mobile cmissions os-
timated durng MILAGRO, renots SCN3INE measurements in 2006
{Schifter et al,, 2008) and the mohils smissions inverorics (SMA-
GDF, 200¥a, b). The uncertaingy bars displayed are standard crros
of the means. For clarily, omissions of ©O, NO, and YOO arc 4i-
vided by factors of 100, 10 and {0, respectively, The upper-corner
inset shows a compatison of un-road YOS fuel bascd emission Toe-
tars (EFs, wha) measured it 2003 and 2006 will the ARL mabile
laboratory in Mexigo City for SAG {green), TRA (hluc) and CRU
{red) driving eonditions (sea Zevala ot ul 2000a for delinitions of
driving conditions). Brror bars are shown for 'I'RA driving condi-
tliohs snd represent one standard deviation of the measured values.
Motes: & N0y (expressed vy NO3) enissigns in the inventary were
assumed 90% MO and 10% NO; in mazs. ¥ Total VOCs emissions
fromm the inventory include evaporuive emissions. The corespond-
ing on-read YVOC’s are inferred euther than mensured scaling C0
ermissions by a remute-sensing-based YOC/CO ratio (Schifter ot al,,
20083). Estimated organic mass of patlicles in the nen-téfretory
FM| range. The PM mass from the emissions inventory refers to
'y g,

site {(Velasco ot al,, 20097, and aireraft measuraments (Karl
et al., 2009; Gilardoni cl al,, 260%; DeCarlo st al., 20103,
Analysis of the data at T1 showed highcr hydrocarbon cmis-
sions relative 1w CC than in the US, but similar cmission
ratios wete found for most oxygenated VOOCs and organic
aerosol {dv Goww et al., 2009}, Using eddy covariance tech-
higques coupled with fast response analylical sensors, Yelusco
el al. (2009) showed that a representative vesidential district
of Mexico City is a net spuree of COyz, olefing, aromatics
and oxygenitcd VOCs with substantial coniributions from
mobile sources {see Fig. 3. Comparisons of fhe measured
fluxes with the emissions reported in the emissions inventory
for the monitored fuotprint fon average 1.15km covering an
arca of 7.6 km®} indicate that the toluene and CZ-benzenes
(xylene isomcrs + ethyl-berecnc) emissions from gasoline
vehicles arc overestimated in the inventary. Tn contrast, it ap-
pears that methanol is cmitted by mobilc sources, bul is not
itcheded in the 2006 cmissions inventory,

Measurements of organic mass cmissions of PM; par-
ticles from gasoline-powered wvehicles suggested a iarge
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underprediciion of PM; 5 cissiona in (ke inventory from on-
road sources (Zavala et al, 2009b). This underprediction of
PM emissions from mabile sources is consistent with the re-
sulls of Pasitive Matrix Factorization (PMF) analysiz of the
high resolution organic acrasal (OA) speciva of submicron
agrosol measured at TO {Aiken et al,, 2009), Cumponents
of organic aerosols derived by PMF analysis of data from
several Aerodyne Acrosol Mass Spectrometer {AMS) instru-
ments deployed both at ground sites and on research aircraft
werg used 10 evaluate the WRF-Chrem made] during MTLA-
GRO (Fast ct al, 2009). Modeled primary OA (FOA) was
congiglently loweer than the measurcd OA at the ground sites
due 1o lack of an SOA model, whereas & much better sprec-
ment was found when modeled POA was compared wilh the
sum of primary anthropogenic and biomass burning compo-
nents derived from PMF analyses on most days.

53 Fixed slie emissions measurcments

Several aludics have reported fhat the high concenirations of
propanc, butane and ofher low molecafar weighl aikanes are
due 1o liquefied petralewn gas (LPG) leakages (e.g., Blake
and Rowland, 1995; Rishop vt al,, 1997; Mugica et nl., [998,
2003, Yelasco ct al,, 2007). LPG i5 {he main fuel for copk-
ing and water heating in Mexican houscholds. In 2006, GC-
FID» and PIT-MS measurerncinz of WOCOs at Tl suggested
that high alkane emissions from LPG usage may he respon-
sible far photochemical formation of acetone (de Gouw ot
al., 20093, A small fraction of vehicles, particulatly small
buses used as public transport, are powered by LPG and also
confribule to the emissions of low molecular weight alkanes
{Schifter et al., 2003; Velasco ot al,, 2007).

The Eddy covariance flux measurements at the SIMAT
lower site durng MILAGROMMCMA-2006 showed #hat
evaporalive cmissions from conumercial and other anthro-
pogeilic activities were also Important sources of toluene,
C2-benzenes and methano! (Velusco et al., 2009), Within
ihe manitoring footprint extending several km around tho
site, the data show that the cmissions wentory is in reason-
able agteement with measured olefin and €O fluxes, wiile
Cl-benzencs and tolucne emissions from pasoline vehicles
and cvaporative sources are ovorestimated in the Inventory
lor that patticular sector of the city. The SIMAT tower sifc
also included vsing an Acrodyne Quadrupole Aerosol Mass
Spectromeiter operated in eddy covariance mode {Momitz et
al., 2008) to obtain Auxes of submicron speciated asrosols
by Washington Statc University, Univ. of Culerado, CLH-
Lidinburgh, and PNNI, groups {sce Table 1).

According to the 2006 cmissions inventory {EBI), about
83% of the cnergy consumed hy the industrial seclor within
the MCMA is produced by natural gas. The estimated to-
tal annuval emiszions of 30 in the 2006 B are shout 7 kions
por year for the MCMA. About 7200 industries congidered
in the invenlory as point sources conttibute more than 50%
of the 807 cmissions within the MUBMA, However, a current
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challenge is quantification of the contributions of S0y emis-
sions froin the Tula industrial complex, located 60 ki north-
west of the MCMA and not included in the inventory, (o the
high 805 levels observed in the northem part of the city,
especially during the winter season (de Foy et al., 2000b).
Total vertical eolomns of 307 and NO» were measured dur-
ing plume transcets in the neighborliood of the Tula indus-
trial complex vsing DOAS instrumeits (Rivera et al., 20003,
Vertical profiles of wind speed and direction oblained fiom
pilol ballnons and radiosondes were used to caleulate S50,
and NOz fluxes in the plume. Average emissions fluxes for
30k and NO3 were estimated to be 1403438 and 9-- % kluns
per year, rexpectively; the standard deviation is due to ac-
tual variatiens in the observed emissions from the refinery
and power plant, as well as the uncertainty in the wind fields
al lhe time of the measurements, These values are in good
agreement with available datasets oblaincd during MOMA-
2003 and with simulated trajectory plumes {de Loy ct al,
2007, 2009h),

Due to its Tocation {60km south-cast of Mexico City),
the Popocatepet] valeana can comtribute substantially to re-
gional levels of 803, as well as subsequent sulfafc Parti-
cle formation and radiative scattering properlics, although
the high altitnde of emission injection ean alse Favor long-
range fransport,  Therefore, it is important to wndemstand
the contributions from this souree (o the air qualily levels
at regional scales (de Foy et al, 2009b). S0O; criissions
from the Popocaiépet] velcano were measured and imaged
during MILAGRO using stationary scanning DOAS {Grut-
ter et al,, 2008). An aversge emission rate of 804 2507
kitons per year of 802 was estimated fromt all (he daily
averapges obtained during the month of March 2006, with
large variptions in maximum and minimum daily AVErages
of 5.97 and 0.56 Ge/day, respectively. A scanning imaging
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Infrared spectrometer was used for the first time for plume
visualization of & specific volcanic gas, confirming observed
B0: emission plumes through 2-D scanning, In the same
siudy, a frequency analysis of the 48-h forward trsjectories
caleulated from the North American Regional Reanalysis
{NARR} model autpug from National Centers for Baviron-
mental Prediction {NCEP} suggests that the emissions from
Popocatepet] were transported towards Puebla/Tlaxcala ap-
proximately 63% of the time during March 2008,

Christian ctal, {2000} tneasored indtial erission ratios and
emission factors for irace gas and pariicle species from five
potentially imporant but little-studied combustion sources:
wood cooking fires, garbage burning, brick and charcoal
making kilns, and crop residuc buming in central Mex-
ica during the spring of 2007, a5 a complementary study
to the biomass burning measurements during 2006 MILA-
GRO (Yokelson el al,, 2007). This study estimated a finc
particle enission factor (EFPM; s} for gabage buming of
~ JL5-L 8.8 plkpr, and a large HOl emission faciors in the
range 2—10 gfkg, Garbage burning PMs 5 was found to con-
tait levoplucosan and K in concentrations similar to those
for bipmass burning (BB); galactosan was the anhydrosupar
most closely correlated with biotnass buming species. Brick
kilng preduced low total EFPM3 5 {~1.6 g/ke), but very high
ECAOC ratins (6.72). The dirt charcoal kiln EFPMa 5 was
~1.1 gkg; some PM3 s may be scavenged in the walls of dirt
kilns. The fuel consumption and emissions due to industrial
biofusel use are difftcult to characterize regionally because of
the diverse range of fuels vscd. However, the results sug-
gest that cooking and garbage fires can be a major sourcs of
several reactive gases and fine particles with the potential For
severe local impacts an air qualily. Previous study by Mugica
ct al, (2000} in the MOMA focused on VOCs characlerized
iy GC-L'IDY, it has igen documnented in other cily that meat
cooking also produces carbonyls (Ha et al., 2006) {see also
Seel. §.2),

54  Aircraft measurements

Adreraft measurements can serve to develap lep-down con-
straints for the validation of emissions inventoriss, The spa-
Lial varigbility of selected VOC emissions within MCMA
was evaluated during the MILAGRO field campaign for the
first time by disjunct eddy covariance flux measurements
of toluen: and henzene from the NCAR/NSE-C-13) air-
craft (Kail et al., 2009). Twelve flights were carried out
al midday Beross the mortheast Bsclion of the cily where
the industrial district and the aitport are located. Median
toluene and benzene fluxes of 14.1 £4.0mgm—2h~! and
4.7£23mgm 211, respectively, were measured along
these flights.  For comparison the 2004 EI adjusted emis-
ston tventory used by Lei et al. {2007) cstimates toluen:
fluxtes of Mmgm™2 i~ ! along the footprint of the flight-
track. Those fights evidenced the strong contribution of fuel
eviporation and industrial sources fo the toluene emissions.
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Karl et al. (2009) obsarved peak toluene to bereenc Hux ra-
tios ranging from 10 to 15, with a mean ratio of 3.2 0.5,
The pround flux measurcments at the SIMAT site reported a
mean toluene o benzene flux ratio of 4.20.5, and a ratio of
7.04:1.2 during the application of 1 paint resin 1o the side-
walks near the tower by the local distdct eity maintcnance
wotkers {Vilaseo et al., 2009). Using the VOO duta collected
during these flights and a tracer moadel, 11 was found that vehi-
cle cxhaust, indusirial and cvaporative sources are the major
sources {=874%) of the RTEX compounds (henzens, toluene,
cthylbenzenc and m,p,o-xylenes) in Mexico City; in contrast
to biomuss buming, wilich contributes batween 2% and 13%,.

Severat previous studies have found that many fires occur
it and arcund (he MCMA, perticularly in the ine forssts
on the mountaing surrounding the city, both inside and out-
side 1he basit (Bravo et al., 2002; Johnson ef al., 2006; Sal-
ceda et al., 2006). Many of thesc fires are of human ori-
gin and can affect air quality. During MILAGRO, an instry-
mented US Forest Service (USFS) Twin Otlter aireraft mea-
surcd the emissions from 63 fires throughout south-central
Mexico (Yokelson ot al, 2007). The dats indicate that while
the emissions of NHy are about average for fores! buming,
the emissions of NO, and HON per unit amount of fuel
burned in the ping foreals that dominate the mountains sor-
teunding the MCMA arc about 2 times higher than normally
vbserved for forest burning, The dala showed that molar
emission rativs of HCN/CO for the mountain fires wore 2
O times higher than widely used litcrature values for biomass
buraing. The nitrogen enrichment in the fire emissions may
be duc to deposition of nitrogen containing pollutants in the
eutflow fram the MCMA, suggesting that this effect may oo-
cur worldwide wherever biomass buming coexists with Lage
urban area or indosirial pollulion sources. PM cmissions
from bivmass burning are summarized in Secl, 8.3 below.

MASA DC-B flights conducted around Mexico City to
tneasure gas-phase clemental mercury (He) during 2006
showed ltighly concentraled polivtion plomes (with mixing
ratios as large as 500 ppgv) originating from the MOMA,
(Talbot ¢t al, 2008}, Thesc high concenirations were
related to combustion truecrs such as €O but not SOy
{which is emitted mainly from fuel-eil burning, refinerics,
and voleatoes} sugpesting that widespread multi-sourec or-
ban/industtial emissions may have a more imporiant infly-
ence oh Hg than specific point sources for this region.

6 Organic moleeules In the atmosphere: the complexity
of Mexico City Volatile Organic Compounds

Megacities, such as the MCMA, prodoce a complex unay
of emissions including hundreds of different YOCs. Mea-
surable VOCx considersd here consist primarily of non-
methane hydrocarbons (NMHCs) and oxypcnated volatile
organic compounds (OVOCs), NMHCs have primary an-
thropogenic emission sources which can include evaporative,
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exhaust, industrial, Wogenie, liguchied petroleum gas {1.PG),
and biomass burning emissions. Sources of OVOCs fncluds
primary anthropogenic cmissions, primary biogenic emis-
sions, biomass burning, and secondary photochemical for-
mation from anthropegenic, biogenic, and biomass burning
SOUICES,

An excellent summary of the knowledge about VGCs in
Mexico Cily before MILAGRO is provided by Velasco w1
al. (2007). Dhuring the MILAGRQ field campaign, the com-
plexity of VOCs in the MCMA was investigated using an
impressive attay of state-of-scicnce measurement methods
deployed &1 4 number af fixed pround sites and in several air-
borme sampling platforms. To this seclioh, the results from
these varicd measurement efforts are summarized to duc-
urnent the distribution, magnitude, and reactivity of VOOs
in the photochemival environment withia and downwing of
Mexico Cluy.

6.1 Methads and sites

VOC data were obtained from near the cily conter at (he
SIMAT tower site, from the TO whan site, the T downwind
site, the Acrodyne mobilc laboratory platform, and wilh can-
isters collected at various cily ocations, VOCs were mea-
sured with vatious real-time and sampling/post analysis tech-
niques on the NCAR C-130, DOE G-1, NASA DC-8, and the
ISFS Twin Oiter aircrali.

Al the SIMAT tower site, YOO cotcentrations snd fluxcs
— obtaincd via eddy covariance methods — were measured us-
mga FTR-MS, a continuous chemilnminescent analyzer cal-
flwated for olcfin measurements (Fast Olefin Scnsor, FOS)
and canister samples associated with updratts and down-
dralis which were analyzcd off-line by gas chromatography
{GC) separation and Hame jonization detection {FID} {Ve-
lasco et al, 2009), Canister samples were collecled for sub-
sequent analyscs by the UC Irvinc group at the TG and Tt
sites. Euch sample was analyzed for morc than 50 trace
gascs comprising hydrocathons, halocarbons, dimethyl sul-
fide (DAS), and alkyl nitrates. AL TO, a quadrupelc FTR-
M5 (de Gouw and Wamcke, 2007) measured 3% mass-to-
charge ratios associated with VOCs including sclect NMIIC
{alkenes and aromatics}, a variety of OVOCs and acetonitrile
{(Fotiner ot al., 2009%. Two research grade long-path Differ-
eatial Optical Absoiption Spectroseopy (T.P-DOAS) instru-
ments measured numeraus aromatic VOC, TICHO and gly-
oxal, following protocols develuped in MCMA-2003 {Volka-
ntet € al., 2005, 2010). In addition, veclical column con-
cenirations of IICHO and glyoxal were measured by Multi-
Axis DOAS (MAX-DOAS). At T1, 1« PTR-MS using an ion
trap masg analyzer (TTT-MS) {de Gouw ct al., 2009) made
continnous VO mensuretnents of a similar but not identi-
cal subsct of VOCs and a GC-MS continuously measured a
wide range of NMHC:. VOC measurcments were obtained
by the Acrodyne mobile laboralory at various locations us-
ing a quadrupole PTR-MS and canister sampling, analvzed

wuny almos-chem-phys.net! LBE07/201 0/

by the US EPA, and several Mini-MAX DOAS instrutnents
were deployed within and near the city at various locations
(see Table ). Formaldehyde was mensured continuously at
the TO and TT sites using 1 commercial instrument operated
by IFU (Junkermann and Burger, 2006) and witl: & mobile
DOAS insttument to estintate HCHO city pluine mass Aow
rates (Johatnson ct al., 2009). Ambicnt samples of 13 VOCs
were also measured st CENICA site (Wohrnschimmel et al,
2014,

Onboard the C-130, there were three kechniques for VOO
meesurements: (i) the WCAR Tmee Organic Gos Anae
tyzer (TOGA} which is a fast GC-MS system {Apel ot al,
2503, 2010); {ii) the NCAR guadrupole PTR-MS (Karl
et al, 2009); and {iii) UCT canister sampling with post-
flight analyses. I'or the TOGA instrument, 32 compounds
were targeted including OVOCs {methanol, sthanal, methyt
tertiary bawyl ciher, C2-C35 aldchydes, C2C5 ketones),
NMHC (C4-C9), and halogenated ¥OC compound classes
and alse acetonitrile. Simultanecus messurements were ob-
tained for all compounds cvery 2.8 min, The PTR-MS rax-
peted OVOCs (muass to charge ralios associnted wilh the
detection of mwthano!, acetaldchyde, (acetone+propanal),
{(MEE+butanal), acetonitrile, benzens, toluene, and C8§ and
C9 aromatics for analysiz ax well as the more polar species
aceticacid and hydroxyacetone. The measurcment frequency
was variahle but the suite of specics was typically recorded
cach minuie; during some city tuns the instrument recorded
benzene and teluens measurements at 1 Iz in order ta obtain
vertival fux profiling by cddy covariance over the MCMA.
The UCT canisters wore analyzed for a full range of VOCs
in the C2—C10 range including NMHCs, halogens, and or-
Banic nilrates. The time resolution was limited by the number
of canislers available for each flight (72). For co-measured
NMHEC specics, the TOGA NMHCs and hatogenated VOCs
showed excellent agreement with the UCT canisters. Agroc-
ment hetween TOGA and the PTR-MS was also gencrally
good (usually within 20%) for co-measured specics hut with
greater overall differences than with the canisted TOGA 1nea-
surements, Formaldehyde was continuously measured on
the C-130 with a dilference frequency gencration absorplion
spectrometer (Weibring et al., 2007).

Tie DO G-1 was equipped with a quadapele PTR-MS
that measured sionilar spegies o 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 majotity of the DOE G-1 flight hours were carried
out in and around the MCMA at allitudes ranging from 2.2
to Sk, An in-flight comparizon wes conducted befween
the G-1 PTR-MS and the C-130 TOGA and NCAR PTRE-MS
and the results showed good agreement for benzene bul dis-
crepancies on the order of 30% for other species (Apcl ct al,
2010,

The NASA DC-E was cquipped wilh a canister collec-
tion system operated by UCK, After lransporting the canis-
ters back to the taboratory, these were analyzed for a full
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range of YOOCs in the C2 Cl0 range inchuiding WMHCs,
halogens, and arganic nitrates, One hundred sixty eight can-
isters were avallable for each flight. The NASA Ames proup
opcrated PANAK (PAMN-Aldchydes-Alcohols-Ketones), an
in-gity three-channcl gas chromatographic instrument vsed
to meagure acclone, methylethylkelone, methanod, ethanol,
acetaldehyde, propionaldehyde and also hydrogen cyanide
and acctonitdle. Foumaldehyde was continuously measurcd
on the DC-8 atreraft using tunable diode laser speclruscopy
{Fried et al., pers. comm., 2009}, The DC-8 was flown eut of
Houston, TX with a primary ohjective 1o measurc aged out-
Tlow [rom the MOMA although several flights sampled (resh
emissions from the MCMA basin and the surrounding area.

The USFS Twin Ouer was equipped with an airbmme
Fourier tranaform infrarcd spectrometer (AFTIR) with the
primery ohjective of sampling biotnass buming emissions
within the region (Yokelson el al,, 2007).  Species mea-
sured included hydrogen cyanide, methane, cthene, accly-
lenc, formaldehyde, methunol, acetic acid and (onnic avid,
Canisters wete also collected which were subscquently an-
alyzed by the University of Miami group using GC-FID for
tethanc, cthane, ethens, ethyne, propane, propens, isobu-
lane, n-hutang, t-2 butene, l-bulcne, isobutens, ¢-2-bulenc,
1,3 butadiene, cyelopentane, isopentane, and n-pemtanc, with
detection limits in the low ppty range. Other canisters were
filled for analysis by the Forest Serviee Fire Sciences Iaba-
ratory by GCFITWRIGD for COgp, OO, CHy, Hy, and several
C2-C3 hydrocarbons.

6.2 VO emissions

Duting the MILAGRO campaign, direct VOO emissions
measurements were obinined vsing (i) the Aerodyne mobile
luboratory during driving (raverses (Zavala et al., 2005b);
(i} & fixed site (SIMATY flux measurement study (Velasco
&t al., 2009); and (it} disiunct eddy covarisnce {(DEC) fluxes
onboard the C-130 aircraft (Karl et al, 2009). In addition,
crmizsion ratios (pply VOCppby OO were obtained lor a
variety of compounds al the T4 and T1 sites (2., de Gonw
et al., 200%). The flux measurements were analyzed in terms
of diurnal patternz and vehicular aclivily and were compared
with the most recent gridded local cmissions inventory. The
tesulls show that the urban surlace of Mexico City is a net
sonrce of VOOCE with sobstantial contributions from wvehic-
ular traffic. The canister samples coliseted al the STMAT
tower site wore used bo caloulate fluxcs of selected NMIHCs
by the Digjunct Fddy Accumulation {DEA) technique (see
Table 1) (Velasco et al., 2009). Results from the lux study
ahoard the C-130 aivcrafl indicate high toluene o benzenc
flux rative sbove an industrial distdc (e.g., 10-15 gg) in-
cluding Ihe Benito Juarez International Airport {e.g., 3-
Sg/g) and & mean flux (concentration) ratic of 3.2:10.5 gz
{3.9£0.3 g/} across Mexico City, which confitm an impor-
tant rale for evaporative fucl and industrial emissions for aro-
matic compounds in the basin (Karl e al., 20097, Drevious
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indications for solvent sources have been obtained during the
MOMA-2003 field campaigo from comparisons between in-
siln PTR-MS and (3C-FID) canister mensurermcnts with LP-
DOAS measirements (Jobson et al., 2010}, While the DOAS
data apgrecd within 20% with both point measurements for
benzene, concentrations measurcd by DOAS were on aver-
age a factor of 1.7 tlitmes greater than the PTEMSE daw lor
toluene, C2-alkylbenzencs, naphthalens, and styrenc. The
level of agreement for the toluenc data was a fimction of
wind dircction, establishing that spatial gradients — horizon-
tal, vertical, or both — In YOC mixing ratios were significant,
and up te & factor of 2 despite the fact that sll measurements
were conducted above rent level. This analysis highlights the
issue of represcntative sampling In an urban covironment,

Spatial concentration gradients complicats the sampling
ol hydrocarhons and possibly other pollutants in urban ae-
eas fur comparison with photochemical maodals (Johson et
al., 20010}, More details un the VOCs measursinents are pro-
vided in Sect. 4 on cmissions,

4.3 VOC distributions and patterny

At the SIMALN towwr site, and at both the TO and T1 ground
sites, YOO mixing ratios are quite high comparcd fo typ-
ical levels in IS cities, such as New York (Shirley et al.,
2006). Tie low molecular weight alkanes are prevalent, with
propane heing 1he mast abundant species with mean daylime
mixing ratios of approximately 30 ppby at TO and approx-
imately & ppbv st T1, which hies previously been ativibuted
to widesprend nse of LPG (e.g., Blake and Rowland, 1995,
Yelusco ot al, 2007). The most important seurce of alkenss
is believed to be vehicular cmissions (Doskey ef al., 1992;
Alluzar et al,, 2005; Velasco et al, 2008), bul LEG and in-
dusirial cmissions can also be important. Aromatics result
from vehicle emissions but are also widely used in paints, and
industrial cleaners and solvenis. Aldchydes result from fos-
gil fuel combustion and arc formed in the atmosphere from
the oxidation of primary NMHCs {Alkinson, 1990), Voika-
mer et al. (2005) measured glyoxal for the first time directly
in the almosphers during MCMA-2003. Glyoxal is mestly
formed from YVOC oxidation, and provides advanteges over
traditional Iracers for VOU oxidation, as it is Jess alleoted by
primary emissions. Garcia et al. (2006} used these uniqua
tracer properlics in a tracer ratio method 1o discom primacy
emissions of HCHO from photochemically produced HCTIO
in the MCMA, They concluded that whilc primaty emissions
dominate in the early moming, secondary IICIIO is respon-
rible for up to B0% of the ambient HCTIO (ot thost of the
day.

The two wmost prevalemt keloncs, acetone and
methylethylketong, are believed 1o have sources similar
tu (he arematic compounds. They exhibit strong correlation
with CO. [Towever, there is also evidence for kelunc con-
tributiona from paints and solvents. Less is known about
the ¢missions of the aleohols. Methanal is one of the most
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the relative contibutions from NMACy and OVOCs for TR and T1 » Tespoctively. Shawn in the scoond pie ehart is the breakdown in lerms of

each compeuned class,

prevalent VOUs with average imixing ratios of approximately
20ppby at TO, 17 ppby al the STMAT tower site, and 4 pplby
at T1, during a season when hiogenic emissions are balieved
to¢ be low. During the moming rush hour at the T site
impacted by industrial emissions and diesel fuel exhaust,
methanul concentrations averaged = S0 pphy (Forlner ol al.,
2009} but no more than 20ppby at the SIMAT wwer site
licated in n residentiel neighborhood (Velasco ot al,, 2009,
The aldehydes arc present in relatively hipher amounts at
T1 versus the T site. Biomass burning tracers measured
by several investigators sugpested that bioniass buming is
a minor source of VOO at TO or T1 relative (o mobile and
industrial emissions (s.z., dc Gouw et al,, 2009).

In terms of enhancement ratios, many hydrocarbon species
relative lo CO were higher in Mexico City than in the TS (de
Gouw ct al, 2009; Apel et al, 2010, and similar enhance-
ment ratios were found for most oxygenated VOUs (de Gouw
ot al,, 2009}, The higher hydrocarbon enbancement ratios in
Mexico Cily comparcd to the US are duc to the widespread
use of LP{G and higher indusirial and evaporative enissions
of aromatics,

www.atmos-chem-phys. et/ LO/BAD 720 O/

Henld ¢t al. (2008 compiled all the pax and particle
phase crganic measurements into the newly defined “Total
Observed Criganic Carbon®™, which had a daytime mean of
456 ppCm~3 gt TO and 17 peCm~? for the C-130. The TO
levels are an order-of-mapnitude higher than those measurad
in Pittsburgh (28-45 pgC w2, while those measured in the
C-130 are typical of polluted airmusses in the US sampled
fiom aireraft, The organic aerosel PM coniribution insteascd
from ~3% of the TOOC at T to 9% for the C-130, due to
S0A formation and the larger conlribution of biomass burn-
ing to repional airmasses.

The sl daytime average OH reactivity from measured
VOC compounds was found te be 19,751 at T0 and 445"
4l T1 (Apel et al., 20000, The OH reactivity detcrmined at
T i3 broadly consistent with the results from the MCMA-
2003 study al the CENICA supersite located approximately
Tkm 5E of downtown Mexico City. During MCMA-2003
Shirlcy ot al. (2006, using the Total OH Loss Measurcment
instrument {TOTILM), reported an average daily OH reactiv-
ity ef 3357, and cstimated that 72% of it (~245~!) was
due o VOCs. WMHCs provide the majarity of the mea-
surcd daytimie averaged YOUC reactivity for TO and T1 (75%,

Atmos. Chem. Plys, 10, BR97-2760, 2010
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Fig. 10, MOZART depiction of he of the €O sulllow from the
19 March 2006 plume. Superimposed on the plume are flight (racks
from the G-1 on 1§ March and from the C130 on 19 March, The
-1 intercepted e plums as it was emenging from the eily during
a transect that occurred between the 1imes of 14:20 and 135:20 loes]
time on the 1 8th and the C- 130 which intercepted the plume on the
afterncan of the 19th. The OH reactivily distdbulions in terms of
NMHCs, (0W0Cs, and OO at 0908 3.m. are showi Jor the T8 and
T sites, the (3-1 during the transeet, and the C130 dudng the plume
intereeption that agcwrmed at the furthest point from the city,

and 56%, respectivcly), and OVOCs provide the remaining
VIO reactivity with 25% and 44%, respectively. However,
the twe most importent measured YOCs in tcrms of OH
reactivity wore formaldehyde and acetaldechyde, The dis-
tribution of OH reactivily among VOO classes is shown in
Fig. 9. The third most important YOC was ethene which re-
acts relatively quickly to fonn formatdehyde {e.g., Wert etal.,
2003) and is therefore an important contributor to secondary
formaldehyde fonnation (Garcia et al., 2006). On-road ve-
hicle emissions of acctaldehyde wetc reported by Zavala et
al. (2006) whe lound substantial levels of this specics in ve-
hicle exhaust, slthough the levels were found o be lower than
tormaldehyde cmissions by a factor of 5 10 8.

6.4 In-hasin YOC chemisiry

Measurements at Ti (de Gouw ct al,, 2008) show that di-
uimal variations of hydrocarbons were dominated by a high
peak in the early morning when local emissions aceunulated
it a shallow boundary tayer, and a minimum in the allemomm
when fhe emissions were dilwed in an expanded boundary
layer and, in the case of reactive gases, removed by OIL
In comparison, diumnal variations of specics with secondary
sources, such as the aldchydes and ketoncs, stayed relatively
high in the afternoon indicating photochemical formation,
Photachemical formation of asetone is impartant in Mexico
City due 10 high emissions of alkane precursors, principally
propanc, from the widespread use of LBG. The nfluence of
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biomass burning was invesligated at T1 using the measure-
mients ol acetonitrile, which was found to corrclate with lev-
oplocesan in the purticle phase. Liumal variations of ace-
lonitrile indicalc & contribution rom Incal burning svurces,
Scatter plots of acetanitrile vorsus CO suggest Lhat the con-
tribution of biemass burning to the enhancement of most gas
and actosol species was not dominant and perhaps not dis-
similar from observations in the US Measurements of the
biomass buming influence on Mexice City and the surround-
ing ares were made on the C-130 (Crounse ef al., 2009) and
the US Vorest Service Twin Otter (Yokelson of al., 2007},
During the measurement period, fires contritbed one third
of the enhancenent in benzene in the outlow from the Cen-
lral Mexican Platcan, and by implication, contributed to the
cnhancement of all YOCs that arc produced in fires.

6.5 Long-range VOC trnnsport ont of the basin

Apcl et al. (2010} have summatized the overall patlem of
VOO measurminents during MILAGRO in terms of a diore
nal process associated with the daily flushing of the MCMA
basin: following morning emissions from traffic, industry,
cooking, gtc., ino a shallow boundary layer, the bound-
ary layer deepens rapidly and air is mixed with cleancr air
aloft and eventually transported downwing of the city by
strong synoptic winds. Figurc 10 illustrates some features
of the outflow pattern. During the MIRAGE-Mex flight on
149 March, the C-130 intercepted three times an MCMA out-
flow plume that had heen smnpled a day eatlier by the G-1
over the sourer region. This wus a typical NI transpert event
at altitndes ranging from 3-5 km. Air was sampled thet had
aged between 1-2 days. The figure shows the results of a
MOZART (Model Jor Ozone and Related chemical Tracers)
simulation of the OO cutflow from the plume. Superimposed
on the plume are Aight tracks from the G-1 on 18 March and
from the ©-130 on 19 March. The G-1 intercepted the plume
85 il was emerging from the city during a transect that oc-
curred between 14:20 and 15:20 local time and the C-130
which intercepied the plome 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 T0 and T1 sites
at 09:00 5., the G-1 during the Iranseet, and the C-130 dur-
ing the plume intereeption that occwrred at the furthest point
fromn the city. [1is interesting to note the extent of the plume
mio the US at 6200 (= 4km altitude). The total VOO
reaclivily is dominated by NMHCs in the basin in the morm-
ing with CO playing a rclatively minor rolc compared 1o the
VOCs. The total measured OTI+YOC reactivity at 09:00a,m.
at TQ is 505" and 1457 at T1. A large part of the OH re-
activity is provided by alkencs and aromatics (50% of total
VOC-OH rcactivity, with 30% from alkencs and 20% from
atomatics at TV, not shown in the figure), species that have
rclatively shotl lifctimes under the conditions present in the
basin. It ig apparent from the data that rapid photochemistry
oceuwrs, quickly iransforming the OTI-VOC reactivity initially
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from heing douninated by NMHCs (o being dominated by
OVOCs aloft {G-1) and further downwind (C-130 plumes),
00 plays a relatively more important role in OH rcactivily
compared to VOUs &s the plume ages. At the C-130 plume
inlcrecption point, approximately 60% of the CO reactivity
is from the background CQ.

For the C-130 dights conducted over the city, the most
abundant specics measured was methanol, followed by
propaie and other NMIIC and OVOC species. Eight of the
lop 20 measured VOCs were OVOCs. Similar to TO and
T1, the two most imporlant YOCs in 1erms of reactivity wen:
formaldelyde and acctaldehyde,

7 Urban and regional photachemistry
7.1 Urban photochemisiry

The production of czonc and secondary mganic asrosols
{504} in the atmosphere involves chemical reactions of NO,
and YOUCs in the presence of sunlight (although dark reac-
tions with e.g. NOy and O3 car play a role in 80A foma-
tion). The suite of measurements designed lo cxamine the
coinplex photachemistry in the MCMA during MILAGRO
expanded upon previous measurements io 2003 (Moliva et
al, 2007). At T}, mcasurgimenls were made of WO, scveral
WOCs, O3, OH and HO;, a5 well as scveral radical precursors
and indicators for fast NOy and VOC oxidation pracesses
sttch as HOND, IICIC and glyoxal.

The median of the daily measured maxinum NO, mixing
ralios at TV was spproximately 200 ppby during the moming
rush hour (Dusanter et al,, 2009a), which was approximately
& factor of 2 greater than that abserved atl thu CENTCA su-
petsite during MCMA-2003 (Molina et al., 2007), and thus
may reflect the influence of local sources at this site. During
hoth campaigns, divect almospheric measurements of Ny
were conducted by LP-DOAS (Volkamer et al., 2005), Such
measurcments are free fran interferences thut s known to
bu issues with commercial MOy instrements (Dunica ed al.,
2007}, in particular during afternoons. In the afternoon, NO,
was approximately 20 ppb, similar fo that observed during
MCMA-2003, Median peak VOO concentrations at TO dur-
ing the maming rush hour {1600 ppbC) were similar to that
measured during MUMA-2003 (1500 ppbC) {Shirley 2t al.,
2006, Velnsco el al, 2007; Dusanter ct al., 2002a), while
plumes of clewited toluens s high as 216 ppbv and cthyl ac-
etate 8z high as 183 ppby werc often ohserved during the late
nighl and early motning hours at TO, indicating the possibil-
ity of significant industrial sources in the region sround this
site (Fortner ot al., 2009),

7.1.1 Radical sovrees and budget

Measured concentrations of OH by Lascr-induced Fluo-
tescence (LIFY were similar to that measured in other ur-
ban arees, with median midday values of approximately
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4.6 x 10% cm =, These OII concentrations are approximately
& facler of two lower than the cormrected values measured dur-
ing MCMA-2003 (Shirlcy et al., 2006; Mao et al., 2009; Du-
santer et al,, 200%4). The median divmal mexinum HO5
concenlration was 1.9 » 108 em 3, which was lower Lhan the
cotrected values observed during MCMA-2003 (Shirley ot
al., 2006, Mao et al., 2009; Dusanter et al., 200%}, The
lower measured concentrations of OH and HO: are consis-
tent with the bigher observed NO, at TO, which would rc-
duce OH and HO; through the OH + NO; and HOz + NO
reactions.

A 0-D box model based on the Reglonai Atmospheric
Chemistry Mechanism (RACM} of the HOy (OH + HO2)
redical coneenltalions constrained by mcasurements of rad-
ical sources and sinks was used to test the ability of (his
mechanism o reproduce the observed radical concentrations
and 1o pedform a radical budget analysis {Dusanter et al.,
200%b). Constraining the simulation to messurcd values of
glyoxal with additienal constraints on the cstimated concen-
traticns of unsaturatcd dicarbonyl sperics resulted in mod-
eled Oy concentrations in good agreement with measurad
values during the afternoon. However, conaislent with other
uthun measurements, HO, concentrations wers wnderpre-
dicted during the moming howrs when NO, is high {Duszan-
ter et al, 2009b). Dwring the MCMA-2003 campaign, o
sults fiom a constrained 2-I leaible top box model based an
the Mastcr Chemical Mechanism found that modeled HO,
concentrations compared tavorally with measured concen-
teations for most of the day (Volkamer ¢f al, 2010, Shechy ¢l
al,, 20107, However, the model also underpredicted the con.
centrations of radicals in the eatly moming, which could lead
1o an underprediction of the intcgrated amount of o7one pro-
duced by a factor of Lwo (Sheehy et al., 2010). This detailed
testing of chemical modcls at the cadical leve] highlights the
fact that in addition to uncerainlics associated with cmis-
sions and meicorology, there arc additional unceilainlics as-
sociated with the chemical mechanisms used in curent mod-
els (Sheehy et al., 2010; Dusanter et al., 200%h; Hofeuma-
hanos et al., 2009). The parameterization associated with the
prediction of awone by these models may mask this oocer-
tainty and may cause models to give the right answer for the
wmﬂg ICHRON,

During MCMA-2006, the modeling analysis predicts that
the gross photolysis of HONO (25%), photolysis of HCHO
{24%}, Os-alkenc reactions {19%) and photelysis of dicar-
bonyls (3%) are the main sources of radicals during the day-
time a1 TS, while Oy photolysis is predicted (o contribute 6%
of Lhe total radical initiation {Duasanter cl al., 20050). Dut-
ing MCMA-2003, a similar radieal source analysiz found
that the phatolysis of secondary OVOCs other than HOHO
{33%]) was the largest contribution to fie total radical pro-
tuction rate, followed by Oy photolysis {19%), HOHD pho-
tolysis (19%5}, Os-alkene reactions (15%), and HONO pha-
telysis (12%4) (Molkamer et al,, 2010). The larger conlribu-
tion of HOWNO photolysis o radical initiation al T is due to
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the higher median HONO concentrations measared in 2006
as & result of the highor NO, concentrations at this site, Mo-
tably, both studies suggest (hal HCHO js an important radical
source in the MCMA that can have r substantial impact on
radival and ozone production, especially during the mom-
ing (Lei et al,, 2009), while Os-alkenc reactions help jump
start the photochemistry shottly afier sunrise, and indirectly
sustainl radical production in the mid- morning by forming
HCIIO and ether OVOCs (Volkamer et al., 2010),

The relative importance of TIOMO ax a radical source
warics by location in the MCMA, and cven at a given location
can vary from day to day. Duting a period characicrized by
elevated daytime HONO mixing ratios, Li et al. (2010) used
the WRF-Chem model 1o investigate the relative contribution
of several HONG sources and their impact on the formation
of photochemical poliutants, The madel included homope-
neous production of HONO from the gas phase reaction of
OR with MG and four olher heterogeneous sources. Hetero-
geneous conversion of NO2 by condenzed scruivolatile or-
panic compounds was fonnd to be the main soorce of [IONO
in the MCMA, aceoouting for 75% of the measured ambicnt
concentrations. [nclusion of these additional helerogeneous
sources improved the agtecment belweaen the measured and
maodeled HONO and [10, concentrations and enhanced the
production of Oy and SGA (Li et al,, 2010,

Radica] termination at TO waa dominated by OH + W0,
rcactions, with the formation of HNO3 HONG, and organic
nitrates contributing to 60, 20, and 14% of the 1otal radical
ternination rate respectively {Dusanter et al., 200063, Rad-
ical termination theough the formation of peroiyecelyl ni-
trates {PANs) and subsequent reaction with OH was calen-
lated 1o be negligible assuming PAMs are in steady-state dus
ta the rapid thermal dissoeiation of PAN species leading to
the fomativn of RO radicals (Dusanter et al., 20090), Tow-
aver, 2 modeling avalysis of PAN formation using the Com-
prehensive Air Quality Model with extensions (CAM=) sup-
gest that PAN is not in chemical<thermal equilibrium during
rhotochemically active periods, and could lead to significam
outllow ot PAN from the uriban area (Lei et al , 2007}, Mea-
surcments of gaseous HNOj3 reached & peak value of 0.5 Lo
3ppb in the early aftemoon, which was less than Lhat pre-
dicted fiom the rate of HNO; production based on measured
OH and NNO; concentrations (Zheng et al., 2008}, However,
the measured HNO; mixing ratie was found to anti-cerrelate
with sutrmicron-sized acrosol niteate, suggesting that gus-
particle paritioning has a substantial cffect on the gas phase
conceniration of HNO; in the MUMA (Zheng et al., 2008),
consislenl with results from MCMA-2003 {Salcedo et al.,
2006; San Martini ¢t al., 2006a, b). Irreversibic HNO; up-
take an dust was alse reponted by several pronps (e.z., Qucrol
ct al., 2008) and was an imponant sink of HNOs. Gas phase
HNQ; contributed a smaller fraction of oxidized NO, prod-
ucts {MO; = NO,— NO,), while particulslc nitrate com-
prised a large fraction duc to high concenlrations of NIiz and
dust (Guerol el al., 2008; Wood et al, 2009}, Aircrafl mea-
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suremoents of total alkyl nitrates in the immediate vicinity of
Muxico City were found to be a substantial fraction (approx-
imately 10%) of total NO, (Perring ct al., 2010),

The ITOz/0H ratio can be uscd as a measure of the ef-
ficiency of radical propagation. During MCMA-2004, ob-
served HO/OH ratios varicd from 1 to 120 for measured
NO mixing ratios botween | -120 ppb. These ratios ard lower
than those measurcd during MOMA-2003, but may reficot
the highe: NO, cnviromiment at TO resulting in greater rates
of radical termination and lower HOp concentrations {Shirley
et al,, 2006; Sheehy et ul., 2010; Dusanier ct al., 2009},
Model predicted TI02/0H ratios are in gencrally good apree-
ment with the measuroments during the aftemmoon when NO
was hetweett 1 and Sppb. Ilowever, the imodel wndercsti-
makes the measurcd ratios by appraximately a factor of 2
5 ar higher NO mixing rativs botween 10-100pph observed
during the moming (Dusanter et al., 20095). This beliavior
it consistent with that ohserved for MCMA-2003 (Shirley ot
al, 2008, Sheehy ot al., 20100 as well as other field cam-
paigns, suggcsting that a process converting OH into peroxy
radicals may be missing from the chemieal mechanism,

The net instantangons rale of ozone produclion from 1105
radicals (P{O3) &= kpo,+no (HO3} (NO)) can provide in-
sight into (he chemical processes thut produce ozone in the
MOMA. AU TO, £{03) was a2 high as 50 ppb/ in the carly
morning (Dusanter et al., 2009a). These instantancous val-
ues were lower than during MCMA-2003 (Shechy et al.,
2010}, where eatly morning vaives reuched 120 ppby and
are higher than these reported for other urban areas (sge ref-
crences in Sheehy ot al,, 2010; Klcinman et al., 2005; Mag
et al., 2009). An cbserved ozone production ratc from all
produclion mechanisma {(HOh, ROy, ete.) of approximately
50 pptvh was obscrved at a mountain-lop site (Pico de Tres
Padres) located within and 700m above the Mexico Cily
basin (Wood ct 1l 2009), Thesc values are among Lhe high-
est abserved anywhere in the world and are consistont with
the extremely high WOC rcactivity observed in fhe MOMA
compared to olther lovations (Shirley et al., 2006; Shechy ct
al., 2010; Mao ¢t al., 2009; Wood et al., 2009,

7.1.2  Maodeling urban ozone production und sensitiviy

Several chemical immnsport models and analysis of measurc-
ments indicate (hat ozone production in the MCMA is gene)-
ally VOC-limited in the wrban avea (Lei et al., 2007, 2008;
Song ct al,, 20183, Tic ot al, 2007; Zhang and Dinbey,
2009). Measurements of the production of hydrogen perox-
ide, which is a main radical termination product under NO,-
limited conditivns, was found to be negligible in the MCWMA
{Volkamer ct al, 2010; Shechy et al., 2010) and only in-
creased sliphtly just outside of the urben acca, comsistent with
ozanc production being VOC-linited (Nunnermacker et al.,
2008). A comparison of calculated radical production rates
witly the obscrved production rate of NO; also suggests that
ozone production in the MCMA is WVOC-lmited, with the
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fzource: Sang ot al., 2010).

main radical termination reactions imvolying NOy axidation
{(Wood et al,, 2009). An analysis of ratic of radical less from
the formation of nitric acid and organic nilrates to the Lotal
radical production for MCMA 2603 also suggests that ozone
production is VOC-limiled in the early moming and late af-
temooe, but begomes NOy-limited during the early aftermoon
{Muw ot al,, 2009

Sensitivity analyses of ozone production 1o PIZCUISOL
emissions under diffcrent meteorclogical conditions during
MCMA-20606, along with a chemical indicator analysis using
the chemical production raties of I1:0; (v HNO4, demon-
strate that tbe MCMA urban core region is VOO -limited
for all meteorolegical cpisodes, while the surrounding ar-
204 with relatively low-NO, emissions can be eilher N, - or
VOC-limited regime depending on the episode (Song et al.,
2000 (see Fig. 11}, Precursm emissions wore constraincd
by the commpehensive data from the MCKMA-2006 #ludy and
the BAMA network, while the simulated plume mixing and
transport were examined by comparison with aireraft mea-
surements. The CAMx medel was able lo reproduce the
abserved concenlrations of ozene and precursors and sug-
gest that controls on VOC emissions would be a more effec-
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tive way to reduce ozone levels in the urban area, consistent
with previous results from MCMA-2003 (Lei et al,, 2007,
2008}, However, the degree of VOC-limitation increased for
MCMA-2006 due 1o lower YOO, lower VOU teactivily and
moderately higher NO, emissions. Furthermuore, matearo-
logical conditions led to large variations in regime for the
retatively low-NO, emitting area, Implying that the ellective-
ness of particular emission control sirategies would depend
ot location and metcorology (Sonyg cf al., 2010},

An analysis of the weekly pattern of surface concentra-
tions of CQ, NO,, particnlate matler (PMp) and O3 between
1987 and 2007 show a distinel weckend effect, as morn-
ing concenlrativns of C0, NO, and PM,p wers lower on
Saturdays and Sundays compared to the rest of the weck.
However, afternoon ozone concentrations showed minimal
changes over the weckend with occasional increascs, provid-
ing direct empirical evidence that azone production is VOC-
limited and NOy-inhibited during workdays. Trecreases in
the concentrations of CO {(and VOCs} over the past decade
have deercased the CO/MNOy and YOC/NO, ratios, increas-
ing the VOC-Tinitation of ozane production in the urban aren
{Stephens et al., 2008). A 3-D CAMzx chemical transport
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mode] including the eatimated historical changes in ozone
precursars was able to adequatcly reproduce the historical
teeods in the ohserved concentrations, and indicated that
ozone production is ourrently YOC-limiied, The maodcled
ogone concentrationa were parlicularly sensilive to avomat-
ics, higher alkenes, and formaldchyde cmissions (Zavala et
al., 2009a).

Simulalions of ozone and ather chemical species {C0, ND,
MOz and MOy} inthe MCMA using WERI-Chem model com-
pare fayoralxly with surface measurements frorm the BAMA
monitoring network with the exeeption of 805 (Zhang et
al., 2009, Xhang and Dubey, 2009). Reductions of the to-
lal emissions rtes of 15%, 25% and 10% for Salurday, Sun-
day and halidays, respectively, else led to predicied concen-
trations of the main chemical species thatl cotnparcd favor-
ably to measurements (Zhang ¢l al., 200%). Tncomorating
3-D variational data assimilalion into mekeoralogical simuola-
Lions of un air quality cpisode during the MCMA-2003 cam-
paign significantly improved the magnituds of the peak O3
concenlration, as well as the timing of the O3 peak on most
days of the episode, ezpecially during the daytime (Hei st
al., 2008). These results illustrate the impotance of applying
this techiigue to szone simulations in the Mexico City Dasin,
Bei ol al. (2010) further iwestigated the sensitivity of owone
concentration predictions to meteorological inilial uncertain-
ties and PBL parametsrization achemos on four sclected days
during MCMA-2006 Lhrough cnsembte fovecasts, Their re-
sulta demansirale that uncerfainties in meteorological initial
canditions have significant impacts on Oy prediclions, in-
cluding the peak O3 concentration, as well as (he horizontal
angd vertical Oy disiribulione, and temporal variations, The
ensemble spread of the simulated peak O3 concentration av-
eraged over the cily™s ambicnt monitoring sites can reach up
ta 10 pph. The magnitude of the ensemble spread also varics
with different FRL schetnes and meleorolopieal episodes.

7.2 Regional photochemiséry

The composition of the regional ammosphers was sampled
primarily by aircrall-based instruments, and to seme extent
from suelaee slalions ontside Mexico City. Many of these
measurcments ave still being analyzed, but smne peneral fea-
turcs of the character of the regional atmosgphere are begin-
ning o anterge.

Free tropospheric Oz concenlrations in background air
{i.e., air nol obviously influecnced hy Mexico City) ranged
between 30 and B0 ppb as measured from the C-130 with an
average value of 60 ppb (Tis et al., 2009, and ~35-55 ppb
over the Gulf of Mexico observed from the DC-8 {region 1,
singh et al, 2009}, Geone sondes launched from the T site
showed boundacy layer valucs ranging from 30 to 80 pphb,
bui {ree iropospheric values of only 40 60 ppl {one standard
deviation}, likely due to advection of cleaner air from the
Pacific (Thompson et al., 2008). Vertical proliles of O cal-
culated with the global MOZART-4 model show good agree-
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ment with measurements obtained from bolh the DC-§ and
C-130 aircrafl, including a marked peak hatween 2 and 4 km
asl associated with the Mexico City plume outflow (Limmons
gt al,, 2010}, In the same study, Eminens et al. uaed tagged
emissions to identify the contribulion of varfous sourees to
the regional 00 and Oz distribution. Biomass burning was
[ound 1o bave an influence an regional chemistiy, although
nat a dominant one. Emissicns from Mexico City were im-
partant over Central Mexico hut had negligible influence be-
yvond Mexico borders.

Substantial enhancements of O3 above background were
observed i plumes that could be traced back to Moexico Cily
{Tic et al., 2009; Mcna-Carrasce et al., 2009, Enunons e al,,
20100, This [z particularly evident for the quasi-Lagrangian
enisade of 18—1% March, where air was sampled on 18 March
by the G-1 near Mexico Cily, and on 19 March was inter-
cepled and apain sampled far downwind by the C-[30 (Voss
el al, 2010}, Apcl et al. (2000) examined correlations be-
twoon CO and ozone, acetone, or benzens observed in Lthe
near-field plume {on {8 March) and in the same plume a day
later {19 March}. Slopes of Oz va. CO woere markedly stecper
in the apged plume, indicaling that considerable 0y produc-
lion occurred during the transport lime. Some acetong pro-
duction was alse inferred by slightly higher acetone vs. CO
slopes, while benzene vs. CO slopes were essentially idenli-
cal, conaistent with the longer lifetime of both compounds.

Piotochemical inodeling shows that repional Oy produc-
Lion 1% sensitive to NOy, as well as to VOCs and CO (Tie
el al,, 20093, and also to the reduced availability of UV 1a-
diation because of the heavy acrosol loadings (Bamard ct
al., 2008; Mene-Carrasco et al., 200%). WRF-Chem simu-
lationa by Tic el al. indicake that the regional O reactiv-
iy ix dominated by oxygenated organics and €O, and to a
lesser cxtent the hydrocarbons; the high levels of OVOCs
lead to large concenlrations of organic peroxy radicals in the
plume, typically exceeding those of HO;. Simulations with
the MOZART-4 model {(Emmons ct al_, 2(H0) tend to under-
prodicl obscoved concentrations of OWOCs, bt even these
lower values dominate the regional OII reactivily and O
mroduction. Measurements from the G-1 and {134 during
the 18-1% March spisode confirm the importance of OV0OCs
and CO, with OVOCs being dominant in the near field out-
flow (Apel et al, 2010) and CO ingreasing in relative impor-
tante for ozene productien further doswnwind, OH concen-
trations measured from the DC-8 are somewhat higher thun
predicted by MOZART-4, while HO; concentrations show
better agreement.

Ozone productinn efficiencies, defined as the nwnber
of Oy molecules produced per NO, consumed, and esti-
mated from O3 ve. NOw correlations measnred from the
C-130 aircrafl, ranged {rom 4.5-4.6 in ai recently in-
flusnced by biomasz burning or the Tula industrial com-
plex, 5.3 to 5.9 over land influenced by Mexico City, and
8.3 in the maring free troposphere (Shon et al, 2008).
These observalion-bazed eslimalcs can b compared with
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Fig. 13, Awerape composition of PMeparse(FM19—PMa 57 and FM; £ at the TDand T1 supemites, based on the resulis of Queral et al. f200K).
04 was calculaled from the measured OC bascd wn the average measured OASOC ratio of 175 o1 T (Aiken ¢t al,, 20083, The T1 site was
affeeted by local resuspension of dust, which explaing he unusually lamge contribution of mineral malter at this site.

model-based estimates by Moena-Carasco et al. (2009)
(STEM model: 4.9 within 100km of the city, 7.9 outside
thal radiug) and Tie et al. (2009 (WRF-Chemt model: 3.3
ncar the city, increasing to 3.5 on the regional svate) A sep-
arate analysis of the C-130 observations, utilizing only data
for which MOy concentrations were in the range 2—6 ppb to
filter cul very aged air and fresh plumes, yielded an average
Ox w5 NG, slope of 5.920.3, in good agreeinent wilh the
previously cited regional values but somewhal levor than the
valoe of2. 1 -£0.3 predieted from the MOZART-A mode] (Em-
mons et al., 2010%, as might be ckpected due to this model’s
lower sputial resolution,

Long-range sxpurl of reactive nitrogen from Mexico City
was discussed by Meana-Carrasco et al. (2009 and found Lo
lakc place primarily via the formation of PAMs, in sgroement
with observations from the C-130. PANg can thermally de-
compose o the regional scale providing a source of NO,
and iherefore contribute to regional Oy formation. The rela-
tively high repional N, concentrations are consiztent with
low or cven negative formation rates for hydrogen peroxide
observed from the G-1 aircrall over mest of the Mexican
platean, with higher values found only in the relatively hw-
mid coaslal arcax (Mumermacker et al., 2008).

Measuremenis at a surfuce station {Allzomoni) located at
high altitude (401 m 2513 60km 8W of Mexico Cily were
made by Baumgardner et al. £2009%. Pollulam concontra-
tions were elevated not only when the synoptic flow came

wwny simos-chenl-phys net/ 188972010/

diteetly Irorm Mexico City but also from the east, suggest-
ing thal other pollution spurces in Cenlral Mexico and large
scale recirculation of Mexico Ciry pollutaniz may be impact-
ing regional air quality. Recirculation el pollulion to the Gulf
of Mexico and back over Central Mexico was identified in
the modeling study of Emmeons et al, (2010). Influences of
biomass burning and the nearby Popocatepet! voleane were
also ohserved,

8 Ambent particulate matter

Particulate matter (FM) impacis homan health (Bope and
Dockery, 2008) visibility {Watson ot al, 20023, climate
{Vorster el al, 2007), and ecosystems {(Zambrano et al,
2009}, Nepative impacts of P on humen health have
been documented in the MOCMA (e.g., Romicu el al., 1994;
Osomic-Vargas et al, 2003; lvans et al, 2002) as dis-
cussed in more detail in Scction 10 below, M concen-
trations obscrved during the MILAGRO-2006 Campaign
were similar to previous studies that measured FM in the
MOMA duving the late winter and early spring {Chow ct
al, 2002; Vepa et al, 2002; Salcedo o al., 2006; Maoling
et al, 2007), and similar to conceotratiens reporied by
the HAMA monitoring nebwork (hitp:/fwwasma.df.gob.mx/
simat2), Ph g concentrations, as measured from lilter sam-
ples, were higher at the urban ziles with 24-hour averages
ranging between 5056 pgm—, and lower concentrations at

Atmos. Chem. Phys., 10, B697-8760, 2010



8730

yural sites ranging from 22 to 35 pg w2 (Quercl eval., 2008).
FM, 4 congontrations were in the range of 2448 ;Lgnf':“
and 13-25ugm™ at the urban and rural sites, respeetively
(Querol et al., 2008} This ig consistent with previous glud-
jes (Chow et al., 2002, Vega et al, 2002, 2004) that alse
found PM; 5 made up approximatcly 50% ol the PMyg inthe
sMOCMA, and with mebile lidar measurements Lhat indicate
the PM concenirations in lhe Mexieo Cily basin arc about
twice as high as outside (he bagin {Lewandowskiel al,, 2000},
P'M; and Py s concenirations wore similar as the amout of
masgs botwoen Phizs and Ph; was a small (epciion of the to-
Lal PMz 5 (Quero! et al., 20 0% Afken et al., 20054, consislent
with rosults from MCMA-2003 {Salcedo et al., 2006).

The fractional commpositions of PMas and PMloourse 909 il-
tustrated in Fig. 12. Queral et al. (2008} (ound that mineral
aticr made up About 25% of the Piijp at the urban sitcs
and a Yarper fraction at the guburbn and rueal siies. Mineral
malter was found to make 1 A smaller, yet important, frac-
tion of the PMa s al the uran and rural sites accounting o
154 and 28% of the T"Mz 5, respectively. The curtent study
found aboul 5094 of the Pld; 5 and the M) was camprised
of organic matter in the city (Querol et al, 2008; Alkon et
al., 20093, which is smilar ov larger ihan reporied in ather
vilies {e.z.. Thoag ek al,, 20073 Abouwt 2524 of the PMas
mass was duc lo secondary inurganic lons {gulfate, witrale,
amimorniun}, and the remaining Fhiz s 1MAass WaS alemental
carbon and mincta) niAtter {Queral et al, 2008: Aiken ol al.,
200%). Thest perceniages are consistent with thuse in previ-
ous studies (Chow et al., a002; Vega et al,, 2004, Saloedo et
al., 2008). A sltong tyeaakend cifert” with higher weekday
than weekend concentrations has been observed (or PV
pyer soveral years, which is cousistent with the large im-
pacl of nvan acLivitics on PM concenteations in the MOMA
{Stephens et al,, 20108}, The vertical stueiure of the PM con-
conmrations was charactetizaed with lidar, aireraft, and a teih-
ered balloon and foond t© be rolatively well-mixed during
the day, although often with subsiantisl harizontal gradients
{Hair et al., 2008; TeCarle st al,, 2008, Lewandowski ol al.,
2014 Rogers ctal, 200%; {irecnberg et al., 2009},

The PM levels in the MUMA are Anlohs the highest in
Morth Amcrica although with substantinlly lower levels than
the most polluted Asian megacilies {Querol et al,, 2008
[iopke ot al., 2008), e.g. 200 and 330 pgm™ ¥ annual aver-
upe concehtrations of PMas and PMyg respectively, in La-
hore, Pakistan, about five times the levels in Mexico City
during MILAGRO {Stone ¢l al., 2010b). As in the case of
mnany Asien megacilies, carhonacous qernsols are important
contributors to Phiz s in texico Cily, An importaut soich-
tific and air quality managemet questian in many of these
megacities is quaniifying the rclative contributions to cot-
cettrations of BM from different sourees such as mobile, in-
dustrial, bingenic, hiomnass burning, clc., 45 well as separal-
ing the contribulions {rom primary emissions v, sceondary
processes, both of which werc an impertant phjeetive of (he
MILACGRD Campaign. MTLAGRO was not only able 10 ad-
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vanee the underseanding of the sources and atmosphetic pra-
cessing of PM, hul was alzo able 1o improve the seientific
understanding of the tools that can be used for this purpose.
These advancements wete mado in part by the use of new
aerosol egsurement insiruments that had not becn uxed io
large field campaigns in the past, and through the simulta-
neous application of a diversc st of megsurement and data
analysis tools that had not been widely applied in pacailel,
The fullawing vections highlighi the new i measurstnent
instruments deployed guring MILAGRO, the key sciontific
results about different FM companents, and the necds for fu-
jure research. Some of the PM findings from TLAGRO
have been described in olber relevant sections, such as Secl. 3
{Emissions} above.

§1 Tnstruments deplayed to Mexico Cily for the first
time

Alhough a very large nurber of insttuments and P sEm-
plers were used as parl of the MILAGRO Campaign for both
ground-tased qud aivceaft measurcmenis, ANy of ihesc in-
cirpments had been used in similar ficld swdies in Mex-
jco Cily in the past, Tebles j-4 summatizo the PM mea-
surercnts and instruments deployed during the campaign.
This study was the first time that oreanic acrosol (OA) fune-
lional proup concentrations by FTIR {Liu 2t al, 2009, Gi-
Jardoni et &), 2009, Baumgardner et al, 2009), particle-
phesc orgaiic moleeglar markers (Slone & al., 2008, 20104},
Qcanning Transmission X-Ray Microscapy (STXM) spee-
uwa of vollected particies (Mofft et gh., 20100, and 40
content of carbon fractions {organic catban, elemental car-
ben, waicr-soluble OC (WS0C), and water-imaoluble OC
{(WIOCY) (Asken <t al., 20100} were measured in the MCMA.
In addition to the new measurements applied to collected par-
ticles, several rcal-time mersurements of PM were deployed
(o fhe MCMA for the first time. These instruments included:

— An Acerogol-Time-of-Flight tlnss
{ATOFMS) (Moffet ¢l al., 2008a, b).

Spoetrometer

_ A Thermal Desorption Chemical Jonization Mass Spee-
trometer (TDCIMS) for measurcment of 1he composi-
tign of particles us smpll as 10 (Smith ot gl., 2008}

_ A Parlicle-Into-Liquid Sampler followed by Ian Chro-
rmatography Al Water-Soluble Organic Carbon de-
tection (PTLS-TC and PILS-WSOC) (Ilennigan et al.,
2008).

_ Two High-Resolution Time-of-Flight Acrosol Mass
Specirometers {HR-ToF-AMS) {DeCarlo et al., 200%;
Aiken el al., 200%; Dunlca &t al., 2009), ong of which
sanpled behind an acrasol concentrator [Khlystov et al.,
2005) during part of the campaigh,

— Three compact Time-of-Flight Aeresol Mass Spec-
tromelers (C-ToF-AMS) {Canagaraina &t al., 2007,

werw.atmos-chem-phys.net/] /869 712010/



L. T. Molina et al.: Mexico City emissions and their transport and transfornation 8731

Klcinman et al., 2008; Herndon et al., 2008; de Gouw
et al., 2009,

— A Timne-oftFlight Aerosol Mass Spectrometer with an
intermal light scatteting inodule (1.5-ToF-AMS) (Cross
ct al,, 2009}

— A thermodenuder-AMS combination (Hoffmen et al.,
20094},

— A photoacoustie spectrometer (Paredes-Micanda et al.,
2009).

— A TSI Fast Mohilily Patticle Sizer (FMPS, A, Clarke,
pers. comm,, 20067,

- A hygroscopicily landem differential mobility analyzer
{ITTDMA} (CGaspavini ef al., 20041,

These measurements taken together have helped improve our
understanding of physical and chemical characterisitics of
Ph in the MCMA, a5 well as their primary and secondary
SUUTCES,

4.2 Primary inorgante aerosols

Dust and metals in PM samples were studied by several re-
search groups and were found to be relatively high compared
tir other Megacities in North America (Querol ot al., 2008;
Moffer et al., 2008, b, Morene et al., 2008z, b; Gilardoni
et al., 200% Salcede et al., 20000, High levels of antheo-
pogenic metals were observed in the urhan sites, including
arsenie, chromtiun, 2ine, copper, lead, tit, anlimony, and bar-
ium (Querel et al., 2008), These metals had strong tempaoral
variations in concentration (Moreno et al., 20083, b; Mol
fet el al., 2008, b, Salcedo el al., 2010) and were largely
sasoviafcd with Indusitial and mohile sources. Hg scemed
L heve a regional rather than an wban origin (Querol et
al., 2008}, Rutler ot al. (2009) identificd possible industrial
source regions of paseous and pariculalc mereury associated
with measurements at TO and T1. Moreno et al. (2008b) re-
porl on the sources of lanlthanoid elements (Lanthanum to
Lutetium) in Mexico City, which are related to crustal par-
ticles, but alzo 1o some anthropogenic sourees. Christian et
al. (2010} repurted cmissions of 17 metals from source mea-
suremcents of apen trash burning, of which antimony {8k) was
the most unique, consistent with a previous reporl al the 15-
Mexico border {Garcia ot al,, 2006). Fine pacliclc Sb may he
a useful tracer for PMa s from this soutee in the MCMA, al-
though this topic requires further rescarch as many other 5b
sources also exist (Reff et al., 2009). Christinn et al. (2010)
alsn reported on the emissions from brick kiles, cherzoal
kilns, and cooking fires. Adachi and Buseck {2010) reported
that nanosized mwtal-hearing particles (<50 nm diameter) in
Mexica City aircraft sarples using transmission electron mi-
croscopy. Most were attached to iavger (several hundreds of
wm) host particles, und contained Fe, £n, Mn, Ph, Hg, Sn,
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Cr, Ni, Ti, ¥, and Ag. Mg nano-particles wers especially
prominent, Salcedo et al. (20010) report the first use of an
HR-ToF-AMS to detcct Phin M. These authors found that
different chemical forms of Ph had different source regions
n the MOUMA.

83 [Primary carbonaceous acrosols

Elemental carbon (EC) is an impoertant tracer for combustion
sources (Schaver, 2003} and is an imporiant componcnt of
akmospleric PM in torms of climale forcing (Forster et al.,
2007; Ramenathan ot al,, 2007}, The optical properties of
PM containing BC ars strongly dependent on the mixing stulc
of the different species, and wore investigated during MILA-
GRO by several dilferent approaches. Moffel et al. (2008a,
2009) used ATOFMS measurements 1o show that fresh EC
particles were observed during rush-howr periods, However,
the majority of EC particles were coated with nitrate, sol-
Tate, and ovganic carbon, which arc expected o increase the
light absorplion of these particles per unit of BC. Adachi and
Buseck (2008} found similar results with laboratory-based
transimisdion clechon microscope (TEM) measurementa of
patlicles collected during aiveralt overBights of the MOMA.
These vesults are both consistent with those of Johnson ot
al. (2005} using electron micoscopy during MOMA-2003.
Somewhat sutprisingly, howeaver, very lile difference in BC
mass absorption efficiencies could be observed through di-
rect measurcments by Doran e al. (2007) using a pseudo-
lagrangian study comparing obscrvations at the T1 and T2
sites and Subraimanian et al. (2010) using single parlicle sogt
photometer measurcments in the C-130 aireraft, Adaghi et
al. (2010} obluined 3-Tr kmeges of embedded soot particles
and found that many of them have open, chain-like shapes
similar to those of freshty cmitted soot, and are localed in offe
venker pasitions within their host materials. The absorption
by these geometrics is ~20% lower than for the commeonly
assuimed corc-shell morphology, and may help explain the
lack of a larger increase in mass abrorption efficiencics re-
povicd by Toran et al, (2007} and Subramanian et al. (2009},
In contrast with tcports at other Iocations, Parcdcs-Mirands
et al. 2009 only found a small posilive bias of a filter-basad
absotplion measurement due to oxyecnated organic asrosols
{D0A).

Polyeyclic Aromatic Hydrocarhons (PATT) are a family of
species, some of which ave highly imuagenic and carcine-
Eenic, thal are gencrally associated with EC ar their emis-
siong are largely from combustion sources.  Thorohill ol
al. (2008) measured PAII al six lucations across the MCMA
and found similar levels to those measured during MCMA-
2003 (Marr ef al, 2006, Dzepina et al., 2007}, but with con-
siderable varability in concentrations and PAH distributions
across silcs. This is consistent with the notion that sources
ol PAH vary spatially as a result of the spatial distribution of
combustions soutces across the metropolilan arca.
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Significant cfforts have been directed at understanding the
soutces of PMzs and PM; organic acrosols and apportion-
ing the observed organic maller into primary organic agrosal
(POA) and secondary oranic scrose] (SOA) during MILA-
GRO. Imporlant POA sourees were found to include mobile
and other combustion seurces, biomass burning (BB), and a
miner contribution of local {presimably industrial) sonrces
at T {¥okelson et al., 2007; Stone ct &l 2008, DeCarlo et
al., 2008, 203i0; Aiken et al., 2008, 2009, 2010, Gilardoni et
al., 2009, Liu ¢t al., 2009). Stone e al. (2008), using chem-
ical mass bulance of grganic molecular markers {Schaucr
el al, 1996), eslimated POA from mobile sonrcos to ac-
count for approximately 30-40% of the OC concenirations in
MCMA. This resudl appears consistent with results of Aiken
et al. (2009}, using positive matrix fciorization of high-
resolution AMS specira (Ulbrich et at., 20093, who reporled
a coniribution of “hydrocarbon-like OA" (HOA, which in-
cludes vehicle emissions) of ~30% of the PM| OA, Food
cooking POA may also be apportioned as part of HOA (Maohr
et al.,, 2009 and has been reported as an intportant comndrib-
uler of urban POA in some previous studies elsewhere {op.,
Hildemann ct al,, 1994), Mugica et al. (2009 report a contri-
bution of food eooking to PMj 5 of abont (0% (~5 pgm™),
which would represent abuul 20% of the OA, although this
study was nol able v scparately quantify biomass burning
and the suthors supgest that that problem may have inflatcd
the conlributian of other sowrces. Two measurcment-hascd
studies (Zavala st al., 2009%; Aiken ot al., 2009} and one 3-
Ty medeling sdy (Fast el al., 2009) have concluded that the
20080 MCMA cmissions inventony (SMA-GDT, 2008a) un-
dereslimaics POA and primary PM: s emissions. The cmis-
sion profiles of gas and parlicle emissions from biofuel nse
(biomass used direetly as {uel for cg. cooking) and open
trash burning in Mexico Cily have boen reported by Christian
et al. (2010} The high cmission factors of cooking wilh bio-
fuels and spen trash burning suggest a potentially important
coniviytion to surface conceniralions which is being further
investigated. Open trash buming is not included in the 2006
MCMA einissions inventory (SMA-GDF, 20088).

Wildfires in the hills and mountains near Mexico City were
unusuglly intense during MILAGRO, with fire counts be-
ing aboat twice the March climatological average of recent
vears. Fmissions fiom these fires made a substantial contri-
bution to OA and other specics, Aidken et al. (2010) report a
good correlation between the different fire tracera (acetoni-
trile, levoglucosan, AMS levoghicosan-equivalent mass, and
L] K in PM3 1), although total K has a non-wildfire back-
ground of ~2/% of ils averape coneenfration, These authors
also comparad the different cstimates of biomass burning OA
al the surfacc fnside the cily (Stone et al., 2008; Querol ct
al., 2008. Aiken et gl,, 2009, 2010), which arc consistcnt in
that BB was highly variable in time and accounted on aver-
age for 1 2-23% (range of (he different estimates} of the OA
during the MILAGRO Campaign inside the city. A similar
eslimate was derived for data from the IMADA-AVER cam-
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paign {Vega et al., 2009). These resulls are consistent with
those of de Gouw vt al. {2009) at T1 who report that BE was
nol a duminant contributor to OC at that site, and perhaps
nul dissimilar to previous observations by the samc group in
the Eastern US. The lowest estimale was derived by Liu ef
al. (200%), who report 8 contiribution of biemass burning to
OA in the range 0-8%. Maffct ot al, {2008a) report a lerger
itmpact of sbout 40% to particle number at the upper end of
the accumulation-mode, based on the particles contuining 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 Platcau (up to 2/3 of QA) than at
the sorlace inside the city, This is analogous to the silwation
for 80z, for which urban eméssions contribute & major frac-
Lion of the congentrations inside the urban arca, despite be-
ing far smaller than the nearby regional sources (de Foy et
al,, 2009k}, Yokelzon ol al (2007 roported an estimate of
a 504 30% contribution of the wildfires to the total fine PM
outllow (rather than just the OA) from the Mexico City ro-
gion, whose central value is higher than the Crounse and Dre-
Carlo estimates. The diserepancy may be duc to the fact that
this study used the MUMA inventory to quantify urban PM,
which iz known te be substantially underestimated as dis-
cussed in Bcot. 5 of this overview, The wildfires near Mexico
Cily were catimated to contribate ~2-3% ol the fine PM at
the surface as an annual average, and Lheir larger importance
during MILAGRO arises from the timing of the campaign
during the warm dry scason and {he unusual intensity ol these
fires during 2006 {Aiken et al., 20100, We do nole that the
BB scason continues through April and peaks in May, g0 that
higher contributiens of BB may be expeeted during those
months in the average year BB mmpacis during the other
9 months are expeeted to be much smaller. B in the Yu-
calan &5 a lurger repional M source {Yokelson ¢t al., 2009,
but its impact in the MChA was very small during MTLA-
GR0) as these emissions were relatively weak and transperted
elsewhere (Yokelsen cl ak, 2009; Aiken et al,, 2010). This
contrasts wilh a larger impact during the lalter half of the
MCMA-2003 compaiga (Salcedo et al., 2008; Molmas ct al.,
2007). Emmens et al. {2010} conelude from & large-seale
modsling study that open fires made some, bhut not 8 dom-
inant, impact on the almospheric compoesition in the region
around Mexica Cily, when averaged over the MILAGRO pe-
riod.

Aiken ot al. (2010% and DeCardo ot al. (2010) rcport a
good comparison belween the time trends of biomass burn-
fng QA {(BROA) ai TO and the 130, respectively and the
predictions of a FLEXTART-haged dispersion maodel. Fast ci
al. (2009} and Hodzic et al. (2010a) concluded that BEOA
concentrations arising [rom some lanee fires are substantially
overestimated in their 3-D models when nsing 2 costom n-
ventory based on satellite fire counts, Roth model stud-
fes fail w caplure the early momming BROA impact which
is better roproduced by the FLEXPART study of Aiken gt
al. (20107, presumably duc to the improved treatment of the
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cvening/Mmighitime sinoldering emissions, The MODIS zulel-
lite instrument inisses some fires for various reasons (clond
cover, smoke cover, fires that are too small, timing issues)
(Yokelson ot al_, 2007; Crounse et al.,, 2009), so the use of
additional data from the GOLS satcllitc instrument may help
cxplain the better predictions of Aiken et al. (2010). The
combinalion of theze obscrvations suggests that either he
fires missed by the satellite counts only confribute a small
fraction of the crmissiens (e.g. because (they tend to be simaller
fircs), or that the overestitnation of the emissions from some
fires partially compensates the lack of emissions fiom the
missed fires. Aiken ct al. {20100 repart that the wildhire BR
emissions near Mexico City were nearly 20 times lurger than
in the 2006 MCMA cmissions invenlory, which uses a static
valuc and is not based on the fire counts (SMA-GDF, 2008z,
although a substantial fraction of these emissions cocurred
Just outside of the MCMA inventary area.

MC measuremenls have been tepotted by two pronps.
Marley et al. (200%) report that 45-T8% of the total car-
bon ut T (TC=RCAHOC) arises {from modern sources, Aiken
ct al, (2010} report TC modem fractions that range lrom an
average of 46% duritg the high BE period to 30% during (he
low BB period. The reasons for the dilferences of about 15%
in the modern carban fractions at TO are unclear {(Marley et
al., 200%a; Aiken et al., 20100 Martley ct al. {20093} did not
account explicitly for the cxira MC stored in forests due 1o
the bomb radiocarbon {~124% moden carbon}, which neods
te be taken inle consideration when imterpreling that dataset
(for example for a modern earbon measurement of 60%, if
half of it arizes from wood burmning, the contemparary cacbon
fraction would be 54%). During the high BB perieds both
datasets reporied increases of modern carbon of abont 15%;
of the total OC (Aiken et al., 20100, which is consistent with
the estimales from several other appotiionment techniques as
discussed ghove. A substantial fraction of non-fossil organic
carbon [=37%, (Aiken et al., 20010} is present during very
low wildlire periods, which suggests the itnportance of urban
sources of modemn carbon such as food covking or biofuel
use {Hildemann et nl., 1994; Mupica ct al., 2009: Christian
ct al.,, 2010} andfor regional sonurces such as hiogenic S0A
{e.g., Stone et al., 2010a; Hodzic et al., 2009) and uvihers.
Hadzie et al. (2010b} present the first comparison of madem
carbon mcasurcments with the predictions of a 3-D model,
and find that the observed concentrations are similar to the
mcasurements of Aiken et al. {2010} hot lower than those of
Marley et al. (200%a). The model explains the observed mod-
ern carbon ag the sum of similar contributions from reginmal
biogenic S0A, biomass burning POA and 504, and POA
snd S0A from urban sources of modem carbon (Hildemann
ct al,, 1994), Sources of “hot" aerosol carbon (entiched in
1409 in the Mexico Cily arca and/or stored in foresis could
produce a bias in this method and need to be further investi-
gated (Vay ct al, 2009,
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84 Sceondary Inorganic Aerosols (STA)

Secondary inorganic specics contribuie gbout 144 of the fine
Fil in the MCMA {Querol gt al,, 2008; Aiken ¢t al., 2009).
Sulfates in PM; arc generally newtralized by ammonium al-
though they can be in more acidic forms in fresh plumes
and have a regional characler consistent with the luge petro-
chemical and voleanic stwrces of 50: (Moya et al., 2003;
DeCarlo et al., 2008; Aiken et al., 2009), consistent with pre-
vious studics (Salccdo ot al., 2006; 5an Martioi ot al, 2006a,
b}, The urkan area and BB in the Yucatan are also substan-
Lial sources of 804, although smmaller than the petrechemical
and volcanic sources (de Foy ot al,, 2007, 2009h; DeCarlo
et al., 2008; Yokelson cl al, 2009}, The emissions and im-
pacis of different 802 sources have been siudicd by scveral
groups (Grutter ot al,, 2008; Rivera et al, 200%; de Foy etal.,,
2009h),

Rapid and intense formation of submicron ammanium ni-
trafe is observed during the moming with important evapo-
ration in the afterncon (Zheng ct al., 2008; Tlennigan et al,,
2008; Aiken ol al, 2009), consistent with previous stadics
{Salcedo ot al., 2006). Thy nilrates also accounts for a high
porlion of the NO,; budget in Mexico Cily, cxcoeding 20%
at imes [Wood e al., 2009}, Ammonium nitmie is highly
corralated with CO and has low corcelation with IICN, indi-
cating thal urban sources are dominant and BB soorces arc a
small contribulor ko this species (DeCatlo et al., 2008). Bvap-
oralion alsa plays an important role as airmasses are advected
away from Mexico City with the nitrate/ACO ratio dropping
by ahout & factor of 4 (DeCarlo et al., 2008). TINO3 also re-
acts with dust lo form supcrmicron nilrates, which contribute
about a third of the total nitrate during dry periods (Quere! et
al., 2008; Fountoukis et al., 2004; McMaughton et al., 2005},
conzistent with a recent 3-1 modeling study using MCOMA-
2003 data (Karydis e1 al, 2010). The suppression of dust
(rnd thus of this HNO3 sink) by precipitation doring the lat
ter parl of MILAGRO led to an increasc of NHyNO; concen-
trativns by over 50% after March 23" (Aiken et gl,, 2009),
Madel-predicted submicron nitrate 1evels inside Mexico City
are often sensitive to the acrosal physical state (solid vs. Hg-
wid) assumplion during periods with ambiernt BH less than
30% (Fountoukis et al,, 2002; Karydis cl al., 2010).

Chloride is also a relpvant species in Mexico City although
ils conceniations are generally betow | ppm~™ and typically
much lowear than those of sullute, nitmate, and ammonium
{Querol et al, 2008; Aiken ot al,, 2009} Duting MCMA-
2003 ammonium chleride was the dominant form of chloride
in M) il the CENICA site (Seleedo 2t al., 2006; Jotmson e
al., 2008), hut during MILAGRO the influence of metal or
refractory chlorides was larger (Moffet et al., 20088), on the
ovder of one hall of the submicron chloride (TIulfman of al.,
2009g), Open Irush and erep residue burning had high chle-
tide cmission factors and are potentiafly important sources
of this component {Christian ot al., 2010). However soine
of tite chloride iz not associated with QA as it would be the
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casc for burning sources (Saleedn ot al., 2006), so other non-
comboslion urban sources arc alse imporiant for chlovide.
Both forest fircs and the urban area werc important P
cltloride spurces based on sivcralt duts during MILAGRD
{DcCarla et al,, 2008). Chlorinc-containing organie specivs
in the particle phase have not been reported to our knowl-
cdpe, despite the deleetion of subsiantial concentrations of
chlovinated YOCs in the MCMA (Velasco ct al., 2007).

8.5 Sceondary Organic Acroscls (SOA)

Intense SOA formation in PM| was observed during MILA-
GRO (Kleinman ct al., 2008, 2009; Hemdon ct al., 2008;
DeCarlo et al, 2008, 2010; Hennigan ol al., 2008; de Gonw
et al., 2009; Aiken et al., 2008, 2009 at levels much higher
than predicted with traditional 30A models (Kleinman et al.,
2008; de Gouw et al., 2009; Hodzic ef al, 2009, 2010a,
b; Fast et al., 2009; Woad et al,, 2000). This is consistent
with previous obscrvations and modeling from MOMA-2003
(Volkamer ot al., 2006, 200%; Dacpina ot al., 2009; Tsim-
pidi et al., 2010) and the etnerging consensus from studiey
at ather polluted locations using a vavicly of apportionment
methads (e.g., Docherty ot al,, 2008; Iallquist ct al., 2009,
de Gouw and Jimenez, 2009, These results were consis-
tent between the WEOC (Tlenvigan ct al., 2008) and AMS
techniques {c.g., Kleinman el al., 2008} as has been observed
vlsewhere (Kondo et al., 2007; Docherty et al., 2008). The
gubstantinl contribution of 80A was reported nol only in the
cily, but also sl the Altromoni site located 2 km above basin
level (Banmpardner et al., 2009) and from aircraft (DeCarlo
el al,, 2008, 2010; Kleinman ct al,, 2008). It is also sup-
ported by the lnrge underprediction of afternoon (34 con-
centrations when only POA (from urban and BB sources)
is considered {Fast et al., 2000, Tlodsis f al., 2009 Tsim-
pidi &l al., 20100, The combined Itmation of 3TA and 204
contribubes about 75% of the fine PM mass at ‘[0 in the af-
lemaens during MILAGRO, and has a large impact on the
agrosol radiative properties such as single-scaltcring albedo
{Paredes-Miranda ct al,, 2009, The correlation of SOA with
odu-uxygen {0y = G4+ WO3) {Heendon et al., 2008; Wood et
al.,, 20H0) sugeests that the use of botter-characterized owonc
chemistry may help constrain and provide a targel for mod-
eling of S0A production. One group {Yu ¢l al, 2009) ap-
plied the BC-tracer method to estimate SOA in Mexico Cly,
although it is not possible 1o scparate SOA from primary
BEDOA with that method oaly, duc to their similar and very
high OC/EC ratios (Hallquist st al., 2009},

The formation of 3OA from biogenic precorsors within the
Mexico Cily baxin was small, congistent with previous stud-
ics (Valkamer et al., 2006; Diecpina ct al,, 2009). Most of the
isopreng observed in the urban arca is likely of anthropogenic
origin (Hodzic el al., 2009), consistent with tesults at other
vrban locations (Borbon et al, 20013, Other anthropogenic
alkencs add little organic mass to SOA, hut imdirectly add
te 8OA by reacting o mroduce radicals for the processing
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of other S0A precursor YOCs, This indirect 304 contribu-
tion of alkenes, i.e., to significantly add o oxidant fields, is
likely to be much larger then thetr dircel contribution ta SOA
mass (Yolkamer el al, 20100, A modeling sludy (Tlodzic
et al, 2009) and racer measurements (Stone et al., 20140a)
indicate that biogenic SOA formed over forested arcas on
the coastal monntain ranges and advecied over the Central
Mexican Mateau contributes ~1-1.5 ppm—* of SOA back-
ground ta Mexico City {oul of a total 30A backeround of
~4 §pgm™), with relatively low temporal variability, The
bicgenic SOA source confributes to, but is insuflicicnt ta ex-
plain, the high fraction of modern earbon in OA observed in
Mexice City {30 45%, Aiken & al., 2010} during periods in
which BB iz suppressed by rain. Bingenic SOA foumation
may be larger in this region during the wet season.

The predicted SOA frnn emissions of iraditional precur-
sors (aromatics, isoprene, berpenes) from BB arc vory small
{Hodzic e al., 2009, 2010a), although these precursor emis-
sivns may be underestimated in cuzrent inventories {C. Wied-
inmyor, pers. conum., 2009). There is some variability in the
net effect of S04 on A mass observed in the ficld from
RB emissions {Capcs ot al,, 2008; Yokelson cf al., 2009 da
Gouw and Jimenez, 20097, The only repurted chamber study
which used woodstove emissions (rather than open-fire etnis-
siuns) has shown substantial 80A formation in most cases
that could net be explained from the traditional precursors
and was atlributcd to scmivolatile and intermeadiate volatil-
ity specics {Gricshop et al., 2009). 304 formation for the
emissions from the forest fires near Mexico City was esti-
mated to add & net amount of OA equivalent to ~37% of
the primary BBOA, and it makes a contribution o the out-
flow of OA from the region {DeCarlo et al.,, 2010}, which
should be largest in the Iate afternoon. Net S0A formation
was also obscrved in BB plumes in the Yucatan where the
nct relative effeet was larger {addition of SOA equivalent 1o
~=100% of the primary BBOA) (Yokelson et al., 2009), por-
haps due 1o the nuch lower POA emissions from the Yu-
catan fires compared to those near Mexico City. The impact
of BB S0OA al the ground inside Mexice Cily was stalier
than for the regional oulllow. This was likely due 10 the fact
that BBOA concentrations inside the ciry peaked in the garly
morning frorn emissions in tle previous evening and photo-
chemisty was nof active during most of the transport period.
[n contrast, BRBOA and acelonilrile Tovels at TO were al a
minimum during mid-day when QDA was highest (Aiken ct
al,, 2003, 2017}, The imited impact of BB S0A (o the whan
area is also consistent with the limited net 3OA formation re-
poried by DeCarlo gt al. (2010). An cxceplion was the period
around 2022 Warch , when substantial 80A fiom BB emis-
sions was observed at the TO site {Aiken et al., 2010; Slonc
et al., 2010a). The lack of 2 significant decrease of O0A be-
tween the high BB and iow BB periods confirms that SOA
ftom BB snutces was not a dominant contributor to O0A
voncenirations within the cily during most of the campaign
(Afken et al., 2010).
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A recently-proposed mechanism postulates the importance
ol 804 formation from primary semivolatile and intermedi-
ate valatility {S/IVQC) precursors from anthropogenic com-
bustion and biomass boming (Robingon ot al., 2007). Thix
mechanizm hes heen implementsd in a modeling study for
MILAGRO ([lodzic et al.,, 2010a, b}, with results similar
Lo iwa recent studies which compared to MCMA-2003 data
{Dzcpina ct al, 200%; Teimpidi cf al., 2010). The Robinson
et al, (2007} version of this mechanism produccs approxi-
inately the right amount of SOA in the near field, but its 00
is too low and the S04 forimed is too volatile (Hodzic et al.,
2010x; Dzepina el al., 2009). The Grieshop et al. {20099 up-
date it this mechanism produces 160 muech S04, especially
in the far figld, although the O¥C prediction is much closer to
the observations (Hod=zic et al., 2010q; Daepina ct al., 2009).
The anouwnt of 3OA from anthropogenic STYOC veaching
TO und T1 ig predicted (o be much larger than thet from BB
sources {Hodeie ¢ al., 2010a). The modern catbon predicted
by the wodel is closer to the ohservations when S/IV0OC
precursors aré considered compared with when only S0A
frotn VOO is implemented (Ilodzic ot al., 2010b). How-
over, hers are only weak conatraints on the amount and re-
activily of primary S/AVOC in Mexico Cily based on gaps in
OH-reactivity and integral FTIR C-H sirctehes {Shechy e al.,
2010; Dzepina et al., 20003, so it is not clear whether these
mechanisms close the SOA budget for the right reasons, Di-
recl meazurements of primaty and oxidized S/IVOC are crit-
ically nocded for further progress in this area. The uptake
of plyoxal is an altomative mechanism which can produce
SOA of high O/C ratios {Volkamer et al,, 2009), althoogh it
iz thought to contribute only the order of ~ 15% o tatal S0A
in Mcxico Cily {Volkamer el al, 2007).

The enrment uncerlaintics on the OA budget led 1o the pro-
posal of a now quanfity, Total Obscrved Omgunic Carbon
{TOOCY, which groups together the carbon from organic pax
and particle phnse species (Ileald et al., 2008). Levels of
TOOC in Mexico Cily are dominated by pas-phase species
and arc mueh higher than at vther Morth American locations
(ITeald et al., 2008), TOOC may be a wscful quantify for
comparison of measursments and models. However unmea-
sured speeies are not included in T00C and are poorly con-
strained sl present.

The valatility of PM; OA components in Mexico Cily
was characierized for the fivst time using a thermodenuder
+ AMS combination {Huffiman et al., 2008; Faulhahcr ct
al., 20097, Both POA and S0A are semivolatile in Mexico
Cily, wilth PQA being al [easl as volatile as S0A {ITuffinan
et al,, 2009b). These rosults arc eonsistent wilth sampling
in the Los Angeles area and source tests, and contradicl the
iraditicnal representation of POA a5 non-volatile in models
{(Robinson et al., 2007 Tuffinan et al, 20089ab}  The re-
sults from Lhe thermodenoder-AMS system have heen used
to produce volatility disidbutions (*hasis scis™) for the to-
tal Q4 and the OA components (e.g., HOA, O0A, BBOA)
(Cappa and Jimenez, 2010). Thiz analysis concludes, us-
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ing two different technigues, that 1 substantial faction {30-
80%40} of the OA (especialiy the aged OO0A) ix cxscotially non-
volatile and will not evaperate under any almospheric condi-
tions, Howeyver a semivolatile fraction is also present (Cappa
and Jimencz, 2010, and Hennigan et al. {2008) reported that
some of the SOA detected al the T1 sile wiing WSO0C nsa-
surements evaporated in the sttornoons, although (o a lesser
cxlent than ammonium nitrats.

The clemenlal composition of the PM; OA was charac-
terized with high lime-resolution {down o 10 seconds from
gircreft) and high-sensitivity for the first timoe using & new
techitique based on high-resololion acroso]l mass spoolrotne-
ey {Aiken el al., 2007} The diurnal cycle of the (VO atomic
rafiv al TO peaked with the afternoon photochemistoy (4.3,
DAFQC~1 8} and reached the lowest values during the mom-
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 morm-
it than the afternoon indicating a more important asrocia-
tivn wilh POA (Aiken et al., 2008}, although organonitrates
arg not included in the AMS N/C (Farmer cf al., 2010). Re-
gional trends observed from the C-130 aircrall were consis-
tent with those it the city, with increasing (WC away from
the eity {DeCarle et al., 2008, 200{; Aiken et al., 2008).
The chemical aging Irends of OA and 50A cbserved in Wex-
ieo City are consistenl with those at muliiple other locations
{(limenez ct al, 2009; Mg ol al., 2010; Heald et al., 2000).
Organic species with higher (VG were loss volatile on aver-
age than those with lovwer O/C (Huffinan ctal,, 2009). FTIR
functional group analyses showed that in the wrban area the
malar ralio of oxidized functional group (carboxylic acid) to
saturated hydrocarbon functional group {Lypical of primary
organic asrosol} measured with FTIR varicd belween 0,04
aid (14, and ratios higher than Q.08 were abrerved for aged
particles {Gilardoni et al. 2009). The corrslation of primary
mclals and carboxylic acid functional groups indicated rel-
atively rapid {less than 12h since cmission} formation of
SOA {Liu et al,, 2009}, The average DADC ratios catimated
(romn FTIR at SIMAT and Altzomoni were 1.8 and 2.4, 1c-
speoctively. Gilardoni et al. (2009} observed g lacger fraction
of oxygenated funchional groups in samples collected inside
the urban plume comparcd to backyground samples, which
contrasts with the findings of Aiken et al. {2008} and De-
Carlo et al. (2008) whe found that urban samples were lcss
oxygenaled. The FTTR technique did not observe organen-
ilratcs or arganosulfales in the particles above 1he respec-
tive detection limits (Gilardoni el ul, 2009). Concenlrations
of organosulfates of ~3nmolm™ were, however, detected
from TU and Ti samples using T.C-MSME (Stone ot al,
2009).

B.6  New parilele formatlon
bdew particle formation (NPF) is important for climate

(Spracklen el al., 2008}, and freshly nucleated particles could
gffect health {Oherdaorster cl al., 2005). Very intense NBV
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cvods were observed within the Mexico City basin during
MILAGRO consistent with a provious study (Do et &l,,
2004, Melina et al., 2007} in which sulfates and oxyzenated
organics were vhscrved in the growing pardicles.  Growth
rales of freshly nucleated particles wete iypically about ten
times higher than could be explained by the condensation
of sulfuric acid alone (lida el al,, 2008). The TDCIMS in-
shrnent provided chemical composition measuremens for
simaflet particles than had been characterized belors (10—
33 nm}, and it demonsirated that the high growth ratcs werg
dominated by the uptake of nittogein-conlaining organic com-
pounds, organic acids, and hydroxy argenic acids, while sul-
fate was & minor contributor to the observed growth (Smnith
et al., 2008).

8.7 Acrosol CCN actlivity

Wang el al. (2000} performed a closure study Bolween
the measwed CCN and those caleulated using Kohler the-
wry with the measured acrosol size distribulions and com-
positionn.  Their results sugpest that the mixing of non-
hygroseopie TOA and BC with photochemically produced
hiygroscopic specics takes place in & few hours during day-
lime, which is consistent with the resulis of Mofict ot
al. {2009, 2010). This rapid process suggests that during
daytime, a few tens ol kilomelers away for POA and BC
sources, Moy may be derived with sufficient accuracy by
assuming an internal mixture, and using bulk chemical com-
posilion,  Onc of the implications is that while physically
unrzalistic, external mixmres, which are uscd in many global
madels, may alsa sulliciently predict Noow for aged aerosal,
as the cotilribulion of non-hyproscopic POA and IC to over-
all aerozol volume is often substantially reduced due 1o the
condensation of secondary species.

In situ measurements made feom the C-130 aircraft during
MILAGRO were examined in an attempt to link the aerosol
optical propetiies to cleud condensation muglel (CCNY ae-
Uvily {(Shinuzulka ct al., 2009), The wavelength depondence
of visible light extinglion was found to be negatively core-
lated with the organic lraction of submicron non-refraciory
asrosol mass (OWL) over Cenlral Mexico, The OMF was,
i turn, anli-currclated with the CCN activity of particles for
the urban, industrial and biomass burning serogols over Cen-
tral Mextee and the US West Coast. The wide range of OMF
means a stronger iimpact ol the acrosel chemical composi-
tion in determining the CCN voncentration owver the regions
we investipated compared o fixed-point studies elsewhers,
These analyses provide an improved context for understand-
ing the capabilities and limitations for infeming CON from
spectral remate sensing.

Further studies of CCN impucts from water soluble frac-
tions of filter samplos have heen analyzed using Kohler the-
oty (Padre cb al., 200100, This study found that organics
werc causing a surface tension depression of 10-15%. Lower
molar masses (~200 MW} woere found for daylime samples
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with approximately twice that size heing found in nighttime
samples. This has been interpreted as being due to aging
of the acrosals, The overall changes in sutface lension ap-
pear to partially compensale (or changes in lhe mean mo-
lar vohune vielding an vbscrved constant hyproscopicity and
lead to the consideration that the volumefvolume fraction of
waler-stluble urganics is the key compositional parmineter in
predicting CCMN activity,

Ervens et al. (2010) have compared the CON activily of
Mexico Cily (TO} aerosols 1o those al other polluted and re-
moie locations, and concluded thal CON can be predicied
within a facter of two assuming either externally or Inter-
natly mixed seluble OA, although these simplified composi-
livns/mixing states might not represent the actual proportics
of amnbient agrosol populations. Under typival conditions, a
factor of two unecerlainty in CCN concentration translates to
an uncertainty of ~15% in cloud drop concentration, which
mighl be adequate for Jarge-scale models given the much
larger uncertainty in cloudingss.

9 Aerosol optical propertics and radiative lnlluences

Aerpsol radintive forcing has been identified as one of
the largest unceriainiies in climate change reregrch (1PCC,
2007). Aerosul radiative impacts include direct and indirect
effeets, Dircet cffccts include scattering of incoming solar
radiation that can lead to cooling, and ebsorplion of solar ra-
diation that can lead to warming. Indireet effcet of acroso)] is
tied ta their ability 1o act as CCN and foro cloud droplets.
Absorption of lungwave radiation can alse lead to forcing by
the acrosols and is another prea of active research aimed al
roducing the uncertaiitlies in these processes. The amount of
forcing depends on their physical (gisc and shape) and chem-
fcal propertiea {surface chemistry, hygroscopicity, ete.) and
oil their residence times in the froposplere. As asrosol pro-
duction is ticd to encrgy from combuation of losstl fucls, par-
ticularty in largs metropolitan areas, the role of mepacitics as
sources of these serosols and their fulure cvolution in terms
of aerosal propertics and source strengihs {s an area where
a betler lundumental understanding of rerasals is necded for
improved regional and global modeling,

Curing MILAGRO, the MAX-Mex componcnl was
specifically focused on making mecasurements to examine
how wvariable the chemical and physical propetties of the
megacily acrosvls were and how these properties affecled
the seatlering and absorption by the aerosel related 1o cli-
mate. Three surface supersites were instrumenled o cxaming
the aerosal plume evolution. As deseribed in Scet, 7 above,
the TO and Ti siles woere sot up with state-of-the-art aerosal
specirometers and samplers for characterization of chemisal
and physical properties inchrding the scattering and absorp-
tign of aerosols, particularly in (he submicrometer fractions
that are snticipated o have the longest lifetimes and heve
the most impact on regional and potentialiy global climate
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forcing.  Measurements were also conducted using several
airbome platforms: the DOE G-1 that obtaincd procursor gas
and aerosel measurgments; 8 NASA King Air equipped wilh
a High Spectral Resolution Lidar {HSRL) to mneasure pro-
files of aerosol extinction, backscattering, and depularization
{Hair et al,, 2008; Rogers ot al, 2009y NCAR C-130 and
the HASA J-31 (sec Scct. 100, Rogers et al. (2009) describe
the King Air flight operations and show the King Air flight
teacks during MILAGRO,

Key findings related to acrosal optical properlics ohtained
during MILAGRO are presented below, Some of the mea-
surements and results related to this topic have been de-
seribed also ender Scct, 8 (Ambient PM).

MILAGRO provided the first-cver deploviment of an air-
bume HSRI. an B comprehensive field campaign.  Unlike
standard backscalter lidars, the HSRL technique cnables an
accurate and unambiguons measwrement of acrosol extine-
tion. Rogers ¢t al. (2009) compared the HSRI. aprosol ex-
linction measitrements will asrosal extinglion derived from
sinultameons measuremeits from the NASA Ames Airborne
Bun Fhoiometer (AATSE-14) (Redemann ed al., 2009) and in
sily scaltering and absorpiion measurements from the Hawail
Group for Envivonmental Aerozol Rescarch (HIGEAR) (Me-
MNaughton ctal., 20099 In sl instruments and found bias dif-
{erenecs hotween HSRL and thesc instrunients to be less than
3% (0.001 km—"Y a1 532 nm; root-menn-squan: (rms) differ-
ences at 532 nm were less than 50% (0.015km™!), These
ditferences arc well within the 1ypical state-of-the-mt ays-

“tematic crror of 15 20% at visible wavelengihs (Schmid ot
al.,, 2004). Airbome HSRL mcarurements of astosol inton-
sive properties were used to identify acrosol types and parti-
tion the measured extinction into cwinulative Aerosol Optical
Depth (AOD) for cach type (Fetrare clal., 2007}, The aerozol
1ype consisting of 2 mix of dust and urban asrosols aecounted
for ncarly half of the AOD measured by the HSRL with
urbanfbiomass aetosol types accounting [or approximately
35% of the ADD (sce Fig. 13). 1n contrast, during subse-
quent HSRL field missions over the Houston region (Parrish
ol al., 2009b) and the eastern US, wrhan/hiomass aerosols ac-
counted for 80-90% ol the AQT,

While scauteting by agvosols is fairly well understoed and
is pringipally dependent on size and shapc of the aerosols,
absorplion of solar radiation by almospheric aerosols iz a
mjor uncertailty in assessing radiative balance on regional
seales, Carbonaceous aerusols are of particular concern as
they are among the major light absorbing sperics in the tro-
posphers. [ncomplete combustion of hydrocarbon fuels leads
te Ihe formation of carbon soots or black carbon, wilich have
been well known 85 A sighificant, if not the major, absorh-
ing aerosol species in lhe traposphere (Matley, ot al., 2007;
Marr, ef al, 2006). Fossil fugl combustion, particularly in
diesel engincs, has received signilicant attention as the ma-
jor sourec of Black catbon acrosels, Other sources of «h-

sorbing carbonaceous aerosols (ie., black carbon and ofher

UV-¥iz aclive specics such as PAMH, conjugated ketones and
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oiher partially combusted organics) melude biomass buming
of agricaltural fields and lorest fires as well as the formaton
of potentially light-absorbing absorbing 3O4 from anthre-
pogenie, binmass burning, and biogenic precuvsors, Light
absorption by SOA is an active rescarch fopic (e.g., Andreae
and Ciclencser, 2006, Barmard cl al., 2008},

Resulis fiom both ground-bascd and nirborte measure-
ments confitm Lhat Moxico City is a significant suurce of hath
primary and secomlary agrosols at the regional seale Mo-
ran, cf al.,, 2007; 2008, Fast, e al., 2009, Kleinmen, et al.,
200%; DeCarlo et al, 2008). Single scattering albedos in the
MOMA and downwind arc substantially lower than in other
areas (such s the eastern United States) (Doran et al., 2007,
2008, Kleinmun ct al., 2008, Marley el al., 2009a; Paredes-
Miranda clal., 2009, Thomhill e al., 2008). These results are
consistent with the significamt amounts of black carbon and
Hght-absorbing PAIT coatings abserved during these studics
as well as during MCMA-2003 (Marr, et al., 2006; Marlcy ol
al,, 2007, Stone et al., 2008; Querol et al., 2008). Carbon-14
sind stable earbun- 13 measuramenta alse have indicated ihat
a major fraction of the total carbonueeous acrosol is coming
from rocent carbon sources including biomass and agricul-
lural burning activitics {Marley et al,, 2008a; Aiken ct al,,
2010})  As dizscussed in Sect, 7, modern carbon measure-
ments are aboul 15% higher during the high biomass hurn-
ing periods compared to those in which BR is suppressed
by zain {Aiken ¢t gl., 2010). Thus other wiban and regional
sources of modetn carbon are important in Cenlral Mexica,
such Bs biogenic S0A (Hodzic et al., 2009), food cooking
{Mugiea ct al., 2009), and other anthropogenic apen bum-
ing aclivitics (2.g., trash burning and biofue) use (Clristan
cl al., 2010%). Larger relative amomnts of biomass buming
acrosols were noled al the T vegional site than the urban TO
site (Stone ¢t al., 2008; Marley et al., 2009b), cunsistent with
the megacity having a significant lossil fuel input, but both
gites were hoavily impacted by recent carbon sourced cer-
bonaceous rerosols from lucal and regional burning and also
other modem carbon-vontsining sources as discussed abowve,

As noted, light scattering and absorption measurements in
1he UV-visible region found thet the ground-hased TC and T'1
surface sites single seatlering albedo {SSA) was Tequently
in the .78 range with somec carly moening values having
cven lower 85A (Marley, ot al, 2009b; Paredes-Miranda et
al., 2009). Aircraft resulis from several platforms (WASA
King Air, DOE G-1, and NCAR C- 1300 scrosol instruments
all indicate that there was sipnificant transport of acrosols
and that most of this acrosol 15 in the lower layer of the
atmosphete consistent with the ground sourcing of primary
aeroscls and secondary aerosol precursors.  Aircraft S8A
values were typically found to be higher than ground-based
tneasorements, but still lower than those typically seen in
the castern US due 1o absorbing aerosols (Kleinman ct al,,
2008). The airerafi moasurements also foumd that substantial
amounts of acrosols (primary and sceondary) can be trans-
purted aloft and exporied 1o regional and global seales via
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the ftec lroposphere during venting eventa thal were antici-
pated by pre-campaign modeling siudica (Fast ot al., 2007).
Substantial vertical layering of the acrosol and regional dil-
ferences in the Valley of Mexico for aerosol scauering and
extinelion was alzo fiund. Enbanced UY absorption (300
450 nm) of ingoming solar radiation was found to be sub-
stantial and was likely due to both 804 formation as well as
from biomass burning seurces (Cor et al, 2009 Marley et
al., 2009b}, consistent with a provious study during MCMA-
2003 {Bamarnd cf al., 2008). The wavelength dependence of
absorplion measuved at 470, 530 and £660nm on the C-130
wax higher with higher organic (raclion of non-refeactory
mass of subinicrometer particles, and this relationship was
maore pronouttced under high single scaltsring albede, as cx-
pected [or the interplay between soot and colored weak ab-
gorbers (sume organic species and dust} {Shinozuka ct al.,
2009). The slope of 55A speclra alew varicd with the sub-
micrameier aerosol compositivn. Thesc observations from
the C130 nirerall are consistent with, and extend, the resulis
obtained elsewhore using AERONET ground-based remote
sensing and airborne radiometric techniques (Russcll et al,,
2010 131 measurements of aerozol absmplion over the
broader wavelength range 350—— 1650 nm (Bergstrom ¢t al.,
2010] also indicated the combined presence of black carbon,
organic matier and pessibly mineral dust and their inllucnce
ant the wavclength dependence of absorption,

A stromg corelation was found bolween the absomption
Angsiro exponent (AAE) and the moedem carbon content
{radioactive '*C) in acrusals. The AAE values were derived
from a simple exponential fit of the broadband acrosol ab-
sorplion spectra obiained from either 4 seven-channc] wave-
length Aethalometer (5-min lime resolution) or from 12-h
integrated submicromeler acrosols samples by using an inte-
grating spherefapecicometer to obtain complete UV-visible-
NIR speetra (Marley et al., 2009b), This resull showed the
significant impact that grass fires had in the region during
the MILAGRO campaign on the lower stmospheric aerosal
radiative forcing. Rain cvents during the latter poction of
the campaign woere found to put out the fires and both lower
4 content and reduced UY-visible absorplion were seen in
the data (Marley et al., 2009a; Martey ot al, 2009%; Alken
et al., 2010). DBoth biomass-buming and SOA sources are
likely to add significant absorption in the UV-VIS-NIR re-
gion. These more complete spectral evaluations ol acrosol
absotplivn indicate the importance of mulli-wavelength itnot
complcte speciral characterization {or absorbing carbona-
coous agrosols, Previous work using single wavelengths, par-
ticularly &t wavelengihs longer than 500 mn, did not detect
these changes in abxorption in the 300 to 500 mn range that
arc primarily dug to oxidized organics (both aged primary
and 30A coatings).

Studies from MILAGRO have reported significant en-
hanced UV-Visible absorption from biomass burhing, scc-
ondary organics, and aged carbonaceous aeroscl compo-
ncuts, It will be important o add this spectral infermation
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to direct efleet climate modeling efforts for these classes of
organie acrosols, as this enhanced absorption will lead o
warming of the atmosphers. This includes improved mod-
cling of 304 production frormn megacity cnvivonments (Fast
et al, 2009, Hodzic cf al, 2009, 2010, b; Dzepina et al.,
20099, The importance of absorbing aerosols on reglonal
radialive forcing has also been szen In other major ficld stud-
ics such as INDOEX (Ramanathan ¢l at., 2001) and is an
indication of the increaging polenlial importance that SOA
and hiomass burming acrosols may have an regional climate
direct foreing, cven in megacity environments. With antici-
pated increases in the growing seasons, reduced precipitation
in summer months, and wannet elitnates, increases in forest
and grass fires are predicled for many regions (IFCC, 2007,
The potential increases in agricnltural buming due to future
increases in bicducl production constitute land use change
that may add tn cabonaceous serosol impacis. The con-
neclion between biomass and agricultural burning with en-
hanced U'V-visible absorbing acrosols identified during MI-
LAGRO will necd 10 be added to future regiensl climate
modeling effores.

Infrared forcing of these aerosols, particulatly in the
boundary layer is another area that has been identified as po-
teotially important {Marley ot al., 1993; Gaifiey and Marley,
998}, FTIR and mass spectral studics have been 1eported
that indicate that humic-like substances (IIULIS) are con-
ttibuling to the carbonacecus aeroscls (Stone ¢t al., 2009)
and that these have strong absorption bunds in the mid-TR
region consistent with theit HULIS structurcs (Marley et
al., 1996, 2009a). The mid-1R absoption of carbonaceous
aerosols will also add t the heating of the lower atmospherc
and megacily sources of these aerosols along wilh associated
higher grecnhouse gases cartainly add to urban heat island
cifccts (Marley et al., 1993; Gallncy and Maricy, 1998),

10 INTEX-B flights over Mexico City and ¢he Gulf

This section presents an overvicw of methods and results
of the Jetsiveam 31 {-31) which participated in MILAGRD
as part of the NASA-led TNTEX-B study. As described by
Singh et al. (2009), the major INTLX-B aircrafl was a DC-8,
which flew in two phases: 1-2i March (fooused on Mexica
and the Gulf during MILAGRO), and 17 April-15 May {fo-
cused on trans-Pacific Asian pollution wensport). Methods
and results ol all DC-8 flights in INTEX-B are summarized
by Singh ot al. {20097,

10,1 1-31 averview

For INTEX-B/MILAGRO the 1-31 was equipped 10 measure
tnany prepertics of solar radient enetpy and how that cnorgy
is affected by atmospheric constitucnts and Farth's surfaces,
Tahle 7 gives move information on 1-31 instcuments and the
properiies relricved from their mensuremems. Becausc solar
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Fig. 11, Suile of sirbome HSRL acrosol measurements sequived on 15 March 2008 in the Mexien City rogion. (a) acrosol backscatter
(332 nm), (1) Berosol depatarization {532 nm), {c) aerosol extinelion {532 nm), {d) mtio of acraso] depolacization (5321064 nm), (e} asroso)
exlinction/backacolter ratio, (f) backscaticr wavelength dependence (1064/532 nm), (g) netosol type infemed ftom the HSEL measurements,
aned () acrosol oplicel thickness (532 nm) vontributed by cach acrosol type. In (I, the total length of the bar represents the total acrosol
vptical thickness. I'he color bar at rhe bottom denates the varous acrosol lypes. The purple box between 1 7:05-17:25 UT indicales when
the King Air fiew dircctly over the city from notthwest 1o southeast. Prior to that time, the King Adr flew to the nomth and enst of the Mexico
Cily region, Ower the city, the HERL measurenmens indicate thet nrban {polluted) acrosols had the groatest contribution e ACD: in contrast,
outside the ¢ity, 8 mixture of dust and urban aenoaols had the greatest cantribution to AQTD,

encrpy drives Earth’s climate, the J-31 suite ol measurements ~ {haracterize the dislributions, properties, and elfects of

hclps show how changing alinosphetic and sutface propertics acrosol I'M and water vapor advecling {rom Mexico

can change the climate. City and biomass fires toward and over the Gulf of Mex-
Constituenls retrieved from J-3 1 mcasurements in TNTEX- Ico, including:

B/MILAGRO include aergsol particles, water vapot, and ] . _
cliuds, in addition to properties of a varlety of Larth sur- — Aerosol optical deplh and extinction spectra (354

faces. Specific scientific goals of these mcasurements were 2138 nm).
to. — Water vapor cohnnns and profiles.

— Aerosol radiative impacts; in clear sky {direct of-
tect) & via clouds (indirect effect).
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Fig. 14. {a) Comparison of MODIS-Terra and AATS-14 derived
ADTY Angstrom cxponent for MODIS Collection 4 {C004, blue ir-
cles) and Collection 5 (C005, red circles). (1) Same as (8], bot
for the MOMS-Tema derived fine made Mraction, FME, versus he
AATE + in sil devived sub-micron fraction of AOLL {c—d) same
as (a-b), bt for MODFS-Aqua, The AATS + in siln derived sub-
micron fraction of AQD uses TIC-E INTRX-B measurcinents as de-
seribed by Redemann et al. (2004},

= Test the abilily of Aura, other A-Train & Tena satellite
sensors, and airborne lidar, to retrieve aerosol, clond,
and water vapor propariies,

— Characterize surface speetral albedo and bidirectional
rellectance distribution fimction (BRDF) to help im-
prove satellite retrievals.

— Quaniify the rclationships between (he above and
aerosu] amount and type.

The J-31 made 13 successful Nights totaling 43 flight hours
out of Veracruz airport during MILAGRO, Scientific resulrs
are prasented in soveral papers referenced below,

10.2 Rosults from J-31 flights and related
nmeasuraanents

Coddington et al. (2008) used J-31 Solar Specteal Flux Ra-
digmeter {SSFR) imeasurements of upward and downward ir-
radiance to deiermine spectral surface albedo at ground sta-
tions and aleng the Bight track, thereby linking fight-level
retrieved measurcments to larger-seale satellite observations
in the pelluted Mexico City envitonment. As they point out,
these specital surface albedo values stronply affect Farth's
rediation Balance and are also boundary conditions that need
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10 be accurately known Tor agrosol remote seinsing, asrosol
radiative forcing, and radiative teanaler calculations, Thoir
approach involves ileratively adjusting the surface albedo in-
put of an 85FR-spccific radiative transfer mode] until the
modelod upward iradiance matches the S8FR measurements
at fiight level. They also compared speciral surlace albe-
dos derived from the 35TFR, Multi-Filler Rolaling Shadow-
band Radiometer {MERSR), and the Moderate Resalution
Imaging Spectroradiometer (MODIS) instrument onboard
the MASA-EOS Toma and Aqua satellites, obtaining differ-
ences of G—10% and 0.025-0.05 uniis, respectively. Along-
track comparizons between the SSFR aod MODIS show that
two imstruments (airerall and satellile) can caplure inhomao-
geneous surface albedo scenc changes,

A related MILAGROMOCMA-2006 study on suiface re-
flectance in the Mexico City metropofitan area was con-
ducted iy de Almeida Castenho e al. (2007). Their ap-
proach included veing radiances from the MODIS safellite
sensor af 1.5 km spatial rcsolution over distingt surfaces in
the arca 1o determine ratios of visible (YIS} to shartwave
infrarcd (SWIR) reflectance for those surfaces, Thoy also
measurcd AUTY using sunplofometers al 5 different lecations
over the urban aven, az well as the CIMEL from the global
ABRONET located at the thice supersites. They found that
use of their derived VIS/AWIR surface reflectance ratios in
the MODIS AQD retvieval algorithm greatly improved agrec-
ment between AQTY measured from the surlacs and retricved
from MODIS,

1-31 Research Scanning Polarimeter (RSP) measurements
have been uscd in studics ofboth Earth sweface properties and
aerogols. Chowdhary et al. (2010) use RSP measuremenis
wver the open ocean at low and high allitudes, and at az-
imuth angles closs to and away from the solar principal
plang, to show that refleclances ave sensitive (g variations in
chlorophyll: concentrations in the ocean, and that they can
be matched using their hydrosol model over the full range of
vicwing geomelries and observalional heightls und owver the
enlire solar specirum. In that study acrosol optical thickness
values used in radiative bansfer caloulations are varied to
match data [tom the Ames Airbome Tracking Sunphotome-
ter (AATS) on the J-31. Crims et al. {2009} use RSP mca-
surements made over Mexico Cily 1o demonstrate for the first
time the accurate retrieval of asrosul accumulation mode par-
ticle size, complex relractive index and spectral optical depth
using downward uoking passive measurements above an ui-
bun cnvironment,

Livingston ot al. (2009) use J-31 AATS measurcments ac-
quired over the Gulf of Mexico and Mexico City to eval-
vate retrievals of AOD from measurements by the Ozane
Monitoring Instrument {OMT) aboard the Aura satellile and
frem the MODIS aboard the Aqua satellite.  They show
that MODIS and AATS AODs agree 10 within rool mean
squars (RMB) differences of 0.00-0.06, depending on wave-
length, but that OMLand AATS AODs can differ by consider-
dbly more. They explore how thess OMI-AATS differences
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depend on the OMI relrieval slgorithm used (near-1JV vs,
multiwavelengtl), on the retricved serosol modesl, and on
other factors.

Redemann el al. {2009) compare J-31 AATS moasurc-
micnls of ACHTY and refatsd rerosol properlics to results from
MODES-Aqua and MODIS-Terra, with cmphasis on differ-
cnees belween the older MODIS Collection 4 (C4) and the
new Collection 5 {C5) data set, the lalter representing = rc-
processing of the cntire MODIS dale set completed during
2006. They find natable differences between MOD1S C4 and
C3 in ACD, Angstrom exponent, and scrosal fine mode frac-
tian (FMF), and they explore how those differences depend
on MODIS insteument {Aqua vs, Terra}, on wavelength, and
oi other factors, Au cxample result is shown in Fig. 14, They
conclude that differences in MODIS C4 and C5 in the limited
J-31 INTEX-B/MWMILAGRO data 2l can be traced to changes
in the sensor calibration and reconnnend that they be investi-
gated with a globally more representative data ser,

Schmidt ol al. {20109 inlroduce a method for deriving
aerosal spectral radiative forcing, along wilh single scatter-
ing albedo, asymmeiry paratneter and surface albedo from
airbame vertical profile measurements of shortwave spec-
tral ircadisnce and speetral zerosel optical thickness, Us-
ing data collucticd by the SSFR and the AATS-14 on the I-
31, they validatc an over-ocean speciral acrosol forcing ef-
ficiency fram the new method by comparing with the tradi-
tional method. Relrieved over-lund acrosol aptical properties
are conpared with in-siln mocasurements and ABERONET re-
trigvals. The spoetral forcing efficiencies over ocean and land
arc remarkably similar, and agres with resolts from other
field experiments.

Gatebe et al. (2010) wse mcaswrements by CAR on the
J-31 and an AERROMET sun-sky photometer on the ground
to test a new method for simultaneously ettieving svrosol
properties and surface reflectance propertics from combined
airbome and ground-based dircel and ditfuse radiometric
measurements. Resulls are shown from four campaigns atl
tour sites having different surface characteristics and acroso!
lypes. Ax an cxample, for 6 March 2006 over Mexico City,
they rotricve an aerosol size distribution that is fritnodal
above the J-31 and bimodal below. Although submicrometer
particles appear to dominate in bath layers, there is a signifi-
cant conteibulion o the total optical thickness from particles
wilh r =1 pm. Rosults for single scattering albedo and com-
plex refractive index above and below the aircraft are also
npresented,

Bergztrons et al. 2010} combine 131 measurements of so0-
lar radiation spectra by S3FR and AOD specira by AATS to
detive speeirs of aposol 35A and aerosol absorplion optical
depth (A AQTY) for two flights over the Gulf of Mexica and
three flights over Mexico Cily for wavelengths from 350 to
~1650nm. They deseribe the results in terms of thiee dil-
ferent wavelength regions: The 350500 nm region where
the scrosal absorption often falls ofl shatply presumably due
to erganic carthonaceous maller and windblown dust; the
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500-1000 nm region where the decrease wilh wavelength 1s
slower, presumably due to black carbon; and the ncar in-
frared speciral region {1000nm o 1650 nm) where it is dif-
ficult 10 abtain reliable results since the aerosol absorption is
telalively small and the pas absorption dominates. However,
there is an indication of a small and somewhal wavclength in-
dependent absoption in the region beyond 1000 nm. Fur ine
of the flights over the Gull of Moxico near the coastling it
appeats that a cloud/Top formution and evaporation led to an
inereasc of sheurption possibly due to A warer shell remain-
ing on the parlicles after the clowdffog had dissipated. For
lwo of the hMexico Clty cases, the single scattering albedo is
roughly constant belween 350500 nim consistent with other
Mexico City resulis. In three of the cases a single absorption
Angstrom exponen! (AAE) fits the aeresel ahsorption apti-
cal depih over the entire wavelength range of 35010 1650 nm
relatively well (2=-0.86),

Additional results on Mexico Cily acrosol absmption
wavelength dependence from C-130 measurements in MI-
LAGRD are presenied by Russcll ot al. (2010), who also
presemt an analysis from previons ARROMET measurements
in Mexico City and other 1ocations.

1I  Health studies

There is strong evidence from avound the world that nrban air
pollution affects human health {Sumet and Krewski, 2007).
Health cffects bave boun assoviatcd predominately with at
least one of the so-called critevia pollstents that are rou-
tinely measored fo assess air quality in most eilies around the
world, Qzone and FM represent a common porsistent prob-
lem in severnl cities, wilh important cffcetz on public health
{Craig st al.,, 2008). AlNhough rcecent attention has been
brought tewards understanding the role of multipollutanls in-
teractions in air poflution related health efects (Maoderly
and Samet, 2009}, current methodological spproaches have
focused on ozone (Samoli ot al, 2009} and, more impor-
tantly, In PM az the erileria pollutant with stronger associ-
ations with mest of the described health effects,

Adverse health outcomes include:  incteascd mortality,
hospital admissions, altered pulinonary functlion, cancer,
asthma, ete. (Pope and Dockery, 2006}, Howower, M ef-
fects are heterogencous and vary with PM size, season and
lozation (Bell e al., 2008; Dominici et al., 2006; Peng et al.,
2005). Recent cvidence at the experimental and population
level indicates that variations in the PM mixture chemical
compozition could aceount for the heterogeneous health ef
fects ohserved (Allaro-Moreno of al., 2000; Dominici et al.,
2007, Lippmann ct al., 2006). For example, Ni and ¥ content
have been linked to increased cardiovascular discase, Local
condilions, however, can drive stronger associations, as in the
case of Mew York City where local seurces could be respon-
sible for high Ni content, causing health effects both locally
and a1 downwind locations as due to “imporled” pollution
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(Dominici etal,, 2007; Lippmann etal., 2006). The emerging
issue of the role of PM composition will requite studies us-
ing mure commehensive data on air pollution components,
c.g.. EPAs Speciation Trends Metwork (Lippmann, 200973,
and fheir chemical “evelulion™ during emission, atmospheric
dispersion and iransport.

The MCMA has hoen the subject of previous pollution-
telated health studies. Evidence on mortality ang schoo! ab-
scnteeism was first published {n the 1990z {Borfa-Aburto et
al,, 1937, Romieu et al., 1992} More recent evidence has
been focused on children's health, g.g., the participation of
genetic polymorphisms (Romiew et al., 2008), systcmic dam-
age (Calderon-Garciduenas et al., 2007), lung prowth retar-
dation {Barraza-Villarreal et al,, 2008) and the participation
of ather variables such as cducation {O'Neill et al, 2008},
Some of the published results from Mexico Clty describe
silnations relevant to information revealed by MILAGRQ,
Among them arc the importance of coarss particles on mor-
tality (Castillgjos et al., 2000} or the cxistence of PM toxi-
calegical profiles depending on where the samples were ob-
tained {Osornio-Vargas, ct al,, 2003) and the relative cffcots
of theit compunents (Rosas-Perez et al., 2007). Scc Scct. §
fur further information on MCMA PM levels and character-
istics,

Many MILAGRO observalions arc rolevant to human ex-
posure and bealth impact. However, it is difficult to re-
latz them dircctly to health effects due to the short leopth
of the campaign, compared to the gpical length for Tumean
health effects studies. The MILAGRO findings are certainly
useful for the design of fubme health studies, ncluding cf-
fects related to long range wansport of pollutants {scc c.g.,
Hashixume ct al., 2010).

Two health-related sludies were carricd out during MILA-
GREO: one on human exposure and another at the cellular
level; each are described briefly below:

(I3 The human cxposure sludy done by Tovalin ot
al. (2010} aimed to cvalwate the contribulion of rcgionally
transported aiv pollutents from the MUMA to the children’s
personal caposare {age Y-12) and their parents duting the
campaign. This study imchuded: collection of personal and
microtnvironmental samples of air pollntants {ozone, fine
and ultrafine particles, CO, ¥OCs) at thres sclected sites in
urban, subuwrban and mural areas; comparison of the indoor
and cutdoor conceatrations and personal exposures to air pol-
lutants at the threes siles; determination of the association be-
tween the cxposares and the level of oxidative stress markers
among the study populations; and analysis of the relationship
helween the exposures and their respiatory health, Results
indicale that cliildren near TO have decreased levels of res-
pitatory and vlfsctory function as well as enhanced indics-
tors Jor oxidative stress and inflammalion. However, the lack
of clear gradient effects belween urban, suburban and rural
areas suggests that local svurces are also playing a role on
henlth effects. Pollulants such as benzene, Oy, NCi, S0,
PM g showed statistical associations wilth biomarkers of ox-
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idative stress. The study design and the duration of the study
did not allow for dizerimination bebween acute and comula-
live effects.

{2) Osornio-Vargas el at, (2008) described the oxidative
potential of PMip collected at TO and T1 using Elcctron
Paramagnetic Resonance {LPR} techninue in the presence
of DMPO ns an OH hap to corcclate with in vitvg FMg-
induced membranc distuption and degradation of lsolaed
DMA. Daily samples were pocled and analyzed accondingly
1o the influence/maon-influence dispersion palterns of TO on
T1, as defined by de Poy (2008} during MILAGRO using
back trajectories. Py samples from TO had a higher oxida-
tive potential than those from Ty, Doring TG -» T1 influence
days, the oxidative potential of T1 samples was lower than
[or other days. Additionally, PMg samples were analyzed
tor clemental content and oxidative putcitial corrolated with
P g Cu and Zn levels. Howewer hiological effects did not
cortelate with oxidative potential and were different by site,
probably as 4 result of local influences such as PM g compo-
sition, suggesting that oxidative stress is not the only mech-
anism involved in PM-toxiciy. Other MILAGRO findings
support these abservations, for example; (1) Mexico City's
gir pollution “lootprint™ influences the receptor site, but not
further than 200 km (Kleinman et al., 2008; Mena-Camaseo
et al, 2009%: (23 The plume dilutes and ages as i moves
towards the receptor site {Kieinman ol al., 2008}, and {3)
MOMA is photechemically very active and produces larpe
amount of O {rom varions radical sources. The highly re-
active OH conlrols lifctime and fate of most ambient 1ce
gascy {Dusanter gt al,, 2009} Mugica el al. (2009} also de-
seribc the variability of PM oxidative potcotial in rolation to
composition, sourees and metecorolagical conditions.

Several studies on differeot BM sixe fractions give vseful
information on PM composition and [is evolution ot aging,
as described in Scct, & of this Overview, OF particular in-
terost for health studies are the rosulls on mctals and FAHS,
many of which have known loxic offccts. Another important
obszrvalion is thal persistent organic pollutants (POPs) col-
lected wilh passive samples had similar indoor and omdoor
coneentrations in Mexico City (Bohlin et al., 2008). Theze
arc important points worlh keep in mind when considering
human exposures,

12 Summary and conelusions

The MILAGRD Campaign was designed to Investigate the
extremely vigorous atmospheric photochemisiry of North
America's most populous metropolitan arca.  The obser-
vation phase of MILAGROANTEX-B has provided an ex-
tremely rich data sel that will likely take years to fully ana-
lyze and evaluate. Muany interesting aspecits of atmospheric
chemistry in and near the MCMA are emerging and have
alrcady added to our undetalanding of the chemical and
physical properiies of the city’s reactive atmosphere and s
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regional (inpacts. Results from 2008, a8 well as the ear-
lHer 2002/2003 studics, have been presented at international
conlercnees and commuicated to Mexican governmenl of-
ficials. Tn this paper we have reviewed over 120 papers re-
sulting from MILAGROMNTEX-B Campaign that have been
rublished or submiited, as well as additivnal relevant papers
from MCMA-2003, with the aim of providing a road map
for the scientific community interested in understanding the
etnissions from a megacity such as the MCMA and their im-
pacts on air qualily and climate,

12.1 Summary of key findings

Key findings from the analysis and evaluation of the exten-
sive MITLAGRD and relevant MOMA-2003 results obtained
te date are summarized below,

12.L.1  Meteorclogy and dynamics

- The overall synoplic conditions and boundary layer cir-
coladions were similar to those repotied by MCMA pre-
vious studies and consistent wilth prior climatology, sug-
gesting that vesylts from MILAGRO are applicable 1o
gencral conditions [n the MCMA,

— Meteorologieal mcasurements at the surface and aloft
coupled wilh measurements of race gascs and rerosals
indicule that the synoptic-scate transport of the Mox-
ico City pollutant plume was mredominantly iowards
the nertheast, although regional-scale circulations trans-
parted pollutants o the swrounding valleys and hasing
on Bome duys.

— On the basin-scale, morning winds from the north trans-
ported the plume towards the south. On cenlain days,
this wes iransparicd over the basin tim or threugh the
neunlain pass in the southeasl. An afterncon gap flow
frotta the soufh reversed the flow direction in the moun-
tain pass and contribuied to Aoshing the MCMA plume
tewards the nottheast.

— Swurface and airborne lidars, as well as airthome meteo-
rological measureiments have shown nulliple layers of
particulate matter resulling from complex mixing pra-
cesses ovel central Mexico,

— Drainsage llows at night have a streng impact an air pal-
lution transport and accutnulution in the basin leading
1o hipgh polintant concentrations,

— Biomass burning plumes were fownd (o be transpotted
into the MCMA from the surrounding basin and outly-
ing regions.

— The Papecatepet] volcanc has very Hinited impacts an
the air quality in the MCMA beeause of the clevation of
the emissions and the vertical stratification in the wind
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flows, Llowevet, these impacts can be latger at regional
scales,

— CMET ballgon trajectories found sirong layering of the
urban plume persisling as far as the Gulf of Mexico,
with very rapid (ranxport at high altilnde.

— Musaseale meteorological models were found to cap-
tiere the main featores of the basin wind transport and
were of sufficient acourucy to assist In data analysis and
interpretation.

— "The combination of Radar Wind Profiler analysis and
mudeling studies nesisted in suppesting possible soures
arcas of heavy metals, Further analysis could be used (o
identifv these more precisely.

12.1.2 MCMA emissions of gases and fine PM;

— MILAGRO demonstraled the synergy of using multi-
ple botlotm-up and top-down analysis technigues with
data oblaincd from muliiple platforms and instruments
10 cvaloate sinissions inventorics. The combined pro-
cass helps to reduce the associated uncertainties in Lhe
emissions catimales and provides guidence fur sotling
priorities Iot improving further development and refine-
ment of the cnissions inventories,

— 3dcveral studies showed that some mobile emivsions
from gasoline vehicles in the MOMA dectensed in re-
cent years, OO in particular, bul that mobile emission
sourees arc siill the main conuibulors of gaseous pol-
lutants and a major contributor 1o PM pollution in the
city.

— The relative contribution of diesel vchicles to overall
NOy levels has increased over time in the city. This
is cxpocted and consistent with abservations in the US,
and is partially due o the increases in diesel foel con-
sumption and (o the introduction of very cftective con-
trol technologics for gasoline vehicle cmissions, which
heve nol heen matched by similaly offective diesel
emission control technologics (Harley st al., 2005; Ban-
Waiss et al., 2008),

— The measurements of mobile emissions during MILA-
GRO identified several discrepancies between the ob-
servatioms and the emissions cstimates in the emissions
iventory. These include slight overpredictions of CO
and NO {308 and =20%, respectively), and a praba-
ble underprediction of YOCs by a factor of 1.4 to 1.3 in
the inventory, Similarly, there is modeling and observa-
tivnal evidenca that the current PM emissions estithales
are severely undercsbimated,

— The direct flux measurements at the STMAT tower site
in the city center sugeest that the local emissions inven-
tory estimales of C0h, olefing and selected aromatic and
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oxygenated VOCs are uecwrate for emissions fron com-
bustion sources, but overestimate the evaporative cinis-
stons trom area sources within sevetal kin footprint of
the measurement site. [n contrast, the aircratt Aux mea-
surements indicate an undercstimation of the toluens
and benzene ermissions reported in the emissions inven-
tory fot the northeast industrial sector of the cily.

The surface and airborne flux measurements carried
oul during MCKMA-2003 and MILAGRO-2006 demaon-
strated that the eddy covariance lechniques coupled with
fast response sensors can be vscd to cvaluate directly
entission inventorics in a way that is not possible with
othet indircet evaluation metheds, making them valu-
gblc tools for improving the air quality managecment
Drocass,

Duc to the uncertaindies on the currenl cstimatcs of PR
emissions in the emissions inventory, it is important to
beiter characietize The P contributions froim (he diesel
and gasoline mobile emissions sources i the MOMA.

Addilional sources from infomal commerce and road
sitle fand preparation need to be characterized. The re-
sults show that there is polential for severe iocal impacts
.on air quelity from cocking and garbage fires, as they
can be tnajor sources of several reactive gases and fine
parlicles.

The widespread multi-source urbandindustrial emis-
sions may have an important influence on He in the
MOMA. Nevertheless, other specics not addressed in
this review f(e.g., NH3, dust, mckals) warrant firther
gludy in the MCMA,

12.1.3 MCMA volatlle organic cornpounds

= Evapaorative fuel and industrial emissions arc important
sources for aromatic YO0Ca in the basin.

— LPG use continues o be an important source of low
molecular weighl alkancs.

Many hydrocarbon emissions show greater enhance-
ment ratios o CO in the MCMA than the US due 1o
the widespread use of LPG and higher industrial and
evaporative emissions of aromalics in Mexico Cily,

Tatal OH reactivity due to ¥OCs in the MCMA remains
largely unchanged from the 2003 study; however the
speciated auribulion is guite different.  Formaldelyde
aond acctaldchyde were the two most importemt moea-
surcd VOO species in terms of OI1 reactivity in the
WA,

Diurnal vaviations sugpest that photochomical fornma-
tion of secondary VOCs i vory important in the MCMA
basin,
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— Fircs are a modest source of YOCs measured a1 surface

rites,

— Rapid photochemisiry transtorms the YOO OH reactiv-

ity distribution from NMHCs domination in the morm-
g hours in the MCMA basin to OVOCs domination
alaft and downwind.

— Thers are large non-biogenic sourees of methanol in the

MCOMA basin.

12.1.4 Urban and regional phutnchemistiy

~ Measured concentrations ol OH and HO; in the MOMA

were higher than predicted in the morming when NO, is
high, suggesting that there may be a significant source
of tadicals missing from current atmospheric chemiatry
madels of polluted environments.

Photolysis of HONO and HCHD and ozonolysis of
alkenes are imporiant sources of radicals in the MCMA,
while phololysis of oxone is a minor contributor w0 total
radical production, Inclusion of heterogeneous sources
uf HONC impreves substantially the agreement be-
tween measared and modeled HOND and Oy concen-
trations and enhanced the production of (g and SOA,

The nel inslantancous rate of omone production from
HO: radicals as well as the observed rate of ozonc pro-
doction from all production mechanisms anc umonyg the
highest observed anywhere.

Several chiemical transport models and analyses of men-
surernents indicate that omone production in the MCMA
1% pencrally VOC-limited,

On the regional scale, sighificant cohancements of Qg
above background were abserved in plumes that could
be traced back e Mexico City, with indications that sig-
nilizant O3 prodoction occurred during the plime frans-
port time,

Regional O3 produclicn appesrs to he sensitive to NQ,
as well a5 10 YOCs and £0, with the regional OH 1ad-
feal reactivity dominated by oxygenated organies and
o,

Long-range export of reaclive nilropen from Mexico
Cily was found to take place primarily via the forma-
tion of PANS, which can thermally decompase leading
1o tegencrafion of NO, contributing to vegional Oy for-
mation,

Bipmass burning was found (o have 2 sipnificant influ-
ence on regional chemistry, contributing more than balf
of the organic acrosol and about one third of the ben-
wenc, reactive nitrogen, and carbon monoxide 1a the re-
Eional cutflow,
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— Growlh rates of new particle formation in Mexico City
were very large and found 1o be impacted by nitrogen
conlaining organic compounds, organic acids, and hy-

12.1.5 Ambient particulate matter

— During the study, P and PM3 5 concentralions in the

urban area were about double the concentrations in the
rural areas sutrounding Mexica City,

Pz s made up about ha!f of the PM g concentrations,
with small amounis of mass in the PM2 s MM o range.

Mineral matter made up approximulcly 25% of the
PM i and on average 15% and 28% of the PMz 5 in
the urban and rursl arcas, respectively. Approzimately
25% of the PMy 5 was sceondary inorganic ions with
the remaining Th: 5 mass being compriscd of larecly
carbonacecus aerosol,

Exvept tor smface measurements at the central sam-
phing sites in Mexico City, the elementul cathon mass
absorption efficiency was relatively constant for giverft
and surface measurcments thronghout the studsy,

Although different organic serosol source apportion-
ment melhods had smne ditfcrences, there was agres-
meni that the dominant sources of carbonaceons asrosol
were seeondary organic asrosol, biomass burning, and
vehicle exbaust emissions.

The impact of hiomass burning on the serosol oulllow
trom the region was much larger than on the surfsce
concentrations inside the cily.

S0A formation from primary semivolutile and interme-
diate volatility precursors has (he potential to close the
gap in predicied vs, measured S0OA . However these pre-
dictions are pootly consirained by the data and more
specitic measurements are needed in future campaigns.

Biogeniv S0A advected from the coastal ranges
contributes about Lpgm™ to concentrations in the
MCMA.

Anthrupogenic alkenss add little organic mass o 30A,
but indirectly add to S0A by reacting 1o produce radi-
cals for the proceseing ol other SOA precursor VOCs,

Additional work iz needed to fully quantify the sources
of substantial modern carbon in arganic aerosols during
low biomass buming periods. Dhscrepancies befween
the two *C datasets deserve further siudy. A modeling
study suppests that the observed modern OC may be due
ta a combinalion ef regionnl biogenic SOA, biomass
burning CA, and POA and SOA from urban sources of
modern catbon,

Primary OA from anthropogenic and hiomass buming
sootees was found to be semivolatile, while sccondary
OA was loss volatile than POA and aged 50A was es-
sentially non-voletile, in contrasl wilh curmcnt modcls,
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droxy! organic acids, with anly a smaller fraction of sul-
fate asrosol.

— CCHN can be predicted well with an internal mixing

assumpiion after a few hours ol pholochemical aging,
which is shorter than scales in most global models.

12.1.6 Optical propertics and remate measuremenis of

acrosol and carth surfaccs

— Atthe TOand Tl surface sites single seatlcring albedos

(SSAY were frequently in the 0.7-0.8 range with some
eatly moming values having cven lower 584, This is
consisienl with high absobing agrosol concentrations
frum both fossil and hiomass bumning sources during
MITAGRO.

Acrosol contribulions from biomass burning sources
containgd both black carbon and oxidized organtos thal
yiclded enhanced UV absmplion. This obscrvation in-
dicated biomass buming aclivitics can have impartant
itnpacts on ihe absomption or heating by carbonaceous
acresols i megacity (urhan) a5 well as regional scales.

Oxidized organics from primary fires and from sec-
ondary acresol formation were also found to have strong
absarption in the 300400 nm region thal leads to cn-
hniced optical abserption by Lhese acrosels over that
anticipated Ilrom black carbon alone,

Compatisons of [he HSRL acrasol cxtingtion measure-
ments with acrosol exiinction derived from simulta-
ncous airthome Sun photometer end in sitn seatlering
and absorption measarements found biss differeoces
between HISRL and these instrumnentds to be less than
3% {0.01 km-1) al 532 nm; root-mean-square ms) dift
ferences at 532mm were less than 50% (0.015 km—1).
These differences are well with range of currenl glate-
of-the-art instromentation.

Measurements of surface albedo and reflectance in the
Mexico Cily metropolitan area showed thal many urban
sutfaces are more reflective than assumed in common
satellite refricval algorithms, and that use of larger visi-
ble surface reflectance in algorithms can produce mors
accurate retrieved aerosol optical depth (ALY,

Comparisons bebveen AOD fron aitborme aunphotome-
ter (AATS} and from the satellite sensors OMI and
MODIS show that MODIS and AATS AQDs apree to
within roul 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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— Ciher comperisons between AATS and MOIMS asrosol
properties show notable differences between the older
MODIS Cellection 4 and the new Collection 5 in 1erms
of ADD, Angstrom exponcnt, and aercsol fing mode
fraction, with dilfezcnces taceable ta changes in sensor
calibration,

13 Future rescarch

As deseribed above, a very large number of instruments were
used in fhe MCMA during MILAGRO for both ground-based
and ajreraft measurements; and some innovalive instruments
and measurcment techniques were deploycd far the fivst tine.
The MILACGGRO campaign has shown the synergy of us-
ing multiplc weasuring platformes, instrumentation, and data
analysis techniques for obluining an improved understanding
of the phiysicel and chemical characteristica of emivsiong in
a megacity.

lurhenmors, the deployment of a significant number of
advanced insiruments, 1many operating with scositive, fast
{~ %) rcspanse times, along with a lavge number of ealab-
lished air guality meniloting instruments deploved on uir-
craft and at surface sitcs, as well as onboard several mobile
laboratories, have provided significant opportunities to inter-
compare and evaluate a number of instroments in a highly
pollufed envirgnment, Several papers documenting andfer
cross comparing the petformance of instruments have boen
published gs well.

DNespite the use of many advanced PM techniques during
MILAGRO, some questions rentain unanswered or sbrongly
debated und should be the focus of further research. The
leaction of dust due to road resugpension vs, natural sources
1= unclear. There is a necd for characterizing the dust source
regions and the soil characteristics for those regions, not only
for the Mexicu City Valley, but for the enlire Central Mexican
plaleau. The impact of gas-patticle rcactions is important,
tor cxample for nitrate uplake into the coarse dust mode, but
needs {0 be funher investipated to reach & quantitative under-
standing, including through 3-1 modeling. The identilics of
industrial sourees of metals and organic acrosols and of the
urban chloride sources remain utclear. High time-resolution
guantitative analyses of dust and metals may yvield very use-
ful infonmation for source identification,

The 2006 MCMA emissions imventory underestfinates pri-
mery PMss and needs to be updated with the information
arising from MILAGRO and other studies, Forost fire Ph; ¢
appoars 1o bo underestimated by an order of magnitude in
the official MCMA inventory (althouph a fraction of the fires
occur just outside the inventmy area), but perhaps overesii-
mated about 1wo-fold on a custom satellite-based inventory
used in 3-D modeling. The Impact of seme POA sources
such as food cooking, biofuel use, and open trash burning
may he imporlant, 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 finther
research, as these techniques together represeat the state of
the art for source apportionment. The differences in the rel-
ative oxidation of GA in wrban vs, background samples be-
tween the FTIR and AMS techniques need 1o be further in-
vestigated.

Further study is needed of 1he ressons for the differences
between the twoe datasels of modemn cathon.  The mix of
sources that contribute 1o 30—-45%, moderm carbon in OC dur-
ing low regional fire periods need to be identified, including
a quanlificalion of the urban sources of modem carbon. The
itfllucnee of “hot™ sources of radivcarbon in asresols needs
lu be turther investigated ag it could hiss assessments of fos-
sil vs, modern carbon. SOA from tradilionsl precursors such
as aromatics ig moch smaller than the observed $0A in the
Mexico Cily urban arca, bui the dominam soorees of an-
thropogenic S0OA are shill poorly chamscierized. $0A from
biomass buming seurces, although not dominant n the cily,
remains poarly characterized and appears to be underpre-
dicted by traditional mudels. The velative impects of MCMA
v5. regional somrces for the different components deserve fir-
thet study. The sources and chemical specics leading to the
very intcose new particls formation cvents ohserved are only
starting to be characterized.

Measurements of aetosol optical ahsorption in Mexico
City and dewnwind also benefitted from the varicty of tech-
niques applicd during MILAGRO, leading (o scveral results
summarized above, However, nol all results are in perfect
agrcement, and Iack of perfect spatiotemporel coincidence
between differeni messurcments makes it impossible (o say
whether dilferent results stem from dilferent teehnigues or
from dilferent acresols sampled. Fulure campaigns need in-
creascd focos on spatiotempotal coinvidence between differ-
cnt techniques, to help resolve Lhese queslions. There are
also persistent differences among different satellite retricvals
of aerosols, as well ax botween resulis from satellite and sub-
orbital techniques, This is an atea that roguires conlinued
elfort, with attentfon not only o spaliotemporal coincidence
of different {echniques, but also to statistical significance and
peophysical representulivencss of comparison data sets,

In =utmary, observations from MILAGROANTEX-R
have provided cxtremely comprehensive characterization on
the wban and vegional atmospheric compesition angd chem-
istry of the Mexico Megacity. All data sets and publications
are available ta the seientific community interested in evalu-
ating the impact of urban emissions on human health, coosys-
tem wviability, and climate change. We anticipate new re-
sults fronn MILAGROVINTEX-B will continue to contribute
to onr understanding of megacily air pollution and ire poten-
tial impacts on human health, ccosystem viability, and cli-
mate change on urban, regional, and even hemispheric scales.
‘This information will improve sighificantly the scientific
understanding that decision makers in Mexico will need 1o
craf} effective policies as well a5 provide nsights (o air pel-
lution problems in other megacities around the world.
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Appendix A
List of acrenyms
AATE: Abspmtion Angstrom Expanent
AATE; Ames Airborme Tracking Sunplhoiovmer
ACTE: Admosplierie Chonlacry srl Fhysics
AERCMIT: Alimpsol Rratie METwark
ARE: Acroral biass Speclamscher
AML: Argoine Matlorml [abpmiory
AQD: A pmsal Cpeienl Repth
AP Arrosol Polarimelny Seoeer
ARl — Acrodyme Besearch, Ing,
ATOFM = Annil-Time-of-Flight Mass Spertromeler
1A, Biomass-Buming Orgamic Acrosal
DBML: Broatthaven Metlonal 1.ehimalary
ETEX: Bensene, Tuluene, Ethytbenzene: and m,p,a-Xylencs
L:AM: Crmtrton Anblened Metapolitana
{dctrapalitian Envimnmeninl Commissien)
CCN: Ciond Cordensotian Murlei
CEL: Cenier for Ecalegy and 11y dralogy, Cdinghungh
CEMICA: Crnim Nerional de Festigation ¥ Capoitacidn Amblenod
(Mntican] Center for Environnicntal Reacarcls and ‘Lraindrng)
LIIMIE; Chemical Ioniaarian Mess Specirunieler
CMET: Conuredted Metenmlagicnl balloons
CONACy T Clenrreia Mavicunal de Clancha p Teelivologia
[Mantanal Cowneil fot Seierce alul']'ul;hnulugy_‘,l
TP Comdasulion Faritcle Counler
CATC: Consgn Superior de Investigaeianca CieniMfleas, Spain
CTh: Chemical Transpor Modcl
LDEC: Dajuiset Eeldy Crivariance
DiIAS: Difterentinl Optical Absorpion Specirazeopy
TMPE: Tant Mahility Farticle: Sizec
FOs: Tazt Olefinn Seagor
GE-1Ix: Cing Choomoiogmphy ¢ Flame Ionizaiion Delectlon
DA Hydrocarbon-like Qrganic Accmaol
HE-TaF-AMS  Nigh-Kewolution Time-ol-Flight Acrosol bess Specloaicler
HEH 1 High Specirn] Fecaliion Lider
HTDMA; Hygroscopicity Tandeow DiMerential Mubilily Analyzer
HULIE: Humic-like Sohsenges
1P Ton Chromatagraphy - Maz Spectramedry
1GHLA: Inelined Gald dMebillty Analyieer
IMEAFLT: Insfilely Fr Meigarolegy end Climate Rescarch,
Atmaspheric Ervironmicntal Reacarch,
Karlsrube Tnatifube of Teckinbouy.
1B4T: Inztitine Afexioann del Fedntfeo Mexican Petrolenos Disfilube)
i Jnetitite Noctone! de Erofogir {Matiena] Tuslioge of Feolagy)
MTEX-B: Inteccontinentat Cheosloal Tamsmert Pxperiment-Fhase B
[REIA: Il Gas Annlyzer
ITIERM; Srniltute Teenoddgics o Esticlios Sgreines air Maateesgr (TI0)
LENL — Lewnzane Hewkeley Nutfuan] [obarsiocy
L lEnquavlied Petroleuns Gos
Mt K-Mex: Megacity Acros] Exproiment: Mexleao £ily
HICE! Mallna Ceoter Fie Eueryy and the linvironment
bACMA: texico City Medropolilan Ance
MIFEEE: bfuldi-Filler Buoteling Shadowhand Raliomsier
MILAGRO: B lry uitialive:
Lozn] find CGilpbol Reseorch Ohscovmtiane
MIRAGE-Mex:  Mepacity Impaets on Regiotal
g tilubal Envimpnments  Bexico
MISR: Multinngle Imoping Speclraradiometer
MODIS; Moderete Beaolurion Imaglig Speclimadiomeizr
MOZART! Model G 0 one And Helved chemicn] Trocers
[ty Moninpa Sinte Universily ’
WARR: Kol Ansericen Beglowal Keaailypsis
WASA! Natipnul Aennanlics nind Spoor Administration
WOAR; nticnnl Center for Atmospheric Researcl
WCEF; tationel Centers for Beorleomrieatal Precician
HTDNA: Nanwpucticle Tendem [itiggentind bMobility Analyzer
Ch; Orponic Arcosol
Qc; Crrpaidc Carlsoo
Ol Creare Munilozing Insioicmesndt
LA hygenated arganic seroaol
QpC: Dpiccal Padicly Cownter
[F10 Uxygenoted Volatile Organic Cheomicala
PAlE Palyeyelic Aromatic Hydrocarhons
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DA Permeiyncedyl Mitrntes

PAE; Photgeconsiic Absarption Specleanseter
PEMEX: Herlmny Mexteauos (Mexienn Pelroleum)
I'MF; Pasitive Malrix Factorization

PMML —Pagific Nonllwesd Mational 1.alwmradony
POA: I'driary Cloganic Aol

IO Persistent Orgonic Pollutanla

PSAT Batizle Soar Abzarplion Fhalgmeler

PSLT — Pennsylvanin State Dniversity

PTIR-M5: Frodon Transfer Reasicn Maoe Speclransetry

Reud Aitfomenieer el Admriterrom A tonasferion
{Arnhienl Air Qunlity Monilaing Melwork)
RHP; Recearch Scanning Palerimeter

RAMA:

SEBIARMAT: Bueevturiu de Medio Avthicrie p Becsor Matieles
[Mexigun Minisity of the Environment
nril Mabie] Resources)

SIMLATY Slatema de Moricrew Aoeers@ricn
{Amospheric Menitocing Syslen)

Sy Spimivolalile ard Inlermediate Volatilioe
Organic Copsinda

SMA-GDOF: Recrevaria de Medio Ambizate
Ciablenna el INsrtrn Fecfernt
(Erviromuresrrol Seerctariat —
Cimrrament of the Federat Ristelel)

SN Fervivlo Metesosldgloa Noctanal
{Mational Wiather 3emndec)

EhAPE: Sennning Mabilily Particle Sizer

Bl Serondary Orgenic Acrazol

S5 Eingle Scatnerigg Abedos

E5FR: Suplur Spevital Blux Badiomster

STEM (Mulel) Sullir Transport ard Depasilion Maodel

STEN [ Technigque: Sealing Transmiasion Blecinon Micrescopy
STHM: Soanning Tmosmissicn X-Ray Micnoseopy
TICIM 5: Thermae] Deacrpdion Chemicel lankzatlan

Bbdasz Specdcamerry
TDMA: Turul=m Diltereniin] Medility Amalyzer,
TIF-LII; Themiel Diazociation-Lazce Dxdueed Blusinescence
TE&: Tranzwmszooo Fhectrom Ml'ums\:upc
TOOC: Tarnll Ubmerved Qrganic Carban
THI Tatol Suspended Panicles
TaAH: Universily ol Alubamial Hantsyille
LAkg-A: Limivershofad dicmama Merapaeliion — Arcopmzenen
LA hg; Lirverehfod Savtonal Aivdimeran o Mecn
UTL: Coordioaced Univeral Time
VT Virginia Tech
WL Water-insalubls Cuganie Cacdhon
WEL: Washinglon Hrule University
WHRF-Clenu{Model);  \Wenther Research and Farecast (WHRF)

mnde] coupled with Cheimisoy
We0C: Water Soluhle §Inganic LCurban
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Cornbustion processes ave [hersnt characteristics that lead to the release in the eowlronment of hath
gaseous and particulate pallulants that bave primary and secondary impaces on air qualiy, human
hcalth, and climate. The eenissions from the combustlon of fssil fuels and binfoels and thelr stnwspheric
impacts xre reviewsd here with attention glyen to Ui cmissions of the gurrently regulabed pollutant
gasses, Drimaty aerdsals, and secondary qerasol precursors as well as the emlsslons of non-rogulated
pollukanes, Fuels ranging from coal, petroleti, liguefied petrofeum gas {LPGY, hatural gas, as well as the
hiofuets; athanal, methanal, methyl tertiacy-bulyl cther (MTRR), ethyd tertiary-butyl cther (RTREY, and
bivdlesel, e discussed in terms of the Known air quality and climate leypacts af the currently regulated
pollutantz. The potential importance of the non-regulated emlsslons of beth passcs and zerosels |n aie
Qualily issues and climate fs alse discossed with meinelpat focus on aldehydes and ather oxygenared
organics, polyeylic argmatic liydrocarbons (PAH<), and niteawed organics. The connectlon belwern aic
quality and clintate change is also addressed with attenlion given to ozane and aerosols 25 porentially
impartant greenliouss species.

@ 2008 Elsevier Lid. Al cights resemved,

1. Introductian

&nee man first discovered tita e could control fire and eombuast
Tueli fou heat 2nd eooking, e Bas had to deal with the bypraducts of
the combustion of drganic fuels. These byproduets include the major
combustlan prtedvcts of carbon ddoxfde {005 and water vapor (1200,
alang with a vatiety of trace gasses and aerosol emissians Lat have
many impacts on alr quality, human healdth, and cimate, When
man's populatlan leyvels were at a more or less constant level of  few
million for the first two million years of his existence on the planct,
ard his fuel usage was limited o the combustion of waod i simple
campfires, the impacts oF the emitted poflotants were limited to the
nearvicinlty of the combustion. Researc has found that continoal
exnasurg of early man to cam plires Used as heat sources In enclosed
areas contributed bo inereased incidences of nasal cancer (Zimmer-
man, 20404]. &s the human population grew and the combustion of
woad and caal became moce widespread, the air pollution lnpacls
of combustion emissions were still genetally limited to the major
cities where the papulativn and cumbustion levels were concen-
trated inta conlined areas.

* Carrésponding author. ol +1 500 SE9 8240; fax: +1 501 569 BEIA.
E-niall address; jspafinepdualredo (5 Calfrey],

1352-2310/% - cee front matber & 20083 Elsewler Ltd All rights ceserved,
dadr W0 BiLatnozeny 200R05,015

Alr pollution has been reengnized for some time as an urban
problem. Moses Malraonides, a Jewish leader, philosapher, and
physician living [n {he middle ages in Calto, Fgypr From 1165 to
1204, noted in his writings (Finkaysan-Pitts and Pitts, 1985);

*...Comparing the air of cities to the air of deserts and arld lands
I3 Hka cornpaving waters that arg befouled and turbld to waters
that are fine and purt, In the city, because of the height of its
buildings, the narrowness of its streets, and all that pours forth
from lts inhabitants and their superfluities... the air becarnes
stagnant, turbid, thick, misty, and fogey... [ there 15 no choice in
this matter. for we have grown up in the cltles and ave become
accustomed to them, yon should. .. select from the cities ote of
open harizons... endeavar at teast o dwell at the outekins of the
city..."”

His discussion clearly indicates that, in the twelfth century, air
pollution was already associated with urban environments and
their higher population densitles.

During the fourteenth eenlury, coal buming had become such
a problem in Landon, that King Edward | passed a law banning coal
burning when the English Parliament was in session { Freese, 2003,
This was the first known legislation aimed at reduclng human
C¥posures to air pollution, In 1661, John Evelyn Esquire was
commisgsioned by King Charles 10 to wilte an assessment of the alv
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quality in Landen due to the combustion of caal (Evelyn, 1651 ) His
comments on e effects of air quality included:

*...This harrid Smeoake which obscures our Church and makes
our Palaces look old, which foult our Cloth and cormupts the
Waters, 50 as the very Rain, and refreshing Dews whileh fall in
the several seasons, precipitate to impure vapayr, which, with
1ts Black and tenacious quality, spals and contaminates what-
cver is exposed to it it is evident to everyone who looks on the
yearly Bill of Mortallty, that near half tlee children that are horn
in Landon die under two years af age”

He funther noted in his wark, that children bom in 3 Country
Vllage had an cven chance of living 40 years, To combat the
pollution probtem, Evelyn proposed moving such industries as
breweries and lime-burers ta locations f2r outside of London to
prevent the 200t rom settling in the cty In 2ddilion o relocating
. palluting industries, Evelyn also encotraged gardens and arclards
Lo lae planted on the city's peripheny

In 1775, English surgeon and physician, Perclval Patt ahbserved
that young boys crployed as chimmey sweeps weore at risk to
develap canger later in life due to their occupational exposures o
chimmey soot contsining coal tars, ash, and other combustlon
products [Finlayson-Pitts and Fitts, 1886). This was the first
soggestnn af the association of “substances” in the environment
with the clevelopnient of cancer In 4 perticular occepational group.
These early worlks indlcated the severity of the problem of air
paollution In urban centers, @aven in pre-irdustrial tines,

During the late 19405 and early 1950s, the combustion of bigh-
gulfurcoal led tathe so-called "killer smogs" in Tonara, Penmsylvania
anil Tondon, England (Finlayson-1%tls and Pitts, 2000), The emndssions
from coal combustion [rom industry and domestle leating fires
resulted [n high levels of sulfur dioxide {50;} and atmospheric
deragals or parliculabe matter [PM). At the same Lime, meteorological
candilions resulted in thermal Inversions that served to trap the
pollutants in a smoall alr wolumae near the surface. This led to
extremely Wgh concentrations of the pollutants and exposure of
inTtabltants to very high levels resulting io the deaths of thousands.
These latal events ocowrred during low-lying fopsy pericds lnwlich
thesmoke frim coal combugtion and fogs combined The teem coined
ta describe these events was “smog"™ Untll that fime, air pollution
was viewed s the price of progress, The disasters, however,
dempnstrated the lethal potential of air pollutdon and led t the
passage of new regulatlons and legislature that were put in place to
restrict tlte vse of Jdicty fuels in industry and ban uncontoolled
emnisglons ofblack smole, This groundlirsaking legislation for cleaner
urbén ait included the Cloy of Landan (Various Powers) Act of 1954
and the United States Clean Alr Acts of 1956 and 1968,

AdIfferent ype of smog was observed for the Grst time in 2arly
18950 in the Los Angeles air basln in southem California. Farmers
began to observe serfous damage to some craps, especially to
romaine lettuce and parsley in the San Cabriel Valley, Rubber
products were found to deteriorate at an accelerated rate. Johin
il letan, a professor of plant palhalngy at the Universloy of £al-
ifornia first noted that, unlike the London smag, $0; was not the
cause of the sbeerved damage and that the abmospheric processes
ocourring invglved oxidation not reduction (Middleton et al, 1950
Middleton, 1961], At the same Hene Arie Haapen-Schmit was able to
reproduce the abserved plant pathology by exposing plants to the
photochemilgal pracucts of nitcogen dloxide (N0p) and gasoling
exhaust containing hydrocarbons dmnonstrating that the solar
pligtolysis could produce the axidant ozowe (1 laagen-Smit, 1950;
Haagen-Smiit et al. 19524, 1952k} Therefare, the Lok Angeles smog
became kw43 “photochemical sonng” {Stephens, 18871,

With the zdvent of the industrial revoletion, the use of fossll and
biomass-derived fuels have led to man's abillty to graw his pop-
ulation through the use of enhanced ageteulturs] practices and the

rapld trangportation of goods. This has led ta the development of
Iwge cities and industrial centers worldwide contriboting to
exponentially increaslng population densites, and in turn, an
exponential increase in our combustion of cathonaceaus Tuels o
recel an exponentially increasing thirst for energy. [n 1800 anly 3%
af the world's papulation lived |m urhan areas. This increased to 47%
by the end af the 20t century, This trend Bas led bo the Frmealion
of megaritics, larges wrban and suburban centecs whose populations
exceen] ten million inhabitants. Thesc megacities are steadily
increasing worldwide witlh e most rapid growth in the tropleal
areas of South Amerlea angd Asia. In 1950 there wese B3 citios with
populations excgeding one million and New Yark Ciky was the only

~megacity {UNEPAWHO, 1992). By 2007 there were 468 urban

centers of more thart ane millan and of these 14 are classifled as
maeagacities, with {he largest meiropalitan complexes centered at
Tolgyo, [apan, and Mexico City, Mexico [Maling and bMolina, 2002), [
this trend continues, the world's urban populations will double
every I8 years and within the aext 1015 years it (s predicted that
there will be more than 30 reegaciges worldwlde,

These mégacities suffer from high lewvels of polluton and
dupraded air quality due ke the high demand for enecgy and the
associated combustion [ mobile and stationary soorees, They ans
therefore huge tources af air pollutants Into the sumoundicg
vegioma| aneas, Mexico Gity is a elassic example of 2 megacity with
a population approaching 30 million inhabitants. The mass of air
pollution enssicns from the Mexico Clky air basin has been esti-
mated toyletd 2,000 metdic tons of o2o1re and 40,000 metric tons of
particulabe matter less than 2.5 mieron (PM-2.5] per day (Gaffney
et al, 1999), This corresponds to 1) mmegabons of ozane and
15 megatons of PM=-2.5 per year, In addition, the transpart ef reaclive
species siech az nltragen axides (Moy} and volatlle arganie hydoo-
carbons (WICE) iy lead to the substantial femation of ozone and
othet axidants in the surreundlng ceglons, Therefore, megacities are
very large sources of pallulants that lead to the degradatlan of air
quality and the madification of climate on regional seales,

The prasent review deals with the emlssions from combuston
of the various fuels used for enengy generation focusing prine pally
on the emissions from fucls used for transpartatlon and clectric
power generatlon, These fuels are compared with respect to their
impacts on aic quality and climate In an altempt to evaluate them in
lighit of what we have learned over the past 50 years, Ateentlon |3
Eiven to the emlsslong of the so-called “criterlz pallutants” or the
currently regolaled pollutant gasses, and aseosals, The criteria
pollutants are those that have been jdentified as representing
a direct environmental health visk such as carbon manaxlde {¢0)
and ozome or as being strongly connected Lndirectly ta an envi-
tonmental health risk such as the ozone precursars, MOy, and the
VOCs, For example, because ozone ig associated directy with an
environmental health rizk, it is considered ta be a divect pallutant
and its precursars are considered to be indlrect poltutants. Al are
eriterfa pallutants. Although other important pollutants are assa-
cigtedl with the combustlon of fucls, the critecia pollutants aee those
that are subject to regulalion in the US. by the Clean air Act
Amendment of 19490 (CAAA)

The dsoussions here alse incude hoth primary and secondary
pollutants. The primary pallutants are those that are produced
directly by the ¢ombustion process and are emitted inbo the
atmasphers immediately after combustion, The pollutants that are
formed in the atmosphere from the reactions of primary pollutants
fter emission are the sceontdary pollotants. Future Issues are also
addressed here especially with respect to the emissions of the
pallutants that are not currently lncluded as criteria pollutants and
ate therefore not regulated at thix Lirme, Discussions also include the
need for development of alicmatives for these cadbonaceous fuels
in arder o avoid the occarrence of further aic pollution and climate
problems associated with their cantinued use.
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2. Coal

Coal is a fossil fuel foemed in swamp ecosystems where plant
remains were saved fram oxidizakion and Bledegradation by water
and mud, During the coal formatlen process, the depasited plant
remalog wndergo a sequence of plysical, biocherlcal, and chemical
changes, which Include delyydration, loss of exygen containing
functional groups, alkylation, and ollgamerizaton {Van Krevelan,
1961} This results in coals of increasing raok or geolagle matucity
depending on the degree of completion of this series of chemical
reactions. The general stroctural charaeteristics of coal include:
fused benzene cings (polycyclic aromatic shructures] with assori-
ated functional groups linked together by ether, sulfur, ar alkyl
{CH; ur CHyCHZ) bridzes (Tillman, 19513 As the coal matuncy
increases, the degred of aromaticity increases and the number of
linkages decreases. The number of methylate [0CH;), carboxylle
[COOH} anvd hyrdrooy] (O01) funciional groups also decreases while
the number of carbonyl groups (C=0] increases and the nitrogen
containing functional groups change into more condensed struc-
tures (pyridines, guinolines, pyroles, anid carbazoles) [Oros aml
Stmanedl, 2000

Coal rankings with increasing pragression af maturity are peat,
lignite or hrown ¢oal, sub-bituminous, bltumineus, anthraclte, and
graphite, Peat i5 considerad bo be a ¢4l precursar and has oy
Umeled) application as a fuel In $ome countries such as Ireland and
Finland. Lignite |5 the lwvest cank of coal and used almest exelu-
sively as fuel far steam-electric power generation, Sub=hituminats
coal ras varfable properties ranging feom those of lignite to those of
bitwrinagus coal and is also used primarily as fuel for steamn-electric
prrwer generation. Bllumminous cogl is a dense Wack or brown ogal
used in steam-electric power generatlon, heat generatlon and
power applications o manufactednge, Anthracite is a harder selssy
black eoal used primarlly for residental and conmmercial space
haating, Graphite. technleally the highest rank of eoal, is difficult to
ignite and therefore not commonly used as fucl,

Coal used in space heating is usually burned in an open Tame
under |y temperatute eombustion conditions, When ooal is used
fur electriciby generation, it is usuvally polverized and then burned
im a furnace with a boiler. The furnace heak converts boiler water to
stearn, wlhich is then used o spin urbines, which torn generators
and ¢reate electricity. In general, theve are three oppes of coal-fired
baoiler furnaces used in the electric utility industry. They ate
refemred to as dry-bobtom boilers, wet-battam beilers, and cyclong
furnaces. The most common type of caal burning furnace is the dry-
bottarn boiler.

The combustion temperature determnines the rnolecular alter
ations and transforrmations of the organle material within the eoal,
Under flaming conditions (=300 C), the alkyl and ethee lInkages
are birgken first. This is Immediately followed by loss of functional
graups, r2sulting In the release of the non-condensable gasses O0n,
Hz0, 303, Ny, amdl methane (CHy). Uder sniolderng condltlons
(<300 °C), crgamic compounds angd their azleered products are
released by a volatitization andl skeam stripping effect, The extent of
this process is dependent on the coal molsture content, which s
higher for lest myature coals {Oros and Simoneit, 2000}

The non-combnstible components of coal remain behind as
hatwom ash. The physical properties of battom ash are similar to
those of natural sand with particle sizes ranging from fine pravel
te ftne sand with lbow percentages of silt and clag-slzed particles,
When pulverized coal 15 combusted in either a dry-bottom boller
or a cyclane fumace, about 0% of all the ash leaves the funace a5
tly ash, entrained in the fAue gas, In & wet-bottom Furnace, 50% of
te ash formed leaves the furnace as fly ash (McKerall et al., 19821
Electmostatic precipitators are used for particulate control to
remave the Ay ash from the flue gasses, Although these aysiems
have efficiency rates of nearly 99.9%, considerable amounts of fly

ash are still cmitted to the atmosphers due to the latge amounts of
o0al required for electric power generation. & 1000 MW power
stalign with a normal ceasuenption of 12,000 tons per day {td ')
af sub-bituminous seal, has A miean combustion My 3sh production
of about 2,400 (t d '} Even with a panienlite removyal efficlency
of 999%, almost 800 tons per pear (t pr-') are emitted o (he
almosphere as primary M (Querol et al., 1998], ln 1937, approx-
imately 165.000 tons of PM-2.5 were emitted from the combus-
tion of roal for electTic power gencrallan {Mizich and Pape, 1995),

"The: P that escapes the electrostatic precipitatoers /s primarily
in the reparable range of 0.8-2 micron [Linak &t al, 2000a). Since
these pacticles are very small they have lang atmospheric cesi-
dence tlmes and can therefore trawel long distances because the
dlffusienal and depositlana! loss mechanisms are at a migimum in
this size range [Finlaysan-Pitts and Fitts, 1986). The FLAME {Fiy-
Asl and Metals in Europe] projeet, undertaken to determine the
saurces andl special distributlon of fly ash pollution thraughant
Europe, determined that a large portion of the fiy ash deposition to
lakes was attrlbuted te long-range transport {Alliksaar and
Funning, 1998; Rase cf al., 1998} This acrosol size range is also very
effective in scattering solar radiation and thecefore impacts hoth
visllxility and climate.

The composition of fly ash is determined by the composition of
the coal burtied, The notmal composition of Ay ash fom the
comlnistion of various ranks of ceal is given in Table 1 {Meyors et al.,
1935, McKerall et al, 1982), The principal compongnts of bitumi-
nous codl y ash are gilica, alumina, iron oxlde, and calcium, with
varying amaunts of catbon, Lignite and sub-bituminous coal Ny
ashes contain higher concenteations of calcium and magaesiom
axides and reduced percentages of silica and Iron exide, as well as
lewer carbon content, compared with Bltuminmrs coal fly ash.
Lignite and sul-bituminous coal Oy ashes may have a bighor
concentration of sulfate compounds than bituminows coal Ay ashes.
Sies very little anthraclte coal is used in wtilioy bodlers there is litde
data on anthraclte coal fly ash,

In 2dditian to the major constituents listed in Table 1, Ay ash alsq
cantalns a number of potentially toxic ace materlals. These can
inelude heavy metals amd radionudides. The transition metals are
of particular impartance due ta results Uat show cardiopulonanary
damage associated with the lithalation of these etemeints {Dreher
et al, 1996}, In addition, the elemental speciation may influence
this boxicity as soime species are significantly more water-soluble
and therefore more Bisavailable than atkers (Dreher et al., 1997,
Some of the {mportant trace sppecies in fly ash generated (ram the
otibostion of three different coals are Listed in Talde 2 {1inak et al.,
2000a). These inclode the water-soluble transition metals copper,
irom, nickel, vanadium, and zine and the toxic metals lead ard
cadmium. The contribution of cogl combustion to the tatal atmo-
spheric l2ad emissions Is conservatively estimated ay 5% ¢ Block and
Dams, 2004],

Fly ash also contains increased eancentrations of some natuzsl
radlonuclides (UONSCEAR, 19£3] as indicated by the Latal gamma
radtoastvities tisted in Talde 2, which range from 278 to 263 mBg g1

Yahle 1
Chernical compasition of fly ash foom coal eombustion cxpressed as 2 pereentage by
wielght (peyers ec al., 1875; McKerall ot al, 1583},
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Talile 2

‘I'race elereatr aagentrabons in Ty ash panticulaie matber {FM3 from the corilness
tion all Western Kentucky hituminows, hontana gulsbiturminos, and Wtah ditumi=
nous oozls [Linak et al., 20005, 20038y, Furr ct al, 1927)

Trace elemént Cocgentration [pg ol

T . Western Rewlacky kionkana © 1hah
Arsenle . 00 . 10B 149
Cadmlum, , 1 . ' 1 . w1’
Chramiucm; - a0 - a8 188
capper . . e ol - 152 o4
Liwell- 51 B 142 52
Rlehel 4 ’ 104 il 148
vanaduey S35 . ’ 196 418
Zine i B13 173 1R4
Unbormed 20 . 1 . i .13
- Carbon {&) . B
Radinactliy FL B . 2R T mm

{riPagla): L ’

af My ah (Furr et al, 1977} The snrichment Factars for the radio-
nuclides in Ay ash vary fram a factor of 31 for the most volatile
nuclides such a2 poloniem-210 and lead-210 1o a facbor of 2 for
radium-2228 (\Weng and Cho, 1992, The activity concentrations of
radionuclides in fly ash from a coal-fired power plant la Kentucloy
burning high-sulfur and loww-sulfur caals are lisled o Table 3 (Zie-
linski and Budahm, 1993} The more volatile legd-210 appears in the
highest concentration and is nearly a factor of owo Righer in the
high-sulfur fuel. This enticlntent of the radionuclldes can result in
an elevation of backpgragund levels of radinactivity by as much as 20%
(Grefner e al, 1933), Therefore, [Ehas Iseen lypothesized that fly ash
may be a likely candidate for the texic fine pacticulates that play
4 significant role in the demonstrated assoclation af adverse liealth
effects with atmespheric fine PM {Linalc ot al, 200045,

Caal-fived power plants are also major sources of the primary
pellutanls 503 and MOy, The production of 50y occurs fram the
direct cxidation of sulfur eontained in the fuel and is therefore
dependent on the sulfur content of the eoal. Thers are two major
mecltaniem: of MO, productior. 16 can Be formed directly fram
oxidation of nitrogen contained in the ooal (fuel WO, and fron B
thermal oxidation of diabomie nitragen in air (thermal Nok), In coal
combustion, fuel NO, is the: major source, contvibuting as much as
20% to the total NQy emissions, Coal-fired poveer plants are the
targest soucce of 50s emissions in the United States, oantrtbhuting
approximately 0% to the tatal 507 burden. They are second waly to
matar wehicles in emisslans of MO, socounting for 18% of the total
L5, emisslons (US-ERA, 2003).

In addition to primary fly ash W, gas to particle eonversion
gives rise to considerable amounts of acidic ceeandary PM from
the atmospherle oxidation of 50; and NO; emissions, Conversion
ratlos of 50; Lo sulfuric acid in power plant plumes may reach up
b 40 at conversion rates of 1-6% per hour {Hidey, 1944 while
conversion Tates of MOz to nitric acid are in the range of 3-5% per
hour depending on atmospheric conditions {Lin and Cheng, 2607).
Thereforg, power plaots with Tlgh 502 andfor NO; emlssions
result in the formation of secondary PO several orders of
miagnitude higher than the emissions of the primary fy ash PM

Tahle3
Acvity coieentrations {mBalg] of redlovuelides in Ay ash from 4 Xentucky cosk
fired pawes jahant buming high-sulfuc and lawrsylfur coats (Ziellngkl and Gedahn,
1008)

Radlanuclide . Higls sulfur ey SplEfyt
Uranium-238 .- 1 11
Rafium-225 | 133 143
Laad-210 ELH] 178
Radiyry-22 ’ 06 125

{Hidley, 1994; Cillani et al.. 1981). Moreover, sinee these secendacy
particles are very staall (<1 miicron] they have long atmaspheric
restdence timas and can travel long distanees (Finlayson-Pitts and
Pltrs, 14986), This aerosol size range is also very effective In scat-
tering solar radiation and can impact both visibifity and climate,
Highly scattesing aeragols, such as sulfates and nitrates, have been
shawn to Ttave an overall effect of cooling in Lhe lower atmaosphere
by seattering the incoming solar radiation {Chartsaon and Wigley,
1994). The cooling effect from antlropogenic sulfabe aerasals in
the Northern Hemisphera has been estimated to e comparable in
magnteude to the atmospheric warming produced from increases
It 4he major greenhouse gas, O {Kiel and Briegieb, 1993}, In
addition, the presence of more oumerous Wygroscopic aerosol
particles ln the almesphere increases the lifetime of clouds by
compefing for the available water wvapor resultng in moreg
numergus bue smaller eloud droplets (Twomey, 1977, 1991, This
bas the overall effects of regional cooling due to scatbering of solac
radiation by the longer-lived clouds and dlminished cainfall from
theze elauds, Upon deposition, these secondany acidle aerosals
fencrated from coal combustion are also the principal cause of
acid rain, which alters Lhe acidity of lakes and streams and
promates deterforation of buildings and copsteuction materials,

Angther toxic emission from coal-fired power plants that has
regeived much attentlon lately is mercury. Curcently, mercury is
a non-regulated air pallutant and coal-Ared power plants are not
required ko reduce their emissions of this toxic metal. In 1999 the
enmisgians of mercury from cozl-fired power plants were estimated
ta be 48 tyr!, which accosnted for 427% of the tatal LLS, emissions
inventory [US-EPa, 1983a) In addition, mergury emissions are
expected o increase based on projections of increased encrgy
Iredluction and increased coal wsage, Mercury is emitted from
Power plants in one of thirge Forms, vapor phase elemental mercucy,
vipor phaze axldizx mercory, or adsorbed onto panticulate
surfaces (UNER/Chemicals, 2002). Each of these three famus has
a diffesrent atmospleric fate. Whilc elermental mercury ¢an be
transported aver long dislances with residence times of a few
months up to ane year, onidized mercury and pardeie bound
mercury have much shorter Lifetimes with removal by wet or dry
deposition within a few days (US-EPA, 19850, Due to the patential
for long-range transpart of ¢lemental mercory, it hag boen est-
treated that up to 20-£0% of all mercury deposited in the 1.5, comes
from nen-ULS, sources with the Tighest non-US, input occorrl g
west of Minnesota (Levin, 2002],

In addition ta the alr texics, electric pawer plants account for
mver 403 af total [15, 00z emissions, the malor contributor to global
warming (U5-[H2E, 2000} Coal bas the liighest carbon contenl af all
foagil Muels and therefore bas the highest owtput cate of £ per
kilowatt hour (kw h] generating 2.1 Ibs £0; per kw b resulting in
the release of 1.8 = 0¥ metric tons of €0 1 1998, Alang with the
00 emlstions, coal-fired power plants are also major sourees of
CHy and nitrous oxide (Mo, also greenhouse gasses,

3. [uel ol?

Approxtmately 4068 of the world electricity producHon uses caal.
A much smaller fraction uses residual fuel gil, Only 3% of the 05,
electricity is generated by fuel oil-fired power plants and residual
fur] oils are vsed in sighificant quantities in anly selected regions of
the U.S., primarily in the noctheast and sontheast {Linak =t al,
2000a; 0S-00E, 2007). In 1997, 35000 tons of primary Fd-2.5
were emitted from plants wsing residual Fuel nils, I comparison
with 165,000 tons from coal combustion (Nizich and Pope, 1998,

There are iwa major types of fuel oil burned by eombustion
saurees; distillate oils and residual oils. These fuel types are further
distinguished by grade numbec. Mumbers 1 and 2 are distillate olls
and Mumbers 5 and G are residual oils. Mumber 4 is often a milxturs
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of distillate and residual oils. Mumber 6 fual oil I3 somctimes
refetred ter as Bunker © (Similly, 1952} Distillate oils are mare
valatite and less viscous than residual alle. They have negligible
nitrogen and ash sontent and usually contain less than 0.5% sulfur,
Distillate oolls are most often used in domestic appllcations and
Indude kerosene and dlessl foels, The heavler vesidual nils are
produced fram the residve remaining after e lighter fractlons
have been remaved from the crude oll by distillation. They cantain
significant amounts of ash, nltregen, and sulfur (Danlelson, 1973),
Resldugl oils are wsed mainly {n utlity, industrial and farge
tommerdial applications, The major boller designs for foel oll
combustion ane water-tube, Are-tube, cast iron, and tubeless, The
tuhe designs are relatively small and are most often usee primarily
I cesidential and small industrial applications, while the tubeless
designs are most often used for power generation {U5-EPA, T983],

The primary M emissions from residual oil combuostion are
relateel b sulfur content of the fuel, The low-solfur fuel exhibits
substantially lower viscosity, reduced asphalting content, Iosver ash
aswell as lawer sulfur content. Thiz resulis in better atomization af
the fwel anel more complete comlustion (Sigmund, 1989), Table 4
shows the compaosition of PM from combustion of high-sulfur
tumber & fuel all in 4 Bre-tube bailer and a hybeless contbustor
(Linak et al, 2000a). The high metal content of the partfeulstes
fram the high temperature combuslor arises from vaparization of
the metals under the high combustion temperatures followed by
nucleation, coagulation and condensatlan oobg existing partlcles
(Linak etal., 2000h). The extent of metal vaporization is dependent
on the extent of carben cambustion. For cases of incomplete
coimiistion, 2 substantial fraclion of metals remaln tapped in the
urihumed carbon pariicles, and never reach the vapor phase. The
PN formed [n the lower temperatuce Nre-tube boiler shown (o
Table 4 was reported o eanslst of a significant amount of Jarge
potous carbonacequs material indicating a substantial amount of
Iteomplete combusiion (Linale et a1, 20082) Pacticulate matter
formed in bhe tulvel ess contbustor was about half that formed [ the
fire-tube boiler and contained very few large particles. These small
partetes comsisted primarily af trace species that centained copper,
irom, pickel, vanadium, aod zinc, along with 3.2% sulfur as sulfate,

Since the majarity of the residual fuel oil used today Is of Tigh-
sulfur cantent, gil-fired power planis have high 505 emissions. The
tesidual fuel oils contain appraimately 2-5 % by weight of sulfuc
whereas coal contains fram 0.5 to 5% (Linak ot al, 2000a; Sawyer
et al. 2000]. Due to their small numbers, the total 50z emlssions
from oil-fived power plants are less than 20% of thase prodyced by
the coal-fired plants {1 tauser, 198G), Oil-fred power plants are also
tarie sources of C0z Mearly all the fuel carbon (99%) is converted

Tahie 4

Trace elewient concenteatlans I partionTate matter {1'M ) Eros 1he combustlan of
high-sulfur Muanfee & fuel ail In a fire-tule hurner and a rofrackacy finsd combuastar
{Lirak et al., 20k, 20000),

Trace cloment Cancenteation {iugfg)

Fire-tube burner Befractery lined

: : combustor
Takal B4 [meg m ) 184 a3
P25 %) 30,5 1
Argenlc: 45 .
Cadmlymi |
Chramivm B i) ]
Copper | 1271 . 2346
Iren - : 6156 13,509
Lead L[l .
Magneslom E410 156341
Manganese: 13
Nithed . 10240 1E.518
Wanadlum 78,800, 13,5718
Zlowy 23, M0 14,245

directly ta £0; during the combaustion process, The fuel eachon not
canverted ta OO s emitted as primary carbonaceaus P as a result
af incomplete combustion. However, due to their small numbers,
oil-fired plants are responsible for anly 5% of the total M5, €05
emmitted Iy the eleciric utillty seclor,

Anather major user of fuel oil is aircraft. About 9% of the fuel
used by maobile sources in the UL5. goes to ot aireralt {Sawyer et al.,
2000). Some cegions lrave a higher eonsumption than others. In
Califorods, 17% of the maoblle fuel wse goes to aircraft et fuel is
d keroscre grade distillate fuel and therefore has very low-sulfur
content and does not generate significant $0; emissions. However,
jet engines are high MOy emitters, especially duting take-off when
emisslans range from 30 ta 45 g MO, per ke of foel, witch is 10-20
times that of an automabile (Bavghcum, 1995} Hawever, normal
Truise emigslons are a factor of 10 lowser arud the emissions af NG, [n
HNorth Ametica [rom jet aireraft are gstimated to be less than 1% of
the total MO, emissions (Sawyer et al, 20001

Large ocean-golng vessels, including earga and container ships,
cruise svips, and oi] tankers can utllfze either diesel or bunler fuels,
However, since there are no emission controls on marlne transport,
they wsrally choose the less expensive, high suliur, Number §
residual ail. Therefore, a5 with the ofl-fired povwer plants, they have
high 50; enussinns and are the only important mebile souree of
50g. It has |aen estimated that lirge ships generate 18% of the
glabal subfur emissions (Corbett and Fischbeck, 19975 The 50,
emissions from ships are cesponsible for 543 of the total selfate
aergsel calumin burden over the Mediterranean {(Marmer et al,
2007). They are also high MO, emitters, with about 70 g of MOy
praduced per kg of fuel burned.

Commercia] shipping vessels are also large sources af carbona-
ceous partlculale matter, or black carbon (BC) from Incomplete
combustion of the residual fuel, It has been estimated from fual
cansumption data that the global contributlon of carbonzceous
aerosols from shlpphig is 133 CE yr-' ar about 1.7% of the otal
global emissions (Lack et al., 20073, Like the sulfate aerozals, the BC
particles are in the size range that has the longest almospheric
lifetires and can therefore travel [ong distances from the emission
source. Carbonaceoss soob particles are alsa in a size range thal
efficiently scattors incoming salat racdiation. Hewever, ualile the
sulfate agrgsols, they are also strong absorbers of incoming solar
radialion. While sulfate acrasols are the dominapt light scattering
species, BC is the dominant light-abeoring aercsol [n the atmg-
sphere with a braadband absorption profile and a 171 dependence
over the ¢ntite spectral region from UV to the near iR (Marley 21 al.,
2001 3, Atmosphenie aerosols containing BC can absach as much as
20-25% af the incarning solar radlation lezding o heating of the
particles and local warming of the boundary layer {Hermann and
Hang|, 19971

Much of the averall impacts of the emissions from shipping arc
due ta the fact that they occur over the apen oceans, where there
are na pther sources of pollutants, It has been estimated that it the
arctic shipping lanes sheuld become apen for longer periods due to
global warming and melting of the sea ice, the increased emlsgions
of these light-absorbing actosols would significantly add to
warming in the arctle (Lacl; ¢t al., 2007}

4, Gasoline

Considerable attenlion has been glven te the impact of mokgr
vehicle fuels an air gquality specifically 45 it relates to the eriteria
pollutants, The primary erlleria pollurants that are currently
teguiated as direct health-related hazards are €0 and lead. Lead it
added to gasollne a5 an octane enhancer and is emitted from the
tailpipe 43 ingrganic lead halldes (=803 and to a lesser extent
arganolead compounds (Finlayson-Pitts and Fikts, 1935), Lead was
banned as gasoline aeditive far on-road vehicles in the Unlied
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Stares in 1996 due to its extreme todiciny, particularly in chlldeen,
Hewever, it is still allowed for off-road uses including airerafe,
racing cars, farm equipment and marine engines. With the
mandated use afl unleaded foels in on-road vehicles, the [evels of
airharne Jead particulate matter have heen lowered drastically in
Lhe United States. However, leaded fuels are stil] In osc in ather
arzas of the world and ¢an be a substantlal health problem, With
the removal af lead from gasoline, other additives have been uged
to enhance octane, such as arematics or branched alkylaied
compounds, and these may lead to other atmasphetic problems
especially in veblcles without catalytic conwertoers,

Carbon mongeide is of concern bacause it is a dicact boxin. It acts
efflciently to bind with hemoglobin in the blood, frming a very
falle and irreversible carboxyhemeglobin camplex, In this
manner COprevents the hemoglobin from funclisning in its normal
oygen-bindlng capacity. At levels of low parts per million (ppim),
€O expasure can lead to stress far many individuals who seffer
from respiratory or caronary dysfunctions. The addition of catalytic
converters b automabiles has reduced sushstantially the emissions
of €0 fram the combustion of conwentional gasoline and dlese]
fucls. However, O emisslans during the “cold start” of cngines,
whien the catalyer 15 cald and has not vezched operating temperz-
ture. can still e substantial, even for those vehicles that are
equipped with catalytic converters,

The indirect primary pollutants that are regulated inchude the
VOCs and MOy, In cortrast to coal combustion, NO, is produced in
gasoline combustion primarily as thermal N0, which is generally
emitted as MO, with smaller amounts of NG2 and other nitragen
£olde species. The WOCs are emilled directly from the tallpipa feom
incomplete combustlan. They are also emitted to the atmaosphere
fram lozs of uitbwmes! frel. This lozs of urherned fuel can occur
through (1) spillage during fueling; (2] divrnal evaparative Insses
{accuring as the fuel tank s heated during the day, flowed by
cooling at night, resulling in “breathing” of air and trapped
hydrocarbons); (3} hot soak evaperative losses (occurring when the
engne i shot off and residual beal s transferred bo the Tuel
system): and (4) running evaporative losses (Calvert ot al, 1993)
The evaparative lasses can be high at high ambient terperatures or
for vehicles thal run ahnormally ot

The Nk and VOC emissions react in the presence of sunliglit Tay
way of @ series of phatochemical reactions invoiving hydrosyl-,
peroxy=- and alkaxy tadicals, to form the secondary potlutant ozone
(Finlayson-Pites and Fitts, 2000). Therefore, the emissions of MO,
and total VLS are ourrently regulatedd in vehicle exhaust in order to
cotiiral the formation of ozane jn the atmosphere, However, the
atmosphertc reactivites of the YOCs vary dramatically. The VOCs
emitted fraun gasoline-fueled vehizles arise from oncombusted ar
partlally ¢ombusted fuel and Lypically inclpde coyclohexane,
actanes, and amomatics. The maost reactive VO are the very
reactive olefing and the patural hydrocarbons, isoprene and alpha-
pinene. Esthnations are made of the ozone formation potential for
the V0Cs in an urban envlronment by studylng the organic
compounds in smog-chaniwer systems uoder varying concentra-
tions of VOC: and MO, followed by ushng chemical modeling o
predictibe amount of ozone formed, The ozone-farming potentials
of dilferent hydrocarbens have been caleulated ag reactivity
adjustment factors by using the maxinuim incremental reactivity
(MR scale developed by Carter {(Carter and Atkinson, 1989 Carier,
1984}, These so-called ozone production factors ace ysoally
referred to in units of grams of ozone per gram of non-methane
fydrocarbon emilted into the atmospherr,

Of canrte, ozone is nat the only axidant formed fram the reac-
tions of MOy and the VOCs in the atmosphere, Other atmospheric
oxidants are also formed such as hydregen pergside (HayOg), which
can react wilh 501 to form sulfurle acld aerosel, aldehydes, orpanic
acids, nitric acid, and the permaracyl nitrates {PAMG). Althgugh not

currently regulated, these secondary pollutants gre of concem
because aof their potental roles in acidie depogilion, as plant toxins,
and 45 health bazards in theiv own right, The PAME are partleularly
interesting because they are knowr to be potent plhytetoxing and
eye irritants, They are produced directly from e reaction of per-
oxyacy] radicals with MOy, both of which are in equilibium with
the PANS (Galfney et al., 1989)

RC=0-00 + Ny — BC=0—00—-H0; (1}

The mast prevalent of the PAMNS 1s the methy] derivative, per-
oxyacetyl niccate (PANY This so¢andary pollutant is produced along
with ozone in the prosess ol urban photochemleal st formation,

A numler of air toxics are also emltied 2% primary pollutants
from gasoline combustion, Air taxles are those compounds that ave
of eoncern at low levels primarily because of theiv potental care-
mogenic propertles. The air toeics that have been targeted by the
CAAA of 1990 ate benzene, 1.3-butadiens, feomaldehyde, acetal-
delyde, and polycyclic organle malter (POM) [1Tealth Effecls
Institute, 1996). Benzene domingtes the tatal emissions {G5%-20%)
of air taxles in the current fleet of gasaline-fueled vehicles (Gorse
et al, 1991, Renzene is also the only mebils sovcce air toxic thus far
classified as a known human cacinogen by the Unlted States
Environmental Protectlon Agency {US-EPA] because of 1z alitiny ro
cause leukemia in Bumans at relatively Nigh sxposure levels (LS-
EPA, 1994, Thie US-EPA has added thal henzene may produce
developmental effects at exposurs levels as low as 1 ppm. In
rosponse to this, the US-EPA has adopted new limits on henzene
€missions, te take eflect bebwean 2008 and 2011, Lthat would reduce
toxic emlssipns of benzene and other pallutants from passenger
vehiclos by up to 80 percent In e noxt two decades.

Light duty cars and trocks are responsible for 10% of the £04
emissiong globally, The U5, alone i responsiblo for 45% of this
tocal [IEA, 2003), This amounted to 314 million metric tons of £,
oc 5.3 ibs per gallon of fuel burncd in 2004, Small cars (oompacts,
Subompacts and 2-seaters) were responsible for 25% of the total
ernissions, follawed by SUVs at 21% (DeCleos and Fung, 2006).
Since 19701, the W5, has achieved & G0% reduction In primary
enrssions of the criteria pollulants due to catalyst based gmission
cantrols {US-EPA, 2005), However, in that same tme, the emis-
sions of CO; fromn autoimebiles have Incecased by 708 (FIIWA,
2006} The anly way to reduce the O3 emissions from gasoline
eombustion is to decrease the fuel use rate by elther jrcreasing
fuel economy or decrcasing the number of miles Jhven through
the uze of car-pooling or public tansportation, In addition to the
primuary COx emissions, 00 and WO, can also act to trap heat in
the: atmesphere and are therefore greenhounse specles, Mamy of the
secondary pollutanis generated by the phiatachamical oxidation of
gasoline emlssions, including azone and PAN are also greenhouse
gasges,

5. Diesel fuel

DHexe] fuel is a distillate olf and & such usually containg <0,3%
sulfur by weight. The combustion of diese] Fuel i3 therefore ot
a significant gpurce of atmosphenic S0z {Smith, 19652). However,
diezel engines ar2 2 majer <ource of NGy Tunnel studles have
estimated that diesel engines produce five times the amgunt of MO,
per mass of fuel bumed when compared Lo gasoline wehicles
[Kirchstemer ¢t al., 1998]. Although heavy-duty diesel trucks male
up only 1% of all on-road vehlcles in California, matne vehicle
ermission inventery indicates that are responsible far 26% of the NO,
emisgions from on-road vehicles statewide (CARE, 1955), The same
enisslat inventory estimates thal eayy-duty diesel trucks were
eespansible for 75% of the exhaust PM from an-rmad vehicles. These
estimates da nat Include off-road diezel enginegs, which can alse be
a major couree of PM {Sawyer et 21, 20005
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I general, dicsel ongines produce more carlbonaceous particu-
late matter than spark-ignition engines. This is due to e way the
fuel is infected and ignited ln the diesel engine. The fuel is injected
laterin the compression cycle than in gascline engines and ignlted
spontateously from pressure. Consequently, the aie and fue] do not
have 3 chance to mix tharoughly befare dgnition, The presence of
fuel dense pockeets Lo the mixlute results in incomplete combustlon
af the fuel and the production of carbon soot or BC pacticulate
matter, The amount and chemical composition af dlese] pacticulate
rmatter depends on the operational parameters, such as speed,
miotor lead, engine and wvehicle type, tuning and age of the englne,
furel compasition, ambient ait temperature, and relative humldily
(Segren ot al, 1996; Uowd and Cackette, 200t), The typical
composition of diesel particulate matter ablained from a medivm-
duty diesel truck Lo a dynammornater study was I0.8% elemental
carbon, 19.7% organic carbon, 1% sulfur, 0.7% aluminum, 0,2%
niteate, anel 0965 other metals (in order of concentealion; silicomn,
aluminum, zirc, cadminm, indium, and lead} (Schaver et al., 1998).

Diesel exhaust cantalns hunilreds of gas-phase, semi-volatlle,
and partlele phase rganic compounds, Small earbowyls, loglading
acefaldehyde, formaldehyde, and acetone, make up the largest
fraction, aceounting for maore than hall of the organic emissions
[Schauer et al, T948), Alsg included in diesel exhaust are alr toxices
such az POM compounds, which are datined by the CAAA a5 3 class
of organic compounds having morce than one benzene ring and
a boiling point of W00 =C or higlicr. This includes polyoyclic aromatle
hydrocarhons (FPAHS), substituted MfAHs (e.g., nitto-FAFs and alloyl-
PaHs), and heoterogyctic compounds {e.g., azo-arenes, thio-areoes,
andl lactones)

The particulates assorciabed with diesel exhaust are very small
(=1 micran]. Alang wilh their small size, these partloulabes have
a very largo serfzoe area onto which other organic contaminants
[aresenit in the diesel exhaust can adsorl. Polyeyelic organic mater
compounds with five ormore membcred rings ace usually associated
with the dizsel Ph. Mitroarenes, nitnolactones, and axy-polyeyelic
aramaric compaunds can be produced as primary pollulants asso-
clated with diesel soot or as secondary pollutants produced by
heterggenenus reactlons of other gas-phase POM on particulate
surfaces in VOO NO - polluted atmospheres (Pitts et al, T9E0: P,
1843). bany PO compounds ate mutagenic and Somie arc carci-
nagenic, The best known of these (s benzale)pyrene, a poveerfuf
human carcicogen [Phillips, 1933). 1t Tvaz been known for some tinne
that PAHs are potentlal carrlnogens and the nitcoare nes shaw 2 much
hizher mutagenic activity than other PAHs. The combination of PAHz
[in bioth particulate and vapor phases appears to be responsible for
4 substantial portion of the mutagene adiviby of the atmosphere
(Pitts et al., T978], Thus, POM compounds adserled on the diese] PR
may add to the tolal carcinogenicity of the diezel emisslens Lo an
extent that (s cummently undeterniined. Due ta their small size, diesed
T'M tan lodge deep in the resplratory Lract and increase the risk of
lungeancer. Theve has een 4 consistent causal relationship observed
betweenthe accupationat exposure to diese] exhavst andg lung canoer
(Lleyd and Cacleette, 20017,

Emissions of BC particulate matter from diesel englnes ane
thought to e the largest source of light-ahsorbing acrosols
worldwide, Some model caleulatlons sugpest (b4t the contribution
to glybal waming from dlesel 500t aerasols may be as much as 0.3—
0.4 *C, rivaling ibe contributions from atmespheric methane
{facabzon, 2004; Chung and Seinfeld, 2005]. The presence of large
amaunts of BC aerosals such as has been gbserved in Mexico City
(Mariey et al.. 2007; Raga et 31, 2001} and over the [ndian Deean
(Rarnanathan el al, 2005} can therefore lead to reglonal wamming of
the atmosphere and substaatially offset the conling effect of the
light scattering aetosals In ervtain arcas (Jacobson, 20020 1t has
been suggested that (e most effective and possibly the gulekest
rcthod of slowing global warming is to control the emisstons af

particulabe Back carbon from fossil fuel cambustion (Jacobsen,
20021,

In addition to their climate effects, atmospheric BC patticles
abizarly UY radiation very efficiently in the wavelength range that
promates phatochemistry. Therefare, in areas where BC emissions
are high, such as In megacilies lilke Mexico City, the fotmation rates
of secondary pollutants, such as ozone, may e slawed {(Castro et al,,
2001), In these cases, transpoct of the primary poellutants fron the
city into the surrounding aveas where BC aerasols are less dominant
will result o the praduction of secondary pollutants on regional
crales, In contrast, areas that are dominated Ly Bght scattering
aerosols, like sulfate, may have [ncreased LW radiation due to
multiple scattering effects af {he aerosols, which may lead te an
increased fovmatlon of the secondary photochemical pollutants
[Marley ot al, 2008),

6. Alcohal fuels

Aleahnls, principaliy methanol and ethanal, aleng with theit
gasaline blends, have received conslderalle attention as alternative
fuels. The principal deawhback of alcohol fuels, from an aic quality
standpoint, is the produchion of aldehydes during combustion,
Under cold-start conditions, aleohals crack to produce aldchypdes,
principally formaldelysde [ the case of methanol and zcetaldehyde
in the case of ethanal. 1L is these aldebyde emissions from alcobols
that realee theit petential impacts oo air quality different fraem th
non-oaygenated fuels. On the positdve slde, the use of alcahols 2od
dlcaholfpetrolenm Blends in diggel engines has been shown to
reduce emlssiong af e potestially carcinogenic carbonacenus soot
partleles (Galfngy et al, 1930; Wang et al., 19973, However, the M
eriissions from alcohol fuel combustion bave nol been well char-
acterized with regard to any changes in chemical, physical, and
heatth-related properties, as compared with digsel PM,

The wse of methanol has been consldered for some thne 33 an
altcrnative to gasoline, Thiz is primnarily because methanol can be
produced fairly cheaply by catalytic reduction of CO with ydromen
using methane or oaal as the feedstock. For reasons af safery and
enging material fie, corrosion and degradatlon of plastic foel
lies), methanalfgasoline blends of up 1o 855 have been studied for
use, The convention has begn to refer to ehe methanolfeasoline
blends as bAS for 85% methannl, M50 for 50% metharol, and so an
up ba neat gasoline {05

Comparison studies of gazollne-fueled conventional vehicles
and Ma5-fueled varlable furl wehicles (¥Fys) showed the total
organic emlsslons were 37% lower with M85 than with MO, (Auts/
Ol Air Quealily Improvement Research Frogram, 1992}, |8 (he same
shudly, €0 veas 313 lower with M25 than with MO, while Ny, was
23% higher. The emisslons of the ajr toxics benzene, 1,3-butadiene,
and acetaldahyde, weee lower with MES than MO by 84%, 95%, ane]
0%, respeclively, The decreases correspanded moghly to the
dilution elfect of methanol in M25, Exbanst methanol emissions
wrere higher with both M10 and W85 a5 expected, and fonmalda-
yde enlssions were about 5 dmes higher with M85 when
compared with MO,

Formaldehyde s a carginogen and an eye ircicant, as well as
eing a phetochemically active compound. dMethanol [Lself has
a logwer atmospheric teactivity than gatoline, In comparison,
methanel's combustian praduct, farmaldehyde, reacts much maore
rapidly to form azang [Atkutsu et al., 19913 Thus, the ozone-
fornnding patentlal of methanol-fueled emisslons 15 very dependent
upon tite formaldeliyde emisslons, which increase with increasing
methanol content [Gabele, 1899G). IF the highly soluble gaseous
formaldehyde [5 emilted in the presence of agueous acrasals, it can
bre found to be present in relatively TUglt concontrations io the
aerosal phase in the form of the hydrated species, methylene glyoal
{[Qippel and Warneck, 1980; Finlayson-TFitts and Figs, 19365 n
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addition, aqueous teaciions with 505 emlsslons can lead to the
formation of hydraxyniethane sulfonate ions, while aqueous
oxldation forms Rrmic acid, both of which are highly toxic (Boyce
and Hoffmann, 1984; Finlayson-Fitts and Pitts, 19861 These
aquepus-phase reactions of fonmaldebyde and the reculling
concentrations in inhalable aerotnls are an aspect of these air
prllutanis that also must be considered when evaluating the air
quality impacts of methanal fuels.

OF all of the oxygenated Fusls, ethanol has had the groatest
worldwide application, Ethangl, similar to methanol, can crack
duning combustion w0 form acetaldehyde in the exhaust emissions.
Dyrnamometer studies of the use of gasalnl {10% ethanol in gazo-
line] in motor velicles repott an average decrease in botal hydro-
carben emisslons of 5%, a decrease in CO emissions of 13% with an
ingredse in MO, emissions of 5% (Health Effeces institoee, 1996). The
same studies showed a decrease in the emlssions of the alr toxles,
benzene and 13-Dutadiens, of 12% and 6%, while acetaldehyde
emissions ncreased by 1549%, Although the atmospheric reactivicy
af ethanol is much lower than that of gasoline, no significant
change was reported in the overall abmasphierle reackivity {MIR) of
the exkaust emlsslons Mrom gasahol when the higher reactiviny of
acelaldehyde is included. The evaporative emissions of ydrocar-
bans alsn increased when ethanal was added to the fuel. Dlurnal
hydrorathon emissions incraased by 30 while hot =nak hydro-
carbon emisslans nereased by S0%, The atmosphertic reactivity of
thesc cvaporative emissions Tepresents an increase of 0% far
diurnal and a decrease of 19% for hat soak when compared o
gasoline alane. This study alsa determined that, similar to meth-
anal, most of the emissions in catalyst-equipped cars ooourred
Auring the cold start.

A number of feld studies hayve examined the air quality impacts
of increased levels of aldehydes caused by the use af ethanolf
gasoline Dlends. n Brazll, when 20-30% ¢l hanoljzasoline blends
wete uged i the matar vehicle Neets with lictle or no vse of cata-
Iytic converters, studies have found increased atmospheric [evels of
acetaldehyde and formaldebyrde (Tanner et al, 1988 Grogjean ot al,,
1980). Field studies in Albuquerque, Bews Madics alse indicate
elevated apmgspheric aldehyde levels, albeit at a lower level than
was ghserved in Brazil, when 10% ethanol)gasoling blends were
used in vehicles with catalytic converters{ Popp et al, 1995; Gaffney
et ak, 1987} Shnilar studfes conducted in RDenver, Colorado have
conctuded Lthat axygenated fuel usage has not had a major effect on
ambient concentrations of acetaldelyds (Anderson et al., 1995,
1997 However, the data show a significant increase in reported
aretaldehyde ocoitcentrations singe 1994, when ethano! had
abtalned BO¥ of the cogyiieel market in the Denwer area.

A indlicated earlier, aldetydes are quite photochemlcally reac-
tive and can lead to the formatlon of secondary atmospheric
pollutants. While pritnaty emigsions of formaldehyde from meth-
anol combustion leads to increased production of ozone, M0y
formie acid, and £0, depending upon the atmaspherle levels of HOf
MOk, pAmary acetaldelyde from ethanal combystion leads to the
formatian of these same products, 35 well as PAN, acetic acid, and
peracetic acid {Athutse et ab, 1991; RicWair et al, 1992). The
nbzervation of elevated levels of PAM has bean vged as an indjcalor
far primary acetaldelyde emisslons [Tanner et al., 1988; Foppetal,
1995; fraffacy ot al., 1997 ). The increases in PAN may bave impacts
on regional scale ozone production because the PAMs can act Lo
transport MO, aver lang distances {Gaffmay et gl., 1953), The major
pathway for the thermal decomposition of PAN leads to the
formation of perotyacetyl radical and N0z This decampozitian
depends upon the temperature and HO; concepirations and leads
to the farmation of ozone in the peesence of NO. Under low-NO
conditions, decomposition of FAN leads to the formation of HaO,,
andl organic oxidants, such as peracetic acid and arganlc hydra-
peroxides [Gaffney et al, 1987: Caffney and Macley, 1992),

Table 5
Enecrgy content and C0p emisslons of different fuels (Gushes, 19522, (9920 Chang
et al, 19911

Fuel BTLgallon Milesfaallan .

. [g i)
Gasaltne 115,000 - 34 TS
Dlesel 102,000-1568,000 3448 © ¢ 315=-252
Methanol 5e.000 - 2. rry
Ethanal wsoog - a4 243
hitthane agnant .- 1 A’
Propane wMa0t .. ] 220

? Fuel stoved at 2000 psi.
® puel skared at 200 pal.

Thierefore, simildr (o the caze for methanol, the emissions of
acetaldehyde from the comibustion of ethanol/zasaline blends will
strongly affect the ozane-forming potential of the exhaust enls-
sions. A Canadlan assessment of the wse of 103 ethanolfuasoline
blengds estimates that vsage will laad to 04— L.GY increases in 0z0ne,
1-5% increases in formaldehyde, approximately 2.7% increase in
acetaldeliyde, and 2.8-45% Increase In levels of PAN, with an
approdimate 15% ceducdon in CO {Snglalon et al, 1988), This
cstimabe is in Fairly good agreement with field data obeained in the
United States (Gaffney et al., 1997}

As with any hydrocarbon fuel, the alcobnl fuels relagse the
greenhouse gas OO0z upon combustion, The important values bo
consider when determining the everall greenhouse impact of any
fuel i5 the amount of C0y produced per gallan, which weill vary with
the carbon content of the firel, and the fuel econany af Uhe wehicle
(Chang et al, 19971, Althowgeh the alcohal fuels have less carbon
cembent than the Fossil fuels, they have lower energy content [see
Table 5) and therefore require more fuel to travel the same distance
(Cushee, 1852a, 18921} Consequently, thelr resultlng Cn produc-
tion per mile is not slgnl ficantly different thao for gasoline ordiesal,
It ig irportant when comparing C0s emissions from different fuels
to include contributions through the toeal Life cycle (Wane, 20030,
YWhen considening the CO; emissions from the entire e eycle of
the fuels, those fuels that uee Iess fosall carhon Lthan Hie petroleom
fuels they arg replacing will lead o improvements in the overall
[0 budget. The biomass-derived fuels like sthanol are Hkely to
reduce these emissions, providad that signifcant fassl] fuel is nol
imvolved in the prodection process, Therefore, oxyenated fuels
fronn Ehiese reneva ble sounces will lead to reductions in overall CH;
relzases. The uze of methanol derived from coal will lead to more
0 emissions than the use of methanol decived [mm hiomass.

Olher climale impacts can arise from the primary pollutant
caissions or secondary pollutants formed from them. The alde-
hydes can act as greenhounse specles o both the vapor and the
derosal phases{Marley & al, 1993), The acrasols forrmed from these
primary cmissions can contribute to atmospheric cooling by
increased light scattering. The atmaspheric reackions af the petoxy
radicals formed from the aldehyde enlssions will alao kel leasd to
increazed acldie aerosnl praduction contributing to light scattering
accosal species. Once dissolved in aerosols, the aldehydas are alsp
strong infrared absorbers, and can contribute to lacal heating of the
atmaosphere (Galfoey and Marley, 1992), The averall impact of the
aerosn! ferntation on climate will depend oo their concentratians,
atmospheric lifetimes and distributions,

7. Branched chaln ether addldves

The Caam of 1990 mandated the use of fuels containing 2-2.7%
oxypen by weight in order ko reduce the emlissions af the eriteria
pollutants 0 and the omone foomlng precursors WO, and YOO in
W5, nan-attalmment areas (Calvert ot al., 1993) Tn order to meet
lheze demands, coypenated compounds, such a5 ethanol, nethyl
tertiary-butyl ether {MIBL), ethyl teriary-butyl ether (ETEE), and
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tevtlanyg-amyl methyl ether [TAME]) were Dlended with pasoline,
The resulling Tuels weore called “refommulated gasaling”, Since the
regulations also mandated the reduction of the concentrations of
renzene and other aronatics in the fuels, the branched chain ethers
were papular choleas slnes they also served be enhance the actatte
numiber lost by decreasing the acomatic content of the fiel. Meither
ETHE or TAME gained as wide-spread use as MTBE due to the higher
cost of praduction

Methy! tediaty-hulyl ether s manofactuced fram isobutens and
methanol (IMaxwell and Maber, 1992), Upon combuston, it can crack
ta yield the starting products, which are emitted in the exbaust
during incamplets combustion, Sionilady, ETBE 1 manufaciured
from ethanal and isohutene and TAME is made from methanol and
isopentene, Therefare, similar to the aloohol fuels, MIBE and TAME
can lead to increased formaldehyde emnisslons and ETBE can lead to
inceeased cmisslans of acetaldehyde (Kalser et al, 1991). The addi-
tion of MTBE to California reformulated gasoline resulted in an
increase of formatd eliyde emissions of 21% in the current fleet [Autaf
Oil Alr Quality Improvermnent Research Program, 1992 In tunnel
sfudles, formaldehyde levels Inceeased by 13% and Isobutene
increased by 57% during the pericd when MTEE was in use
compared oo perieds when oxyZenates were nat added to the fuel
[Kirchstetter et al., 1995} Similar tunnel stuedies in the California
Soulh Coast Air Basin have reported a formaldehyde to isobuote e
minlar ratio of 1 in emissions where MTBE was it use indicating
4 comman sounce (Gertler et al, 1997; Zielinska et al., 1997}

Field studies in Mexloo Cloy repovted atmospheric [evels of
formaldahydle inceeased by approximately 3 ppb, after the wse of
MTBE/gasoline blends{Bravo et al., 1991 ). Moreover, the time of peak
concentrations changed from midday {previouws to MTHE use) bo the
mecning lwowrs, indlcating a priinary source of farmaldehyde. Ozane
levels also increassd in marnios and evening hours, wills hizher
levels pooucring more frequently afeer the introduction of MTEE.
‘These field studies indicate that, similar to ethanolfgasoline blends,
MTHE use will lead to primary emlssiong of the photochemically
Teactive Formaldehyde, as well as isohutene, thus increasiog the
atmospheric reactivity of the emissions and increasing secondary
ozone fommation.

The ma[or atmospheric oxldatian products fron MTBE and ETRE
are formaldehyrde and Lhe formabes and acatates (Japar ot al., 1000;
Smith et al., 1991; Tuazon et al, 199§; Wallington and Japar, 19917,
The heterogeneous photeoxidation of MTRE adsorbed onto aerazols
leads to the prodoctlan of formaldebyde and acetone (ldriss and
Seebaver, 199G, Kiriss et al, 1997} Both the acetates and the
formates are expected to undergo hydrolysis inwet aeroscls and in
precipitation to form tevtfary-butd aleohel The reactlan of nitrate
radical (MO} welth ETBE is an important nighttime loss smechaniam
and is equivalent to the daytime loss by reaction with byd roxyl
radical (Finlaysen-Pitts and Pitts, 1955). Lifetimes for ETBE were
estlinated to be approximately 30 hin a moderately polluted urban
arca (Langer et al, 1996). Products leom the coaction nitiated by
MOy ingluded tertiary-buty! fermate, ertiag-bund acetate, form-
aldehyde, and methyl nitrate (Lanper et ak., 19957,

The U5, federal requicement that fuels contalt oxygen was
dropped an May 6, 2006 and MUBE use is heing phased out due Lo
issues with contamination of ground water, Studies of the reduc-
tions of 00 and ozone from the addition of oxygenated compounds
Lo gasoline were luconclusive, Reductlans (o atmasphetic ©O levels
reported after the use of oxygen containing fuels correlated betber
with the number of cars using catalytic converters than with the
number of cars burning the elarmulated pasolines (Calfuey and
Marley, 20001 The reduction in emissiens of the ozone precutsars
[rom the use of oxygenated fusls was also unclear, Results of emis-
sion studies of total hydrocarbans acd MO, produced varying results
wilth different fuels and Meets {Health Effccts astilule, 1995, One
study reporbed a decrease in total hydrocarbon emissions of 208 and

an ingrease i MO, emissians of 28 with the addition of MTEE ta
gasoline (Noorman, 1992), Anathier sludy reparted a decrease of 72
for total hydrocarbon emissions and no significant change in MO,
ernlssions with 155% MTEE fuel (Reuter £t al., 1992} while studies of
e v ol a 9,5% MTBEfgasoline blend fnund na general pattern of
reduction af tailpipe emissions when compared with the unosy-
genated fuel (Smamp et al, 1994 In all cases, formaldehyde emis-
slons wena greater with the fuel containing MTEE. Therefore, similar
to the case for methanol, the emissions of the phatechenleally
teactive aldehydes from the combustion of ether/gasoline blends
wlll strangly affect the atmosphernic reactivity and the ozone-
lorming potential of the exhaust emisslons.

8. Matural gas and liquitied peiroleum gas

hathane (natural gas), prapane, and the butanes all have been
proposed as clean altermatives to conventional liquid sasoling ad
diesel fieels, Matural gas is primarily composed of methane but can
cantali small amounts of alkenes, Matural gas is grpically handled
as a compressed gas and Is usvally referred o as compressed
nataral gas (CWNG)E Melhane 5 an attractivee fuel in many ways, 1
has a low atmospheric reactvity and therefore has low ozone-
forming potential. Propane and the butanes, as liquefied petraleum
pas (TPG), are alsa of reasanably low atmospheric resctivity aond
low ozane-forming poteniial, Reductions in €0, meactive hydm-
carbon emissions, and nitrogen oxides are all feasible with the use
af these fuels, parcticularly if engines are designed for the fuels and
rogleer wise of threc-weay cataiysts far emisslon conteol (Fowler ef al,
1991 ; Stodolsky and Santini, 1993; Tabata et al, 1995; Chang and
MceCarry, 1995).

Methane, propane, and the butanes Rave low reactivities with
hydrosgy] radical, leading to long atmosphere Bfetimes and low
ozone-forming patential (Finlayson-Pitts and Pitts, 1936, 1993),
However, the associated olefins, such as ethense, propene, and the
butenes are quite reacthye with lydroxyl radical. Thos, these ighly
meactive alkencs, present in LPG at low potcentrakions, can cagse
considerable problems in emissions of unbumed fuel. These
emissions can accur in leakage from LPC containers ar during
transfer af the fuel between containers, When used as a trans-
portation fugl, releases of uncombusied olefing alse result dering
cold starts or in vehicles without catalytic converters, The wide-
spread use of LPG in Mexica City and other foreign cities for hieating
and caaking has led ba gone coltcern regarding te potential for the
formation of ozone due to the olefin contents of these fuels {Blake
and Rowland, 1285), Alkenes also can react with ozone leading to
increases [n secotdary aldehyde productian and the formatian of
PAMNS, Rlary ol these problems can ba cosoheed bt will requing
refarmulation of the LPG to reduce the alkene content if these fuels
are 1o be used in vehicles on large scales.

Sinee €O emilssion rates are 2 function of the ale/fuel vatla,
vehleles which wtilize saseons fuels Tave 4 polential for lower CO
emissions beczuse they can operate on a stoichiometric airffuel
ratio during cold start, when CO emissions are at their highest.
Studbes comparing vehicles uslng CHNG, LG methanal, ethanol, and
wascliee Mels showed that the PG and CMG wvehicles have, in
general, the lowest emissions of €0, benzene, 1,3-butadiene, and
aldehydes [Gabele, 1985), Taotal reactive YOO emiszlons were also
reddoged with CNE and LPG when eampared with gasolioe or the
alcohnl fuels. Although all CHNG and LPG fuels were =99% alkane,
the olefin content of the ydrocarbon emissions vared fraom 1.6 o
2% foe CNG and Team 2 6o 143 Tor TG, The atmospheris reaclivity
af the organic emissions was decreased by 26-83% for CHNG and by
51=78% for LBC when compared to gazoline, This variation inalefin
content of the exbaust carcesponded toughly to thelt awverall
atmospheric reactivities. The major reactive component of the
emissions from these fuels is therefare the alkenes.
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Other issues arise witen cansideriog changing from liquid fuels
to CNG or LG (Eckholf, 19494), The single bigzest drawhbacle for
methane lleg in its very low reactivity, 112 atrospher)e Hfetime has
been estimated at approximately 10 years {Senurm and Gaffney,
1985), Methane is a very strong srec oo gas with many natural
sources, However, the poteoiial far releases of methane fromw foss)
sources wanld have a major impact an climate change, The use of
the fassil-based CNC and LPC would also Increase CO emissions,
albeit by lesser amounts than will the ose of gasoline or diesel
fuels. in additlan, methanc 5 the major soutce of stratospherc
water vapgr, and increases in the troposphere would likely lead to
ingroases in stratospheric clouds and the associated caralytic
destruction of strataspherle orone,

8. BMadigse]

There has been ennsiderable interest in the use of vegetable pilz
as an alternative ta diesel fuel (Peteson and Reece, 1996), Animal
fais have also been considered as diesel substitules (Muniyappa
et al. 1995), However, the high viscasity and high molecular weight
of the raw olis and fats cause poar fuel atomization and fow vola-
tilicy leading Lo incomplete combustion and severs engloe depasits
{Haply, 15187}, One way to improve the fuel propertics of the oils
and Fats is through transesterlfleatlon [Pelerson, 1986; Peterson
etal, 1391 ). Transesterification converts the larze molecular welghe
organle acld esters in the oils and fats to smaller esters of the same
acid usineg an alcohol in the presence of a catalysl. These so-called
biodiesel Fuels are typicatly the methyl esters of rapeseed, soybean,
safflower, peanul, sunllawer, eoconut, cottonseed, or ather vege-
fable gils. In Garrmany, the most common biodiesel i rapesesd oil
methyl ester, while in the 108, it is mainly soy methyl estet [Krahl
et al., 2003a).

Studies of the comparisons of emissions from combustian af
bladlese] ar bigdiesel blends to diesel fuel vary depending on the fuel
anud the vehicle, [n general blodlese] has up to G0 lower CO emis-
SE0NE WLl an Jncrease in MO, olop o 30 {Chang and McoCarty, 1996
Daradoer al, 2003, Schumacher et al., 1995 and an overall ingrease
in the ozone-forming potental of the blodlese] emissions {Krahl
etal., 2001 L Emissions of henzene and aldelydes are also reported to
increase with the Dlodiese] fuels (Geyer et al., 1934; Krahl et al.,
20022, 20020; Mictlellach ¢t 31, 1985), Since these fuels are metlyl
esters, crachiog of the fuel during incomplete combustioon leads to
the farmatien of formaldehyde [Turmio-Baldacsaer] et al,, 2004),

Fmissions of P from bladiesel alsn vary widely depending an
the fuel and vehirles tested, In general, P'M emissions are seen to
increase with the use of biodiesel. However, the hiodlesel particu-
lates hawe @ much higher organicatly extractable fraction [Krahl
et al., 20020), The BC content af the hiodiesal M is therefore lower
The ratal PAH and nitrg-TAH emissions are oot slgnlBeantly
diffevent with biediesel and the overall mutagenicity of the emis-
siong are seen be be similac for lodiese] and Tow-salfur diesel fuels
(Bunger ot al., 2000; Krall ot al, 2002b; Turdo-Baldassarrl et al,
2004} 1t [s clear [rarn these studies that, similar ta the oxyzenated
alicrnative fuels, the potential emlssions of aldebydes and PaHSs,
along with other non-criterda pollutants, need to be investigated Lo
order to assess the averal| air quality impacts of the use of blafucls
in dlesel engines,

The bindiesel fuels contain approsimalely 10% by weight of
oxygerl Similar to the case with the alochol fuels, since they hawve
less carban cantepl, their combustion results in [ower O0; Srmis-
slons per gallon of fuel burned (Lin and Lin, 2008), However, more
fuel must be combusted to travel similar distances as with diesel
fuel. The €0z emlsslong per mile ate similar for Both fuels, When
cotsldering the: €05 emissions fram the entive e cypele of the fuels,
L piomass-derived fuels are kely to result in lower overall ©0;
emissions. However, slnce the methyl esters are produced from

transesterification with methanot, this impact would depend on
ihe sourge of the methanol, The use of methanel derlved feom coal
will lead to more COy emisslons than the use of methanol derived
from biomass.

10, Future needs

[t is becoming Increasingly more obvipus that we need ta
decreage our faxsil fuel combustion to address the npacts on Botky
air quality and clienate change. The first attempt ab accomplishing
this has been to artempt to camvert to the renewable bicfuels, such
as aloohal fuels and Hodiesel, However, studies indicate that while
cambustian of these renewable fuels may, in some cases, resylt in
4 reduction in the criteria pallutants, the'enissions may cootain
significant amounts of cuerenily unregulated vet equally important
pollutants. T general, the oxygenated fuels and their gagollte
Llends will lead to increases in oold-start aldebyds smissions,
which will increase the photoehemical reactivity of the exhaust gas,
leading to the Increased prodyction of ozone znd the PANS. The use
of aleahal fuels may lead to some reductions W £0 and WoC
erissions, with a cocresponding inerease n MO, emigslons. The use
nf alcohols and biofuels in dlese] engines may have some advan-
tages im reducing light-absorbing BC emissions. However, any
impact en the resulting toxicity of the PM, particulacly for the
Bigdiesel Fuels, is not necessarily a direet consequence of this
reduction. Since most of the emissions of €0, aldelydes, and
exhavst hydrocarbons ocour during the cold start of the engloe,
when the catalyst is not sufficienty heated to operating bempera-
res, research aimed at improving eatalyst performance and
incorporating preheated catalytic system designs will be important
in reducing emissions from bath fossil and bioluels.

The reduction of COy emissions fram the renewable biofels is
Also unclear. Although the emisslon of €0 per gallon of fuel burned
i lower than for fassll fuels, the ©0: emissions per mile are not.
Also, care must be lalsen in considering the entire [ife cyele of e
fuel andl other potential greenhouse gas emissions wlhen deter-
mining the overalf climate impacts of these glternate fuels, While
the combustion of fossil-derived methane will lead to increaged
COg emissions, the combystion of biomass-derived methane Hiely
will leadd b net CQ emission redoctions. Fram a glolal environ-
mental perspective, the biomass-derived Rels that act w recycle
€0z are attractive as a means of reducing combustion-related OO0
emisslons. However, & complete assessment of the Dlo-devived
fuels needs b include the fossil fuels used in theic production to
atcicately debermine net CO5 reductinng,

Compressed naieral gas s certainly 3 cleaner fuel Ehan gasoline.
Itsiggestdrawlacks ace in bandling and distributlng the CNG and in
assaclaledl safety issues. dMethane releases will e of concern as
4 greenhouse gZas with a fally long 1ifetime, and so the main use af
natural gas is Ukely ta be in stationary power plants where the
fugitive emnigsions can be better cantrolled, Ineomplebe cornbustion
of methane does lead to formaldelyds emissions, but this can be
controlled with use ofcatalylle conventers, Liguefied petrolewm gas s
not as clean as CNG bt is gasier to handle, althaugh ane of the major
Lasues with bouth of these fuels is high MOy, emissions. Indeed, all ofthe
internat combustion systems that make use of either spark-ignition
o7 diesel configuratlons will leadl to the emission of thermal N,

With all cansidered, the use of 2 fuelwell-powerod electric
vehicle would seem to be the langer-{erm “best” answer to the air
quality problems facing mnsLmajor urban centers in thie wiarld, Fuel
cells convert the gasegus fuels such as lydrogen ar nalural gas
dlvectly imlo electricity by an electrachemical process. The key
components of a fuel cell are an anode, to which fuel is supplisd,
a4 cathade, to which the gridant is supplied, and an electrolyte,
whilch permils the flow of ions between the anmde and cathode.
Fuel cells operate like battaries Dut singe the fuel and coddant are
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mot Integral parts of the fuel cell, they do not nesd tg be recharged
and will continually produce power when supplied with fue] and
oxidant The chemical reaction oocurring within the fuel cell is
exactly the same as when the fuel is bumed, but the chemical
CONYETSION rOCess a¢ours at 3 quell lower teperature tian in an
Internal combustion engine, so there is no MO, farmation, and since
there are o lubricating olls, there are alsq 1o hydrocarhons oo OO
emisslons, In short, fiel cells can be ysed to operate zern Emitting
vehleles (ZEV)L

The maost efiicient fuel for fuzl cells is hydrogen. M can be
supplied dircctly from refweling stations, or indivectly from an-
board pemeration systcms. Doe to infrastructure compatibility,
safely considerations, and optimem driving range of the vehicles,
on-board generation of lipdrogen from gasoline or melanol is
more widely favored (Kartha and Grimes, 1984 Kordesch and
Simader, 1955; Hohledn et af, 1996}, Increases n fel econanty of
appraximately S0% with very law C0, MOy, and VOC emissinns
appear to e featible with this approach. Tn addition. the inceased
projected Tuel econamy would lead to lower Ok emissions,
partlcularly if biomass-decived fuels are used as a feedstock,
Hawever, the methanol reactlan does produce CO, whicl has to he
removed calalytically {Schraidt et a1, 1954),

Most of the attention regarding the combustion impacts an gir
quality and cllmale has centered an maotar vehickes and Hye brans-
portation fuels, However, enal-fired power plants are a major
source of P, S0 and Mk, the toxic metal mercury, and the
Zreenhouse gasses Oy, CHy, and Natd worldwide. Clearly, in arder
Lo decrease the Impact of combustion oo air quality ard climate, we
nedd to comwelt b other energy sources for electricity generation,
Solar, hydroclechic and wind can all Be used on small scales in
areas where the source of energy Is available and refiable. The only
enefpy source that has the potenlial for elintoating the effects of
combustion emlssions and can be used on 2 wide scale [ Auclear
powver, Cuerently, nuclear powver provides approximately 17% of the
warid's electricity with the U5, Frange and Japan agcounting for
S7E Must esimates suggest that in order to have a significant
lmpact on carbon emissions, carbon-free $ources of eleetrical
cnergy, such as nuclear power would have to expand by factors of
3-10by 2050 (Ewing, 2005,

There are many available types of nuclear reachors and nuclear
fuel eycles used in nuclear power generatian, The different fuel
cycles represent different sirategies for making use of the nuclear
materials. The open-cyele treats the spent nuclear loel as g waste
without any atterpt at reclaimliog it, This cesolts o the need bo
dlspose of the spent fuel after one pass through the reactar, The
elgsed-cycle reprocesses the spent fuel and reirieves abogt B5% of
the nuclides for renge in the reactor, The brerder-reactar oyicle
creates mare fissile material io the spent fuel than was contaled in
the griginal fuel and involves multiple cycles of fuel reprocessing
and reuse, areatly reducing the amaunt of waste {Ewing, 2005). Tta
1977 nuclear materfals reprocessing was halted o the IS, due to
conciTns regarding nuclear proliferation. Today, TEProcessing is nok
rwrsued becauss it is mare expansive than the simpler stratepy af
direct disposal of the spent fuel in a nuclear reposltony (Bunn et al,,
2003}, There are several problems associated witl this strategy, The
U5 has not agreed on where and how to dispose of the spemt fuel,
consequently, the waste 1z ourrently stored at some 100 commerclal
reactor sltes, Meanwhlle, since the tong delayed Yurca Mountain
Repasitory is not likely to 2coept waste before 2020, the 1.5, is
already getting close to the ¢ap set for e Yocea Moartalno site of
B3,000 metric tors of cammercially generated waste [CSE News,
2007 The only solution to this problem is re processing the spent
fuel, Since there are currently no financlal incentves to put this
technelogy into practles, it will most likely take government
regulation of the waste genecation process tn provide the needed
madivation. )

Overall, nuclear power plants peoduce Ear legs waste than foss!|
fuel based plants, Coal-fired plants in patticular generate very larie
amounts of toxic and radinactive bottom ash. This ash 1s typically
disposed] of in landfills or wsed as ALl material in road construction
where the trace metals and radionuclides can leach inbo aroutd or
surface waters, It has been estimated that these practices result in
mare Ladipactive waste being released into tee environment than
framo raclear power. The pepulation cifective dose eruivalent from
radiation fram coal-fired pawer plants is 100 times as muck as far
miuclear plants {McBride 2t al,, 1973; 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
eonbustion, altermatives must be put in place, Howwever, no matter
how dire the predictions asseciated with Itaction, there has heen
major resistance to change. Even with gasaline prices skyrocketing,
vehlcle fuel econamy has not Been fncreased and the currently
available Dybeld velicles have not been populan The keyr ro
successful application of new technolegles such as fuel eolls or
electrle vehicles will be the development of the infrastructure and
the carnmercialization and replaceient of the currant fleets {Serfazs
ctal., 1994; Appleby, 1996; Chalk et al., T996), After all, the intermal
combustion engines ltave the benafit of 100 years of evglution and
infrasiructurs developroent. Therefor, even with Uie cument envi-
ranmental pressures, the estalllshment of altermative vehicles in the
irarket will not accur avernleht and will li¥%ely require government
suppart considering the magnitude of the investmenl required,
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Abstract

Climate forcing has become a concern due to the increasing
eoncentrations of g number of well recognized gresnhouse gases in the
atmosphere, such as carbon dioxide, nitrous oxide, and methans. All
threa of these wefl-known greenhouse gases have connections to
agriculture, particulady nitrous oxide and methane from rice production.
However, these gases are not the only radiatively important species, as
tropospheric ozone and agroscls are also important in climate change.
Carbonaceous aerosols are increasing in importance, particulardy as
some incrganlc oerosols such ag suifate are being successfully
controlled. The impacts of these agriculfurally important greenhouse
species are overviswad here, and discussed in light of recent work using
carbon isotopic measurements to examins the potential impacts of
biogenic aerosols on climate. Examples from Mexico Cily, Chisago and
Arkansas are given, which suggest that grags fires and agricultural
burning can be significant sources of carbonacecus aerosols.
Spoactroscopic characterization of these aergsols in the UV-NIR-IR
regions has clearly shown that 2 significantly enhanced absorption,
particulzrly in the UV and IR, can occur from aerosgls produced in
agricultural and forest burning. Tha aerosol species responsible for this
anhanced absorption has been described ss “humiclike” substances
(HULIS). The use of natural carbon isotope varniations {*C and '*C)
along with optical charscterizations can be ussful in examining the
impacts of thig typa of burning practices, especially for corn and sugar
cane {Cd4-plants). Combustion of sgricultural biowaste as a biofuel
source fnstead of uncontrolled field burning is suggested as an
alternative fo 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
identlfied as being directly tied to specific agriculfural processes, a
number of other greenhouse species produced from agricultural activities
are not. Ozane, which plays an important role in tropospheric sir quality,
is glso a climate forcing graenhouse gas. Agriculfural practices that
Involve standard fistd burning to remove unused debris is @ major
problem in the Southern, Southesst, and Midwestern U.S. and & large
sourcs of reactive hydrocarbone and nitrogen oxide which react in the
atmosphere to produce elevated ozona lavels on regicnal scales.

Almospheric aerosols have been identified as a major uncertainty in
climafe forcing due to their direct and indirect effects on radiative
balance. Both scattering and absorption of radiation by asrosols are of
concem in determining the impact of the aerose] direct effect. The abilily
of aercgols to act ae cloud condensation nuclei leads to their indirect
effect, as the asrosols impact both cloud formation and type. Biogenic
carbonacecus aerosol sources have been found to be major contributors
to both primary and secondary organic asrosols (SOA} on ragional
scales. Biogenic S0A are produced from the reacltion of reactive
kiogenic hydrocarbons emitted by hoth natural and agricultural
vegetation with ozans. These SOA bicganic precursars includs isoprene,
moncterpanes, and sesquiterpenses. Agricultural burning is alzo a large
source of primary carbonaceous aerosols as well as reactive biogenic
hydrocarbons which produce S0A.

Ths direct impacts of the strongly absarbing carbonaceaus asrosols on
climate will depend on their wavelength dependent optical properties.
The degrse to which atmospharic aercsols and clouds prevent the
fransmission of light through the atmosphers is commonly reported as
the optical thicknsas, also known as optical extinclion or atmospheric
turbidity. The wavelength dependence of atmosephsrlc extinction is
traditionally described by Angstram's turbidity formula as 1 = A", where
B, known as théingstrom t urbidity coefficient, is the value of « at &
wavelsngth of 1 um and o, known as the Angstrom exponent, represants
the wavelength dependence of the optical extinction. The total
atmospheric  extinclion is the sum of scattering, which praduces a
cooling effect, and  absorption, which produces a local warming
effect, as 1 = BarA®s + Pard s, where o is the Angstrom exponant for
aeroscl scattering and o, s the Angstrom exponent for serosol
gbsorption. The values of the asrozol o, give a measure of their
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wavelength dependent absorption profiles and thair ability to cauga local
heating of the atmosphere. In addition, since the value of o, 18
dependent on the chemical composition of the absorhing asroscl, it can
serve as an indication of the typa of absorbing asrosel present {1).

Fast 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 absorbar with an absarption strength
that decreases monctonically with wavelangth {144) yielding an . of 1 (2,
3). Recently, other imporant light absorbing species have bean
cbserved in atmospheric asrosols including the water soluble
polycarhoxylic acids known as "humic-lika" substances, or HULIS (4.
Aegrasol HULIS can be produced directly from biomass burning (&) or by
stmospheric oxidation of bioganic hydrocarbons (6) and are therefore
biegenic in nature. They can comprise up to 50% of the water soluble
organic aerosal gpecies at both urban and rural sites (7). Lika the aguatic
humic acids fhey are named for, HULIS contain polycarboxylic acid
graups along with other unsafursted sites in an extended conjugation
system. This results in intense absorbances below 400 nm (8) which
cause the HULIS to be yellow to brawn in color, leading to their baing
referred to as “brown carbon® (5, 9). This enhanced shorwave
absomtion gives the aerosols contalning HULIS o, values that are
greater than 1. Pure HULIS materials isolated from biomass burning
aerosols have very high o, valuss In the rengs of 6 — 7 (5). Mixed
atmogpheric aerosols preduced from biomass buming have intermediate
values far the o, values of about 2-3 {5,10).

Atmospheric aerasol o, values measured in Mexico Cily were observed
to Increase in the afferncon over the values measured in the morning
{11). This was altributed to the photochemical formation of highly
absorbing S0A in the afterncon. The o, valuss were also observed to
increase during periods of biomass burning, Local grass fireg resulted in

oa values around 2-3 (12), white aged biomass burning aerosols
transported [ong distances from the Yucatan resulted in o, values of 1.6
(11). Measurement of serosol carhoxylic acid contsnt by FTIR
spectroscopy coupled with carbon isolopic analysis indicated that the
anhanced «. values ohserved were due to increased HULIS content of
the aerosole (13, 14). These resulls clearly indicate that there is a
significant impact from biomass derived carbonaceous aernsol sources
even in the large Lrban area of Mexico Cily and that these serosols hava
absorption profiles that are enhanced in the shortwave region over those
derivad from fossil fuef combustion. This enhanced shortwayvs absorplion
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¢an lead to local heating of the atmosphsrs and changes in climate and
waather patterns.

Carbon isotopic Measuraments

The mesasurament of radiocarbon (*C) in atmospheric aerogol samples
¢an give & measure of the amounts of asrosol carbon produced from
foseil fuel and non-fossil fuel squrces. All biogenic matarials are labsled
with a relafively constant initial “C/'°C ratic (15). Aeresols produced from
the combustion of this biogenic materisi will have the same ™C content
as the source material. The aerosols produced from the combustion of
fossil fuels contain no "C bacause the ags of the fuel is much greater
than the 5730-year half-lfe of the *C. Therefore, the '*C content in
almospheric aerosols, reported as the fraction of modern carbon,
provides a direct measure of the relative confributions of carbonaceous
materials derived from fossil fuels and that derived from madsm
biomass sources. The ™C content of atmaspheric asrosols determined
in sampleg 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 modarn carbon
content than those mads later reflecting a higher percantage of fossil fusl
derived aercsols during that tims (17,18). Later measurements have
resulted in largar modern carbon fractions raflecting a lower parcentage
of fossil-darived carbon in atmaospheric asrosols. This is possibly a result
of implementing tighter controls on mator vehicle emissions and the
growing uss of biofuels compounded by litlle control of opsn burning in
many areas (19),

The high levals of madern carbon reported in Table ! for Launceston,
Tasmania were attributed to high levels of residential wood burning in
tha wintertime (20). The high madsrn carbon levels observed in Nashville
(21}, Tampa (22), and the park sites of Yosemite, Brigantine National
Wildlife Refuge (BNW), Mi. Rainier, Rocky Maountain National Park, and
Tonto National Monument (TNM) {23) were athibuted to biogsnic 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 frees which contained “homb carbon™ from nuclear
testing in the 19508 resulting in "“C/™C ratios higher than seen in
modern biomass,

The fraction of modern carbon measured in the aemosole collacted in
Mexico City in 2006 was found to ba consistently larger than 0.5 (> 509}
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suggesting & large biogenlc cantribution to the carbonacesus asrosols
gven in this large urban area (12, 24). Other measurements have also
found significant biogenic aerasal sources in this area particularly for the
low molecular weight and water soluble fractions of the aerosols (25).
The modern carbon serosel content obzerved at Tecamag, 8 suburban,
riral site located 18 miles north of Mexico City, was higher than that
obsarved in the city due to impacts from local grass fires, The biogenic
impacts in this area were observed to be as high as 90%.

Tahle I. The fraction of modern carbon in atmospheric asrosals
reported for some urban areas.

Location Year Modern C RBeference
Rance  Average

Barrow, AK 1982 0.42-0.46 0.4 16
Long Istand, WY 1982 0.37-0.40 0.4 16
Los Angeles, CA 1982 0.20-0.43 0.3 17
Denver, CO 1958-97 0.05-0.69 0.3 18
Mashwille, TN 1998 {,56-0.80 0.7 21

Houston, TX 2000 0.27-0.77 0.5 28 27
Look Rock, TH 2000-01 {.54-0.83 0.7 28
Tampa, FL 2002 0.55-0.95 0.7 22
Zurich.CH 2002 0.60-0.67 0.8 29
Yosemite, CA 2002 0.80-1.05 0.9 30
Tokyo, JP 2002-04 0.31-0.52 0.4 |
Aveiro, PT 2002-04 0.77-0.92 0.8 32
Puy de Déme, FR 2002-04 0.72-0.87 0.8 2
Schauinglend, DE 2002-D4 0.75-0.84 0.8 32
WMexico City, MX 2003 0.56-0.86 0.7 12
Laungeston, Al 2003-04 0.96-1.11 ng 20
Seattle, Wh 2004-05 0.38-0.69 08 23
BMNW, NJ 2004-05 0.30-0.99 0.8 23
it Rainier, WA 2004-05 0.75-1.10 0.9 23
Tokyo, JF 2004-05 0.31-0.54 0.4 33
Fhoenix, AZ 2005-08 0.48-0.75 0.8 23
Rocky Mt NP, OO 2005-2008 | 0.78-1.11 1.0 23
THM, AZ 2005-2008 | 0.64-1.04 0.8 23
exico City, MX 2008 0.42-0.75 0.8 12
Tecamac, MX 2008 0.55-0.896 0.8 12

BiNW = Brigantine National Wifdlifs Rafuge; TNM = Tonto Natlonal
Manument
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Tha fractlon of modern carbon was determined in the organic carbon
(OC) and elemental carbon (EC) aerosol fractions in Mexico Cily by
using tharmal fractionation methodologies described previously (18, 34).
The results shown in Figure 1 indicata that the EC fraction, which is
made up of the high molecular weight soots genersted by incomplete
combustion, contain less modern carbon than the smaller molecular
weight OC frackons while the resulls for the total asrosol carbon ace
generally shown to be midway bawaen the EC and OC values. Similar
results have bean reported in studies in Ckinawa, Japan where the biaglk
carbon (BG) aerosol component was found to be 87% modern compared
to 84% modern in the QC fraction (35). Overall, the fraction of modern
carkon in the EC asrosol component was 0.67 in Mexico City and 0.75
at Tecamac. The corresponding results for tha OC companant ware 0.75
in Mexico city and 0.85 at Tecamac. This is consistent with input fram the
local grass fire sources at Tecamac and diesel sogt being a msjor sourca
of EC in the Mexico Cily urban area. In any case, data oblained in
Mexico City as well as the many other areas listed in Table 1, suggests
fhat the biogenic contributions to carbonaceous aerpzols are bacoming
gignificant world wide and their effects on radiative balance will need to
be considered,

1
»
5 04
g4 . ¢
&
.

LLE . &
= .
£ ° »
= s o .
= 0.7+ . L]
£ | &
o
= 0k .4

oeE T r T

1] [:1:] 0 ¥h =11}
Doty ol “resey

Flgure 1. Fraction of modern carbon ih organle carbon {red)
elemental carbon (green), and total carbon {(hlug) fractions of
asrosal samples collected in Mexico City and Tecamac in 2008,
Organle Reactlvity and SOA

It iz important to recognize that the volatile organice emitted from both
fossll fuel sources and from biogenies have vary different reactivities with
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OH, nitrate radical and ozana. A comparison of the reactivity for some
common organics and natural hydrecarbons with OH iz given in Tabla Il
In general, the alkenes are more reactive than the alkares and aromatic
hydrocarbons. Thig is due to the ability of OH radicals to add to the
olefinic double bond. Ancther trend is that the presence of functional
groups that denate elsctrons to the double bohd increases the reactivity.
Thus, larger alkenes react fastar than smaller ones. Alkanes react with
OH by abstraction and thoze with more secondary and tertiary protons
will ba more reactive. Therefore, as with the alkenes, larger atkanes will
react faster. Oxidized organics are typleally less reactive with QH, asin

Tahle 1. Reaction rates of some important volatlle hydrocarhons
with OH [38).

Hydrocarhon rate x 10 " em® molecule™ s’
Alkenes

Ethens 8.5
Propeng 26
1-butene 31
1-pantens 3
i-hexene a7
cis-2-butena 55
trans-2-butene a7
2-methyl-2-butene a7
2, 3-dimethyl-2-butens 110
2-methylpropeng Y|
Cyclohexens 68
1,3-butadlanea &7
2-methyl-1,3-butadiene {isoprane} 101
Limonene 171
beta-caryophyllens eollisional
Alkanos

Ethane ' 0.03
n-Butaneg 2.5
Cyclohexane 7.4
Othars

Acalylens 0.08
Benzens 1.3
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most cases they react by abstraction and are therefore their regctivitios
are comparable to the small alkanes, The ozons and nitrate radical
reactivities for these hydrocarbons also follow the same general trend as
tha OH reactivities as they ars all electrophilic reagents,

Since fossil fuel sources have been identified as "anthropogenic®, we
have implemented control strategies for the wvolatile organice emittad
from both mokile and stationary sources in order to reducs ozone
formalion in urban areas. One important control strategy is the use of of
catalytic converters for mobile sources. This same reactivity trands listed
in discussed sbove also occur in catalytic oxidation. Thus, in catalytic
converters the more reactive alkenes and larger alkanes are most
effectively removed yielding emissions primarily compased 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 amisslons.
While the organic reactivity of the emissions from motor vehicles and
energy related stationary sources has been reduced, the nitrogsn oxide
amisgions have not been lowarad. Thus, the result of this reduction in
anthropogenic VYOU reactivity has led {0 a slower production of czone
and & transition from the formation of high ozona levels in urban areas to
slevated czone concentrations on regional scales.

Mote in Tabla Il that the biogenic hydrocarbons isoprene, d-limanene and
beta-caryophyllene  are  vary, very reactive compared fo  the
anthropegenic hydrocarbons. The biogenic hydrocarbens, isoprene {C5
hemiterpens}, the monoterpenas (C10), and  especially  the
sosquiterpenes {C15) have atmespheric lifefimes tygically of minutes to
hourg in urban environments and hours to days in regional areas. The
less reactive anthropogenic organic emissions tend to have lifgtimes on
tha order of hours to days in utkan enviranments, and days to months on
regional scales (38). Unless they are photochemically reactive, the
oxidized organlc hydrocarbons have atmospheric lifetimes that are ars
typically much longer. For comparison, at a8 OH radical concantration of
- 1.0 x 10° molzcules per cc, typical of an urban environment, the fifetime
of sthane |s 43 days, ethene is 1.4 days, and cis-2-butene is 5 hours,
while the hiogenic hydrocarbons have lifetimes of minutes to hours.
Indesd, the sesqulterpenes are so reactive with OH and ozone that they
ara typically very difficult o measure directly in the atmospheare and have
to be inferred from measurerments of their reaction products.

Thess very reactive biogenic hydrocarbons are emifted from living
vegetafion including natural 2s well as anthropogenically managed
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agriculiural areas. The estimated total emission rate in the U.5. is 30.7
Mt annually with more than half of these emigslons occurring in summer,
and approximately half in the Southesst and Southwestern U.S (37). The
actual fraction of land used for agricultural purposes in the Midwestemn,
Southern, and Soauthsastern U.5. is cansidarable as compared fo land
left in the "natural state”. While the percentage of cropland in the U5,
excluding Alaska, was approximately 23% in 2002 (38), this fraction
approaches or exceads 40-50% in many porlions of the midwest and
&outh.

As we increase controls on the VOO emissions from fossil fuel sources,
and the oversll hydrocarbon emission reactivity from thees sources is
lowered, ozane formation retes as well as the SOA formation rates from
these sources are lowered. At the same fime the nitrogen oxide
emiszions hava not been controlled and the atmospheric levels remain
high so that ozone levels ars Increasing regionally. This has the effect of
increasing the ozone reactions with the wvery reactive blogenic
hydrocarbong and increasing the formation rates of the biogenic SOA
reaction produsts. This expected increese in biogenic SOA iz a
contributing factor to the observed increases in fraction mogder carbon
observed in carbonaceous agrogolg over the years.

Primary Combustion Aerosols

Carbonaceous aergsols from leaf buming and regional agricultural
buming praciices sre a substantial source of carbonaceous asrosols in
the Southarn W.8., with Arkansas, Louisiana, and Flotida contributing
mare than 75% of all agricuitural burning in the southeast {38). In 2004,
tesults from the Moderale Resolution Imaging Spectroradiometer
{MODIS) satellite data showed that 73% of all the fire activity in Arkansas
was dua to agriculturel burning with the highsst activities occurring In
Juna and Gcofober — January {39), As part of an effort o evaluate the
serosol optical properties in this ragion, a number of instruments have
been operated at the Chemistry Deparmant of the Univarsity of
Arkangas at Liltle Rock (UALR), Litthe Rock, AR. Thesa included a 7-
wavelength sethalometer to measure aerosol absorption, aerasol o, snd
BC aerosol levels. Tha instrumentation and methods used have been
described previously in detail {11, 121,

Figure 2 shows the BC concentrations measurad at UALR from Qctober
to December, 2010 compared to measurements made by the same
methods at The University of Chicage (U of C) from Cclober to
December, 2007, Quring this time perivd the biogsnic WOO
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smlssions would be minimal in both areas decrsasing the input from
SOA formation. The obsarved BC would therefore be primarily from fossi!
fuel or biogenic combustion. The BC levels abserved at The U of C were
significantly lcwer than at UALR by a faclor of 2-3. The overall averags in
Chicago during this period was 0.4 pgim® compared to 0.8 pg/m® at
UALR and the maximum levels observed were 2.8 pg/m? in Chicago and
7.9 uygm®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 aswell as campus traffic, while the sile in Litthe Rock was
located on the heavily wooded UALR campus in Southwestern Little
Rack and not heavily impacted by local trafic. The only source of
biomass combustion in Chicago woufd be woad burning fireplaces, which
are minirtel in this area. Howsver, there are no opan burning controls in

FE|

BE fug#ref)

BIE fmyin®]
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Figure 2, Black carbon (BC) levels measured at the Unlversity of
Arkansas at Little Rock (top) and at The University of Chicago
(bottom) from Qcteber to Decamber 2010 (UALR) and 2007 (U of C).
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Arkansas and |eaf and trash buming as wsll as agricuftural Burning are
comman during this time period. Tha hgher BC |avels observed in Little
Rock would therefore indicate a significantly higher level of combustion
aerosols in Little Rock compared to the large urban area of Chicage.
Mote the population of Little Rock is spproximately 190,000 as compared
to Chicago's population of 2,85 million.

It showld slsc be noted that in addition to the production of high levals of
carbonacecus asrosols, these apen burning praclices commoen in the
Southern U.S. also produce regional ozone from nitrogen oxide and
reactive organic emissions released during combustion, Ozcne is a
regulated atmospheric pollutant and a recognized human heaith hazard
as well as a greenhousa gas. In addition, open burning also preduces
significant amounts of carban monoxide and sldshydes. Aldehydes {e.g.
formaldehyde, acetaldehyda, acrolein, crotonaldehyde, etc) are
considered air toxics and have immedlate high |svel eve-irftation or
lachyrmator potential along with long term garcinogenic ekxposure
petential to downwind populations.

Naturaf Isctopic Labeling to Assess Agricuffural Burning Sources

The natural iabsling of vegetation with different ratios of stable carbon
isotopes ('C/'°C) dus to their differsnt photochemical pathways ean afso
help ko idenfify the biomass aerosol sources. The C-3 plants, which
utilize the Calvin-Benson photosynthelic cycle, have a more selsctive
chemistry and fractionate the heavier carbon isotope {*°C) by about 12-
14 parts per thousand as compared to the less selectiva G-4 or Hateh-
Slack photosynthetic pathway. The C-3 and C-4 plants will thersfore be
labeled with different *C/“C ratios. The C-2 plants are most abundant
and comprise most tree species, shrubs, and cool temperate grasses
and sedges, whila the C-4 Plants consigt mostly of warm temperate to
tropical grasses (40). The “C/™“C ratios are commonly expressed as
5°C values in per-mil {%s), and represent the difference between the
measured ratios and that of a carbon isotope stendard, typfcal'lg COs
prepared from Peedes belemnite carbonate. The measursd "G/l
ratios of crganic matter are gsnerally ‘%-depleted comparad to that of
the standard and are therefore reported as negative values. These
resulting 3°C values can be used to estimats tha relative contributions
from C-3 (8"°C = 27 + 8) and C4 (5'°C = - 13 & 4) plart sources o the
carhonacecus aerosols.

Taken together with *C measurements these determinations can aliow
for the impacts from specific agricultursl burning activiliss to be
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Figure 3. Carhion isotonle ratlos of flne asrosols In Mexico City {red)
and Tecamac (green) In 2006. Results expected from the
combuetion of fossil fuel, sugar cane, and trees and grasses ara
indicated with ovals.

assessed. A comparison of the "*C ratios with the fraction of modsrn
carbon is shown in Figure 3 for fine asroacls collectad in Mexicn Sity and
Tecamac in 2008 {12, 24). The results of 25 %o 5™C and near the 100 %
fraction modern carbon observed at Tecamac are indicative of
cambustion of biomass with both T-3 and C-4 grasses. The resulis
shown for the Mexico Cily aerosols are typical of fossil fuel combustion
mixed with biomass burning asrosals. Mexico City was impacted both by
gress fires to the nordh and widespread forrest fires in the Yucgatan
during this period (41, 42). The values expected from carbonaceous
asrosols prodused from the combustion of different sources sre slzo
shown in Figure 3. For instance, the practice of burning sugar cane
debris (T4 planty in the Southern US. will lzad o the release of
carbonacecus soot aerpsols and reactive organice enriched in °C and
"C content (-12 %« 6'°C and a 100% fraction modern C). This is
conirasted with that expected from the combustion of woad (3 planty
producing aerosols more depleted in "G (25 %« 57°C and 100%
fraction modern carbon) and that from fossll fual combustion yieldin
serosole deplsted in both °C and ™C (-25 % 5'°C and 0% fraction
modern}. Therefore, measurements of the carbon isctopic content of the
fine asroscle produced during a burning event of sugarcane debris from
agricultural fields will give isptopic signilures that are digtinct from that
produced from these other sources, as represented in Figure 3.
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The integrated nature of the carbon isotopic measursments also allows
for the actual mass fraction of asrosols produced from combustion of
differant materials fo be assessed during these events. Similarly, the use
of carbon isotopes can be combined with ather tracers of opportunity
such as fine potassium or halogen content to assess the impacts from
ather types of agricultural burn events. These methods have recenily
been applied to aid in source determination for long rangs transported
aerosols impacting the pasific northwest (43).

Affarnative Uses for Biomass

Agricultural field stubkle removal by open combustion processes
curranitly in use are not necassarily the best option when congidering the
potential impacts on regional ozone production from nitrogen oxide and
reactive organic ernissions s well as the climate impacts from released
greenhouse gases and carbonaceous aerosols associated with these
burning events. Alterngte approaches to disposing of these unused
materials should be consldered. One option is the potential use of this
agricultural dekris as a diract biofuel replacement for coal as a clesner
energy source. & simple comparison of the energy content of the
gifferent lypes of agricultural materials and woaod debris to coal and oil
used for power plant fuels is given in Table 111 {44}

TABLE IIl. Energy content in glgajoules per metrlc tone (GJT} of
some biomass and fessli fusls.

Carbonacegus Fuel Sourca Ensrgy Content (ST}
Bicmass

Cry Wood 18-22
Wet Wood = (20% moisturs content) 15

Ag residuss — Vet 10-17
Charcoal (from 90-180 (GJ original wood content) 30
Ethanal 267
Biodiesel 378
Fasslil

(Sascling 47,3
Diagal — 428
Coal - anthracits 27-30
Coal = bituminous 27
Lignita 15-18
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The agricultural (Ag) residues listed in Table Wl include sugar cane
bagasse, rice straw, and wheat and carn stover. It should be nated that
the energy content listed for ethanol and bicdiessl is for the final product
and daoes not take into account the energy costs to produce the final
liquid fusl.

The dlata shown in Table Ul indicate the potential energy content in these
unused agricuttural restduss. This is a potentially renewable fual source
which should not be neglected. Whila the uss of this material o produce
afcohols, biodissel, and other liguid fuels is being explored, the diract,
contralled, high temparaiure combustion of drigd agricultural carbon
residues from crops should be consldersd where open field burning is
common. In this case, controlled combustion of these materlals as an
alternative to open burning could lead to the reduction of greenhouse
species as well as to reduce the agricultural Impacts on regional czone
formation while providing &n alternative source of energy. This wauld
help to obtain a sustainable enargy situation for agriculture,

Organics in Precipitation

Frecipitation samples were collected at UALR on ths roof-top of the
Seience Lab Building during 2009 ang 2010 using an automated wed-dry
sample collectar, The total dissclved organic carbon (DOC) was
measured in each rain sample uging a Shimadzu DOC analyzer. Figure
4 shows the total amount of rain recorded at the zite and the DOC in
each rain sample aftar filtration through a 0.45 membrane filter to remove
suspended particulates.

The DOC leveals wara ohsarved to incresse beginning in May (day 140)
and continue through August (day 245). The average DOC chserved
during thig time pericgd was 4 ppm with a madmuom of 8.5 ppm in Juns,
Mate that this in pgak tima for both bicgenic emissions and agricultural
burning activiies (34, 39). Analysis of the rain samples using mass
spectrametry found that the water soluble organics present in the
samples are less than 500 daltens molscutar weight (45). This is also
consistant with results found on asrosol HULIS (48). The ares near Little
Fock is heavily forested with deciduous (iseprene emilting) and
coniferous fmoncterpens emitting) trees. A comparizon of the resclion
products of ozone with beta-caryophyllene have found them to be of
similar molacular weight. These results suggest that a significant amount
of the dissolved organics in the rainfall may be dus to low molecular
weight oxidation produgts of biogenic hydrocarbons, However, it should
glzo ba noted that the organics produced from open burning will likely be
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Figura 4. Total amount of rain (mm) and dissolved organic carbon
(DOC} concentratlon In rainwater samples collectad at UALR in
2009 {green) and 2010 (blua).

a mix of oxidized compounds that will ba of gimifar structure to those
produced from the low temperature atmosgpheric oxidations by OH
radical and cther oxidants in the froposphere.

There are very faw measurements of '°C in DOG in rainwater, However,
the faw that have been repertad in coastal Nerth Carcling have found the
DOC o contain 75-96 % modern carban (47). This is again consistent
with 8 biomass source for the soluble organic compounds in the
rafnwater. The input of this bicgenic DOC from reinwater fnto surface
waters can be imperant on regicnal scales. For example, the flux of
these oxidized organics into Lake Maumelle, a Little Rock drinking water
source, is estimated fo be approximately ohe ton of carbon per ayerage
rain avant,
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The BC concentrations and the aerpsof w, determined from a 7
wavelength acthalometer as described praviously {11) are shown in
Figura 5 along with total rain smounts measured &t the UALR site from
August to December 2010, Examination of the data shows that there is
significant amounts of carbon that remain in tha atmosphere during rain
avents. Howgver, the serosol u. are closer to s value of 1 during and
immediately following significant rain events. An o, of 0.9 to 1.0 s fypica!
for dissel soot, while @, higher than 1.0 indicate the presence of UV
absorbing compounds such as HULIS that are produced from bicgenic
VOC reactions with OH and ozone or from biomass burning (12).  This
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Figure 5. Black carbon cencentrations, Angstrom exponents for
aerosel absorption, and total rain amount meagured at UALR during
August-December, 2010.
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indicats that the rain preferentislly removes the water soluble seroscl
components with enhanced shortwave absorption, typical of HULIS,
leaving behind the more hydraphokic BC. It is likely this occurs due to
partitioning of semi-volatiles betwsan the surfaces of aerosols and water
dreplets thus allowing for the removal of the oxidized organics through
wet dapesition and the obkserved lowsring of the absorption exponents to
the base diesel values during rafn events.

A significant amount of the carbonaceous aerosols in the submicron
region is not removad during the rain events and this will lead to longsr
lifetimes for these more hydrophobic species. It also indicates that the
remaining BG would be transported over much longer distances than ths
oxidized reaction products which are more readily removed from the
atmosphers by wet deposition.

Climate Impacts of Biogenic Aerosols

Measurements of tha mass absorption coefficient {B,) of the atmosphearic
carbonaceous asrosols in Mexico Clty have been reported as 10.8+2.1
mfg at 650 nm (48). The wavelength dependent absarption profiles from
230 o 600 nm for a diese! soot type BC aeroso| with this absorption
strength and an oy value of 1 is shown in Figura B comparsd to the
wavelength dependent absorption profile for a mixed fossil fuel +
biomass buming typa aerosol with an a, of 1.6, as measured in Mexico
City previously (11},

40
35+

20
15- \
101

] T

— —— — T —
250 300 350 400 480 SO0 5RO0 GO0 650
Wavelength {nm)

Absorplion Sfrength

Figure 6. Absarption strengths (m®g) for a soct type BC aeroaol
{graen} and a bicmass type BC asroscl {blua),
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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 caiculated from
the wavelength dependent solar irradianca at graund level (Figure 7A),
Note that the frradiance at ground leval is reducad from that anticipated
at the top of the atmosphere due to absorption by atmospheric gases.
For example, absorption by stratosphetic ozone remaves s significant
amount of short-wave radiation in the 280-300 nm wavelangth rangs
preventing it from reaching ground level. It sheuld also be noted that
while the number of photons reaching the ground in the UVB and UVA
regions is significantly lowar than that expected at 550 nm, there is
significant energy associated with these photons and thus the ground
level irmadiance peaks at around 450 nm. The relative amounts of
energy sbeorbed by equal amounts of the two types of BC zerosols in
Figure & can be obtained by multiolying the solar irradiance {Figure 7A)
by the wavelength dependent B, of the two lypes of BC aerosols
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Figure 7. A) Selar irradlance at ground lavel {Wicm’-um). B} relative

enargy absorbed by a soot type BC aercsol (green) and a blemass

type BC aerosol (blue) present in the lower gtmosphare,
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(Figure 8). The result shown in Figure 78 demonstratas that the biomass
type aerosol absorbs approximately 1.5 times more energy than the soot
type aerosol at the irvadiance peak of 450 nm and 1.7 times mere anergy
in the VA regian {350 nm). An integration of the energy cunves from
230 to 800 nm yields a total absarption ratio in the UV-vigible region of
1.46 to 1 for the biomass to the diesel soot type acrosols indicating that
the biomass type BC would trap 48 % more enargy in tha lower
almogphere than the sama amount of diesel soct type BC asrosols due
to their enhanced shortwave absorption. This clearly shows the potantiai
for biomass burning BC serosols containing HULIS as well as similar
oxidized compounds found in bipgenic SDA to impact energy abeorption
in the region of 280-800 nm.

Conclusicns

In assassing the impacls of agricultural practices on cimate, the current
focus is on carbon dioxide as the major greenhouse species, although
some attention is now befng given to methane and nitraus oxide,
particulatly in rice production where anaerobic bscterial emissons of
these gases can be significant during flooding. Howevsr, 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 asrosols {both primary and
gacondary], as well as oxygenates such gs aldehydes, on large scales.
These simissions need to ba controlled as they have significant impacts
on climate as well as on regional alr quality. The relsase of nitrogen
oxide and reaclive organics leads to the production of tropospheric
ozone, a regulated air pollutant and greenhouse gas. Carbonaceous
acrosols that absorb in the UV - Visible ragions, will add to regionz|
heating and changes in iocal climate and weather. Thegs same organics
are watar soluble and removed by rainfall events which adds to the
organic loadings in surfacs waters.

in additon, climate chenge may lsad to enhanced production  of
abgorbing carbonaceous aerosole and bicgenic S0A praduced from the
oxidations of isoprens, menctarpenes, and sesquiterpens emissions
from deciduous and pine forests. While forest fires srd biggenic
hydrocarbon emissions are natural procasses, they are lkely to be
fmpactsd Indirectly by anthropogenic factors. These include increases in
carbon dioxids that act to "ferilize” plant growth and climate warming
anhd precipifation changes that are known to lead to enhanced emissions
of biogenic hydrocarbons, as well as earlisr &prings and loenger growing
seasens that lead to increases in brush and forest fires. This all serves to
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incréase production of both primary and sacondary biogenic aerosols
and in-turn these aerosole have UV and IR absorption that may impact
radiation balance on regional scales.

While the current practices of agricultural combustion sre conlinuing
particularly In fthe Southeastern and Midwestarh US, serious
consideration should be placed on developing alternative uses of these
wastes. In particular, the potential use of agricultural waste as sn
altarnate fue! for power plant operation should be considered. This would
lead to a more sustainable energy source and would be a means of
contrelling one envircnmantal problem while producing & source of
cleaner energy than the combustion of coal,
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Abstract. In March 2006, a multingency ficld campaign was
undetizken in Mexico City called the Megacities Initiative:
Local and Global Rescarch Observations (MILAGR(R. Two
of the five field components of the MILAGRO study focused
a major patt of Lheir efforts on atmespheric particulate emis-
siona ftom the Mexico Cily basin and their effects on radia-
tive balatee as a funclion of time, location and processing
conditions, As parl of these two MILAGRO componcnts,
measurements of acrosol optical properties were obtained at
a site located in the northem part of Mexico City (TO) and
also al a site located 2% km northwest (T1) to estimate the
regivnal effects of acrosal emissions from the basin,

Measurements of aerosol absorption and seattering for fine
made acrosals were obtained at both sites. Acrosol absorp-
tion at 550nm was gimilar at both sites, ranging from 7—
107 Mm ™" 5t TO and from 3-147 M~ at T1. Aerosol scat-
Lering measured at 550 nm at TU ranged from 16-344 WMm™!
while the aetosol scattering values at T1 were much lower
than at TO ranging from 2-136 Mm™!. Aerosol single acal-
tering albados (35As) were caleulated at 550 nm for the fing
mode aerosols al both sites using these data. The 8545 at TO
ranged from 0.47-0.92 while 5545 at T1 ranged from 0.35-

;t};i Correspandence to: 1. 8. Gaffney

et (jsgaffhey@ualr.cou)

0.86. 'The presence of these highly absorbing fine aerosols in
the lower stmosphere of the Mexico City arca will resultin a
positive climate forcing and a local warming of the boundary
layer in the region.

Broadband UVE intensity was found to be higher at site
TO, with an avcrage of 64 wW/on® at solar noon, then at
site T1, which had an average of 54 g Wiem? at solar noon.
Cotnparisens of clear-sky modeled UVE intensitics with
the simuitaneous UVEB measurements obtained a1 sites TV
and T1 for clowdless days indicate a larger diffuse radia-
tion field at site T than at site T1. The determination of
aerosol Angstrom seattering coeflicients at TO suggests that
thix is due to the predominance of acrosols in the sizc range
of 0.3 micren, which leads to scattering of UVE radiation
peaked in the forward direetion and to an enbanced TV ta-
diation observed &t ground level. This cohancement of the
UV# diffuse radiation field would explain the enbanced pho-
luchemistry observed in the Mexico City aven despitc the re-
duction in UVB anticipated from Tight absorbing species.

1 Tntroduction

Megacities, large urban and subutban centers whose ROp-
lations exceed len million inhabitants, are steadily increas-
ing worldwide with the most rapid growth in the tropical

Published by Copernicus Publications on behalf of the Furopean {icosciences Uniun,
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areas of South America and Asia. To 1800 only 2% of the
world’s populetion [ived in urban arens. This incrcascd to
47% by the end of the 20 century. In 1950 there were
B3 cities wilh populations exceeding vne million and New
York City was the only megavity (IINEPAWTIO, 1992). By
2007 there were 468 urban venters of more than ene million
and of these 14 are classified as megacitics with the largest
metropolitan complexes centerad at Tokyo, Tapan, and Mex-
feo Cily, Mexice (Moling and Molina, 2002). If this teend
continugs, the worfd®s utban populations will dvuble every
38 years and wilthin the next 10 to 15 years it is predicted
that there will be more than 30 megacitics worldwide.

‘The Mexico City metropolitan arca (MCMA) is the largest
urban center in Morh Amcrica and the second targest megac-
ity worldwide. 11 occupies ~3540km? with a population
of ~19 million (CAM, 2002}, In gencral, megacities suf-
fer from poor air quality duc to the cumulative effecis of
rapid population prowth and industrialization accompanied
with increased traffic densities and tatal energy consump-
tion, llowever, the topography of the MCMA also acts 1o
exacerhate the poor air quality (Fast et al., 2007; Fast and
Zhong, 1992; Doran et al., 1998) as Mexico Cily is locatcd
in a basin on the central Moxican plateeu at an altitude of
2240m and Iatitude of 19° N, The basin is surgunded on
the west, south, and east by mountain ranges that rise up to
10003000 m shove the basin floor. This topography serves
to inhibit dispersion of emissions within the basin during the
carly morning hours and the high levels of incoming salar
tadiation a this latitude and elevation promotes atmospheric
photochermical reactions that tapidly firm secondary pollu-
tants (Whiterman et al., 2000).

Due to the elevation and topography of Mexico City, the
height of the boundary layer may reach up to 2-4 km above
fhe surfrce (Rapa ct al,, 2001a, de Foy ct al,, 2007). There-
fore, poltutants are emitted lkom the basin at altitudes that arc
considered to be free troposphere elsewhers and ate cxpeeted
to travel long distances affecting the surrounding regions
{(Craffiey end Marley, [998; Willlams et al., 2002), Mod-
eling resulls have indicated that the effects of this exported
pollulice can impact backgtound levels 300 ki o more from
the urban area (Barth and Church, 1999; Whiteman et al.,
2000). Indeed, past studies have found that the Mexico City
air pollulants are fypically vented during the late afletnoon
on a daily basis (GaiThey and Marley, 1998; Whitcnum et al.,
2000

Past studics in the Mexico City arca have estimated that
etnissions from the basin contribute 15 megatens of fine
aeristl (PiMa s} per year to the surrounding cogions (Gaffoey
et al., 1999). This fine aerosol was found te be composed
of approximately 32% organic carbun (Q0), 15% elemental
carbon (EC) 10% ammonium nitrate and 20% ammonium
sulfatc by elemental and thermalioptical methads (Chow et
al., 1993, 01, 2002; Vega et al., 2004). More recently, in
2003 the compasition of fine acrosals was found 1o be 11%
black carbon (BCY, 32% OO, 13% ammonium nitrate, and

Atmos. Chem. Phys,, 9, 180208, 2009

14% ammenivm sulfate by aerosol mass spoctrometry and
optical attenuation metheds (Salcedo of al, 2006; Alken et
al., 2008}, Thiz iz an indication that although the emissions
of renctive hydrocarbon have been reduced in the city duc
10 the significant number of newer vehicles with catalytic
converlers that have replaced older higher emission vehicles,
the agrosol composition has not changed significantly likely
due to the lack of conitrels on diesel vehicles and hiomass
buming in the region (Marley et al., 2007}, Thus, while air
quality and nzong production has improved, Mexico City and
25 uther megacities continue to be a major source of black
carbon astosols, which can be an important specics in deter-
mining regional tadiative balance and elimate.

Whilz sulfate is well known a8 an important light seat-
lering aerosol species coniributing to atmospheric cooling
{Chatlson et al, 19%2), BC and associated OC (including
secondary organic acrosol, SOA) have morc recently gained
Attention as major light sbsorbing acrosal species exerting
a positive radiative forcing and reinforcing the aimospheric
waTing due to incteases in the greenhouse gases (Jacubson,
2002; Ramanalban ct al,, 2005). Some mode] calculations
suggeat thal the confribution of carbon soot zoresols to global
warming may be as much as 0.3-0.4°C, rivaling the contribu-
tions from atmospheric methanc (Facobsen, 2004; Chung and
Scinfeld, 2005). The ullimate climate effects from carbon
aerozols will depend on their physical and chemical proper-
tiez, as well ax their residence times and disiributions in the
altmosphere (Facobson, 20013,

The presence of the highly absorbing BC acrosols in Mex-
fco City leads to a reduction in overall solar flux of 17.6%
locally (Raga ct al., 2001b). The mass of these absorh-
ing acrosels exported from Lhis megacity into the suround-
ing region {5 estimated to be 6.000 metric tons per day or
Zmcgatons per year of BC {Gaffiey et al, 1999). Since
freshly emiued BC aerosols are hydrophobic, they are ex-
pected (o be maore resistant to washont and have longer life-
limes than more hygroscapic aprosols such as sulfalc and ni-
trate (Gaffhey and Marlcy, 2005; Dua et al., 1999, Tn addi-
tion, since the acrosols emitted from the Mexico City basin
are introduced into the atmosphere at higher altitudes, they
arc assumed ko have longer lifetimes than similar acrosols
rcleased at lower allitudes (Raga et al., 2001b). The MCMA
is therefore & major spurce of BC aerosals to the surround-
ing regions and the release of these highly absorbing acrosols
will have an impaet on the radiative bafance and climate on a
regionel scale.

The influences of aerosols on climate are much more com-
plex than those of the precnhouse gasses (Schwartz and
Buscik, 20000, Aerczel composition is highly variable, with
different specics present within the samc particle, due o the
different sources, production mechanisms and atmospheric
transformations (Pésfai et al, 1999, In addition, these dife
ferent aerosol specics can be either internally or externally
mixed within the particle yielding different optical and mi-
crophysical properties and different radiative effects (Pdsfai

www. atmos-chem-phys, net/9/ 1 972000/
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et al., 1999; Schmaiter et al., 2005). Aerosol distributions
are also variable both spatially and temporally and although
acrogol lifetimes ate much shorter than those of the green-
house gases, estitmates of helr atmospheric residence times
range from Iess than & day 1o morc than & month resulting
ity transport distances from a fow miles to hemispheric scales
{Marley et al., 2000; Williams et al,, 2002). This variability
in composition and distributions makes it difficult to guantify
the aerosol impacts an climale and 1o represent these effects
in climate models,

Tn arder to better understand the evolution and transport
of pollutant aerosols and gases from cmissions in the Mex-
ieo Cily basin and their resulting impacts on regienal cli-
mate, a multiagency feld campaign was undertaken called
thc Mcgacities Initiative: Local and Global Rescarch Obser-
vations (MILAGRO). The MILAGRO study was composed
of five collaborative field experiments. Two of the compo-
nentg of the MILAGRO study focuscd a major part of their
cfforts on aerosol emissions, The Megacity Acrusol Fxper-
iment, Mexico City 2006 {MAX-Mex) was sponsored by
the US Department of Energy (DOE) to investigate the di-
rect radialive effect of acrosuls in the Mexico City plume
ag a function of time, location and processing conditions.
The MCMA-2006 study, supported by various Mexican in-
stitutions, the TS National Science Foundation (NSF} and
the DOL, deployed ground based instrumentation 1o cxam-
inc fine particles and secondary aerosal precursor gas emis-
sions within the Mexico City Basin. As part of these two
MILAGRO components, aerosol seatteting and absorption
measurements wore obtaiied al a sitc located at the Insti-
tuto Mexicano del Petréleo (IMP- Mexican Petroleurn Insti-
lutc}, in the northwestern part of the Mexico Cily center, This
site, known a5 TO, was chosen to represent the fresh entis-
sions within the MCMA, Measurements were also obtained
at the Universidad Tecnolbgica de Tecamac {Technological
University of Tecamac), loeated approximately 29 km north-
west of TO, This aite, known as T1, was expecled to represent
a mixtyre of both fresh and aged pollutents as they exit the
Dasin.

The evolutiom of absorbing acrosols downwind of Mexico
City has been described previously in a comparison of mea-
surements obtained at site T1 with those obtained af site T2
(Rancho La Bisnaga), located approximately 35 km norih-
northeast of TT (Troran et al., 2007, 2008; Doran, 2007). This
study fogused primarily on the changes in the carbonaceoys
acrosol composition and the resulling effocts on the aerosol
mass specific absorption coellicients. Tt was concluded Fom
this work that emission sources outside the MCMA, inglud-
ing biomass-burning svuces, are imporiant contributors to
the regienal actosel burden, Other acrose] studies conducted
in the Mexico City area have roported similar conelusions
{(Kleinman ct al,, 200%; Molina et al., 2007; Slenc ot al.,
2008; Yokelson et al., 2007; DeCarlo et al., 2008; Salcedo
atal., 2008),

www.atmos-chem-phys et 1 8042008/

Presented here is a comparison of measarements of nerosol
absorption and acrosol scattering at 550 nm obtained al slics
TQ and T1 during the MILAGRO campaign. In addilion, the
mass specific azrose] absorption coeflicients were calculated
at 530 nm by using total carbon (TC) measurements taken
from high-voluine quartz filtcrs. These results are compared
with ahsorption cosllicicnts reperted previously by Doran et
al, (2007}, Also reported here is a comparison of UVDB radi-
ation measurements obtained simullancously at sites TO and
T1, under clovdless conditions, with clear sky modeled UVR
valucs. These data are dizousscd with regard to the light scat-
tering and absorplion measurements obtained at both sites,

1 Experimental methods
2.1 SBample Sites
211 SiteTd

Measurements were oblained from 10 Mareh (day 69 to 29
March (day BE) 2006 at the Tnstituto Mexicano del Petrélzo
{IMP) laboratarics [Mexice, D, F.). This site, known as T0,
is located in the north central part of Mexico City at latiludc
19°29' N, longitude 39°0% W, and at an altitude of 2240 m
above sca Jevel. The IMP camplex is a campus of 33 build-
ings lecated in an industrial and comwnercial area of Mexico
City sueraunded by streets that arc very heavily traflicked by
light duty vehicles and diesel buscs. The nearest major roads
arc approximately 300 m away from the measurcment site,

Relative humidity and rain intensity at site TG during the
study are shown in Fig. 1 {top). Rain events oceurred 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 39% during the last week of
March 2006. Winds ranged from €.1 to 9 mv's with an average
of 2 ms from the south, southwest,

212 SieTl

Measurements were also obtained from 1 March (day 60}
to 22 March (day 88} 2006 at the Technological University
of Tecamae, State of Mexico, 30km north of Mexieo City.,
Thig zite, known s TI, iz at latitude 19°43' N and longi-
tude 98°58" W at an altilude of 2340 m as.l. Tecamad has a
recorded population of 172 410, as of the 2000 census, and is
primarily commercial with a (olal of 3070 small busincsses,
ol which 1923 are food related, The principal mode of trans-
portaticn in the area consists of light duty vehicles, and small
diesel buzes. The main trangporiation route is public road
#3835, which muns south to north from Mexico City o Pachuca.
The municipality of Pachuca, which is loecated 94 km north-
cast of Mexico City and 64 km northeast of Tecamac, s the
capital of the siatc of Hidalgo with 4 recorded population of
267 751 in 2005,

Abmos. Chem. Bhys, 2, 189206, 2003
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Fig. L. Relative humidity and ruin intensity (hlue) measured at sites
TO {top) and T1 (botearm) from 10 March (day 69) ko 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. I {bottom). Rains events ocourred at
site T1on 16, 17, 21, 22, and 24- .28 March {days 75, 76, 80,
81, 83-87). Relative humidity ranged ftom 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 w0 L0 més with
an average of 2 més from the south, southwest,

Aerasol Opfical Properties
213 SiteTO

The ucrosol instrumentation at site TO was located on
the rooftop of Building No. 32 (Héctor Lara Sosa Build-
g, IMP} 15m above pround level. The sampie inlets
were designed to cailecl scrosols in the size range of (.1
to 2 micron aeredynamic diameter (Hermann et al., 2001),
Acrosal scalteting was measured with g three wavelength in-
tegrating nephelometer (TSI Maodel 3563) operating at 450,
550, and 700 nm {Andcrson and Opren, 1998). Results ob-
taincd at 550 nm are reported here.

Altnos. Chem. Phys., 9, 1852208, 2009

The instrument was calibrated by using €Oz according
to the manufucturer’s specifications. An internal high effi-
ciency particulats filter (HEPA) is used to provide a clean air
mersurctnent periedically for background subtraction. The
TSI nephelometer was operated at ambicnt relative humid-
ity. However, two single wavelength (550 nm) nephelome-
ters (Meteorology Research Incorporated) were operated at
low (20%) and high (80%) relative umidity for comparison.

Acrosol absorplion was measured with a multi-angic
sbromtion photometer, or MAAP (Thermo Elcctron
Model 5012). The aerosols in the air sample are callected
within the instrument by continuous filtration through a glass
fiber tape strip and the aerosel absorption is determined
by measuring the attenuation of 670nm light as it passes
through the particle laden filter. As the sample is deposited
an the filter tape, the light attenuation steadily increnses. At
high sample Toadingz the high absorption can cause detec-
tion limits to increase. To prevent this, the instrument auto-
matically advances the tape 1o 8 now sample spot when Jight
attenuation reaches 25% of its initial value. Aftcr the tape
advance, a background measureiment is faken to correct for
varigtions in filler surfaces and source light intensities.

The use of the filter based aerosol abserption methods have
been met with some controversy dug to arifacts inroduced
by depositing the aerosol particles on a filter substrale priar
lo measurcment {Schmid et al., 2005; Amott et al., 2005),
Since thesc inslruments 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-
gily not associated with absorption, which results in a posi-
tive crror in the attenuation measarernent. The MAAP repre-
sents & significant improvement over other (iter-based meth-
ods in that it uses multiple detectors to simuliancously mea-
sure the light intensity both transmitted through and scattered
from the filter tape. The instrument then vses a two-strean-
approximation radiative transler scheme to determine the
aerosol absurption. This explicit treatment of light scattering
eflects caused by the serosol and filter matrix in the radia-
tive lransfer scheme improves the defcrmination of acrosol
absorptics: considerzbly over methods fhat rely on the men-
surement ol transmission alonc {Petzold et ai., 2005).

The MAAP automatically calculates the BE content in the
aerosal samples from the aerosol absorption measurerncnts
by assuming BC to be the main absorbing aerosol species
in the samples with a mass specific absorption coefficient of
6.6 m*fg at 670 nm. Howcver, thess results sre easily recon-
vetted to the initial acrosol absorption measurement using
the manufacturer's absotplion coeffcient.

Tie aerosol absorption moasurements obtained by the
MAAP at 670 nm were comrected to 550um for direet com-
pirison of the acrosol scattering mecasurements. The wave-
length dependence of the extinction of light by fine asrosol
peuticles (r} is defined by Angstrom’s wrbidity formula s
t=FA1"", where f, knuwn as the Angstrom turbidity coef-
ficient, i3 the value of t at & wavelength of 1 gm and o is

www atmos-chem-phys net/%' 1 892009/
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the Angstrom exponent. The total aerosol cxtinction is the
gurn of aerosol scaflering and absorption as described in the
cxpanded lurbidily fornmala,

T = kT A 1

where o 5 the Angstrom exponcnt for aerogol scattoring,
dg is the Angstrom exponent for aerosol absorption, and g,
and #, are the corresponding values of aerosol zcattering and
abserption at & wavelength of | gm. The wavelength depen-
dance of rerosol absorption can be determined independently

by
A= F27 and {2}

InfA) = —ee InfA) (3

Onee delermincd, g, can then be used to convert absorplion
neasurements made at one wavelength 1o values at another
wavelongth,

The agrosol absorption Angstrom coefficients were cal-
culated {rom Eq, (2) by using acrosol absorplion measure-
ments al 7 wavelengths (370, 450, 520, 590, 660, 880, and
%50 nm} made with a 7-channel asthalometer (Hansen ct al.,
1982). The 7-channcl acthalometler is currenily the best
method available for the determination of e, in the feld. The
acthalomeler is the only instrument available that allows lor
the measurement of aerosal shsorption at more than 2 wave-
lengths and includes thc UVB spectral range. It is impor-
tant to include the TV measurement in the determination
of ¢ since most enhanced absoiption occurs in this range
{(Bergstrom ot al,, 2002; Kirchstetter ol al., 2004; Andreac
and Gelencser, 2006; Barnard et al., 2008). Therefore, instro-
ments that use only visible wavelengths to determine o, will
groatly wnderestimaic the wavelength dependence of acrosal
absorption.

For small spherical parlivles with a constant refrace
tive indox across the wavelength range of interest, o,=)
(Bergstrom, 1973). This has been determined to be a good
approximation for aerosols composed mnestly of BC or for
patticles containing a significant fraction of OC over a nar-
row wavelength range <G600mn (Bergstrom et al, 2003;
Kirchstetter et al., 2004}, Howevcr, the merosol ubsomtion
Angstrom cocflicients of mixcd carbon aerosals containing
BC, secondary OC, and primary OC from hiomass burning
hag been found to be cleser to 1.5 (Schmid et al. 2006}, Tn
arcas impacted heavily by biomass buming, w, can be closer
to 2 to 2.5 (Dubavik et al,, 199%; Kirchsteiter cf al,, 2004
Swap et al,, 2003). 1t is therefare imporlant to determing e,
al the same time resolution as the absmption measurcments
to reduce errors in calculating acrosol absorplian at different
wavelengths. The aerosol absorption Angstrom coellicients
were calculated simultancously with the acrosol absorpiivn
measrements obtaincd at §70nm by the MAAP and these
values were used tu caleulate acrasol absorplion at 550 nin.
The resulls obtained for ey at site TO varied from 0.54 10 1.52
with an overall average of 0.93 (Marley et al., 2008).

Wy, almos-chem-phys.nesS/ 189,/2000/

The analeg outputs of the MAAP absorption phiotome-
ter and the nephelometers were monitored continuoualy and
ane-minute averages of aerosol absorption and scallcring
were recorded by a laptop computer operating with Lab-
YIEW soflware. The data reported here are an houtly mn-
ning average of the onc-minute values for aerosol scaftet-
ing at 350 nm and aerosol absorption corrccted to 550 am by
Eqg. (2).

The aercsol scattering measurcments made at 550 nm and
the acrosol absorption mvasurements corrceied to 530 nm
were used to calculate the fine made asrosal single scatter-
ing albede {S3A). The 554 is defined as the ratio of asrosol
scattering Lo totai light extinclion (absorption + scattering) as

88A = av /o, + o) {4

where o; 15 the nerosol scattering coefficient and r, is asrosol
absorption coeflicicnt. The SSA is therefore the fiaction of
burtal light extinction that is dus to scattering by aerosols, The
results reported here for acrasol 85As are For the fine mode
acrosols only, These are cxpected to be lower than that for
ths 10tal aerosol burden due to the fact that the highly absarh-
ing carbonaceous aerosols exist principally in the fine mode.
However, (he mare highly scaticring coarse mode aerosols
m the size range of 2-10 micton aeredynamic diameter have
settling velogities from 601000 cmvh and will not be rans-
ported as far into the surrounding region unless they are wc-
compartied by high windz and/or are lofted (o significant al-
titude (Finlayson-Pitts and Pilts, 20003,

214 SireT!?

The sample inlet at site Tlwas located at a height of 10m
abuve ground level and collected acrosols [n the sizc range
of 0.1 to Zmicronrerodynamic diameter at a Aow rate of
16.7 'min st awbient temperature and pressure.  Aerosol
scaltering was mensured at site Ti with 1« portable intoprat-
ing ncphelometer (Radiance Research Model 903) operating
at 330 nnt, which wag calibaled by comparisen to a second
nephelometer (Radinnce Rescarch Model 903) located at the
Universidad Nacional Autdnoma de México (UNAM). The
scattering measurcments were recerded by interoal data log-
gors at | min intervals. The stored data was retricved using &
personal cornputer through an RS232 port. These data are re-
potted here as an hourly running average of these one minute
valocs.

Aerosol absoption was oblained by a partivic soot absorp-
tion photometer, or PSAP {Radiance Rescarch), which iz also
a fitter based measurement technique. The particle laden air
stream is first passed through a primary filler and the aerosol
absorption is detennined by measuring the light attenualion
at 350 am, The clean air stream is then passed through a sce-
ond filter adjacent to the primary fitter, which is used as a
reference i order to ensure that the observed change in pri-
imaty filter transmittanee is not due to changes in the intensity
of the Tight source.

Atmos, Chem, Phys., 9, 189-206, 2009
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Fig 2. Measrgments of fine (1-2 micron} semsnl absorption
(red) and scaltering {(bluc) obtained at sites TO {top) and T1 {bot-
tam) from 10 March {day 69) to 29 Merch (day 33) 2006 during the
MILAGRO ficld campaign.

The PSAP is also susceptible to errors associated with
measuting lighl iransmission through a particle laden filter
substrate. Light scattering from the filter surface as well as
multiple scattering within the filter medium resulls in an en-
hancement of the absorption measurements (Amott et al.,
2005). The instruinent manufacturer has empitically deter-
mined calibration factors to cotrect for both the magnifica-
tion of the absorption by the filter medium as well as far non-
linearities in the Insirument respaonse as the filter is loaded
with particulatss. The acrosol abserbances (e, ) reported here
for 5350nm were calculated from the measured aerosol ab-
sorbanees {omes} by Eq. (5}

Ta = (Fmeas — K163)/K2 {3

where o; is the measured acrosol scattering, K,=0.02, and
Fx=12{Bond et al., 1999%. In addition, ransmittance values
below (1.5 have becn omitied ag invalid due to low particle
lordings on the filter,
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2.2 Metearnlogy and TRV-B messurements

Broadband ultaviolet-B (UV-I) radiation measurements
were taken at both site TO and site TL with Robertson-
Berger (RB) radiomsters (Solar Light Co. Model 501), These
radivmeters record conlinuous measurement of global (direct
+ diffuse) broadband ubtravioler radiation from 280-320nm.
Jince the oulpul of the detectors vary 1% per degree C, the
nternal emperatires of the radiometers are maintained at
25+1°C with DPeltier elements inside the housings and the
internal temperature is monitored (o assure stability, Both ra-
diometers were factory calibrated with a 200 W qualz halo-
gen lamp traceable to NIST. After calibration, stability of the
detectors has been shown to be excellent aver the life of the
meter (Delwisi et al, 1992; Weathethead ot al,, 1997, Xu
and Huang, 2003). The detector has a spectral responsc that
mirrors the erythemal action spectra (McKinlay and Diffy,
1987). They are calibratcd in units of minimum erythe-
mal dose per hour (MED) where one METV is defined as
0.0583 Wim?, Results reported here have been converled o
Wiom?,

Measurcments of wind speed, wind direction, rain inten-
sily, pressure, temperature, and relative humidity (RH) were
uhtained at both sites with weather multi-sensor packapes
{Vatsala, WXT150), Rain infensity measuremenis reported
here were made by the RAINCAP sensor ineluded in the
weather package. The sensor detects the impact of individ-
usl raindrops by a piczoelectric sensor. The resulting volt-
age signal is proporiional to the volume of the drop and is
convetted inte total accumulated precipitation. Al moasure-
mnents were collected at a five-minote time resohution with a
laptap computer operating with LabVIEW software.

23  Total Carbon Delerminations

Samples of fine {=1.0micron) aerosols were callected In
Mexico City from 1-28 March 2006 (day 60-day 68) at
sile T0 and site TL. The Aerosol samples were eolleeted
an quarlz fiber filters by using high volume samplers (Hi-Q
Environmental, Products, Model HVP-3800AFC) equipped
with cascade impactors (Themao Anderson), The gir sam-
plers were equipped with brushless, three stage centrifugal
fan blowers contralled by an ¢lectronic mass flow senser that
deteots changes in pre-set flow rate caused by changes in
temperature, barometric pressure, and pressure drop due (o
particulate loading on filter media. The high-volume sam-
pler compensales for these changes by adjusting the motor
specd to maintain the pro-set flow rate at 1,1 cubic mimin or
A sef. Three separate LCIY's, display clapsed time, tolal
velume of air sampled, and instantanecus flow rate,

The quartz filter samples were taken at 12-h intervals from
05:30 (o 17:30 and from 17:30 to §5:30 local standard time
(LST). The volume of air sampled during the 12-h time pe-
riod averaged 740m?. The acrosol samples werc arelyzed
for TC content by thermal combustion, Each sample was
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scaled under vacunm in a quartz tube with copper oxide,
metellic copper and silver and coimbusted at 900°C, The CO;
produced from combustion was cryogenically isoluted from
other combustion products and ils amount measured mano-
metrically {+0.2%4),

3  Results and discuossion

The results of fine aerosol absoption and scattering at sites
T and T1 are shown in Fig. 2. Aerosol sbsomption at sitc
TO ranged from 7-107 Mm~! with an overall average of
37Mm~! and followed a divrnal paliem that reached 2 max-
imum at around 06:30 {range of 0500 to 0%:00) ST and a
minimum at 1300 (range of 12:00 to 14:00) LST. Previous
measurements of agrosol absorption have been reported for
the Centro de Ciencias de la Atmdsphera inside (he cam-
pus of UNAM In the southwest quadrant of the Moxico City
basin (Baumgardner et al, 20071 Results averaged over
14 days between the yeats 2003 and 2005 were found 1o fol-
low a simiiar divrnal putten as observed at site TO but results
were much lower than reported here,  Aerosol ahsorption
tanged from a low of 7Mm~" in the early moming (01:00}
to a meximum of 33 Mm—' at 06.00 LST. A comparison of
the aerosol absorption al TO showed cxcellent agreement
with data_obtained frum co-located aethalometer and pho-
toacoustic specirometer instrumentation {Paredes-Miranda el
al., 2008},

The values obfained in this study can also be comparcd
to aerosol sbsomtion measurements reported for Santiago,
Chile, which has a similar terrain but a lower altitude. Tiie
major saurces ol absorbing aerosols in both Mexico City and
Santiage arc motor vehicle traffic, especially diesel buses
{Horvatl et al,, 1997, Molina and Malina, 2002). Acrosgl
absorplion in Santiage was found 1o reach maximum values
of 100-200Mm™1 a1 arqund 09:00 LST and correlated with
peak traffic hours (Hervath et al., 1997),

Acrasol absorplion measuretnents at site T1 ranged from
3147 Mm™! with an overall average of 27 M~ !, The same
diumal pattern ohserved a1 TO was alzo cvident at sitc T
(maximum at 06:30 and minimum at 13:00 LSTY. While the
daily tmaximum absorption values at T1 exceeded those at
T0 on 9 of the days studied, these high levels were of much
shorter duration, lasting only about | 10 2h as comparcd to
7 to 9h of peak levels at site TO. In addition, the minimum
eerosol ahsorption ohserved at site T rowincly fell below
those obsetved at site TO,

Foriy-six minute averages of aerosol absorption obtaingd
from day 74 {15 March} through day 85 (26 March) with &
photoacaustic speclrometer operaling at 870 nm have been
reported previcusly for site T1 (Doran et al., 200°7). A com.-
parisen of the daily absorbance maxime reported at 870 nm
(Txoran et al, 2007) with those recorded by the PSAD at
550 nm, assuming an o, of 1, yields a difference between the
data sets of —0.1 to +83 Mm~! with sn average difference of
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31 Mm~!, The major source of etror in this COMpArisen is
prabably due 1o Lhe assumption of @,=1. During much of the
MILAGRO study, site TT was impacted by local prass fires
{Gaffney ct al., 2008; Yokelson et ai.,, 2008}, which conld
have contributed significantly to the overall acrosol leadings
and to a larger o, (Kirchstetter ctal., 2004), Carbon-14 anal-
ysis of 12-h acrosol samples collected at site T found that
70% of the carbon in the scrosols was from modern sources
{Gaffoey et al., 2008), which confirms that much of the car-
bon acrosol burden in the area ariscs from biornass derived
sources. Determinations of o, in areas impacicd by biomass
Burming have been shown to be closer 16 2 (Dubovik ot &l
1998; Kirchstetter et al, 2004; Swap el al., 2003). If o,=2 is
used tir convert the values reported at $70 nm to 550 nn, the
difference in the two data sets becomes | Mm— £30 Mm—).
The major source of erver in this comparisen is most likely
due to the ditferences uscd in dats averaging,

Aerosol scaftering measurements obtrined at site T0
tanged from 16-344Mm~' with an overall average of
105Mm~". Scattering values generally reached a maximum
at 10:30 (range of 07:30 to 13:00) LST. Measurements of
gcrosol scaktering specics obtained in Mexico City in Aprit
2003 found that both nitrate and smmenium concentrations
showed a sharp diumel patiem with a maximem of 10—
20 pg/m® for nitrate and 4-8 peg/m® for smmonivm oceur-
ring from 10:00-12:00 L5T, while sulfate concenirations did
not vary significantly, remaining at round 2-3 peg/m® most of
the time (Saleedo et al., 20068}, The shatp diomal patiern of
nitrate is duc to the photochemical formation of nittie acid
from the reaction of NOz and O, and subsequent reaction
with ammenia to form the highly scattering aerosol species
ammonium nitrate,

Similar rapid photochemica] production of secondacy ar-
ganic aerosols (SOA) has also been obscrved in the Mexico
City arca {Salcedo el al., 2006, Hennigan et al., 2008; Aiken
et al., 2008; Volkamer et al., 2006). The formation of pat-
ticuiate nitrate and SOA werc found to be highly correlatcd
suggesting (hat reaction with OH was also the primary sonrce
of tite moming rise in SOA (Saleedo ct al., 2006: Hennigan
et al., 2008), The photochemical SOA formation showed ap-
proximately the same enhancement as for ammonium nitrate
and oceurred between the hours of 08:00-12:45 (Hennigan
et al.,, 2008; Salcedo et a1, 2006). This late morning forme-
tion of both ammonium nitrete and SCA in Mexico City con-
tributes to Lhe aerosol scattering in the diurnal profile shown
in Fig. 2.

Aerosol scattering measured in Donver during the win-
ter reached & maxinmum of 0-140 Mm—! al approximately
14:00- 19:00 LST, 6h later than observed in Mexico City
{Groblicki ot al., 1981). The primary acrosol scattering
species in Denver is anmmonium sulfate formed from the at-
mospheric oxidation of 509, with significant contributions
from ammonium nitrate, as well, The photochemical fivma-
tion of these secondary scrosol specics would be expected to
be slower in Denver due to the lower actinic Hux in the winter

Atmos, Chem. Phys., 9, 189-206, 2009
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Fig. 3. Acrosol single scattering albedo (38A) detenmined at sire
TO (top) and T'1 (bottom) from 10 March {day 69) to 29 March (day
£B) 2006 during the MILAGRO field coinpaigt.

at fhese higher latiludes, resulting in the later scallering max-
ima than ohserved in Mexico City, Aerozol sealtering valuas
al T1 were in general nuch lowet than at TO, vanging from 2—
136 Mm~! with an overall average of 53Mm~! | and reached
a maximum &t 3330 {range of 06:00 1o 13:3IMLET. On clear
days the boundary luyer in Mexico City during March—April
grows slowly after sunrise at 06:40 1o a height of approxi-
matcly 1000m by 11:00L8T {Doran ct al., 1998, 2007, de
Foy et al., 2008; Past and Zhong, 1998, Fast et al., 2007),
This serves 10 diluic the poltutants already present in the
boundaty layet. After 12:00 18T the boundary laycr grows
rapidly to 3000 m or greater. The maxinum scattering values
at site TO occurmed 2 h later Ihan the maximuwm seattering val-
ues seen at T1 and 4 b later than the peak acrosol absorption
values. This sugpests that the high aerosol scattering values
measured at T0 were primarily due to rapid SOA formation
in the city. Although the overal]l 304 levels ar T'1 were found
to be similar o those at TO (Hennigan et al., 2008; Stone et
al., 2008), the diumnal pattern of acrosol scattering at site T!
appeared {0 be contrelled pritarily by changes in the bound-
ary layer height in the carly morning, and by the prescoce
of photochemically aged aerosols in the allemoon (Caraball,
2008; Stone et al., 2008; Aiken, el al., 2008).
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The fine mode serosol 88Ax calculated from the ground
level absorption and scatieting measurements at 550 nm are
shown in Fig, 3. The luwer aerosol scattering observed al sile
Tl translates into lower values [or ine acrosal 3845 at Tl
with a range of 0. 35-0.88 and an averall average of 0,68, The
very low values for 55As at sitc T are of very short dura-
tion, indicating a local source of absorbing BC serosol. The
fine aerosol $5As calcubated for site TO ranged from 0.47—
(.92 with an overail sverage ol 0.73. Whilc the total asroscl
58As recorded over most of the Nerthem Hemisphers are
usually ahout 0.85-0.95 {Jacobson, 20013, values as low as
0.68 have heen reported over the southern Atlantic Qcean
{Clarke, 1989}, The occurtence of lower total actosol S5As
iz an indication ol higher levels of more absorbing fine maode
asrosols.

The S8A is a function of aerosol chemical composition
and morphology. For a completely sealicring aerosol, such
as sulfate, the S8A~1 and for a highly absorbing asrosal,
such as freshly emilled BC, the 35A theoratically would ap-
proach zers. The S8A of freshly emitted diesel sout has boen
reported at 0.2 (Ramanathan et al., 2001; Ban-Weiss et al.,
2008). Therefore, acrogols with an 385A=0.95 will have a
negative climate forcing and an overall cooling elfect on the
atmosphere, whilc an SSA <085 will resall in a positive cli-
mate forcing and an everall warming effcet duc to the en-
hanced aerosol absorption (Ramanathan et al., 20013, In ad-
dition, the presence of highly absorbing fine mode asrosols
in the lower aunosphere will vesult in heating of the particles
and significant local warming of the boundary layer (Her-
mann and Hangl, 1997; Ramanathan and Cammichael, 2008,
This can result in an increase in the convective available po-
tential energy of the bounday layer and a large secale rising
motion over ime (Chung and Zhang, 2004). This may help
16 explain the rapid increase in the boundary layer height ob-
served in this area (Shew €1 al., 2008; Fast and Zhong, 1998;
Whiteman et al., 2000).

Doran et al. (2007) have calculared forward and back tra-
Jjeetories of air masses at 1000m above ground Tevel (a.g.1}
wver site T1 during daylight hoears (D6:00-18:00 LST) for a
20-dey period during the month of March 2006, The most fia-
vorable condilivns for transport from gite TO 1o site T1 wers
seeh Lo vocur v days 68 70, 74, 78, 79, BI, 83, 86 and
B7 (10-11, 18-20, 22, 24, 27-28 March). On days 71-76
{(12--17 March) and day 82 (23 March) the back trajeclorics
indicate that transport would have likely been from site T
lowards Mexico Cily and site T0.

The aerosol absorption, scattering, and S3As obtained at
site TO and T1 have been averaged over the samc daylight
hours reported by Troran et al. (2007) for direct compari-
son to their calculated back wajectaries. The daily average
aerosel gbsorption al sites T and T1 is shown in Fig. 4
along with the measurement ranges obeerved during gach
day. The daily average absorplion values are similar at
both sites ranging from 16-50Mm~! with an overall aver-
age value of 35Mm~" at TO and & range of 15—41 Mm™!

www.almos-chem-phys.etfS/ 1 R0/2000¢
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Fig. 4. Doily aerose] absorption averaged from 06:60 13:08 LST
and absarption ranges measured at sites TO {top] and T1 (Bettom)
from 10 March (day 65] 10 29 March (day 285 2006 during the MI-
LAGRO field campaign.

with an overal] average of 29 Mm~! af site T1. Thc two sites
difter primarily in the range of aerosol shsorption values ob-
served during the day. While the Jower Hmits on the ranges
are similat al both sitcs, indicating a regional background of
around 5 Mm™!, the upper limits of the acrosol absorption
measurenents are more vatiable al sitc T with a range of
21-162Mm™" as compared to site TO with & range of 36—
101 Mm~!. Therc also appears to be no clear correlalion of
absorplion values with transport from the Mexico City area,
aguin indicatiug a local source of absorbing acrosols at site
T1. Days 77, 86 and 87 (18, 27, 28 March), which were iden-
tified as likely transport days from site 1O 10 sile T1, show
high maximm aerosol absorbance. However, high maxima
wore alzo observed on deys 72 and 74 {13 and 14 March)
when transport has been identified as from the north. This
suggests an impact at sitg T from Pachuca andfor Tizayuca
{an important industrial center), which arc located 10 and
04k northenst of T1. Concentrutivns of TC obtained on
fine mode aeroscl samples collected aver the daylight hours
at sites TO and T1 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 valugs 25-35 pg/m?)
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Flg. 5, Total carbon concentrations measuted an fine (0, 1—1 micromn)
aeran] sarples colleoted from 05:30-17:30 at site TO (red) and T1
{blue) from 10 Wtarch (duy 6%) to 29 March (day &%) 2006 during
the MILAGRO figld campaign.

obscrved on the first two days of the study period and lower
values (5-15 pgim?) during the rest of the study. The mass
absorption coelliclents for BC at 350nm weres estimated as-
suming that the TC conlent of the =1 micron asrosols was
30% BL. This i in goed agreement with past measorements
made in the Mexico City area (Chow ¢t al., 2002; Vega ct al,,
20040 as well s for measurements made in other urban aress
{Tarmer et al., 1982, Gallney ct al., 1984}, The adjusted val-
ues reported lor OC/EC ratios measured at site T1 are also
in Ihig range (Doran, 2007) as well as estimates made from
actosal mass spechometry measurements (Aiken ctal,, 2008;
Salcedo et al., 2006). The BC mass absorption coefficients
show in Fig. 6 range from 3.0-12.2 m¥/g with an average
ol 7.7 m?%/g a1 T0 and from 2.7-12.3 m?/g with an average of
7.7 m g at T1.

The mass absorption {or EC reported for T by continuous
QC/EC analysis wag 5.6 m*/g with a range of 1-15m?%/p al
870 nm and 8.9 m?/g at $50 nin assuming an o, of | {Doran,
2007). Other reported estimates of BC mass absomption in
Mexico City vary from 4.8 m?/g (Baumgardner et al., 2007)
to 8.3 m2g (Schuster cl a1, 2005) at 550 nm. The mass ab-
sorption eocflicient for BC caleulated {rom a multi-filter ro-
tating shadow-Dand radiometer {MFRSE} moasurements in
Mexico City was reporied [o be 8.2-8.9m?/g at 550nm as
{Barnard et al., 2007, 2008). However, these eatimalions aro
based on assumptions of BC density, BC tefractive index,
and acrosol mixing state and may have a *“worst case™ uncer-
tainty of about 70% (Barnard ct al,, 2008).

While the mass absorption cosllicient of fieshly emit-
ted BC acrosols is cstimated to be in the range of 6.3
%,7m%/g at 550 nm (Bond and Bergstrom, 20010), OC aerosol
species such as humic-like substances (HULISY derived from
bipmass butnitg or sccondary organic aciosols gencrated
photechemically have mass absorption coeflicients =<1 m?/g

Afmos, Chem, Phys., 9, 189206, 2009
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Fig. & Daily average mass absorpiion cocfficient calculated for
black carbon at site 10 (red) and T1 {lue) fooin 10 March (day 6%)
lw 29 March (day 88} 2006 during the MTLAGRO field campaign.

at 5350mn (Hoffer et al, 2006; Pallcmon and Mchiaho,
1984). The overall mazs absorption cosfficients mensured
for total carbon (BCAHOC) will be dependent on the relative
concettteations of BC and OC as well as their mixing state
(Hitzenberger and Pauxbaum, 1993; Bonod ct al., 2006). The
similarity of the mass absorplion for both sites TO and T1
suggests that the aerosol carbon composition was similar at
both sites. The fine mode aerosol scattering averaped over
the daylight haurs is shown in Fig, 7 for sites TO and T
atong with the inersurement ranges for cach day. The daily
averages vary from 60-187 Mm ™! with an overall average
of 123Mm~! at TO. The daily average acrosol scalfcring
was lower and mote consistent at site T1 with & ranpge of
3E-105Mm~' and an overall average of 57Mm~!. There
aleo does not seem o be a general tiend of major impacts on
aerose] scaltering at T1 due to transport from Mexico City
except for possibly day Bl (22 March). Day 81 was iden-
lificd as having favorable conditions for transport from site
TO to site T1 (Dovan et al., 2007) und that day showed high
scattering values for both sifes.

The period from day 82 {23 March) to day 87 (24 March}
wad dominated by heavy regional rains and an gverall jn-
erease in rclative humidily (see Fig. 1) Rain fotals hefors
day 82 were (nun at site TO and 6.7 wmm at site T1. Af
ter day 82 main totals were 19 2nmm at TO and 59.5 mm at
T1. This was accompanied by an increase in Lhe average
daily maximom RH from 59% (o 76% at TO and from 73%
to 39% at TL. The increased rains resulted in a decrease in
aerosol scattering a1 both sites by approximately the same
amount. The averaps aerosol scatering al sitc TO bofore
the rainy period was 128 Mm~! (range of 62197 Mm™}
and dunng the rainy pericd the scrosel scattering dropped
to 118Mm~! (range of 85-157Mm!}. The same values
for site T1 werg 61 Mm™! frange of 39-105Mm~") before
day 82 and SO0Mm™! (range of 3866 Mm~!y after day 82.
However, the serosol sbsorption remained the same at sile

Atlmos. Cheom, Phys,, 9, 186-208, 20040
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Fig. 7. Daily aermsol seatlering averaged from 06:00-18:00LST
and scattering mnges measored st sites TO (top) and T1 (hottam)
from 10 March {day 65) to 25 Mareh (day 38) 2006 during the MI-
LAGRO field campaign.

TO with & value before day 82 of 35Mm™' (range of 16—
S0Mm~') and 2 valug of 35Mm™" (range of 21-42 Mm™)
aficr day 82, The aerosel absorplion al TT decreased slightly
from 30 Mm™ {range of 1941 Mm~") before the rainy pe-
riod to 26 Mm™! (range of 15-37Mm™" during the rainy
period. Since a significant fraction of highly scattering non-
absurbing acrosols are primarily inotganic and hydrophilie, it
is expected that they will wash tut more readily during rain
events than the freshly cmitted absorbing BC aercsols (hat
are more hydrophobic in nature (Martey et al., 2000; Gaffhey
and Marley, 2005; Marley and Galfney, 2007, However, as
the BC rerosols becotne eoated with S0A, they will become
more hydrophilic in natore and their washout tates would be
expected 10 ineroase,

The fine mode astoso] S5As averaged aver the daylight
hours at site 10 and T1 are shown in Fig. 8. The average fine
rerosol 554 al gite T ranped from 0.72—0.83 wilh un overall
average of .78 while the average fine aerosol 3SA at T1 was
alightly lower and ranged from (.63-0.78 with an overall av-
erage of (070, Doran et al, {2007} reported daily average (olal
column acrosol 88As at T1 at 500 um determined by using
a MFRSE. These results were repotled for days 71, 78 and
36 as 0.24, 0.85 and 0.89 {12, 19, and 27 March) {Doran ct

wryw Atmos-chem-phys not/S) [ 59200/
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T1 {bottern) from 10 March (doy 69) to 29 March (day 88) 2008
during the MILAGRO field cam paign,

al., 2007}y, The comesponding average fine asrosol 85As re-
ported here lrom pround-based aerosot shsmbance and scat-
teting mcasurements at 550 arc 0069, 0.73, and 0.68. The
MERSR 88A values are for the tokal asrosol burden while the
values caloulaled in this work represent a surface measure-
ment of {ine mode aerosols only. The fine aerosol Iraction
measured here (0.1 to 2 micron diameter) contains the morc
highly absorbing catbonacoous aerosols. The much larger
mechanically generated coarse mode aerosuls (=2 micron),
which are included in the MFRSR mcasurements are very
highly scattcring species. The total aerosol $5As ate there-
fore generally expecied to be higher than the 85As measured
for the fine acrosal fraction alone.

Daily average Tine moade aerosol 5542 have also been re-
ported for La Merced, located in central Mexica City, and Pe-
dregal, a suburban neighborheod in the southwest portion of
Mezico City during March of 1997 (Eidels-Dubavoi, 2002},
These 35A values were calculated from ground level zerosel
absorption measurcrments obtained with a single channel
acthalometer and aerosol scatlering measurements obtuined
by an open air integrating nephelometer gt 530 nm. The 55A
values reported at La Merced varied from 0.63-0.86 with an
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average of .72 and those veported at Pedrepal ranged from
{1.60-1.84 with an sverage of 0.68. Thesc results compare
well with the ting mode aerosel 8545 reported here.

Broadband UVE measurements obtained at sites T and
T1 are shown in Fig. 9. The UVB intcnsity was higher at
site TO, with an average of 64 uWiem?® and a ranpe of 50—
70 Wiem? at solar noon, than at site T1, which had an av-
erage of 54 pWiem?® and a ranpe of 48-58 L Wiem? at solar
nooi. In pencral, UVE reached a maximum at both sites
ar 12:30 LST, However, the vanability of the daily maxi-
mum was larger at site TO (11301400 LET} than at site
TI (12:00-12:00 LST). A comparison of simultaneous mea-
surements from site TO and T1 for cloudless days gave a
corrclation coefficient of 0.931 (slope of 1.1%, intercept of
1.0T). The measured UVE nradiances have boen compared
to that expected for clear sky conditions as determined by
a radiative transfer model devcloped at The University of
Chicago (Fredsrick and Lubin, 1988). The input to this
model includes column ozone, determined from the Total
Ozone Mapping Spectrometer (TOMS) satellite data, attno-
spheric optical thickness, UVB surface albedo, site location,
duy of year and time of day. The results of this comparison

Atinos. Chem. Phys,, 8, 1892046, 2009
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Fig. 10. Broadbond UV measured at sites TO {red) and '1'] {ble)
vompared to calculated clear sky UV an days without 1ain events
during the MILACGRO field campaign.

are shown i Fig. 10 for days withont rain events. Both siles
ghow reduced UVE radistion when compared to the clear sky
maodeled values, as expected for sites with significant UVE
ahsorhing gases and acrosols (Castro et al., 2001; Gaffey et
al., 2002; Barnard ct al,, 2008), Tlowever, the UVB tadiation
figld ebserved at site T1 [s reduced further than that obscrved
al site TO. The messured UVE at beth sites showed good
corrclation with the modeled UVR values {+?=(0.95, 0.96).
However, the slope for site TO was (.87 whilc that for site T1
was .72, It should be noted that osonc, an important UVDR
abaotbing gas was at similar or higher levels at TO than T,
and the difference in observed UVR at the sites was not due
to higher ozone at T1 fur the clear days examincd,

The ratio of UVB measurements obtained simullancously
at site TO and site T1 fur clondless days are shown in Fig. 11
as a function of solar zcnith angle (SZA). This tatic of mea-
sured UVE at TO to TIVR at T'l incroases dramatically al high
SZAs. At high 8ZAs, when the sun is close to the harizon,
the opiical path is sufficiently long that the majority of radia-
tinn measuted by the RB meters is from the ditfuse radiation
field. The ratio of direet to diffuse insolation measured by
the RB meter is 1.3 at a 8ZA of 20deg. and reaches 0.1 at
an 8ZA of 70deg. (Granger ct al,, 1993). Thercfore, singe
magnitude of the ealio of the LTV radiation at both sites is so
strongly tied to the 874, the data shown in Fig. 11 sugpesis
that the diffuse radiation field at site 14 is much larger than
that at site TL.

The acrosol scaftering values memsured by the three-
wavelength nephelometer located at site TD were used to
calculate the averape aerosol scatiering Angstrom coeflicient
{ees). The Angstrot cocfficient for acrosol seattering fs de-
pendent on the patticle sizc distribution with higher values
{zry =1} typicalty observed for accurmudation mode particles
(0.1-2 micren diameter) and lower values {70 for coarsc
mode particles (=2 micron) (Hand ct al,, 2004). The valucs
calculated for the [ine mode particles al site TH ranged from
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Fig. 11. Ratio of broadbund UVE measured ot sites T0 and T1 an
days without rain events as a function of solar zenith angle [S2.A}
during the MILAGRO ficld campaig:.

0.93 to [.30 with an average of 111 over the entire study pe-
ricd. This corresponds to an gverage effective particls radivs
of 0.3 micran. {("Niell and Rovet, 1993; Lenoble and Brog-
niez, 1985) The direction of light scattered by particles is
alse dependent on the size of the particls. This iz described
by the particie seattering asymmetry factor {g). Mic scatter-
ing theory predicts that particles that approach the same size
as that ol the wavelength of the incoring radiation will scat-
ter the radiaticn most favorably 1oward the forward direstion.
The dominant partivle size of the fine mode particles at site
T0, as determined by the Angstrom coeffivient for scattering,
i 0.3 micron (300mm), which is of a similar size as the in-
coming UVB radiation. Therelore the 1FVEB spectral range
will be scattered most officiently toward this forward direc-
tion by these {ine mode particles. In addition, the Angstrom
scattering eaponcnt of 1.1 corresponds to a g of 0.7 {Leno-
ble and Brogoicz, 1985), which implics that the asrosol scat.
tering intcosity will be peaked 45deg. toward the forward
dircetion,  Therefore, the predominance of highly scattering
subrnicron aeresols at TO results in a larger amount of dif-
fusely scaltered UVR radiation and a higher UVE intensity
at ground level than wes observed at sita T1.

The presence of highly absotbing fing mode aerosols in
the Mexico City area, a5 indicated by the low 35As, are ox-
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 I'igs. 10 and 11, the presence of fine mode
seattering aerosols in the boundary layer that approach the
same size as the wavelength of the incoming TV radiation
may also increase the UV flux at ground leve! due ko thelr
ability to strongly seauter light towards the forwand direction
and this increase in UVR flux also leads to an increase in
phetochemical oxidant production {Dickerson et al., 1997).
Therefore, the larger UVE radiation mcasored gt site TO than
al site T1 helps ta explain the high levels of photochemical

wiw, BImoeE-chem-phys.net/S/180/2000/
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activily observed in the Mexico City aves during MILAGRO,
despitc the reduction in UYB anlicipated from the presence
of light absorbing specics {Thompson et al., 2008; Stephens
et al., 2008; Shirm ct a1, 2008; Shon et al., 200%; Dusanter et
al., 2008%; Wood et al., 2008).

4  Conclusions

Measurements of fing mode aerosol absorption and scattering
were obtained in Mexico City at site T located in the north-
em part of Mexico City at the IMP (Institle Mexicano e
Petrdlen) laboraterics and for site T1 located at the Technical
University of Tecamece, 29 km norbwest of T0. Hourly aver-
ages of agresol absorption at 550 nm was similar at both siies,
ranging from 7-107 Mm™' with an average of 37Mm~' at
TO; and from 3-147 Mm~! with an average of 27 Mm~! at
T1. Acrosol scattering measured at 550mm at TO anged
[rom 16344 Mm™! with an avcrage of 105 Min~1; while
the aerosol seatteting valucs at T1 were much lower than at
T ranging (rom 2-136 Mm~! with an average of 53 ML,
The maximum scattering values al site TO accurred 2 h later
than the maximem scattering valucs seen at T1 and 4 b later
than the peak aerosol absorption values at either site. This
suggests that the high agrosol scattering valucs measured at
TO were pritnarily due to rapid secondaty acrosel formation
in the city, while the lower aerosol scattering values atl T
wore controlled primariiy by changes in the boundary layer
height in the early moming,

Fine mode acrosol 38As were calculated at 550nm for
both sites using these data. The lower acrosol scattering val-
ues result in lower values for acrosol 38A at TL. The 58Ax
al T ranged from 0.470.92 with an averape of 0.73 whilc
53A5at T ranged from 0,35-0.86 with an average 0.68. The
low S5A determined for the fine mode asrosols indicate the
presence of highly absorbing fine mode aerosols in the lower
atmosphere.  These fine mode pernsalz will have & much
slower settling velocity {.3-60 cnvh) than the more highly
scattering coarse mode asrosols (60— 1000 cr/h} and will be
transporied more readily from the Mexico City basin into the
gurrounding regions (Finlayson-Pitts and Pitts, 2000). The
absorption of solar radiation by these highly absorhing fine
mode aerosols in the lower atmosphere will result in a heat-
ing ol the particles and a significant lacal warming of the
boundary layer (Hermann and Hangl, 1997; Ramanathan aod
Carmichaet, 2008}, This can vesult in an increase in fhe 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 Lhe rapid increase in the boundary
layer height observed in past studies in this arca (Fast and
Zhong, 1998; Whiteman et al, 2000; Shaw et al., 2008},
Therefore, studies of boundary layer meteorology processes
need to consider absorbing acrosel species when calculating
heating rates {Fast and Zhong, 1998; Whilcrnan ct al., 2000).

wany.atmos-chem-phys net9/1 8972009/

Comparisons of aerosol absorplion averaged over the day-
light hours with back trajeciorics rcported Ty Doran et
al. (2007} showed no clear comelation with transport from
the Mexico City arca, indicating a local source of ghsorb-
ing acrosels at site T1, as suggested carlier (Doran et al,
20417). Similar comparizens of scattering measureimnents av-
eraged over Lhe daylight hours also do not seem o show a
general trend of majer effects on aetosol seattering at T1 due
to transport from Mexico Cily excepl for possibly day 81 (22
March). Day 81 was identified as having favorable condi-
tions for transport from site T ko site T1 (Dotan el al., 2007)
and thal day showed high scattering values for both sites.

Broadband UVB intensity was higher at site TO, with an
average of 64 Wiem? and a range of 50-70 s Wiem? at so-
lar noon, than at site T1, which had an average of 54 2 W/em?
and a range of 4858 p Wiem? at solar noon. Compatisons of
modeled UVB intcositics with the simubtaneous UYE mea-
surements obtaincd at site TO and at site T1 for cloudless
days imply a iarger diffuse radiation field at site TO than at
sitc TI. The determination of acrosol scattering Angstrom
coeflicients at TO suggests the predominance of asrosols at
TO in the size renge of 0.3 micron. This results in aerosal
stattering peaked 45 deg. Loward the forward direction lead-
ing to the enhanced dilfuse radiation at TO, This enhaneed
diffuse UVB radiation would help 1o explain the significant
photochemistry vhserved in the Mexico City arca during MI-
LAGRO, despite the reduction in UVE anticipated from the
high lgvels of light absorbing acrasol species (Thompson et
al., 2008; Stephens el al., 2008, Shim et al., 2008; Shon ct
al., 2008, Dusanter ct al,, 2008; Wood et al., 2008,

The results of this study confirm that the Mexico City
megacity environment hog significant levels of fine mode
absorbing acrosols.  The high loadings of BC aerosols
from fossil fuel emissions in the urban environment along
with biomass buming contributions conlttibute to significant
aerosol abscrplion, which will lead o locul warming in the
boundary Tayer at boti the urban and regional sites. The pres-
cnce of these high coneenttations of absorbing serosols in the
urban arer will conlribote t0 the wban head island cffects and
the transport of these absorbing aerosols inte the surrsunding
areas will result in o positive elimate toreing and an overall
warming effect in the repion.
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Abstract. In order to determine the wavelength depen-
dence of line { < | miceon} atmospheric acrosol absorplion in
the Mexico Cily area, the absorplion Angsirom cxponcnts
(AAEs) were calenlated from howrly averages of aesrosol
absotption measured atb seven wavelengths {370, 450, 520,
390, 56, 880, and 950 nm) with an asthalometer duting two
field campaigns, the Mexico City Metrapolitan Arvea study in
April 2003 {MCMA 2003} and the Mopacity Toitiative; Local
and {lobal Research Observations in March 2006 (MILA-
GRO). These results were compared to AAEs deternined in
the laboratory from 850—-280nm {350 points) on 12-h fine
acrosel samples collecled @1 the same sites. The acrosol
AATs varicd from 0.76 te 1.5 in 2003 and from Q.63 to 1.4
in 2006, The AAE values determined in the afterncon were
consistently higher then the corresponding moming valucs,
suggesling the pholochemical aging of the acresols leading to
the formation of mere highly UV abserbing organic aerosol
species in the afternoon.

The AAFE values were compared 1o stable and radiocarbon
isotopic measurementa of the 12-h avrosol samples to detor-
mhine the suurees of the agrosol carbon. The fraction of mod-
o carhen (fi{} in the asrosof samples, as determined from
¢ analysis, showed that an average of 70% of the carbona-
ceous gerosols in Mexico Cily weore from modem bigmass
sources during both field campaigns. The 3C/2C ratios of

Carrespondence o 1. 5. Gatihey
{isgaffhev@ualr.edu}

the acrosal carbon ilustrate the sipnificant impact of Yucatan
forest firgs (C-3 plants) in 2003 and local grass fires (C-4
plantz) in 2006, A diveet comparison of the fiv values, stable
carbon isotope ratios, and aerosol AABs suggested that the
wavelength dependence of the acrosol abeorplion was con-
trolled by the biogenieally derived acrosel components,

1 Introductlon

Atmuspheric serosols play an important role in global cli-
mate because of their akility to both seatter and absorb solar
radiation. While aerosol scattering is primarily dependent on
patlicle sixe, acrosol ghsorption is latpcly dependent upon
chemical composition. Those aerosols that have no signifi-
cant absorption in the UVB-visible spectral region {e.g. sul-
fare) act to scatter solar radiation, reducing Lthe amount reach-
ing the Harth®s surface and resulling in an overall coaling of-
foct, The conling offect of anthropogenic sulfate asrosols in
the Northern Hemisphere has been estimated to be compara-
ble in magnitude to the atmospheric warming produced from
increases in carbon dioxide (CO05) (Kicl and Bricgleb, 1993),
Cther acrosol species {g.g. black carbon) can both scatter
and absorb solar radiation resulting in a cooling of the sur-
face while simulianeously warming the almosphere. Black
carbon {BC} acrosols produced from imcomplete combns-
tion can reduce the ameunt of sunlight reaching the Earth’s
swrface by as much as 10% {Ramenathan and Carmichacl,

Published by Copernicns Publications on behall of the Curopean Geosciences Union.
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2008} However, they alse increase the solar enerpy shsorbed
in the atmosphere by as much as 50% in some areas leading
to heating of the particles and significant local warming of
the boumdary layer (Hermenn and Hanel, 1997; Ramanathan
and Carmichael, 2008). Absorbing acrosols may causc ss
mueh warming in the lower almosphere as the major green-
house pases, thus being a potentially tmportant contributor to
regional climate forcing (Ramanathan et al., 2007). The pres-
ence of absorbing acrosol: in the roposphete can therefors
rezull in & local healing of Lhe air altering atmospheric stabil-
ity and affeciing large-scale circulation patterns and hydro-
logic cycles resulting in significant regional clitmate offcets
(Kaufinan et al., 2002).

1.1 Aerosol absorption

The dominant {ight-absorbing acresel specics is thought to
be BC, commonly knows as carbon soof, produced by in-
complete combustion of fessil fuels and biemass buming.
One of the largest sources of BC 15 cmissions fiom diesel
enpines and therefure urban arcas are thought 0 be one of
the largest regional sources of absorbing aerosols dominated
by BC. The absorption of solar light by [reshly emitied BC
aerpsols is broadband, decreazsing monotonicslly with wave-
length owver the entire speetral repion from UV to infrared
{hdacley et al., 2001).

Cither light absorbing species are alse present in almo-
spheric asrosols, [nchiding polyeyelic and heteroeyelic aro-
matic hydrocatbons and their nitrated derivatives (Jacobson,
1999), arvine acids such as tryptophan in biclogical parti-
cles {Pinnick et al., 2004), and polycatboxylic acide known
as “humic-like" substances (ITULIS) (Cappielle ot al , 2003).
The polycyelic aromatic hydrocarbons (PAHs) are produced
along with BC during combustion of fossil fuels and their ni-
iraled derivalives arc formed by atmospheric oxidation in the
presence of Wiz, The HULIS are produced [roen biomass
buming (Hoffer et al,, 2006}, by aimoapheric oxidation of
B (Decesari e1 4., 2002}, or by atmespheric oxidation of
biogenic hydrocarbons (Limbeck etal., 20033, These organic
carbonacecus aerosol species have an enhanced absorplion at
shorter wavelengths (=400 nm) leading Lo acrosol sbsorption
profiles greater than that expected from BC aerosols alone
{Geleneadr of al., 2003).

The wavelength (3) dependence of aerosol absorption (A)
i5 usually approximated by a power-law cxprossion;

A=fgae (1)

where & is the absorption Angstirom cxponent (AAE) and
£ is the aerozol absarption at 1 pm, The value of o de-
pends on the chemical composition of the absorbing acrosol
{Bergstrem et al., 2007). Freshly emtued BC particles from
diesel engines have an AAT of 1 (Berpstrom et al, 2002;
Marley ot al., 2001} while carbonaceous aercsols produced
from bigmass umming have much stronper wavelength de-
pendence of ahsorplion, with an AAE of 2 (Kirchstetter et
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al,, 2004). The water soluble HULIS 1solated from biomass
butning aerosols have very high AAEs in the range of 6 t0 7
{Hofler ot al., 2006). Finc inorganic dust acresols have been
asgociated with a wide vanpge of AAEs from values greater
than 2 (Bergstrom et al., 2007) to less than .5 (Meloni et al.,
2006) depending on their source and chemical composition.

An understanding of the wavelength dependence of
acrosnl absooption is important for scveral applications, An
absorbing asrosol with an AAE of 3 will have an absorp-
tion coefficient in the UV that iz 3 times larger than that in
the visible (Bergsirom et al,, 2007} This ix nol only im-
poriant for the detennination of the aerosol radiative fore-
ing but also for atmospheric photochemical modeling. The
UV iz the most important spectral range for the promotion
of atmospheric pholochemical reactions. The prescnce of
UV absorbing acrosols in the [roposphere reduces the actinic
flux threughout the boundary layer, which reduces the pro-
duction of photochemical oxidants such as ozone and results
in a buildup of the uneeacted precurzors in the atmosphere
{Wendiach et al., 1996; Dickcrson ot al,, 1997). Thec pres-
cnce of absorhing agrasols in Mexico City leads to s redoe-
tion in the actinic flux below 430nm by 10-30% {Castro ct
al.,, 2001). This reduction in UV radiation resnlis in less sur-
face level ozone praduced in the vily than would be cxpected
from the precursor concentrations. The umeacted precursors
atc then transported out of the basin ultimately contributing
to higher czone levels in the surrounding region.

Aerosol ahsorplion measurements have been used to deter-
mine BC acrosol mass concentrations by using the BC mass
absorption efficiencies. Routinely the mass absarption cffi-
ciency is determined experimentally at one wavelenglh and
an AAE of | iz assumed lo oblain the mass absomption ef
ficicncics at other wavelengths (Hansen et al., 1954), This
assumnplion can be a major source of error when comparing
results of agrosol BC concentrations ohtained {rom difTerent
methods. In r recent study, it was concluded that & better
understanding of the wavelenpth dependence of asrosol ab-
sorption and how it varies with agresol compaosition is needed
in order to reconcile BC measuraments made with different
instrumental methods (Park et al., 2006).

The wavelenglh dependence of asrosol absorption has also
been used to tdentify and classify different aerosol types
{Mcloni ct al,, 2006; Bergstrom et al., 2007). Remote scns-
ing of aerosols by TOMS (Tolal Owone Mapping Spectrome-
ter) and O] {Owone Monitoring nstnument) bype satellites
utilizes the ratia of reflected light at two near-UVB wave-
lcngths {e.g. 340 and 380 nm} to determine the 1ype of ab-
sorbing asrosols present i the atmospherc (Tomes et al,,
1928). Similar methods have been used to identify aerosols
in ground-based studies. While urban aerosols thal contain
large concentrations of BC from the combustion of fossil fu-
els are associated with an AAE near 1 and acrosols impacted
by biomass buming e associated with AAFEs around 2, this
can vary depending on the wavelenpth range used. ina eecent
study, hiomass buming acrosols observed in South Africa

www.atmos-chem-phys net!/3f 133772004/



N. A Marley et al.: Biogenic carbon impect on aerosol absomton in Mexico City 1539

yielded AAEx of 1.1 from 325-1685nm and AAEs of 1.5
fram 325-1000 nm (Bevgsirom et al., 20073,

A thorough understanding of the wavelength dependence
of erosol ahsorplion is therefore important for the estimation
of perosol radiative forging as well as for the cstimation of
atmaspheric photochemical oxidan production on lacal and
reggional scales. It Is also important to the interpretation of
satellite retrievals and the identification of absorbing aerosol
gowrces and Lypes, as well as for the comparison of agrosol
BC concenlration measurements made by differont measure-
mcnt methods. [n addition, in order to predict serosol ab-
sorption profiles over the atmospherically relevant spectral
range, the measured aerosol absorption inust be corclated to
the Lype of abserhing aerosols present.

1.2 Carbon fzoiopic tracers

Carbon isotope measuremenis provide a powerful ool w
identifr different types of carhonacecous aeresols. Carbon-14
measurements can distinpyish between fossil fuel and non-
fossil fue! carbon sources. Carbon-14, produced naturally in
the upper atmosphere by the intcraction of nitvogen atoms
with thenmal neutrons, is taken up as 002 and enters the
carbon cyele labeling all biogenic materials with a rclatively
constant inilial '*C/'2C ratio of about 1,53 102 (Currie et
al., 1982, Forsil fuels and the BC acroxols produced from
theit combustion contain ne ¢ because their age (on the or-
der of 104 - 200 million years} is much greater than the 5730-
year half-life of the mdiocarbon, Therefore, the O content
in atmospheric acrosols, presented ag the fraclivn of modern
carbon (fM) provides a direct measore of the relative contri-
butions of carbonaceous materials derived from fossil fuels
and that derived (tom modem biomass sources,

Stable carbon isotope ratics are alsa useful for the iden-
tificativn of carbonaceous aerosol sources. Different plants
can ulilizc two different photosyntbetic pathways, denoted
-3 and C-4 according to the number of carbon atoms fixed
by each pathway {Smith and Epsiein, 1971). The differ-
aice in alomic masscs of the three carben isutopes, '4C,
B¢, and C, affects the chemical reactivity and fie pliys-
ical processes sufficiently to cause selective uptake of 200,
over both *CO3 and 15C0, during photosynthesis. The C-
3 plants, which ulilice the Calvin-Benson photosynthetic cy-
cle, have s more selective chemistry and fractionate the heav-
ier carbon isotope (13C) by ahout 12-14 parts per thonsand as
compared to the less sclective C-4 or Hateh-Slack photosyn-
thetic pathway. The C-3 and C-4 plantz will therefore be la-
beled with different3C/12C tatios. The C-3 plants are maost
abundant and comprise most froc species, shrubs, and cool
temperate grasses and scdges, while the C-4 plants consist
meatly of warm temperate ta tropical grasscs (Sage, 2001).
The PCA2C ratios (R) are commonly cxpressed as 81°C val-
uss in per-mil {%a), and represent the difference between the
mensured & and that of a carbon isotope standard, 1ypically
C03 prepared from Peedes belemnite {PDB) carhonate. The
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mcasured C/2C ratios of organic matter arc gencrally ¢
deplated compared to the £ of the PDB standard and are
therefore reported a3 negative values. These resulting §'°C
values are used to eslimate the relative contributions lrom -
3 (8130=—27+6) and C-4 (31°C=—1344) (Buutton, 1951}
plant sources to atmosphetic carbonaceons agrasols,

1.3 Moexico City field studies

The Mexico City metropolitaty arca (MCMA) 15 the lagest
urban center in Notth America, Due to the high traflic densi-
ties and inercased cnorgy usage, Mexico City suffers from
high levels of particulate BC pollution. The presence of
highly absorbing acrosols in Mexico City has lead to a re-
duction in solar Nux of 17.6% (Raga et al., 2001). The mass
of absorbing scrosnls exported from the MCMA into the sur-
rounding region i estimated to be 6000 metric tons per day
wr 2mega-tons per year (Callhey ct al, [999), Since freshly
formed combustion acrosals are hydrophobic, they are ex-
pected to be more resistant to washout and have longer life-
limes than more hygroscopic ferosals such as sulfate and ni-
irate ((Gaffney and Marley, 2005; Dua ot at,, 1999). In addi-
tion, since Mexico City is at an altitude of 2250 m {7300 1),
these aerosols are released inte the atmosphere at aliludcs
consitlered to be in the free troposphere clsewhere, The ah-
gorhing acresels exported from the Mexico City basin are
therefore assumed to have lonper lifatimes than aercsals re-
leased at lower altiludes (Rapa et al., 20013, Thus, thc
MOMA can be a major source of carhonaceous acrosoly to
the surronnding regions [impacting the radiative balance and
climatc on a regional scale.

In grder to better understand the sources of absorbing
acrosols in the Mexico City basin and their impact on re-
giotal climate, the Mexico City 2003 ficld study was con-
ducted in April of 2003, as parl of the US Department of Bn-
ergy s (USTDOE) Atmospheric Scicnce Program (ASP). This
study was in collaboration with the Mexico City Metropoli-
tan Area 2003 (MCKA 2003) air quality study organized by
. J. Molina and L. T. Molina of the Massachusetts Tnstitute
of Technalogy., Aerosol absotplion measurements were obe
tainad as a8 funetion of wavclength at the Centro Nacional de
Investipacidn y Capacitacion Anmbiental (CENICA), on the
Iztapatapa campuys of the Universidad Antdnoma Metropaoli-
tana (UAM). [n addition, fine mode {1 micron) acrosol
samples were collecled cvery 12 1 at the site,

In tdarch 2006, a multiageney leld campaign was under-
taken in Mexice City called the Mepgacity Initiative: Local
and Global Research Obzervations (MILAGRO). The MILA-
GRO study was composed of four collaborative field exper-
iments, including the Megacily Aerosol Experiment, Mex-
feo City 2000 (MAX-Mex} spotsorcd by the USDOF/ASP,
The MAX-Mex field study was focused on the investigation
of the ditect radiative cffcct of aerosols in the Mexico City
plume ag a function of time, location, and processing condi-
lions, Acrosol absorption measurcments were ohtained as a
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{unction of wavelengih at the Instiluio Mexicano del Petraleo
{IMP}, in the northwestern part of the MOMA. This site,
known as TO, was chosen to represent the fresh emissions
fiom the urban center. Fine mode nerosol saimples were col-
lected al zile TO and also at the Technological Universily of
Tecarmae, localicd 18 mi notthwest of TG, This scoond sifc,
known as TI, was expected to represent 8 mixture of fresh
and aged pollutants az they exit the basin.

Resuliz are presented here for AAEx caleulated from
acroxe] dbsurplion measurcments 4t scven wavelenpths ob-
taingd by using a seven-channel acthalometer located in
Mexico Cily during the iwo field campaigns in April 2003
and March 2006, These resnlts are compared 1o AAlis cal-
culated from continuous UV-visthle absorption profiles al-
tained on the 12-h serosol samples collected in the field. Dur-
ing both smdy periods substentinl biomass burning events
were observed, which were fonnd o affect the asrosol ab-
gorplion.  The AAEs arc compared to hoth stable and m-
digrarhon isotapic measurements made on the 12-h aerosol
samples to evaluate the sources of carbon that give rise to the
observed differences in aerosol ghaorption properiies.

2 Experlmental methods
2.1  Sample sites

Aerosol absorption measurements were obtained from 3
April 2002 {day 93} 1o 1 May 2003 {day 121} an the reoflop
of (he CENICA laboratory building (197217 44,5419 N,
99°04" 16,4257 W, elevation of 2247 mabove sea level)
on the Iztapalapa campus of the Universided Autondina
Metropolitana (ITAM). The UAM consistz of 30 buildings on
a campus of restricied traffic Aow, Tt ig located in the north-
castern scetion of the MOCMA v an area dominated by Tow
cost housing and small industries.

Measurements of acrosol absorption wers also obtained in
2006 Irom 10 March {day 69 10 29 March (day 88) at the [n-
sliluio Mexicano de Petraleo Laborstorics (TMPY. This site,
known as T, is located in the novth central part of Mex-
ico City {latitude 19°29' N, longitude 29°09° W, altitude of
2240ma.s.l.) approximately 16 km {10 mi) north-nariheas!
of the CEMICA siie. The IMP complex is a restricted cam-
pus of 33 buildings located in an industrial and commercial
area of exico City surrounded by streets thal are very heav-
ily wavelled by light duty vehicles and dicsel husses. The
ncarcst major roads are approximately M0 m away fTom the
measursment site.,

Aerosol samples were collected at both CENICA and [MP
elles as well as af the Technelopival University of Tecamac,
State of Mexica, (latitude (9°43 N, longitude 98° 58 W, alti-
tude 2340 ma.s. ) from 1 March 2006 (day 600 to 29 March
2006 {day 88). This aite, known as T1, was approximatcly
30km (18 mi) north of Mexico City. The main lransporia-
tion route fhrough Tecamae is public road Wo, 85, which runs
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norlh-south from Mexico City o Pachues. The municipalily
of Pachuca, located 34 km (53 mi} northeast of Mexico City
and 64 km (40 mi) northeast of Tecamac, is 8150 a potentinl
source of emnissions ot site T1.

22 Aerosol sampling

Samples of finc mode (< 1.0 micron) acrosals were collected
ul cach site by using high volume samplers {Hi-Q) Envi-
rionmental Products, Model HVP-3300AFC) cquipped with
cascede impactors (Thermo Anderson}. The samplers were
equipped with brushless, three stage cenirifugal fan blow-
ers contralled by an electronic mass flow sensor that detects
changes in the operator’s pre-set low rate caused by changes -
in temperature, harometric pressurs, and pressure drop due
to parliculate loading on fitter media. The high-volume sam-
pler compensates for these changes by adjuating the motor
speed to maintain the pre-set flow rate at 40 standard cubic
feet per minute [5cfim). Three separate LCDs display glapsed
time, total volume ol ait sampled, and inslantaneous flow
tate, which are recorded al Lhe bepginning and end of each
sample interval,

The aerosol samples were collected on 8 in > 10 in glass
fiber lleers { Whatman) in 2003 and & in = 10 in quartz hiber
filters (Pall Life Sciences) in 2006, The samples were taken
at 12-h mtcrvals from 05730 to 1730 and from 17:30 to
05:30 local standard titng (L3T}. The volume of aiv sampled
during the 12-h time period averaged 740 i with an aver-
age nerosal loading of 13 mg total carban content {18 pefm®;
=5 fugfm’ ).

23 Aecrosol absorplion measurements

The absorption of fine aevosols was measured in the field by
using 4 T-wavctenglh acthalometer {Therme-Andersen) with
a sample inlet designed to colfect aerosols in the size range
of 0.1-2 pern {Hermann et al., 2001). The aethalometer is
currently the best method available for the measurement of
aerosal AAEs inthe field. This is the only instryment that al-
Towys for the measurerment of asrosol absorption at more than
2 wavelengths and includes the UV spectral range. Since
mast of the enhanced absomlion aceurs in the UVE range,
insbuments fhat only wse visible wavelengths will underes-
titnate fhe AAEs, However, the use of the nefhalometer has
been mel with some controversy duc to the inherent difficul-
lies associated wilh (he measurcment of light attenoation by
solid seriples (Schmid et al., 2005; Amott et al., 2005).

The aerosols in the sample air are collected within the
acthalometer by continuous filtration throngh 3 paper tape
strip. The optical attenuation of light transmitted through the
patticle laden filter iz measured sequentially al seven wave-
lengths {370, 450, 3208, 5490, 660, 880, and 350 nm) by chang-
ing the LED sources. At low sample loadings, light scat-
tering from the filter surface causes n reduction in intensity
that {s not associated with nerosol absorption, resulting in a
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positive ermor i the attenurtion measurements. To reduce the
occurrence of these light scattering arlifacts, (he ingltoment
colleets some sample onto the filter before taking measure-
menis. As the sumple is deposited on the paper tape strip,
light atberuation increases steadily. At kigh sample londings,
high abserprion values canse the insirument sensitivity [o de-
crease. Thersfore, the instrument automatically advanccs the
lape 1o 2 now sample spet when light attenuation becomes
sCweTe,

IInder normal operating conditions, Lhe instrument calen-
lates the BC comeeniration {|BC)} of the sample from the
mncasurcd aptical aftenpation (ATN) by Eq. (23

ATN = ¢*[BC] (2)

The values for BC mass sbsorption efficlency () are deter-
mined from a previows comparion of acrozol light transmis-
sicn measurements with thermeal evolution methods, assum-
ing a wavelength dependence of A~" vver the acthalometer's
gpectral range (Gundel ot al., 1984, Hansen et al., 1982).
Equation (2) also assumes that BC {5 the main absorbing
asrosol species inthe samples and that the sample path leapth
is negligible and constant. dMultiple scattering of light within
the sample and filter substrate can cause an increase in path
length, which changes ns the filter becomes more heavily
loaded with particles. In order to oblain guantitative mca-
surentents of asrosol BC concentralions from the light at-
tenualion measurements, courections must be made for these
light scallcring crrors (Amaott et al., 2005). However, as long
as these errors are not wavelength dependent, they will not
he important in the celoulation of aerosol A AEs,

The aethalomeler resulls for BC acrosol comcentrations
{peg/m*) were converied to agrosol optical absorption {m™ 1)
al cach wavelengih by using the manufacturer’s values for the
mass absarption efficiencies. The caloulated acrosol ahsorp-
tion measurements were recorded at five-minute intervals Tor
each of the seven wavclengths, Measurernents obtained just
prior to and inmmediately after the filter tape advance were
discarded ss outliers (Arnott et al., 2005). The AAEs wore
caleulated from one-heur averages of the five minute optical
abzorption moeasurcments at the seven wavelengths by a least
squares fit to Eg. (30,

ln{A) = —elnl +Inf ()]

The correlation coefficient (r2) obtained from the least
squares fit serves as a measurc of tho assumption that the
wavelength dependence of the acrosol absorption follows the
exponcniial relationship in By, (13, The corelation coef
ficients from these caleulations varied from 0.9999 to 09§
with & standard deviation of 0.004 in 2003 and from (,9997
1o 0.95 with a standard deviation of 0,006 in 2006, indicating
that the A AE is a good representation of the wavelength de-
pendence of the aerosol absorption for the majorily of mea-
SLrements.
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Aerosol absorpiion profiles were also abtained in the lab-
oratory on the [2-h acrosol samples collected at each site
(harley et al., 20013, Spectra were recorded from 850 o
280nm al a apectral resolution of L.6nom with a research
grade UVavisible-MIR spectromcter {(Porkin BElmer, Lambidg
1050} equipped with an integration sphere reflectance acces-
sory (Labsphere) developed specilically lor the analysis of
solid samples. Aerosol AAlia were calonlaied from the dif-
fuze reflectance spectra by a least squares 1t (o BEq. {2) wsing
all 350 points,

The integraticn sphere iz designed to collect all the light
sealtered by the surface of the sample and dircet it back to
the deteetor (Marley il al., 2001). Therefore, all light scat-
tered from the sampls surface is measured by the detector
and any reduction in intensity is due to sample absorption
only. The [nterior of the sphere is conted with a perfeclly dil-
fuse reflectance coating {Spectralon®) and the detector view
iz limited to incident flux that has undergone at jeast twao re-
flections fiom the sphere surface. This assures that the in-
cident beam undergoes muliipls reflections in the interior of
the sphere increasing the sensilivity of the fechnique.

The relationship between absorbance and the diffuse re-
flectance is described by the Kubelka-Munk funclion, F{#)
RS

FIRY =(1— RYIR = kfs {4

where R is the intensity of light reflected fromn the sample, &
is the Kubelka-Munk absorplion cocflicient and » is the sam-
ple scattering coellicient. The sample scattering coefficient
iz related to Lhe real refractive index (1) of the bulk material,
which is not significantly wavelength dependent (Marley et
al,, 20017, The wavelength dependence of #7{ K} iz therelore
a direct measure of the wavelength dependence of the sample
absorption. In addition, F{&) iz not dependent on the sam-
ple path lengih as in ansmission spectroscopy, Therefore,
multiple reflections within the filter do not present a sovree
of errot in reflection spectroscopy and can be neglected,

The AALs caleulated from the 7 wavelengths measured by
the aethalometer in the field were averaged over the samne 12-
h time period used for the sample collection. A comparison
between the AAERs caleutated from the 7 wavclenpths of the
sethalometer and those caleulafed from the full diffuse re-
flectance spectrum {350 points) obtrined in the laboratory on
the fiiter samples is shown in Fig. 1. This comparison gives
a corretation coefficlent of 0.62 with a slope of 0.67 and an
intercept of 0.3, A major source of crior in this compari-
son iz that the acthalometer values are avernged overa 12h
period wheteas the diffise reflectance 1t obtained on a 12-h
compaosite sample. Sineo the samples deposited on the filters
are oplically thick, the spectra obtained from them will be
heavily weightad by the sample deposited in the last hours
of sampling and will not represent n true averape of the 12-h
titne period. The lincar fit shown in Fig, 1 15 determined fram
comparing the AEAs caleolated from all 350 points in the
full diffuse reflectance spectrum with the AAEs caloulated
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Fig. [. Comporizon between petosal absorplion Angstrom cx-
ponents caleulaled from nerosg] absorption measured ab 7 owave-
lengths with an zethalometer and absorption messured by diffuse
reflectance at 3584 wavelengths hetween 280-850 nm. The reparied
lingar fit is for diffusc reflectance caleulated from the seme wave-
lengihs used by the acthalomster.

using only the & wavelenglhs thal correspond to those used
by the aethalomeder (370, 450, 5320, 390, 660, and 80 nm),
This comparison yields r correlation coefficient of 0.86 with
a slope of (.82 and an intercept of 0.2 and representa the er-
rovs infroduced in (he calculation of the AAEs by uxing
small 281 of wavelengihs.

2.4 Carbon measuremends

The acrosol samples collected in 2003 were oxidized to CO9
by using & low-temperature oxygen plazma {Rowe and Siecl-
man, 2002} A custom-buill plasma oxidation apparatus al-
lowed for collcetion of COg in a plass sample tube, A plow
discharge was produced by radio frequency (RF) capacitive
coupling with two external copper electrodes on either end
of a 12ecmx4.6cm glass sample chamber. Vacuum condi-
tions were maintained with a turbomolecular pump and a
diaphragm forc pump, Succcssive oxygen plasmas (1 torr;
LO0 W) were used ko clean the emply semaple chamber until
less then 1 xg of carbon remained. Approximately 60 cm? of
the aerozol filter sample was inserted info the sample cham-
ber wnder a pesitive pressure to prevent the introduction of
atmospheric 07 or particulates. A one-hour argon plasma
(1 torr; 40 W) was used 1o remove adsorbed gases followed
by & one-hour oxygen plasma (1 lorr, 100 W), which con-
verted the carbonaceons material on the filter to C0: and
Ha0), A second oxvoen plasma was performed to ensure
quantitative transfer of catbon Mrom Lhe flter

The samples collecled in 20068 were converted to COo by
therma! combustion. Each sample was sealed under vacuwim
in a quartz lube with copper oxide, metallic copper and ail-
ver and combusted at 900°C. The CO; produced from the
combuslion was cryogenically isolated from other combus-
tton products and the amount was mensured manometrically.
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The Cth collected fromt the agrosol samples was con-
verted to graphire by hydrogen reduction using an iron cat-
alyst. The resulling geaphitic carbon was then pounded inlo
an Al target and the "*CA2C ratios were measured by asc-
cclerator mass spectromety {AMS) at the Center for Acegl-
erator Mass Spectrometry (CAMS) at Lawrence Livermore
Mational Laberatory (LLNL}. The results ars reported as the
fraction of modem carbon () in the total carbon of (he
acrosn] sample (Stuiver and Polach, 1977).

Samples of CO» were alzo isclated by theninal combus-
tion ol the aeroscl samples for the determination of '3C con-
tent by stable isotope ratio mass spectromety. Tsotope ratio
measurements of ©0; were made using an Elemental Anes-
lyzer (Carlo Erba NCS 25007 coupled to a triple-collector gas
gouree mags spectrometer { Thermo Finnipan Delia Plus XL).
Two l-glulamic acid rcfoences (USGS-40; 5'%C=—26.39
and USGS-41; &13%C=+37.63) were analyzed concurrently
with the samples. All references were matrix matched to
the acrosol samples by the addition of blank quartz filters,
Vanadium pentoxide was added to all referenees and sam-
ples to ensure complete ¢ombostion in the elemental ang-
lyzer, Masses 44, 45, and 46 (COa+ions} were measured
in the samples and standard gases. Isotope ratioz were cal-
culaled by comparison wilh those in the referenee CO;p sani-
ples calibrated to the Bolenhofen Limestong standard (NBS-
20, which had a 1C/12C ratio of 0.0112253 {Craig, 1957).
The results are reported in conventional delia {8) notation de-
geribed by

%0 = [{Rsample/ Fstangara} — 1] x 1000 (3

where R is the atom ratio 17C'2C expressed in units of per-
il (M) devigtion relative to the isotopic reference mate-
rial standard {VPDD) for which §'°C is defined as 0.00%s
{Coplin et al., 2006), The analylical uncertainty of the §'3C
values reported here is +0.3%0.

3 Results and discussion
3.1 Aerosel absorption

The aerosol AAlLs caleafaled from the acthalometer ahamp-
Lion measurements made in Mexice City in Apnil 2003 and
March 2006 are shown in Fig. 2. Tn 2003 the AAFs var-
ied from .76 to 1.5 with an overall average of L05. The
A ABs determined at site T in 2006 were slightly lower with
arange ol (.63 fo 1.4 and an averape of .94, Figure 3 shows
the AAHs averaged over the morning {08:00-12:00L3TY
and aftermoon {12:00-1 8:00 LST) hours for April 2003 and
March 2006, For the majority of days during both studies, the
aftcrnoon AAEs worg higher than the moming values. The
difference between moming snd afternoon AARs in 2003
ranged from 0.08 to 0.29 with an averape of 0. 14, excluding
day 99. The aflernoon of day 99 was dominated by a par-
ticularly turbulent thunderstorm {see Fig. 4) that lofled fine
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Flg, 2, Aerosol absorption Angstrom exparents caloulated Feom
aerosal sbsomtion measired st 7 wavclengths in Mexico City due-
ing April 2003 {top) and March 2006 (botton),

dust, accompanied by heavy clowd cover that significantly
reduced solar radiation in Mexico Cily during the duy. Finc
dust aerosols have heen associated with low AAEs {Molowni
et al,, 2006}, In addition, the reduced solar flux caused by
inereased cloud cover would result in decreased photochem-
istry and a decreased production of oxidized acrosol spocics
(Tang et al., 2003). This resulted in the afternoon average
AAD being lower thun the meming average AAE for day 99,

The last weck of March 2006 {after day 82) was apain
duminatcd by heavy thunderstorms accompanied by lange
amounts af dust lofting and heavy cloud cover (see Fig, 4).
This resulied in AAEs during this period thai were lower than
the rest of the study peried in 2006 and were also essentially
the same for both moming and afietneon hours. During the
remaining study period (excluding the days 32 throngh 88)
the difference belween moeming and aftermoon AAEs ranged
from 0.06 to .22 with an average of 0.13, rezembling the
results obtained in 2003.

A rapid photochemical production of secandary organic
aerosols {(S0A) has been observed in the Mexico City aren
primarily in the moming hours beginning al 08:00 {Salccdo

wwwalmos-cherm-phys. not/9/ 15372009/
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Fig. 3 Aerosol absorplion Angstrom cxponcnts caleulated for
meorning (o} and alternoon {o) howrs in Mexico City during April
2003 (top) and March 2008 (hotkam).

ctal,, 2006; Hennigan et al., 2008, Aiken et al., 2008; Volka-
mer et al., 2006; Paredes-Miranda et al.,, 2008}, Thus, Lhe
incrense in aerosol AAREs in lhe aflcrooons cannot be ex-
plained by the formation of SOA alone, This increase in
AAEs in the afternogn hours {5 therefore most likely due o
the photochemical aging of preexisting nerosols leading 1o
more highly UV ahsorbing oxidized organic speeics such as
ITULIS, resulting in higher AAEs than observed from either
the fresh primary crmissions or SOA formation in the morn-
ing (Mang et al., 2008; Walser et al., 2007; Decosani o1 al.,
2002).

The values of the AAEs averaped over fhe nighttinte hours
(12:00-06:00 LST) were consistently intermediate between
morning and alternoon values during both field studies. This
is due to a combination of the venting of the aged pollutants
in the basin at night {de Foy et al., 2006) and fresh evening
emissions replacing them. The resulting nightlime acrosols
remaining in the basin are a mixture of some photochenyi-
cally aged aetosols from the previcus aftermoon end freshly
emilled acraxals at night yielding AAEs that fall between
these typical of fresh emissions observed in (he mominps
and those of photochemically aged acrosols observed i the
afiernoons.

Atmos, Chen, Phys,, 9, 15371549, 2009
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Fig. 4. Rain intensity {mm/hr) messurcd at CENICA in April 2003
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The highest AAEs were observed in 2003 during the last
week of April {days 116 to 1200, with howrly averages rang-
ing trom 0.2 to 1.6 and an overall average of 1.2 (see Fig, 2)
Satellite data has shown that smoke plumes from widcspread
Yueatan fires in 2003 heavily impacted the Valley of Mexico
duting the entire month of April, The most direct impacts on
Mexica City oecurmed during the tast week of April {Masaie
et al, 2008). Although both deforesiation and crop residue
fires are common in the Yucatan (Yokelson, 2009), the emis-
sions from fires in 2003 were particularly intense. True-colar
satcllite images clearly show smoke plumes that originated
from the Mexico-Gualernala bonder impacting Mexico City
on Aptil 18 {day 108), which was also a period of the high
AALs (Massic cb al., 2006), These results agree with previ-
ous studies that show aerosols associnted with biomass burn-
ing typically have higher AAlia than acrasols produced by
the combuslion of fossl fucls (Hotter et al,, 2006; Kirchstet-
ter el al., 2004).
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Fig. 5 Fraction of modern carbon in fine serozol samplas collegted
M CENICA in Mexico City in April 2003 (top) and at sites 10 {»)
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1.2 Carbon-14 measurements

The th values measured in the fine aeroso! samplos collected
in Mexico City are shown in Fip. 5. At the CENICA siic in
April 2003, the M canped from 0.56 to 0.86 with an aver-
age of 0.70. The M in samples collected in March 2006
ranged from (.42 to 0.75 with an average of 0.60 at site TO
and from (.35 to 0.96 with an averape of .78 al site TI.
Owverall, the carboraccous acrosols produced in the Mexico
Cily basin consisted of approximately 70% biogenic materi-
als. These bingenic agrosol components can be detived either
from biomass burning or from S0A formation from biogenis
PIECUISOrs.

Cither shadies conducted in the Mexico Clity aren during
either MCWAZ2003 or MILAGRO have found cvidenee of
large impacis from biomass biming during both campaigns
{Yokeluon el al., 2007, 20009; Tohnson et al., 2006; Moffet et
al., 2008; TieCarlo et al., 2008; Stone et al,, 2008). Airerafi
studies in the Yucatan astimated (hal approximately 44 Ty of
biomass was burned in the Yueatan in the spring of 2006 from
toth furest and crop clearing (Yokelson et al., 20097, Mea-
surcments of particulate to CO ratios suggested that az tnuch
a3 79-92% of the primary fine particulate mass in the Mexico

www. atmos-chem-phys.net9! 15312009/



Table 1, Fraction of modern carbon (fM) reported for some nrban areas,
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Gite Sample  Season Year M Averape (Range) Reference
Los Angeles, Cn PMyp s B2 (ERED Hildemann
Los Anpeles, Ca PMyg W &2 041 Tlildgmann
Long Beach, s~ PMyy 5 g2 0.45 Hildemann
Long Beach, Ca Fiig W &2 0.47 Hildemann
Denver, Co "™ g ) B 0.44 (0.09-0.70} Klinedingt
Denver, Co I'tvly 5 w 697 027 (0.13-0.92) Klinedinst
Mashville, Tn Plvlz 5 8 99 0.6% {0, 56-0.80) Lewis
HMoustan, Ty, PMz 5 8 an .54 {0, 27-.77) Allen
Tanpa, Fl Phda 5 g a2 0,75 (0. 55-0.95) Lewis and Stiles
Zurich, Ch PFhdg 5 g 02 0,63 {0.60-0.67) Seidut
Launceston, Au Ph g W 0304 0.95{0.86-1.1) Terlan
Scattle, Wa Il 5 3 4 0.55 (0.38-0.04) Hench
Scattle, Wa Flda 5 W Q415 .58 (046069 Bench
Tokyu, Jp M 8 04 038 (0.31-0.50) “Inkahashi
Tokyo, Ip BM= w D4-05 047 (0.41-0.54) Takahashi
Phoenix, Az Pavln 5 0s 0.60 (0.49-0.75) Bench
Phoenix, A7 PMz 5 W N304 0.53 (N.49-1.5%) Eeach

1545

Mote: Pz ) is particulatc malter less than 2.1 mictons, Pha 5 iv particulate matter less than 2.5 microns, Py is paticulate malter less

thar 10micrans, § 15 summer, W is winter.

City aren could be produced by ping forest fires in the sue-
rounding mountain areas {Yokelzon et al,, 2007). Studies of
market compounds cafimated that the hiomass burning con-
tribulion to arganic aerosol components varied from 5-262%
at T and from 7-32% at T1 during the study period (Stone
ct al,, 2008), while studies using acrosol mass spectrometry
found indicalions that acroscls from biomass burning com-
prized 4044 of the submicron asrosols at T4,

The reporled valucs of MW for some other urban arcas arc
listed in Table 1. Early measurements made in Los Ange-
les and Denver previous ta the year 2000 rexulted in lower
i valwes reflecting a higher percentage of fossi] fuel de-
rived inaterinls {Hildeman ct al., 1994; Klinedinst and Currie,
1998}, The mujor sourees in the Los Angeles area at this time
were estimatcd e be meat cooking opecations (175, diesel
vehicles { 14%), paved road dust {14943, fireplaces (12%), and
non-cataiyst equipped gazoline wehicles (11%), It is also in-
terssting to note that M valucs fior arctic haze carbonaceous
actodols in the carly 1980s were found to be in the range of
0.3 10 04 {Gaffoey et al,, 1984}, More recent measurernents
inthe US have resulted in larger M values reflecting a lewer
percentage of (ossil-derived absorbing cartbon. This is possi-
bly a result of implementing tighter controls on motor wehi-
elc emissions and the addilion of bicfucls frroughout the US
{Gaffhey and Matley, 2000} compeunded by little conwol of
open burning.

The very high M values repmted for Lavncesten, Tasma-
nia in Table 1 were atiributed to residential wood buming in
the wintortime with 1/3 of households using wood heaters or
open fireplaces (Jordan et al., 2006), The high M valuss ob-

www.atmos-chen-phys.net/S/ 1 53 32000/

served in Nashville and Tampa during the summetlime were
altribubed to secondary organic aerosol Formation {Lewis and
Stiles, 20006; Lewis et al., 2004},

The M values measurad at site TO in 2008 {average of .6}
were generally lower than these measored in Mexico City in
2003 faverage of 0.7) and this also comrelates well with the
higher AAEs cbeaingd for 2003, This is likely duc 1o the
larger itnpact of biomass burning in 2003 Irom the Yucatan
fires. In mddition, (the 8 values measured at site T1 in 2006
{avernge of 0.76) was rencralty hipher than thet measured at
either site TU in 2006 o at CENICA in 2003, Site T1 was
heavily impacted by local grass fires during most of the study
period contributing to the higher M valucs in the asrosol
samples. The fM values measured at site T1 during the last
fevr days of 2006 were lower than those during the resl of Lhe
study period due to heavy rains that extinguished the local
fires thus reducing the biomass input to the aerosol carbon.

The AAEs obtained by diffuse reflectance on the aeroso)
samplcs were compared to the M value on cach sample. The
corralation between the M values and tho AARs of the Mex-
ico City aerosols is shawn in Fig, 6. In general, those samples
that have high M values also show higher AAEs. The rosults
obtained at site TO in 2006 arc most consistent with fresh
carbon emissions (AAE closcst to 13, Those for 2003 are
somewhat higher and consistent with a mixiure of fresh urhan
emissions and aged biomass emissions. The three highest
points shown in Fig. 6 for 2003 were obtained during the last
week of the study peried when Mexico City was impacted
most dircctly by aged biomass burning aerosols from the fires
in the Yucatan {Massic et al., 2006}, The rcaults for site T1

Armos. Chem, Phys., 3, 1537-1549, 200%
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Fig. 6. Aerosol shaormtion Angsicom exponents us a function of the
fraction of modern carban detznnined in Mexico Cily during April
2003 {black} and March 2006 at sie TO {red) end at site T1 {hilue).

in 2006 are highest and more typical of a larger impact of the
lowr temperaturs prass fires in the arca.

3.3 P Rados

The 41°C values of the asrosol samples coflected in Mexico
City in 2003 ranged {rom —22 to —30%e with an average of
—26%0; while those measored at site TO in 2006 were simi-
lar, ranging from —23 to —28%0 with an average of —25%.
{sce Fig. 7} These valuss are in the range of biogenic ma-
terial from trees, shrubs and other C-3 planis. The §3C of
the fine aerosol zamples collected at T1 in 2006 were some-
what higher, ranging from —15 to —27%0 with an average
of —23%s ndicating a mixture of biogenic materials from C-
3 trees and shrubs with significant inpul lrom the C-4 grass
fires inthe area.

The telationship betwoon the §'*C and M values of the
acrose] samples is shown in Fig, 8, The samples from site T1
in 2006 are generally higher in both $'3C and M than the
samples collected at site T, again indicating the influence
of local grass fires in the vicinity of site T1. While the M
valucs of the aerosol samples collected in 2003 are closer 1o
those fromm site T than those from site TL in 2006, the 313C
vailues were lower at T in 2006, This is another indication of
input from the Yucatan fires in 2003, which were C-3 forest
fires that would result in lower 33C values.

4 Conclusions

The resulis of this study clearly indicate that there can be
substantial differences in the AAEs of atmospheric carbona-
ceous aerosols and that these differcnees can be cotrelated
to the sourees of the carbon, While carhonaceous aerosols
produced from the combustion of fossil fuels have Angatrom
coefficients near 1 {Bergstrom ot al, 2002), this work

Almos. Chern. Phys, B, 1537-1549, 2009
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clearly demonsirates signilicant vatiations in the absorplion
ol UVB-Vizgible radiation [or carbonaceous aerozels derived
trom biogenic spurces such as biomass burning cvents. Thix
18 consistent with the fact that the crganic aerosol compe-
nenis derived from these sources have signilicant amounis of
patlially oxidized (unctional provps present in the molecules,
These include chromoephores xoch as conjugaied carbonyls,
oxidized and nitrated FPAH derivatives, and other molecular
structures that serve to enhance abserption in the UVE lead-
ing 1o changos in the obscrved AAF: from the expecled value
of ubout 1 to values ranging from 0.75 to 2,8, This variafion
has been found to coreelate with biomass burning a8 indi-
cated from both stable earbon zotope ratios and radiocarbon
avtivilics.

The radiccarben resulis clearly indicate a significant im-
pact from modern carbon aeresol sources, even in the urban
areq, and these aerosols have absorption properties much dif-
ferent than those derived [rom lozail (uel combustion. These
hiomass sources oould include both grass and forest fives
as well as trash-buming in the mepacity environment, Two
types of biomess burning events that occurred during the
2003 and 2006 studies allowed for the impact of biomass
burning on acrosol AAEs 10 be examined. These resulis show
that low temperature grassfires, such as those that occurred
near site T1 in 2006, will resalt in aerosols with significantly
higher AAFEs than the high temperature and more remote for-
esl [ires that impacted Mexico City in 2003.

The variance observed in the AAEs clearly needs to be
taken into account in argas whete significant biomass burning
occurs as well g3 in areas where photochemical aerosol aging
occurs, such as in mepgeity environments and downwind of
thesg areas. Thix is imporlant nol only for the determination
of acroso] mdiative impacts bot also for the inferpretation of
remote senging of absorbing acrosols by satellites such as
TOMS or OMI as well as in reconciling the results of BDC
mass measutements obtained by different methods.
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Abstract, Simulated primary orpanic serosols (POA), os
well as other particulates and irace gascs, in the vicinity
of Mexico City are evaluated using measurements collected
during the 2006 Mepgacity Tnitiative: Locel and Global Re-
search Ohservatious (MILAGRD) feld campaigns. Singe the
emigsion inwventories, transport, and wrbulent mixing will di-
rectly affect prediclions of total organic matter and conse-
quently tolal particulate matter, our objective is to assess the
uncertainties In predicted POA belore icsting and cvaluating
the performanee of secondary organic acrosol (30A) freat-
ments. Carbon monoxide (COY is well simulated on moest
dlays both over the gity and downwind, indicating thal trans-
peort and mixing processes were wsually consistent with the
meteorological condilions observed during MILAGRO, Pre-

l.,?‘j Correspondence for 11D, Fast
B (icrome.fastEpnl gov)

dicted and abserved elemental cacbon {EC}) in the ciby was
similar, but larger crrors occutred af reminte locations since
the overall CO/EC cmission ratios in the national emission
itventury were lower than in the metropolitan emission in-
ventory. Components of organie aerosols derived from Pos-
itive Matrix Frclorization of data from several Aerodyne
Actosel Mass Spectrometer instruments deployed both at
ground sites and on research aircrall ace used to cvaluate
the model. Modeled POA was consistently Jower than the
mensnred organic malker at the ground sites, which iz con-
gislent with the cxpectation that S04 should be a large frac-
tion of the total organic matter mass. A much belter agree-
ment was found when madeled POA was compared with
the sum of “primary anfvopogenic” and “biomass burn-
ing™ components derived from Positive Matrix Factorization
{(PMF} on most deys, especially at the surface sites, sug-
gesting that the overall mapnitude of primary organic par-
ticulates released was reasonable, However, sitmulaled POA

Fublished by Copernicus Publications on behalf of the Evropean Geosciences Unfon.
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from anthtopogenic ssurces was often lower than “primury
anthropapenic™ componends derived from PMF, consistont
with two recent reports that hese crnissions are underesti-
mated. The modeled POA was preater than the total observed
arganic matter when the aircraft flew directly downwind of
larpe fires, suggesting that biomass burping emission esti-
mates from sonme large fires tmay be too high,

1 Infroduoction

Most predictions of oganic matter made by three-
dimensiongl particulate models are cutrently significantly
too luw because the progesses contributing o sceondary or-
ganic gerosel (SOAY formation and Lransformation sre not
well understond. One objective of the Megacity Initiative:
Local and (lobal Research Observations (MILAGRO) field
campaign (Mulina ¢t al,, 2008) conducted during March
2006 was to obtaln measurements of organic acrosols and
precursors of secondary orgaric acrosgls (SOA) Measure-
menta doring MILAGRO {g.z. Kleinman et al., 2008; de
Gouw et al., 200%) and other field campaigns worldwide (de
Guouw et al., 2005; Simpson el al., 2007; Hodzic et al., 2004,
Zhang et 8l., 2007) heve indicated that, as a result of sec-
ondary ergenic acrosol {(SOA) foomation processes, organic
aerosol mass is much higher than one would expecl from pri-
mary croissions and dispersion, [lowever, the undorstanding
of how attthropogenic and biopenic precursors contribute to
80A formedion is far from complete. Tt is therefore not aur-
prising thal simulatcd organic agrosol mass from recent muod-
eling studics have been shown to be a factor of five or more
lower than observed (e.g. Yolkamer et al., 2006).

Meany 3-1 chemical transport models employ 8OA formu-
lations based on Koo et al. (2003) and Odurmn ot al, {1995).
Additignal SOA precursors that were previously ignored
hawe been proposed (v.g. Robinson ef al., 2007) that can pro-
duee significantly more 50A mass (Decpina et al, 2009
than traditional approaches, but the newer approaches have
their gwn set of assumptions that aweit additional testing and
cvaluation. Improving predictions of organic aerosols i3 im-
portant in terms of both aiv quality and climate applications,
For climate applications, the current under-prediction of or-
gamic agrosol mass will subsequently atfcet predictions of di-
rect radiative forcing by affecting scattering and absorption
of radiation in the stropsphere. Predictions of indivect radia-
tive forcing witl be affected s well because the size distri-
bution and chemical composition will affect acresol hygro-
scopic properties, aclivation of cloud condensation nuclei,
ice nuelei, and cloud chemistry,

The goal of this study is to determine whether regiomnal
3-D models operated in a rensonable configuration can ad-
equately predict concentrations of primary organic aerosals
(POA). Accurate prediclions of POA are needed since it con-
tributes to the total panticulate mass and infleences the inter-

Atmns, Chem, Phys., 2, 6191-6215, 2009
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pretation of total organic mailer (OM). Factor analysis meth-
ads, such as Posilive Malrix Factorization (PME), combined
with mass spectrsy from the Acrodyne Aerosol Mass Spoc-
tromcler (AME} have recently been applied 1o derive com-
penents of orpanic aerosols including: hydrocarbon-Tike or-
ganic asrosol (HOA), oxidived organic gerosol (Q0OA), and
bipmass burning omganic scresols (AROA) {e.g. Zhang el
al., 2005, 2007, Lanz et al,, 2007; Ulbrich el al., 2009),
The temporal variation of FHOA has been shown fo be sitn-
ilar ta that of primatry cmissions of other species In urban
areas, wheteus QDA is hettor corelated with species that are
formed as a result of photochemical activity (Kundo ct al.,
20407 Docherty et al., 2008; Herndon et al, 2008), PMF of
high-resolution AMS spectra (DeCarla et al., 20063 results
in better separation of the components due to the lazger dil-
ferences in the spoetra, especially between IT0A and BBOA
which have mare similar unit-reselution spectra but vory dits
ferent high-resolution spectra {Aiken et al., 2009; Ulbrich et
al,, 2009%, The BBOA reinicved from PMF {5 rssumed to be
composed mainly of pomary biomass burning nerosols; the
spectra of scoondary organic nerosols from biomass buming
precursors are more similar o O0A {Gricshop, 2009),

In this study, the WRF-chem madel is used with trace gas
and particulate release rates derived from gridded versions of
the 1909 Nutional Emissions Tnventory and the 2002 Mexico
City Metropolitan Area (MCMA) ax adjosted 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) ficld campaigns.
Uncertainties in both the primary emission cstimates and the
simulated meteorological processes will affoct predictions of
totel organic mauer and consequently total particubate mal-
ter; therefore, our ohjective is to mssess the unceriaittics in
predicted POA before testing and evaluating the petformance
of 50A treatments. In contrast (o many latge cities, Mexico
City 15 a challenging location to cvaluate particulate mod-
gls because of the multiple anthropogenic, biomass bumn-
ityz, voleunic, and dust sources of primary partivulstes and
particulate precursors. SOA in the vicinity of Mexico Cly
originating from biogenic precursors are expected to be low
in concentealion during the dry season, although biogenic
S0A formed from emissions on the coastal ranges may make
a contobution to backpround organic acrosols over Central
Mexico {Hodzic e al,, 2009). A wide range of contitu-
ous surface measurements and intermittent aircrafl measurc-
ments is used to evaluate the model, Organic actosol predic-
lions are cvaluated using data Irom AMS instruments (e.g.
Canagaratng et al., 2007) deploved at four ground sites and
onboard rwo rescarch aireraft. Estimates of POA from PMF
analysis are cunvently available for three of the ground sites
and for some airerafl flights.

We first briefly discuss the performance of simulated me-
tearelogy and carbon monexide (COY to show that fransport
atd mixing is reasenably represented on mast days during
the sinulation peried over Mexico and that CO emission
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Table 1. Selecl.ed WRF-Chem conligucalion options for ihix study,

Atmospherie Progess  WRE-Chom Option
Advection Posilive Dicfinite
Longwave radistion  RRTM

Shortave tadintion Godderd

Surface layer MMS stmilarity theory
Land surface Moah

Houndary layer YHU

Cunulus clouds Kain-Fritsch {outer domain only)
Clowd microphysics Enhanced Purdue Lin
Gas phase chomistr CBM-Z

Aerosul chemisior MOSAIC

Aquecus chemistry Fehey and Pandis
Photolysiz TFagi-I

estimates are adequate. Then, predictions of black carbon
and organic matter are evaluated with the available maasure-
ments made during MILAGRO. Modcled POA was consis-
lenily lower than the mcasmed organic matter at the ground
sites, which is consistent with the expectation that S0A s
typically a large fraction of the total organic aerczol mass. A
much hetier agreement was found when modeled POA was
comparcd with the sum of meazured HOA and BROA, sug-
gosting that the cmission rates were reasonable overall. A
similar conclusion was obtained using the AMS insttumenis
on the aitcraft on days with relatively low biomass buming.
On days with a significant number of fires, the predicted POA
wat greater than the total observed orzanic matter as the air-
craft flew directly downmwind of the biomass burning sources.
One or mere factors may contribiie 1o thiz error including
biomasa buming emissions that were foo high, the validity of
agsutnplions empleyed to derived bipmass buming estimates
from sstellite remote sensing, and emrars in way the model
treated plume rise or horizontal mixing of point sources,

2 Model deseription

Vorsion 3 of the Weather Research and Forecasting (WERF)
community model that simulates wace pases and particulates
sitnullaneously with metcurological fields (Greli et al,, 2005)
18 uscd in this study. The chemistry version of WRT, known
as WHEF-Chem, contains several treatments for photoclien-
istry and aerosols developed by the wser community.

Table 1 lists the specilic treatments emnployed for meten-
rology, trace gas, and particulale processes nsed in this study
that are deseribed clsewhere (Skamarock et al, 2008}, At
muospheric chemisity is simulated using the CBM-Z photo-
chemical mechanism (Zaveri and Pelers, 1999, the Fasi-
J photalysis scheme (Wild ot al., 2000), and the MOSAIC
acrgsal mole] (Zaven, et al, 2008 MOSAIC employs
the sectional approach for the aerozol size disiribution in

www, atmios-chem-phys net/S/a1 912009/

which both mass and number are predicted for cach size bin,
Eight sizc bing arc uxed ranging from 0,039 {[ower Bound)
to 143 pm (upper bound). An internal mixture assumption is
used so that all particles within a bin have the same chemi-
cal compesition. Thers are no separale hydrophilic and hy-
draphotie speeics of orpanic matter and elemental earbon,
The hygroscopic proportics for all particles within a size
bin are computed assuming internal mixing as the velume-
weighted bulk hygroscopicity for each chemieal compesi-
tiom. MOSAIC includes tecalments for nucleafion {Wexler
ct ab, 1994), coapulation (Jacobson ot al,, 1994} and dry
deposition {Binkowski and Shankar, 1995). Aerosols infllu-
ence the scattering and absorption of zolar radiation (i.e. the
aerosat dircet offeet} and photolysis rates through the use
of gxtingtion, single-scattering albedo, and asvmmetry facter
parameters. These pavameters are computed as a function of
wavelength using refractive indices based on predicted par-
ticulale tnass, composition, and wet radivs for cach siwe bin
{Fast ct al., 2006), Treatments for aqueaus chemistry, cloud-
aercsol interactions, aerosol indirect effects, and wet deposi-
tion {Gustafson et al., 2007; Chapman el al., 2008} are also
included; however, these processes were not sipniticant prigr
to the cold surge on 23 March (Fast ot al,, 2007) singg mostly
sunny conditions werg observed and simulated over the cen-
tral Mexican plateau.

It i3 important 10 note thal MOSALC docy nut include a
lreatment of S0A 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
parlitioning processss [or S8OA similar lo the approsch osed
by the MADEMSORGAM acrosol model {Ackermann ¢t al,,
1998; Schell et at,, 20017, neverihieless, a test simulstion us-
ing MADE/SORGAM in WRF-Chem produced SOA con-
centrations less than 1 z2g m— that were considerably lower
than observed S80A duting MILAGRD {cg. Hemndon ct al.,
2008; Kleinman ct al., 2008; Aiken ot gl,, 2009), Under-
standing the specific gas-to-particle partitioning processes
responsible for SOA fortnation and translating these findings
into weattnents suitable for models 1s the sulbject of gu-going
rescurch,

Thersfore, the purpose of this study (s to evaluate predic-
tions of POA zo that B0A treatments can be evaluated later
{e.g. Hodzic el al,, 2009} uging (he current axsessment of the
uncertaintics in dispersion and the emission inventories. If
one assumes POA is non-volatile, then errors in POA pre-
cictions will resnlts frown uncertainties in the cmission in-
ventories, lransport and mixing provesses, and depesition,
Sume studics {inchrding those for Mexico City) have recently
shown that FOA iz semi-volatile (Tobinzon et al., 2007;
TTuffman et al., 2008, 2005, b}, bul this ssoc and its imple-
mentation inte models have not boen fully resolved. The im-
plications of assuming non-volatile POA are described lnter,

Atmes. Chem. Phys., 9, 6191-6215, 2009
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Table 2. List of MILACRO instoumentation and measurements employed in this study, ATl pariculate concentrations in this paper arc for
ambient conditions, rother than el stanilard lemperaturc and pressuce (STE.

Insirament or Platfomm Location{s) Mepyurements

RAMA sir quality monitoring network Mexico City winds, C0, EMz 5, FM g
Radar wind profiler T1 antl Veraerws winds. PBL depth
Redigsundes Tl FBL depth

Micrapulse Lidar T1 POL deph

Theemo Enviranmental Sysiems, Model 430 T1 0

Tapered Element Oseillating Migeobalines (TEOM) T1 M2 ¢ mass
Acthelometer TO black carlion

Particle Soct Aerosc] Photemeter & Paso de Cortes black cavlyon

Photoucoustic Acrosol Spectrometer
sunzet Laborstory QC/EC Carbon Aeroscl Analyzer
Acerodyne Aerosol Mass Speciromcter {AMS)

Cras ehromalograph with {lame- ionization (GC-FILY
Proton-transfer Inn Trap Mass Specirometry (PIT-MS)
G-1 aircraft

C-130 zjrcraft

DC-8 airerafl

TI, T2
TO*, T1, Pasa de Cores,

urganic and black carbon (Phia 5]
ongamie matter (Piy)

Fico Tres Padres

11

lkunes, alkenes, scetylenc

T1 aramatios, gxygenaled YOCs
variable winds, £0, organic malter
variablo winds, CCV, prpanic matter
yarinble winds, CO

* AMS instrimients deployed at TO and on the C-130 were high-resolution versions (DeCarlo et al., 2006), while the rest were wnit resohtion

versions (Cunsgaratna ct al., 2001

3 Experimental methed

3.I MILAGRO measurements

MILAGRO was composed of five collaborative field experi-
ments conducted during March 2006 {Molina et al., 2008),
The MChA-2006 field experitment, supported by various
Mexican institutions and the US National Scicnece Founda-
tion (NSF) and Depariment of Enerpy {DOEY, obfained mea-
suremenla al several surface sites over the cily. Measure-
menis over the city and up to a hundred kilometers downwind
of the city were obitained from six research aircraft associ-
ated with the Megacities Acrosol Lxperiment {MAX-Mex)
supported by the DOE, the Megacitics Tmpact on Regional
and Global Envirgnments — Mexico (MIRAGE-Mex) ficld
cxperiment, supported by the WSF and Mexican apencics, the
Intercontinental Transport Lixperiment B {INTEX-R), sup-
ported by the National Acronautical and Space Administra-
tion (NASAY, and a biomass hurning effort supporied by Lthe
USDA Forest Service and the WSE MILAGRO is the largest
of a seriea of international campaigns in and around Mexico
City, which also includes TMATIA-AVER in 1997 {Edgerion
el al, 1939) and MCMA-2003 (Maolina et al., 2007).

One objeetive of MILAGRO was to coliect ineasurements
over a wide ranpe of spatial scales to describe the cvelution
of the Mexico Cily pollutent plume (ram its source and up
to several hundred kilometers downwind, The flight paths
for theee of the resgareh aitoraft are shown in Fig. la and b,
The (G-1 aircraft flew primarily over and northeast of the city
to obfain information on the loeal processing of pollutants

Almoz, Chem. Phys,, %, 6191-62135, 2000

(Klemman et &l., 2008). Repional-scale measurements over
Mexico City, the central Mexican platcan, and the Gulf of
Mexico were oblaincd from the C-134 aircraft {e.g. DeCarlo
¢l al., 2008; Shon ot al,, 2008). The DC-8 aivoraft obtained
measurements over the largest spatial scales between Mex-
ico City and ITouston (Molina ot al., 2008). Extensive syr-
faee chemisiry and meteorological profiling measurements
were made at three “supersites’” denoted by TO, T1, and T2
in Fig. ¢ (e.g. Doran et al,, 2007; Shaw et al,, 20073 A
more limited set of measurements was obtaingd at several
other sites in the vieinily of Mexico City,

The specific imeasuraments used in thiz study, listed in
Table 2, are discussed laler in more detail when compared
againat model prediciions.

3.2 Model eonliguration

A simolation peried between 06:00UTC (midnight local
standard time) & March and 06200 UTC 30 March was chosen
that included moat of the sivhome and surface measurements
that were operativnal during MILAGRO. Two computational
domains were employed. The outer domain {Fig. la) cncome
passes Mexico enst of Baja Califuimia, southern Texas, and a
portion of Central Amcdca using a 12-km grid spacing, The
extenl of the inner domain (Fig. 1b), encompassing central
Mexico and a large portion of the Gulf of Mexice using a
3-km grid spacing, was chosen to inglude a large fraction of
the aircraft fight paths,

The initial and boundaty conditions at G-l inteyvals for
the metearological variables were obtained from the National

www.almos-chermn-phys net/0f6 191720094
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Fig. 1. WRF-chem modeling domains 1hat depict topographtc vara-
tions over the (a) outer demain (Ax =12 Jan) encompassing Mexico
and (b} inncr domain {Ax=3km) cncompassing the central Mexi-
can plateau and portions of the Gulf of Mexico. Lincs denote local,
regional, and aynoplic-seale Mighl pathy mads by the G-1, C-130
end DC-R sircrafi, The logations of the three snpersites, other ng-
search sites, and operational manitaring netsrark in the vicinity of
bexico City are shown in {g). Emissions of CO over central Mex-
ico based on the 1999 Mational Emissions Iiventory and the 2002
MCMA cmissiuns inventory is shown in (), where green dats de-
npde the Togalions of biomasy buming sources during March 2006
chiainad From MOTITS Lhermal snomaly satcllite data.

{Center for Environmental Prediction’s Global Forecast Sys-
tem (GF8) model. Initial oecan lemperatures, soil temper-
afurcs, and soil moistore were also obtained from the GFS
model, In addition to constraining the boundary conditions to
the large-scale analyzed meteorology, four-dimenaional dala
a=aimilation was used to nudge {Liu et al., 2006; Doran ct al.,
2008} the predicted wind, temperature, and specific humid-
ity to the observations cbtrined from the radar wind profilers
and the radiosondes at the TO, T1, 12 sites (Fig. 1e) and (he
operational radiosondes in Mexico.

The inftial and boundary conditions at 6-h ntervals for
CBM-Z and MOSAIC variables were obtained from 34 trace
gases and 12 particulats species produced by the MOZART-
¢ zlobal chemistry model (Plister et al., 2008) run with a prid
gpacing of 2. 8% 2.8 degrees. Boundary condition values for
long-lived species, such ag CO and ozone, have an impact on
WERF-Chem predictions over central Mexico. The concentra-
tions of most other species are produced primarily by emis-
aions within the modeling demain rather than by long-ranpe
transport. For cxample, ambient background particulate con-
centrations im the lower to middle troposphere over tiic Pa-
cific Oeean were typically between 1 and 5 wgm ™. Most of

www, gtmos-chem-phys.netfG/6 1 9172009/
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thiz mass was composcd primarily of 50y, N3, WHy, and
dust. Elemental carhon (ECY and ovganic matter (OM) was
usually tuch less than 0.1 and 0.5 g m—3, respectively, and
cotscuently conteibuted liule to the overall concentration of
carbonaceous particulates over contral Mexico,

3.3 Emission Inventorles

Emissions of trace gases and particulates were obtained from
two inventories: the 2002 Mexico City Metropolitan Arca
{MCMA} inventory as adjusted by Lei at al. (2007} and the
1999 Wational Emissions Tnventory (NET),

The original 2002 MCMA inventery was developed by the
Comision Ambiental Metropolitana (CAM, 2004). Lei et
ab. (2007 describe how the annual emisaions were mapped
into prid cells with a resolution of 2.25 km encompassing the
Mexico City Valley, Previous studics bave sugpested that
vilatile organic compounds (VOC) emission estimates were
too low when compared with measurements made during re-
ccnt hield campaizos {e.g Molina and Molina, 2002). Con-
gequently, Lei et al. (2007) increased the tolal mass of YOC
released by 65%, although their adjustment factors varied
among the specific hydrocarbon species. The resulting Lei et
al. {2007) gridded inventory containg divmally-varying mo-
bile, area, and point source emission rales far 26 tmce-gas
and 13 particulatc specics represcntative of a Lypical week-
day. As in Lei etal, {2007}, typical weekday emissions from
mabile sources in our investigation were reduced by 10%
on Samrdeys and 30% on Sundays and holidays o capiure
weekdaysfweekend variations. The PM; 5 cmissions were
conposcd of four components; primary organic metter, ele-
mental carbon, other inorganic material, and crustal imaterial.
The ratio of the masa emiled by each component Lo the 1otal
Phda 5 mass varied over the Moxico Cily basin, Total PMa 5
and Pl emissions in this study were not adjusted from the
origimal inyentory,

The 1999 MEI hwentory was developed by Mexico's Sec-
retariat of the Bnvironment and Walional Resources, Lhe
US DEnvironmental Prolcelion Apency, and several other
proups Chitp:/faww.opa,govitindchiefmetmexico. himb. An-
tal emission estimates of CO, WO, 503, total ¥YOCs, MH;,
PMa 5, and PMig were developed for point, arca, and mo-
bile sources. This inventory was converled 1o & ~2.5 km grid
that is merc usefial o modelers by using population and road
proxies. Fmissions of COQ, NO,, 50, VOC, NII;, PM; s,
and PM g are available [or point, atca, and mobile sources,
Due 1o the sbscnec of speciation recommendations from in-
ventory developers, total VOCs were divided by mass into
13 hydrocarbons using 4 mean gpecialion profile derived by
averaging over all the grid cells in the Led et al. (2007) mod-
ified 2002 MCMA Inventory, Similarly, 1999 NEI inventory
estimates of fing and corrse particulate matker was divided
into primary erganic, black carbon, and {norganic species by
computing an average ratio ol these speeies o the total Phs 5
cmitfcd wver all the grid cells in the 2002 MCMA inventony.

Awmoa. Chem. Phys., 9, 61916215, 2009
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Talle 3. Aonual particulate and trace gas emission rates (tonsfyvear) over the MCMA and at the Tula industrial complex, located ~45 km
notth of the MCMA. Alse included are the emission catimates from biomass burning and voleanic sources for March 2006.

Inventory Mg PM2s 801y co Ny wOoC NIy
000 MCMA 10341 6033 100D 2035425 193451 429755 15446
002 MCMAl 23542 6777 RSBS 1941503 {82262 40100 16933
2004 MOMA 20686 6662 6546 1752081 179996 53216 17514
2006 MOCMA 22951 GOED G213 1UD0336 191262 576616 19936
1669 NER IGO0 25150 3B195 1392665 LTTED9 477137 47651
Tuta® 17227 12307 382917 5T6E 203481 2393 -
Biomass? 12670 11635 770 86 SR8 G173 5945 gon
Volcanic® - - 323598 - - - -

1 Estimates Tram the original MC A emissions inventory; VOU emissions were increased by 65% in this study as in Lel etad. (2007),

Z Only for area encompussing the MCMA inventary
3 Includes multiple stack information

* Encompassing the MOMA and swrounding valleys between 100-598% W and 13.5-20.5° N fo March 2005
3 Only from Popocatepetl, located ~60km southeast of Mexica Ciry, lor March 2006

This ratic s adjusted slightly 10 inelude a small ameount of
504 {2%) and NO3 (0.29%) coissions based on typieal wi-
ban emissiens in the US While PMz s emission rates vary
aver Mexico, the relative amount of organie, black carbon,
inotganie, 80y, and NO s constanl. Sincc the inventory
containg anmmal estimates for cach grid cell, we assumed that
the hourly and weekendfweckday variations were the same
as employed lor the 2002 MCMA inventory and Lei ct at,
2007},

Ciridded versions of the 2006 MCMA inventory were nol
yet available at the time of this study, bot the annual cmis-
sions estimates for (he 2002 and 2006 inventorics wers sim-
ilar as indicated in Table 3. Also listed in Tabte 3 are values
for the sulbset of the 1999 NEI inventory obtained by sum-
ming over the same area covercd by the MCMA invenlory.
The NEL values over Mexico City are all significantly differ-
ent than these reported by the local inventory for 2000, es-
pecially tor Ph, 802 and NHs. In this study, 2002 MOMA
emissions with VOCa adjusted 25 in Lei et al. {2007) arc
used in the Mexico Valley and the 1999 NI cmissions are
used elsewhere. Fipure 1d shows the resulting yearly emis-
sion of particulate matter in the vicinity of Mexico City lor
the 3-km grid in relation 10 the MILAGRO primary surface
sampling sites. TV iz located clase to the highest cmission
rates in the city while T1 is located at the cdpe of the city.
The emission rates in the immediale vicinity of the remots
T2 site are low,

In addition Lo anthropogenic sources within Mexico City,
there are alsn other large emission sources over central Mex-
ico,  While mest of the peint sources within the Mexicao
City valley are telatively small, the Tula indusitial complex
located ~~45km nerth of the MCMA (Fig. 1d) emits large
amounts of WOy, 803, and PM, aceovding to the 19949 MNEI
cmission inventory (Table 3). N0y and PM annval emissions
are about the samc order of magnitude as in Mexico City,

Almos, Chem. Phys., 2, 61%1-6215, 2009

while 80; is ~30 times Ligher than Mexico City, Fmis-
sions of CO and VOCs arc much lower than Mexico City.
When the winds are Irom the north, emissions from Tula can
be transported over Mexico City (e.g. de Foy et al, 2007,
When the winds are southeriy to southwesterly, it is possi-
blc that the Mexico City and Tula pollutant plumes meige ag
they are transported noriheastward,

Biomass burning is also a significent source of trace gas
and particnlates over Moxico {Yokelson et al., 2007, Maling
el al., 2007, DeCarle et a1, 2008; Atken ct al,, 2009). Daily
estimates of trace gas and particulate emissions from fires
were obtained using the MODIS thermal anomalies product
on the Terra and Adgua satellites and land cover information
as described by Wiedimmyer et al. (20068). A diumal vari-
ation in the emission rates, with & peak valse at 20000 TJ'TC
{1400 LT} and a minitnum value at sunrise, was applicd to
distribute the daily cstimates over time. The emissions wera
digtribuled uniformly within ~300 m of the ground, becansce
insufficient information was available to perform plume rise
calculations. The MODIS thermal anomaly methodalogy
can underestimate the number of lites for iwo reasons: clouds
that obscure fires from the mcasurcments and twice-daily
overpass Limes that do not provide cnough temporal infor-
mation o short-lived fires. For example, many fires sampled
by aircraft were small siub and apriculiural cleaving fires
that were not detected by satellite (Yokelsom ot al., 2007).
The MODIS thennal anomaly methodology may alse asaumne
most of & pixel area is buming even when a lirs tccupies a
small portion of the pixel, Flaming versas smoldering com-
bustion that vaties during the coarse of a five is not taken into
gccount as well. While biomass burning estimates detived
from MODIS are the most readily available infornation for
imadels, their uncertainties inust be taken inte aceount when
assessing smoke plumes predicled by modals.
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Fig 2. Scaftcr ploiz of POA and EC emissions versus those for
C0 over the contral Moxican platean whers red and blue dois de-
nate grd cells that employ the 2002 MCMA inventory and 1992
Matignal Tmissions Inventory, respectively. Green lines denocte
biomass buming ratios derived Tram the MODIS “hotypot” inven-
tory during Wareh 2006 and red line denotes best fit of fhe BMOMA
grid cells.

The satellilc thermoal anomaly data indicated many lage
fires necurred close to Mexico City during March 2006, Most
of those fires were located along the mountain ridpe just cast
of Mexico Cilty (Fig. 1d}. As indicated by Table 3, BM from
biomasz burning during this month is extimated ta be larger
than the annual emissions in Mexico City, This comparison,
howeever, docs not account for S0A formation, which is pro-
pertionally much larger from the urban emissions {Volkamer
et al., 2006; Yokelson et al., 2007) and (he possible overesti-
mation of biomuss buming emission ratios as discussed later
and alse by Aiken ct al, (2009,

Scatter plots of POA and EC emissiona versus those of
0 over central Mexico for both anthropopenic and biomeass-
buriing sources are shown in Fig. 2. Over Mexico City, CO
emission raies are well corrclated with emission rates of FOA
and BC. The slope ot'3.28 # 1073 kilogram of urban POA per
kilogram of CO flom the entire MCMA inventory is similar
to values estimated for other urban arcas (Zhanp ct al., 2005,
Docherty ¢ al., 2008), bot 1= 30-75% lower than the values
of 4.3-5.7% 107 observed in ambient mir at TO during 2006
and at CENICA during 2003 {Dzepina el al., 2007, Aiken ct
al., 2008, Outside of Mexico Cily, cmissions of POA and
EC are relatively higher when compared with CO and there
is muore scatter. The differences between the two inventories
are cansistent with the total emissions lizted in Tahle 3. The
implications of the diferences in the comission imventories on
CO, BEC, and POA predictions will be deseribed later,

Recently Cliristian et al, (2009) suggested that trash batn-
ing et municipal landfillz could be responsible for about 29%
of the Py s present in the urban Mexico City area. How-
gver, lheir cstimate has a high uncertainty, since it is based
o cxtrapolating measurements from four short-term rash
burning events and the use of anlimony {chemical symbaol
Sh) a3 a tracer for frash burning, Queral et al. (2008) also
attributed their measurements of Sb in Mexico Cily partie-
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ulates to a road traffic source, specifically alrasion of mo-
lor vehicle brake pads, consisient with a large liferature on
this source (g.g. Thope and Harrison, 2008; Amato et al.,
2009). Insufficient activity information (e.g., frequency, du-
ration, lacation, timing, ete.) is available to modify exisling
emizzions imventories 1o include trash burning as a potential
soruree of Bl 5.

4  Resulfs

BEven though a wide range ol Irace pascs and particulates arc
included in the model, this sludy focuses on parameters use-
ful to evaluate the simulated wansport and mixing of POA
over central Mexico. Inorganic particulate matter (e, SCu,
N, NIy, dust) will be described in 8 subzequent study. The
predicied POA will provide information nceded to assess the
vverall mapnitude of arganic matter emission estimates (the
largest component of total particulate matter emizsions) from
anthropogenic and biomass burning sources,

We first describe the performance of the mode! in simu-
laling 1he circulations and bonndary layer depth over central
Mexico, since transport and mixing processes will directly
affect the predicted spatial distribution of pariculaies. Pre-
dictions of OO are then evaluated (o further assess simuolated
lransport and mixing. The rcactions associated with CO are
very slow, thus CO can be treated as a passive scalar for the
time scales In this study. Another passive secalar, EC, is evalu-
ated because the sources of BC are simdiar 1o those of orpanic
mallet. Finally, predictions of primary organic aerosols age
evaleicd wsing components of organic matter derived from
PMF analysis at the surface and aloft. All patticunlale concen-
trations in this paper are for ambient conditions, rather than
at standard lemperature and pressore {STFE).

4.1 Winds and boundary layer depth

The overall meteorological conditions during MILAGRO are
described in Fast e al. {2007} and dc Foy ct al. (2008).
Near-sutlaee winds over the confral Mexican plateau are n-
fluenced hy internctions hetween 1he heating and cooling ax-
sociabed with terrain variations and the larper-acale synoplic
flow. Becauge Mexive Cily is located in a basin, the complex-
ity of the local meteorelogy affcets the transport and mixing
of trace gascs and particulates directly over their emission
sources before they are iransported downwind.

Several studies have assessed the performance of
tnesoscale models in simulating near-surface winds and
boundary layer struchure over Mexico City (e.g. de Foy et al,,
2006; Fast and Zhong, 1998; lawcilevich, ol al., 2003). While
thers are difficulties simulating the detgils of the near-surface
winds at specific locations and times, mesoscale models usu-
ally capture the primary therimally-driven circulations and
their interactions (hal arc observed, siach as diumally-varving
upslope and dewnslope flows, northerly daytime flow into

Awnoa. Chem. Phys, 9, 61916215, 2009
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Fip. 3. Observed and predicted wind roses by {a) time of day (UTC)
and {b) wind speed within 22,5 degree wind direction inte rvals Jur-
ng MILAGRO between 6 and 30 March for selected RAMA sin-
tions, Black lines denote rerrain gontours wt 250 m intervals.

the basin, altcimoon 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 inlo the
basin late in the aficrnoon,

Wind roses arc cruployed in Fig. 3 (0 summarize the ob-
served and predicted winds between 6 and 30 March at select
FAMA operational monitoring stations, Inspection of indi-
vidual time series of wind speed and divection {not shown)
indicated that the simulated circulations were oficn qualita-
tively conaistent with the observationa, ¥or cxample, the sim-
ulated nerth to northeastetly alicmonn winds were similar
lo the observations (Tig. 3a). During the late aftetnoon, the
moede] letded to over-predict the extent of the gap flow to the
XAL and VIF stations s [t propagated over the basin, While
the winds were predicted reazonably well over the easiern
side of the basin al the CHA station, the model propagated
this southesrly flow over the XLA and VIF stations fhat usu-
ally had northerly winds during the latc aftemoon, At nighl,
the madel produced downslope westerly flows that were ab-
seived at CUA, however, the simulated downslope fows did
not propagate a few kilometers farther into the basin as cb-
served after midnight at BAC, TAC, PLA, PED, and TPN.
The simulated wind speeds woere frequently larger than ob-
servid over the city center boecause heat, moisture, and mo-
mentum Muxes 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

Armos. Chem. Phys,, 2, 61916215, 2009
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parameterization is required 1o create additional drag and that
would reduce the simulated near-swface wind speeds. WRF
does have an urban canopy, but databases thal employ Mex-
iee City huildings are still being developed. Surface wind
ngasurements in an urban arca arc not likely to be repre-
sentative over a large arca, so some cantion is needed when
compating abscrved and simulated quantitics at specific lo-
calions.

Simulating the detnils of near-surface winds in aress of
complex terrain and urhan argas is still challenging for
mesoseale models; however, model performance is much
betler aloft, An example of the simulated winds at the T1 and
Veracruz sites comparcd with radar wind profiler measurc-
menis [s shown in Fig. 4. Since the model employs the radar
wind profiler measucements in the data assimilation scheme,
il is ool surprising that the simulated multi-day variations in
the winds are very similur to the observations. For exam-
nle, the winds a1 T1 belween 9 and 11 March and 18 and
20 March are associated southwesterly flow ahead of troughs
located over western Mesxtico that are sirong cnough to sup-
press local divmal varigbility, At Verscruz, the most promi-
nent feature is the passage of cold suges on 14, 22, and 23
March that bring strong northerly flows over the coast of the
Gulf of Mexico, These flows ocour below the height of the
plateau and have 3 small impact on the winds over central
Mexico,

Figure 3 is an example of an independent evaluation of the
large-seale wind fields in which the predictions are compared
with measurcments fhom three aivcraft on Warch 19 that are
not employed by the dala assimilation scheme. The aireraft
flew at various altitudes: 0--5.5 ke MSL (or the G-1 and C-
130, and 0-11 km MELL for the DC-8. The simulated winds
are consislent with the measurements over the largest spatial
seales assuciated with the C-130 and DC-8 aircraft. Some-
what larger differences belween the observed and aimulated
southwestetly winds occened along the G-1 flight path just
downwind of Mexico City. The wind spocd correlation cosf-
ficicats for the G-1, C-130, and DC-3 flights are 0.45, 0.70,
and {189, respectively. Thesc results suggest that the modcl
captures the overall synoptic scale Nows well, but some un-
certaintics in the simulated local varability of the winds over
the central Mexican plateau s associated with the interuc-
tion of the synoplic and thermally driven flows,

The comlinucus measuwrementa of boundary layer (BL)
depth at the T4, T, and T2 sites can be nsed to assess the
simulated depth of vertical mixing that will affect the dis-
persian of primary (race gax and particulate emissions. An
gxample of the variation in the observed and predicted BL
depth al T1 between March 17 and 23 is shown in Fig. 6a.
Observed BL depths were obtained from radar wind profiler
and lidar measurements as described by Shaw ot al. {2007}
and there may be uncertainties in the obscrved BL depth as
iuch as a few hundred meters. The simulated magnitude and
tulti-day variations in BL depth were similar to the mea-
surements. Observed and simulated BL depths an 17 March

www.almos-chem-phys.net/9/6 1912000/
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were as high as 4.3 and 3.8 km AGL, respectively, while ob-
served and simulated BL depths on 12 March were as high
8z L8 and 2. 3km AGL, respectively. There arc differences
in the rate of BL growth on some days, such as 20 March in
which fhe simulated BL grow too quickly hetween 16:00 and
20:00 UT'C (10:00-14:00 LT, The YSU scheme in version
3 of WRF also had s tendency to collapse the aftcrmoon RIL
too quickly, such as on 18 March. The typical differcices
between the 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 10, Ti, and T2 sites shown in
Figs. 6b, 6c, and 6d, respectively. The simulated BL growih
15 similar to the observations until about 23002 1:00UTC

www.atmis-chem=phys. net/619 1/2006/

(14:00-16:00LT), but the tendency to collapse the BL too
quickly ocenmed at all sites. Tt must be noted Uhat radar wind
profilers and lidars have difficulty detecting shallow stable
layers that devetop around sunset; therefore, the reported BL
depths arc really the vertical sxtent of mixing in a decaying
rcsidual layer during the tranaition between day and night,

4.2 Carhan monoxide

We nexl examinc variations in carbon monoxide (OO (o
evaluate the impact of simulated winds and BL depth dur-
ing MITLAGRO on the Iranaport and mixing of trace gases in
the region.

Atmes, Chem. Phys., 9, 6191-6215, 2009
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The observed and sitmulaled divmal variation in the sver-
age 0 computed atnong the RAMA operational monitors in
Mexico City is shown in Fig. Ta. The model reproduced the
magnilude and timing of CO reasonably well with a comcla-
tion coefficient of 0.79. Observed and simulated peak values
occurred just alter sunrize and are assogiated with the morn-
ing rush-howr teaffic and shallow BL depths. Simulated CO
was somowhat too high at night that iz likely the result of
an underesiimation of BL mixing during some nights. While
there were po dircel continuous measurements of BL depih
at night over the city, we suspect that the healing and raugh-
ness clements asseciated with buildings would crhance ver-
tical mixing {e.g. Sarrat et al., 20063 not prosently accounted
for in the model, Inspcction of potential tempetatuee pro-
files obtained from radiosondes launched several kilometers
aauthwest of T at 06 UTC (midnight} indieate that the nog-
tumal heundary layer could be as high as 500m AGL on &
few nights {not shown); however, a 200 m minbmum noctu-
nal boundaty layer depth was employed by the tnodel based
on lidat backseatter data at T1 {Fig. 7a). Therefore, the
cifeot of vertical mixing in the eity could be about a fac-
tor of two too low at times during the night. The CO val-
ues are alzo averaged for nighttime perieds berween 00:00
and 1100 UTC (18:00-05:00 LT), morning periods between
1L:00 and 16:00 {05:00-10:00 LT) and alletnoen periods be-
tween |6:00 and 00:00 UTC {10:0-18-:00 LT). Simulated CO
was ~20% higher thal obsetved when averaged among all
the nighttime periods. The simulated ervars in CO were less
during the day, with moming values being ~7% higher than
obscrved,

The consistency of the monitoring data and sinmlated CO
suggests that the overall cmission estimates of CO over the
city are repsonable. However, there is evidence to suggest
that the diurnally varying emission rates may be off somc-
wht beganse CO was somewhal lower han observed during
the aftemoon. The tendency of the maodel to collapse the
boundary layer 1-2h befure sunset should heve produced a
positive bias in CO.

The eheerved and simulated CO just oulside of the city at
the T1 site is shown in Fig. 7b. While the model qualitatively
capiured the magnitude and temporal variations in the cb-
served CO, errors in simulated CO are somewhat larger (han
over the city as indicated by the lower correlation coefficient
ot 0.46, When the results are averaged over the three time pe-
ripds, it is evident thatl most of the erors are associated with
the under-predictions during the morning period belween 11
and 16 UTC {05:00-10:00LT). Thiz would supgest that BL
depths would be over-predicied, but this is not supported by
Fig. 6. We suspeet that uncertainties in the emission invento-
ties contribube to uncertainties in predicted CO at this loca-
tion, Rapid chenges in urban prowth at the edge of the city
and/or traflic along (he highway just to the south of T1 during
the moring rush hour period may not be represented well.

Al the Paso de Cortes site (Bawngarder cf al., 2009, 1p-
cated ~1.8km above the basin, the model captured much

www.aimos-chem-phys not/ 6] 91,2000/

of the multi-day variations in CO (Fig. 7¢). However, the
simulated peak values were too low. Peak CO mixing ratios
ranged between 0.4 and 1.0ppm on iwelve days between 6
and 24 March, but simulated CO cxeceded 0.4 pptm only on
one day. The abscrved and simulated peaks occurted dur-
ing buth daytime and nighttime periods, but they are nol well
cinrelated. The CO averages do not show the samc divmal
variations in the ¢ily, as expected al this remote site. The
lower COSEC anthropogenic emission ratios outside of Mex-
teo City (Fig. 2) tikely contributed to the negative bias in the
predicted CO, Additionally, the 3 kwm horizental prid spacing
imey be insufficient to represent local terrain-induced flows
along (he mountain ridge and subsequently affects the trans-
patt and mixing of sincke plumes from nearby fires (Fig, 1d).

Predictions of OO further downwind were also pvaluated
using data averaged over -2 inlervals from the research air-
craft. An example of the spatial and teraporal variations on
March 19 is shown in Fig, 8, the same time period as the
winds shown in Fig. 5. Close to the cily, the sinulated £0
was siimilar to the measurements along most of the G-1 Right
path (Fig. 8a) with a comelation coefficient of 0.63. Sim-
ulated CO was higher than observed during four periods in
which the aircraft passed over the east side of the Mexico
City valley whers a [arge number of fires occurred. Sev-
eral factors could have conlributed to the over-prediction in
CO at this loeation including estimates for biomass burning
that were oo high, estimates of the peak burning tate thal is
assumed e occur 8t 20:00UTC (14:00 LT) every afternoon,
and the simulated verlicai mixing Lhal may not loft the CO
plume ta the correct altitedes. Observed and simulated BL
height aver the city at the tme of the G-1 flight was ~4 km
wISL (Fig. Ha) and the aircrall was Hying jost below this al-
tilude, Measurements of potential temperature also suggest
the aircraft was within the BL at Lhis 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 fircs that could account for a portion
af the aver-prediction in CO close to the location of the fires,

Furthet dewnwind along the €-130 fight path (Fig. 3b) the
simulated varialivns in CO between the plateau and the Gulf
of Mexico qualitatively similar 1o the measurements, with
a cotrelation coefficicnt of 0.58 that was higher than along
the G-1 path. The differences are associated primarily wilh
the background mixing ratios and specific bimass burming
plumes. The simulated background valucs of ~&0 ppb were
about 20ppb higher than observed, and are likely due 1o
background values vhtaingd from the MOZART madel. The
peak in simulated CO of ~600 pph at 0100 UTE (19:00LT)
wis also associated with biomass burning plumes just north-
east of Mexico Cily and was 350 pph higher than observed.
Along the OC-8 flight path (Fig. 2o} the abserved and sim-
ulated CO increased between 1700 and 1900 UTC (11:00
ang 1300 LT) as the aiterafl approached Mexico City, Penk
values wete observed dircetly over WMexico Cily, but the sim-
ulated valucs were higher than observed for a short poriod of

Atmos, Chem. Phys,, 9, 61916215, 2009
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time. Both the observed and sirmulated CO was low befween
2Q:00 and 21:00 UTC {14:00-15:00 LT} when the aireraft as-
cended to high altitudes northwest of Mexico City, but the
sirnulated COY was lower than observed closer w the surface
over Texas when the aiveraft was flying back to Heuston.

A sunmary of the slatistical performance of the simulaed
CO using percentiles, correlation coefficient (), and mean
bias (&) for all G-1, C-130 and DC-B flights is shown in
Fig. Y. A mnch larger range for both the observed and sim-
ulated percentiles is seen in for G-1 aireraft 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 simulaled poreentiles were lower for
the C-130 aireraft since a large fraction of the flight time was
apent downwind of Mexico City, and the zitnulated ranpe of
CO was higher and lower then observed depending on the
day. In contrast, the simulated range of CO along the DC-8
flight paths was usually less than observed. When averaped
among all the airerafl, the percentiles ware very simiiar to the
measurements, mean values somewhal lower than observed
with a correlation coeflicient of 0.61, The cotrelation coel
ficients thal measure the skill in predicting the magnitude of
CO in space and time ranged from 0,20 to 0,89 among the
atrcraft Aights. 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
pccasiotal corors in space and time for the exact position of
0 plumes and magnitude of smoke plumes,

Atmos. Chem. Phys., 9, 6191-6215, 2000

4.3  Elemental ¢arhon

Obaerved and predicted concentration of elemenal carbon
{EC) at the T{, T1, T2, and Paso de Corles sitcs is shown
in Fig, 10, The model perlotmed the best at T, the urban
site located closest Lo the highest emission rates. The magni-
tude and temporal variation of the simulated BEC was similar
to the measurements with a cotrelation coefficient of 0,36,
The average values during nighttime periods bebween 00:00
and 1LO0UTC (1%:00-03:00 LT) and afternoon periods be-
tween 16:00 and GO:00UTC (10:00--13:00 LT} periods were
predicled quile well vver the period. However, simulated EC
during the moming between 11:00 and 16:00TJTC (05:00—
[0:00 LT} was significantly underestimated in contrast with
CO predictions over the city (Fig, Ta). Since errors in BL
depth will affeet CO and BC similatly, one must conclude
that differences are likely the resull of preater uncertainties
in EC emissions over the eity. One factor could be the rela-
tive conttibution of dicsel vehicles at that time of day in the
eily, since the COVEC ratios from the MCMA cmission in-
venbory was somewhat higher during the moming 1ugh hours
between 12:00 and 15:00 UTC (06:00-09:00 LT then during
the rest of the day.

EC predictions at the T1 site were ncarly always lower
than observed, although the correlstion of .45 indicates that
the simulated divrnal variztion in EC was somewhat sitnilar
Lt the obscrvations, As with OO at this site {Fig. Th), the
lavprest errors oceurred during the moming hows and emis-
sion rates of BC may be more prohlematic at this location
than in the cily.

Both the abserved and simulated EC were usually below
2 pbgm— further downwind at the remote T2 site. Since the

wwrw, almos-chom-phys.net/0/6 19 12000/
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T2 site is remale, (he time series of BC indicates multi-day
variations and short time scale fluctuations instead of the di-
ummal variations observed at the TO and T1 sites. Whilg it is
likely that T2 is impaected by Mexico Cily cmissions when
the regional winds are sonthwesterly (e g, higher EC concen-
trations between March 18 and 22), tansport from Mexico
City to T2 does not ooeur every day (Doran ¢l al., 20083, Tn-
stead, BEC observed at T2 is [rom dilule plumes griginating
from memny urban and biomass buming sources. While simu-
lating the exact timing of dilute plumes rransported over T2
is challenping, the similarity of the observed and simulaicd
average EC concentrations is neverlheless encouraging.

At the Pazo de Corles remote site, the mode] reasonabiy
sitniulaied the magnitede and temporal variations in LC prior
1o 23 March (Fig. 7c). The observed and simulated peaks in
EC dunng the late afterncon on many days {(cg. 16 and 17
March] indicates that soma time iz requircd to transport Mex-
ieo City EL to this site and that the BL nust be sufliciently
high since the site locaicd ~ 1.8 km above the basin (loor. Af-
ler 23 March, the simulated EC [s significantly higher than
observed, Tncreased comvective activity after the third cold
surge o 23 March (Fazi et al., 2007) likcly led to increased
vertical mixing and removal by wet deposition. While the
madel did produce more cloudiness over the region aficr 23
March, vertical mixing associated with convection and wet
removal were undersstimaied.

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 sitas would be impacted by ecmissions from cities other
Lhan Mexico City during the field campaign, and changing
the slope of the regional CO/EC emissions rates to be more
like the WICM A inventory {Fig. 2) would improve predictions
of both C0 and EC at theses locations.

wanwatmos-chem-phys not/D61 91720094

4.4 Orgoanic matter

As deseribed proviously, the current version of MOSAIC in-
cludes only primaty organic rerosols and does not treat S0A,
Consequently, predictions of organic maticr shouold b sig-
nilicantly underestimated when compared with the availahle
measurcments of total organic matter in the vicinity of Mex-
ico City, If predicted organic matter is higher than observed,
then one would conclude that the estimates of primacy cmis-
sions of organic aerosals are o high beeaose we have shown
that transport and mixing is simulated reasonably well during
the MILAGRO field campaign period. AMS data in conjune-
tion with PMF analysis also provides a new tool 10 evaluale
POA predicted over both ueban and remote locations,

Examples of how FMF analysis can be uzed to cvalvale
POA are shown in Fig, 11, in which the time series of ob-
gerved tolal organic mattcr, HOA, HOA+RBOA, and Q0A
{Aiken et al,, 2008, 2009) is compared with predicied POA
at the T site on 13 and 20 March. Simulated POA is based
on the sum of the mass 1n the first four medel size bins (from
0.39 to 0.625 pm), since the number of particles with an
estimated volume-cquivalent diameter, dy. (DeCarlo ot al.,
20043, larger than 07 rem observed by the AMS instrument
was very low., Adding mass from the fifth model size bin
(from 0625 1o 125 pern) did not increase the simulated POA
shown in Fig. 11 significantiy.

The diurnal variation in HOA on 15 March (Fig. L1} is
gimilar 1o primary cmissions (g.g. CO) with the highest con-
centrations shortly after sunrisc at the time of peak traffic ac-
tivity and within a shallew boundary layer. HOA 1= reduced
by vertical mixing as the convective boundary layer grows
during the moming after 1400 UTC (GB:00LT); however,
concontrations are quite variable between 14 and 18:00 UTS
(03:00 12:00LT) as n result of light and varisble winds that
likely transporl pritary cmissions over TO from different
parts of the surtounding urban area. HOA subsequently in-
creases somoewhat just hefore sunset as primary emissions
build up within the shallow noctarnal boundary layer. Tn
contrast, GOA increases during Lhe lale moming despite in-
creased boundary layer vertical mixing, suggesting that a
photochemical sceondary process is responsible for the pro-
duction of O0A, BBOA has the same temporal variation
as DA, There was only one fire reported in the vicinity
al Mexico Cily on this day; therefore, DROA likely repre-
senty dilate smoke from multi-day regional evale transport
and many small-scale burning svents within (he city that can-
not be detected by the MODIS hot-spot data,

The diumal variation of simulated POA on this day was
mere consistent wilh HOA, although POA concentrations
were higher than HOA concentrations moat of the day. Emis-
siun rates that were too high, simulaied ventilation of the
basin that was too wenk, and vertical mixing within the noc-
turnal boundary kayer that was too weak could all explain the
pozitive bias in organic asrosols. While the simulated bonnd-
ary tayer depth was similar 10 cstimates from the radar wind

Atmos, Chem. Phys., 9, 619162135, 2008
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profiler at TO during the day, the simulated nociurnal bound-
ary layer depth was 200 m while the sounding launched sev-
cral kilomcters southwest of TO at 06:00 UTC (midnight) 16
March indicated a neutral lager up to S00m AGTL. Thus, the
model likely underestimated the amount of mechanical mix-
ing associated with the urban canopy and/or the basin circu-
lutions, This would alze explain why simulated CO mixing
ratigs that werc alzo higher fhan obscrved that night (Fig. Fa)

In contrazt with 15 March, obzerved organic nercsol con-
centrations during the afiernoon of 20 March (Fig. 11b} were
mueh lower and the temporal variations of HOA and OOA
were not typical of the mors frequently observed morning
build up of primary emissions followed by increased bound-
ary layer vertical mixing and photochemistry, Tnstead, rela-
tively strong sonthwesterly ambient winds ventilated pallu-
tantz oul of the basin o the north and kept afternoon con-
centrations relatively low. Obscrved HOA did have a shamp
peak between 12:00 and 14:00 TUTC (06:00 -08:00 1.7} in the
morning because observed wind speeds from the radar wind
profiler were {oss than | ms—! within the shallew boundary
layer {(not shown) that likely permutted the build-up of pri-
mary emissions, but concentrations dropped rapidly as the

Almoes, Cherm. Phys., 9, 6191-62135, 2009

boundary layer grew and near-surface winds became coupled
with the sironger winds aloft. BBOA increases around sunaet
as a result of & smoke plume transported from a fire on the
mountgin ridpe south of the city.

Simulated POA was similar o the sum of HOA+BBOA
maost of the day, excent for a brief peried shorfly after sumise,
While the model captured the increase in organic asrosol
associated with a smoke plume late in the day, it failed to
caplure the pesk in anfhropogenic orpanic acrosols between
12:00 and 1400 TUTC (06:00-08:00LT). At this time ncar-
surface sinulated wind speeds were between 2 and 3 ms™!
and conzequently simulated POA concentrations as high as
G g m— werg transported northeast of TG,

Prodictions of POA have boen compared with organic mat-
ter measurements from the available AMS and OC/EC data
made at the TO, Pico Tres Padres, T1, T2, and Paso de Corles
sites as shown in Fig 12, Instead of showing the entire lime
series, mean diurnal variations of organic components arc
computed for e measuremnent period at each site. The diur-
nal variation of erpanic components ever the cotire field cam-
paign period at TO (Fig, 12a) is similar lo the 15 March Hime
series shown in Fig, 11a. Predicted TOA has a magnitude

warw. atmos-chem-phys net/9/6 19 L2009
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and diumal variation that is more consisten with HOA or
HOA +BBOA, depending on the time of day, than with total
organic matter. The simulated peak in POA ocourred one or
two howrs enclier than the peaks in HOA +BBOA and 1104,
respeetively. The consistent over-prediction of POA at night
may be atiributed to insullicient vertical mixing within the
noctumal oundary layer in the ily.

PMF analysiz was also available from the AMS insttu-
menis al the Pico Tres Tadres (Fig. 12b) and Tl {Fig. 12¢)
sites,  As with T0, the dnily averaped predicted POA was
between daily averaged HOA and HOA+BBOA concentra-
tions. Whils the predicted diumal varietions in POA are
congigtenl with variations in HOA at TO, the divenal vari-
ation m predicied POA and measurad HOA differ more at
Tico Tres Padres and T'1. AL Pico Tres Padrgs, the most
likely explanation for the discicpancy is that the 3-km grid
spacitg in lhe model cannot adequately resolve the local
slope flows and boundary layer evolution at the mountgin-
top sampling site. The observations show a dramatic -
crease in organics at 15:00 UTC {09:00 LT), which occurs
when the conveclive boundary layer grows sbove the altitude
of the mounlain {Hemdon ef al., 2008}, Smoothing of the
topography associated with the 3-km grid spacing produced
a mountain-top elevation of 2500 m {~400 m Tower than the
actual elevation); therefore, the simulated atmosphere was
not fully decoupled from Mexico City emission sources at
night. At the T1 site, the model produced a peak in POA at
E300UTC (OT.00LTY similar o the mcasurcments of HOA
snd HOA-BROA, B3ui the subsequent decrease in sinmulated
POA reversed al 17:000TC {11:00LTY instead of continu-
ing lo decrease for four move howrs dueing the allermoon. As
discussed previously with CO and EC, therc arg likely uncer-
tainties in the local emissions that may contvibute to erors on
FOA at this site, including brick kilns (Christian et al., 2009}
and other local sources,

Compavisens of predicted POA and lotal organic matter
from the OC/EC instrumenl at the T2 site and the AMS in-
stument at the Pase de Cortes site s showst in Fig. 12a and
b, respectively. Predicted POA concentrations were usually
lews than half the observed total orpanis mualter at hoth sites,
Mcreases In observed allemoon total organic matter is likely
the result of SOA formation as anthropogenic pariiculates are
transported over both of these sites, The incrense in observed
aflernonn total organic malter is more dramatic at Paso de
Cortes than at T2 because the Pazo de Cortes site is located
at a much higher elevation. Mcasurements at Paso de Cortes
during the night arc likely to be more representative of the
free atmosphers. As the conveclive boundary layer prows
dyring the wmoming the site is entraincd into the convective
boundary layer thal contains much higher concentrations of
anthropogenic particulates,

The range of total observed organic acrosol, HOA,
HOA+BBOA, and predivicd POA at the TO, Pico Tres Padres
and T1 sites is depicted in terms of percentiles, biases, and
corelation coefficients in Fig. 14. The median and range
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of predicted POA at each of these siles is move consistent
with concentrations of HOA + BBOA, This makes sense be-
canse predicled POA containg emissions from both anthro-
pogenic and biomass buming sources.  However, the sim-
ulated PO temporal varintions are nol well comelated with
{I0A + BBOA. A correlation coefficient of 0.41 was obtaincd
in the cily a1 the T0 sitg, but at the edge of the cily the cor-
rclation was only 0.21. The correlation of simulated anthro-
noegenic POA and HOA was somewhat higher st both sites.
As explained eatlicr, the poor correlation at the Pico Tres
Padres site is likely the result of the 3 km grid spacing poorly
representing the simall-scale topography. The comelation be-
tween simutlated biomass borning POA and BRBOA was low

wany atmos-chem-phys.oct!/3/6 19 1/2009¢
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at all sites becauxe the smissions did not include all ypes of
fires and narrow smoke plumes could easily miss the surface
sampling sites even with small transport errors. While there
arc lange errors in the timing of predicted POA, the resuls
indicate that the overall simulated POA mass based on the
emission invenlorics from anthropogenic and biomess bum-
ing sourees is consistent wilth primary components of ob-
served organic agrosols. Both the simulated biornass burning
POA and BBOA are a larger fraction of the total arganic mat-
ter mass at the edge of the city at T1 than downtown at TO,
indicating that hiomass burning somces become refatively
niore important farther away from anthropogenic smuces.
AMS inshwments werg also deployed aboard the G-L
{Klemman et al., 2008) and C-130 {DeCarlo et al., 2008) air-
craft and PMF anaiysis was performed for a select number of
flights. The information en organic compencnts enables pre-
dictions of POA to be cvaluated further downwind of Mex-
ico City. An example of the observed and predicted CO and
organics for the morning fight of the G-1 on 15 March is
shows in Fig. 15. Gverall, spatial variations of predicted CO
wore qualitatively similar to the measurermncnts along nirctaft
flight path (Fig. 152}, The simulated peak of 2.3 ppm just af-
ter 1100 UTC (1 1:00 LT} was 0.7 ppm higher than observed
as the aircraft passed over the Tl site. As the atreraft retumed
over the eity the simulated peak of 1.0ppm was 0.9 ppm
lower than obscrved, The latpest scatter in the observed and
simulated CO ocourred over the city since liming and loca-

wosw. Atmos-chem-phys net/096191/2000/

tion of the simulated plume was not exactly right. As with
the analysis of surface orgatic acrosols, predicted POA was
usualiy less than the cuncentration of observed total organie
acrosnls as seen in the time seties and scatter plot in Fig. 15,
Mean predicied POA was 2.3 zgm—>, while the mean ob-
served tolal organic matter was 7.7 pgm™. A somcwhat
better agreement is reached fir the scatter plal of predicted
POA with HOA+BBOA {mean value of 4.7 pgm™?), bt
Fig. 15¢ and d show that most of the differences result from
an undereatimation of anthropogenic POA just south and
west of the city,

Simulated spatial variations in antheopogenic POA were
simular to HOA obtained over the northwestern part of the
city as the aircraft pagsed over TO, although the magnilude of
POA was somewhat lower than HOA (Fig. 15¢). However,
the simulated anthropogenic POA was significantly lawer
than HOA along the flight lops over the mountaing to the
south and west of the city. Simulated biomass bumning POA
and BBOA within the boundary layer along the aircraft flight
path over T1 and the city was usnally around { pegm—3, with
no significant peaks to suggest the presence of large fives,
Owver the city, peak values of biomass buming POA and
BBOA were both as high as 2- 3 ug m™>. The distribution of
predicted biomass burning POA {not shown) suggested that
multi-day accumulation of smoke contributed 1o the bound-
ary layer concentrations, rather than the fires surroundin 2z ihe
city on this day. Notc that simulated biomass burning POA

Atmos, Chem, Thys., 9, 61916215, 2009
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does nat inglude grass fire and other burning sourees in the
cily that may he important.

It 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-I flight path, as shown
in Fig. 16a, and CO originating from biomass buming was
4 significant fraction of the total CO (not shown). Unlike
15 March, predicted POA on this day was equal to of higher
than the observed lotal vrganic matter over muany portions
of the Night path (Fig. 16h). The average predicted POA
aver the central platcau was 3.9 g m—, while the observed
total organic matter was 4.2 ggm—> and HOA+BBOA was
2.6 pgm~3, Figure 16c indicatcs that the simlated anthro-
pogenic POA was much higher than IT0A in the vicinity of
T, but was oo low in the vicinity of T2 beeause the sinm-
tated wind werg too westerly and tramsport the Mexico City
plume just southeast of T2, Sinulated biomass burning POA
was almost always higher than BBOA (Fig. 16d), except di-
rectly north of the mountain ridge cast of the city. For ex-
ample, predicted biomass burning POA over the fire ncar TO
was 15 wgm™ even thaugh there was no evidence of smoke
from the BBOA tirne seties at that time.

Percentiles arc used to summarize the ranpe of observed
tetal organic matter, HOA, II0A+BBOA, and simulated
POA algng all of the available G-1 and C- 130 aircraft Aight
paths, as shown in Fig. 17. In contrast with the percentiles
obtained over many days from the surface sitcs shown in
Fig. 14, the range of sitmulated POA did not consistently
agree beller with HOA+BEOA (han with ohserved total or-
ganic matter. On some days simulated POA iz similar to

Atmos. Chem. Phys,, 9, 619 1-6215, 2009

HOAHBROA, such as the G-1 fiights on March 15. On ather
days predicted POA was lower than the observed total or-
Banic aerosols but still higher than the range of HOA+BBOA
{(e.g. 29 March C-130 flight). Fer the G-1 flights on I8
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 aiveraft flight path.
While the location of the observed and predicted OM plume
was sitnilar on 20 March, etvors in the simulated boundacy
layer growth near-susface winds may have diluted the Mex-
ico City plumc too fast. When all the llights are considered
together, the simulated POA was closest o the HOATBBROA
as wilh the analysis of the surface AMS instrument sites.
Scatter plots that rclate primary organic acroso! concen-
trations and CO mixing ratios for (our goographic regions
arc shown in Fig. 18 including: {a} at the TD site and G-1
tramsects over Mexico City, (b) at the Pico Tres Padres site,
fc) at the Tl sile and G-1 tansects in the vicinity of T1,
and G-1 tmnsects in the vicinily of T2 and between Mex-
ico City and Veracruz. Al the surface, howrly averages arc
used and the simufatcd quantities correspond t the mea-
surement period at each site.  Secalter plots for the simu-
lated quantities are qualitatively similar to the ohservations
both at the surface and aloft for all four regions, with some
gxceptions. Modcled POA rarely exceeded 15pgm™ in
the city (Fig. 18a), although the mumber of hours observed
HOA+BBOA exceeded 15 ugm™ was 2 small percentage of
the measurement period. Most of the observed peak primary
ouganic aerosols were composed primarily of HOA during
the morning, indicating that the modeled POA was too low

www.atmos-chem-phys. net9/s19 L2000/
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when traffic emissions are the groatest. At Pico Tres Padres
{Fig. 18b) and T1 {Fig. 18c), both the cbserved and sirmulated
scatter plots had points clustered around two slepes. Those
with high primary organic aerosol comcentrations and low
CO tixing ratics originated mostly from biemess burning
gaurees, while those with higher CO mixing catios originated
mostly from anthropogenic sources. The modeled POAKCD
for biomass buming exhibited less seatier than the ohserva-
lions, suggesting that there {s morc variability in the biomass
buming POAACO ratios than indicated in the emission inven-

www.atmos-chermn-phys.net/%/a 1512000/

toy (Fig. 23 Futther downwind in the vicinity of the T2
site (Fig. 18d), biomass buming sources contributed a larger
fraction of both the observed and simulated total primarcy or-
panic aerosols. As with Fig. 3¢, the modeled POAMCO for
hiomass burnitp acrosols exhibited less variabilily and ap-
peared to represent the wpper limit of the ohservations.

Atmos, Chem, Phys., 9, 61916215, 2009
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Tredictions of POA depend upon the anthropogenic and
biomass burning estimates as well as the represcotation of
transport and mixing thal affects downwind dispsrsion of
particulates. While the meteorology was simulated reason-
ably well overall, crrovs in the simulated circulations will
undoubtedly affect the predicted timing and concentration
of trace gas and particulate plurmes at times, These errors
arg yseally associated with details of the lecal circulations,
rather than the large-scale synoptic circulations ag shown in
Fig. 3. But based on the evaluation of predicted scalars using
data vollected st 8 number of surface siles and from girerail
wver a fhree-week period, we belicve that overall magnitude
of POA can be assessed using the present model configura-
tion. Vot lhe purposes of evaluating smission inveotories, it
would have been uselul 1o bring the meteorelogical quanti-
Lics intp even closer agreecment with observations, especially
near the surface in the vicinity of Mexico City. Dala assimi-
lation cannot solve all these issucs, however, even for sophis-
ticated variational techniques {c.g. Bei et al., 2008).

In peneral, CO wax better simulaed than BC and POA.
All three of these quantities were better simulated in the city
at the TY sitc than at other localions. This is nol surprising
since particulate emission estimates are likely (0 be Tess un-
derstoad and more uncerkain than emission sources of CO.
While the location of T1 at the edge of the city is uselul for
understanding chemical evolution vver a few hours as polly-
tante are transparted out of the city, the spatial and tempo-
ral variatioms of local emissions will affect loval-scale varia-
lions in predicted trace gases and particulates in the vicinily
T1. The diwnal variations in CO and EC was simulated rea-
sonably well at T1, hut the L concentrations were much
lower than observed during the moming between 11:00 and
16:00 UTC (05:00-10:00 LT). Although the overall magni-
tude of modeled POA and the sum of HOA and DBOA at
T1 was similar, the simulated 1emporal variations of these
quantities were not correlated as well as modeled ang mea-
sured CO or EC. Two faclors contributing the uncertainties
in particulate predictions at T1 could b the characterization
of the relative numbcr of gasoline and diesel vehicles atong
the neatby highway that veries during the day and changes in
urban growth at the city edge not accounted for in the emis-
sioms inventory.

Atremote siles, such as T2 and Paso de Cortes, the simula-
tion results suppest that there would be some improvements
in predicted CO and EC iF the slape of the regional COEC
emission rates were eloser to those within the metropolitan
area, This also implies that the slope of the regional COPOA
emission ratcs may need to be closer to thosc within the
metrapalitan area,  This would lend to lowering of simu-
iated POA owtside of the city at (he remote sampling sitcs
and along the aircraft transeets that are not the Mexice City
plume.

Atmos. Chem. Phys,, 9, 6191-6215, 2009
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At remote alles, biumass burning is also cxpected to con-
tribute a relatively larger fraction of the observed carbona-
ceous acrosols, However, biomass buming in this study orig-
inates only from latge fires and it is not currently possible for
models to account fer numergus smaller fires that occurred in
the region (Yokelson ct al,, 2007). As with the measurements
shown in Fig. 14, numerous small burning sources in the city
nol accounted by metropolitan cmissien inventory, may also
conlribute to observed carbunaceous rerosals. For example,
grass fires could be imporiant in this region on some days
and have significantly lawer PM emission facters (e Sinha
et al., 2004} even though tmuost of the airorafl measurcments
focused on pine forest fires {Yokelsan el al., 2007,

The horizontal prid 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 9km? area; therefore, downwind simulated smoke plumes
are likely wider than in rcality. While rcsolution primarily
affects the comparisons of model predictions along aircraft
flight paths that (ntersect smoke plumes just dowmwind of
their suurce {g.2. Fig. 15), uncertainties in the fucl loading for
the vegetation types located on the mountaing surrounding
Mexico City may also contribule (o the over-estimations in
the emizsion of particulates for some fires,

Another issue contributing to uncertainties in the POA pre-
dictions is volatility. Since emitted organic particulates are
gemi-volatile (Robiason et al,, 2007, Huffman et al, 2008,
200%g, b), then they can evaporate and possibly re-condense
furtiter downwind to form SOA. The degree of POA gvapo-
tation is unclear. Ambicnt measurements suggest a volatil-
ity somewhat lower than that in the Robinson et al. £2007)
madel at ambicnt concentrations (Decping et al., 2009), hat
the volatilily under higher concentrations which are most rel-
evallt for Lhe cvaporation of fresh emissions remains pootly
characterized. To the cxtent that it occurs, cvaporation of
anthropogenic POA cmissions would increasze their underes-
timation, since we assume POA to be non-volatile and pre-
dicted POA was similar to HOA +RBOA in the city, On the
other hand, the over-prediction of POA dowowind of large
fires would be improved if a poriion of the hiomass bumn-
ing particulates were assumed Lo be semi-volatile or if Tower
emisaion factors were usad,

The AMS insbnunent is now being used widely to ob-
tain information on the composition and size distribution of
uerosols {e.g. Zhang et al., 2007). Nevertheless, some cau-
tion iz waranted when comparing model predictions and
AMS mcasurements. The size cut of the particles that can
be measured by the AMS is reporied to be | jan in vacugm
aerodynamic diameter (PM, in dy,) (e.g. Cenagaratna et al.,
2007). This size el corresponds to slightly smaller particles
than the 1 gm cat in transition-regime acrodynamic diameter
(g dthat is typically used (o define PMy ambient mecasore-
ments wsing cyclone or impactar inlets operated at ambient
preggurc, with the exact comespondence being dependent oo
ambient pressure and on particle density and shape and thus
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composilion {DcCarlo ¢t al,, 2004). For example, for the
average density of E.4gem™ calculated from the chemieal
composition measuremants at TO or CENICA {Aiken ct al.,
2009, Salcedo et al., 2006) and the pressure of Mexico City,
a PM, cut in #,; vorrcsponds o 2 Phigg cut in di,. There
can be sume variation in individual aerodynamic lenses as
well, which in some cases lead to smaller size cuts (Liu ot al.,
2007). The PM, out in d,y; coresponds to 0.7 ym physical
diameter for spherical parlicle: under the average conditions
in Mexico City, Therefore, only predicted oreanic aerosols
trom the four size bins below 0.7 jam were to compare with
the AMS measuremenis,

The primary source of pngertainty on the measured AMS
mass i3 the collection efficiency (CE). A CE of 0.5 has been
determined from many ficld inter-comparisans for dry non-
highly-seidic particles {e.g. Takcguwa ct al, 2005; Cana-
garalna 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}, Thiz valuc of CE
has been verified with extensive inter-comparisons for hMex-
ico Ciy (Saleedo el al, 2006, 2007; JTohnson et al., 2008;
DeCarlo et al., 2008; Dunlea et al., 2008; Aiken et al., 2009,
Kleinman et al., 2008}, However, some uncertainly cxisis
in this value wlhich rezults in an uncetlainly in the measured
mass of ~20-23%. 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 (Ulbrich ot
al., 2002), which is higher for the unii-resolution data {Aiken
et al., 2009). Estimates of the iemporal varistions and rela-
tive contribution of primary anthropogenic, primary bicmass
burning, and sceondary organic aerosols seem qualitatively
reasonalle, but uncertainties in AMB quantification and PMF
output need to be reduced for A more precisc cvaluation of
model predictions of organic acrosols.

Tinally, comparing modeled POA in the city using data
derived frum the AMS instrument at the TO site to draw
conclysions regarding wihether estimates of atzanic acrosal
emissions are reasonable mugl be pul inle perspeetive, Waore
fitm conclusions over the wrban area could be drawn once
the AMS data from the *‘flux tower® site (Fig. 1c) becomes
available and another simulation i3 pecformed using a much
smaller grid spacing to resolve the terrain of Pico Tres Madres
and the pradients in emissions around the Tigo Tres Padres
and T1 sites. Tn contrast, there are 25 CO monitoring siles
located across the metropolitan area. While mescscate mod-
els may not simulate temporal varistions in CO at each site
perfectly, the spatially averaped observed and sinulated val-
ucs aprec teasonably well (Fig. 7) becanse amall errom in
trangport that move pollutants from one part of the basin o
another (Fast and Zhong, 1998) are averaged out.

These issucs stress the complexity of modeling organic
acrogals and evaluating the predictiona of POA using the
available measuremenis. This docs not yot consider the ad-
ditionel complexity of understanding 50A processes, such
as hydrocatbon precursor photochemistey and gas-to-parlicle

www.atmos-chem-phys nel/6 191 /2008/

pattitioning, und Jdeveloping schemes that represent those
processes in models, Coupling the extensive hace Zas hy-
drocatbon and pavficulabe organic matter medsurementa o
compute the total observed orpanic catbon {TOQC) in (he
atmosphere, & concepl intredoced by Heald ot al, (2008),
is necded o understand how organic carbon moves between
the gas and particle phases. Anr anelysis of TOOC has al-
ready been performed neing measurements al the T1 site (de
Gouw at al., 2000, and comparisons of simulated TOOC
with TOOC derived at all the sites that have both hydrocar-
bon and grganic matter dats [s needed to evalunte treatments
of 504 in the future,

6 Summary

This study cmploys a wide range of measurements made
at the surface and aloft to examine the performance of the
WERF-Chem chemical transport model in simulating POA
it the vicinily 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 matier, onr chjcclive is
o assess lhe uncerlainlics in predicted POA before testing
and evalvaling the perfirmance of secendary crganic aerosol
{S0A) treatmients in Tuture studies.

The predicted meteorclogy was constrained by wind, lem-
perature, and humidity profiles obtained from radar wind
profilers and radiosondes by using data assimilation. Tnde-
pendent measurements, such ax those from research aircreft,
indicate that the modal captured the overall local, regional,
and synoptic scale circulations. Tlowever, errors in the Lim-
ing and inreraction of varions thermally drven circulations
associated with complex lerrain wers produced at times near
the surfaee within the Mexico City basin. The growth of
the boundary tayer depth was predicted reasonably well on
most deys, except that (he alicmoon convective boundary
layer usually collapsed Loa quickly around synset, The model
did not inchrde a detailed urban canopy parameterization that
would influence local heating and verlical wind shears so that
verhical mixing was Likely too shallow over the cily during
sotne nights,

Before evaluating predicted POA, sealars 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 it the regivn, CO was well simudated on most days
beth over the city and downwind, indicating thatl transport
and mixzing processes were usually consistont with the gh-
setvid melcorological conditions.  Predicted and observed
diumal variations of EC in the city wete sitnilar, excopt Lhat
simulated EC cencenlrations during the moming weic half
of the observed concentrations. Larger emors in EC occurred
al remale locations. Tf the slope of the COYEC emission
ratcx in the national emission inventory were changed 10 be
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more consistent with the metropolitan emission inventory,
then predictions of both CO and EC would likely improve
al remole locations.

In contrast with many previous field campaigns, AMS
measurements during MILAGRO were available hoth at
ground sites and on research aircraft so that components
of organic aerosols derived from PMF at many locations
could te ueed 1o evaluale the model. Prediclied POA was
consiskently lower than the measmed grganic matter at the
ground sites, which is consistent with the expectation that
S0A should be a large fraction of the total organic mat-
ler mass. A much beller agreemenl was found when 1he
overall predicted POA was compared with the sum of’ “pri-
mary snthropogenic” (HOA) and *primary biomass buming™
(BGOA), suppesting that the averall magnitude of primary
organic patliculales released was reasonable. The predicied
POA was preater than the Lolal cbserved orpanic maller for
short periods when the nircraft flew directly downwind of
large fires, suggesting that biomasa burning emission esti-
mates from some large fircs may be toe high.

Uneerlainlics in the predictions of orgunic scrosols will
affcct extimates of acrosol dircct radiative forcing, Global
mdels with their coarse spatial grid spacing canmnot resolve
strong gradients in particulates, such as those originating
from emissions in the vieinity of inegacitics, so it i3 problem-
alie Lo cvaluate plobal model predictions of arganic serosols
usiug point observations. Regienal madels, however, should
be able to resolve most of the spatially and temporally vary-
ing processez respongible for the emission, transport, mix-
ing, and removal of POA in (he atmosphere. In ihis sludy,
thc magnitude and dimmal variation of POA was predicted
reasonably well in the city, but crrors increased dowowind of
Mexico City. While time-averaged obscrved and predicted
magnitude of POA was similar downwind, errors in the pre-
dicted diumal variability produced differcnecs up to a faclor
of two. These crrors 1o diomal vaviability would Kkely af-
fect the magnitude of aerosol direct radiative forcing during
the day as well as influence the amount secondary species
condensing on pre-exisling particulates. Theae isaues will be
cxamincd in subsequent studies that employ WRE-Chem and
new fregtiments of SOA.
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Mexico City aerosol analysis during MILAGRO using high
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Ahstraet. Submicron aerosol was analyzed during the BMI-
LLAGRO field campaign in barch 2006 al the TO urban super-
site in Mexico City with a High-Resoletion Time-ol-Flight
Aerosol Mass Spechrometer (HR-ToF-AMS) and compte-
menlary instramentation. Mass concentrations, diomal cy-
eles, and size distributiong of inorganic and organic species
are similar to results from the CENICA supersite in April
2002 with organic acrosol {OA} comprising about half of the

Correspondence te: 1. L. Jimenez
{jose jimenczigrelorado.edu)

fing P\ mass. Positive Malrix Factorization (PMF) analy-
sis of the high resclufion OA spectra identified three major
components: chemically-reduced whan primary emissions
{hydrocarbon-like OA, HOA), oxygenated DA {D0A, mostly
seeondary OA or SOA), and biomass hurning QA (BBOA)
that corrclates with levaglucosan and aceteniirile,. BBOA
includes several very large plumes from regional fircs and
likely also some refuse burning, A fourth OA component
iz 1 small loeal nitrogen-containing reduced OA component
fLOAY which accounts for 9% of the OA mass bat one third
of the arganic nittogen, likely as amings. QOA accounts for
almost half of he OA on average, consistent with previous

Published by Copernicus Publications on hchalf of the European Geosciences Union,
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observations, QA apportionment results from PMF-AMS arc
compared to the Pha s chemical mass belance of organic
muHecular markers (CMB-OMM, ftom GO/ME analysis of
filters), Results from both methods are overall consistent.
Both assign the major components of QA to primary urban,
biomass buming/fwoodsmoke, and secondary sources at sim-
ilar magnitndes. The 2006 Mexico City emissions Dwventory
underestimates the urban primary P s cmissions by a fae-
tor of ~4, and it is ~16 times lower than afternoon concen-
tretions when secondary species are inchided. Additionally,
the forest fire contribution is at leagt an order-of-magnitude
larger than in the inventory.

1 Introductlon

Ambient aerosols are of interest due to their effects on hu-
man healih, regional visibility, and climate (Whatson, 2002;
Pope and Dockery, 2006; 1PCC, 2007} As the numbeér and
fraction of the global population living in mecgacitivs {de-
hned as having =10 million people) are increasing, the ef-
[ects of mepacity perosols on human health, in addition to
dowmwind chemistry and radialion (Madeonich, 2006}, are
becoming more important. Most megacilics are located in
Lhe tropies, while most atmospheric chemistry field research
has been conducted [n the mid-lntitudes. The MILAGRO
project (Megacily Initfative: Local and Global Research Ob-
servations) is the first large-scale field campaign that fo-
cuses on @ fropical megacity (Maolina et al., 2008) and fol-
lows smaller cempaigns carried ocut in Mexico Ciky such as
[MADA-AVLR {Cdgerion et al., 1999 and MCMA-2002
(Molina ctal, 2007),

The Mexico City Mctropolitan Arca (MCMA) is the
largest megacity in North America and is one of the five
largeat cities in the world with over 20 million people in
~1500km®. The MCMA has a history of severe air qual-
ity problems duc to & large number of pollution sources with
uneven levels of emission control, which can be further ex-
acerhated by the topography and metzorology of the hasin
{Moline and Molina, 2002). The tropical localion {19° N}
and high altitude {2240 m ahove sca level) resull in high UY
fiuxes and intense photochemistry. The bagin is surrounded
by mountains on three sides, reducing ventilation of pollu-
lants, especially at night and in the early morning. However,
the boundany layer grows 1o several km gbowe pround, where
wind speeds tend to be larger, resuiting in significant daily
ventilation and limited overnight accumulation or pollutant
recirculation {Fast and Zhong, 1998; de Foy of al., 2006h,
20093, Basin ventilation patterns are strongly influcneed by
a gzap flow which forms a convergence line over the MCMA
{Whiteman et al., 2000; de oy et al., 20064}, A classification
of weather patlems baged on the wind shili and convergance
ling found throe characteristic cpisode Bypes during MCMA-
2003 {de Foy et al., 2005, which was expanded to six for
MILAGRO {de Foy et al., 2008).

Abmes. Chem, Thys., 9, 63346653, 2000
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The MCMA-2006 campaigh, a component of MTLA-
GRO, focused on messurements within the basin to better
quantify emission sources, photochemistry, and air cireula-
tion in the basin, Figure 5-1 in the Supptemental Tofor-
migtion {scc hitpdfwww. atmog-chem- pliys. net//6633/ 2009/
acp-2-6633-200%-supplement. pdf) shows the location of the
imajer measurement sitex during the eampaign. The T So-
persite was located 9 km WNE of the city center and 16 km
MNMNW of the CENICA {Cenfro Nacional de Investigaciin
¥ {apacitacion Ambicntal) Supersite nzed during MCRMA-
2003, Besides providing a local characterizalion site for ur-
ban poltution, TO was also designed to provide mitial condi-
tiens for repional evolution studies of the urban plume (s.g.
TreCarle et al., 2008; Klcinman ¢l al., 2008),

Fine particulate matter (PM) is onc of the mes serious air
quality problems in Mexico City (Maolina et al,, 2007), Pre-
vious campaigns bave concluded that about half of the fine
M s grpanic aoresol (0A) {Chow el al, 2002; Salcedo ot
al., 2006}, OA has mimerous sources and can be classificd as
gither primary QA (POA), material directly emilted as par-
ticles, or secondary OA (SOA), species formed in the atmo-
sphere via chemical react{ons (Hallquist et al., 2009} Data
from MCMA-20H3 indicated the imporlance of secondary in-
organic (l.e. ammonium niteate} and organic (SOA) produc-
tion within the city and their resultant large contributions te
the fine PM concentrations (Saleedo et al., 2006; Volkamer et
al., 2006, 2007; Dzcpina el al., 2009). These results are con-
sistent with those from giher locations {(Zhang ct al., 2005¢;
Laonati et al., 2007; Weber ot al., 2007; Zhang et al., 2007a;
Docherly ot al., 2008; Fine et al., 2008}, and the importance
of 80A as a fractivn of PM i3 again apparent during MI-
LAGRO (DeCarlo et al., 2008; Hernden ot al., 2008, Klcin-
man et al., 2008; Stone o al., 2008, de Gouw et al,, 2009,
Paredes-Miranda et al., 2009; Fast et al., 2009; Hodzic et al,,
200%9). For cxample, Kleinman et al. (2008) and de Gouw et
al, {2009 report a growth m the OASACO{p) ratio with pho-
tochemical age due to SOA firmation that is consistent with
previous ghservations in the US (e.g. de Gouw et al., 2003).
Parcdex-Miranda et al. 20099 report that on average the sec-
ondary species accounts for about 75% of the fine PM mass
and light-scattering in the mid-aftermeon, while Hemden ct
al. report a strong correlation betwsen the ohserved growth
of SOA and Oy {Oz{gHNCo(gY). DeCarlo et al. (2008} re-
part an OASACO for urban air that is much preater than that
of primary emissions and a rapid increase in the OAC ratio of
O4A with pholachemical age, both indicating strong S04 for-
malion from MCKMA emiszions. Based on comparizons with
water-soluble OC, Stone ct al, (2008} attribute the unappor-
tioned OC from CMB-OMMA as secondary OC for MCMA,
resuliing in 39% on average of the OC (and thus 1 larger
fraction of the OA} being sccondary at TO. Fasl el al, (20097
and Hodzig et al, (2008} report a large underestimation of the
measured OA when only POA sources are considered, sup-
potiing the imporiance of 304,

waw. almos-chem-phys.net/663 372000/
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The MCMA i3 alas impacted by biomass burning (BB)
emissions duting the dry season (March-Tune, Bravo el al.,
2002; Salecdo et al., 2006; Molina et al., 20071 During the
later portion af the MCMA-2003 campaign, an impaorkant re-
gional jtnpact from fires in the Yucatan was reported (Sal-
cedo et ai., 2006, Muolina et al., 20073, During patt of MI-
LAGRO, forest fires from pine savannas in the nearby moun-
taims surrounding the city wers very intense and resulted ina
significant contribution to the ouiflow of pollutants from the
Mexieo City region {Yokelson et al., 2007; TreCarlo ot al,
2008; Crounsc ct al., 2009}, The relative impact of BB to
ground receptor sites in the cily appcars ke have been highly
variable and lower then was obyerved aloft from several after-
noan flights (Querol et al., 2008; Stone et al., 2008; de Goyw
et al., 2009), The mountain fires tended to start around noon
{¥okelson et al., 2007) and were oflen carricd away from the
city by the prevailing winds {Yokelson et al., 2007; DeCarlo
et al., 2008; Crounsc ot al., 2009). Stone et al. (2008) report
that an average of 12% (range 5-26%5) of the arganic carbon
(OC) m Pz 5 6t TO originated From BB sowrces, and that
this impact was highly varahle from day to day. Querol @1
al. (2008} estimatc that the BR contibution to tolal PM; 5 at
T was ~5—15%. Moffet et al. (20084} report that 40% of the
singlc-patticles at the upper end of the aceunulation mode
showed signatures charasteristic of biumass/biofiel bumning
but do not quantily 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 enly includes
POA, suggesting that the POA emissions of at lcast some
fires are overestimated. Ton summary, significant uncertain-
ties still exizt in detcrminmp the sources and comribution of
BB wilhin the MOMA basin,

In this paper, we present resells ftom ground-based meas-
surements inside the MCMA at the T4 Supersite, including:
(13 an overview of (he specics contributing to submicton PM,
their divttial cycles, size distributions, and comparisen with
MCMA-2003 and TMADA-AVER results; (2} a doterming-
tion of OA components using Positive Matrix Factorization
{PMF) of high-resolution AME data (PMP-AMS); (3) a com-
parfzon of PMF-AMSE rcsults with source apportionment re-
sulls from the chemical mass balance of organic molecular
markers {CMB-OMM); and (4} 2 comparison of our results
with the MCMA PMz s croissions inventory. The impact of
biomass buming at T is analyzed in detail in the companion
paper (Adken et al., 2009,

2  Methods

2.1 Genernl

Data were colleeted at the T Supersite, located atl the Tosti-
lule Moxicana del Petroleo (IMP, 19929°23% N, 95°08'55" W,

2240 m altitude, ~730 mbar ambicot pressure), 9 km WNE of
the city cenler, ncar a combination of residential, eornmer-

wwwatmos-chem-phye.net9/6633,/2009%
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cial and light industrial areas. The closeat streel with sig-
nificant road teafiic was 200m from the site.  Aerosol data
were collected Irom the top of building 32, ~28 mabowve
ground level, from 10 2 31 March 2006, mnless otherwize
glated. All aerosol data are reported in pig m— al local ambi-
cnt pressure and temperature conditions. To avoid confusion
with concentrations repoticed in ather studies that use stan-
derd conditions (STP), we use the units symbol of wgam—
to make it clear that the measurements are reporled under an-
hient conditions. To convert to STP {1 uim, 273K, gsm ™),
the particle concentrations reported here veed to be mulli-
plied by ~1.42. Naote that some studies use different slan-
dard conditicns from those mentioned above, e.g. Klcinman
gt al. (2008) reported concenirations under | atm and 293 K
and that volume mixing eatios (pphy, ppty, ete.) are Iwariant
and do net depend an the pressure or temperature. All mea-
surcments are reported in local atandard 1ime (LT, cyuiva-
lent o US CST and UTC minus &4, and the same as local
time duting the campaign). Al regression lines are fil by
orthogonal distanee roprossion,

2,2 AMS sampling and analysis

A Iligh Resolulion Time-of-Flight Acrosol Mass Spectrome-
ter (HR-ToF-AMS, Acrodyne Research Inc., Billerica, MA)
sumpled from g common inlet using 8 PMz s eyclonc (URG-
2000-20EN, URG, Chapel Hill, NC} at 3 flowrate of ~ 11 lpm
through g ~3 m insulaled copper inlet ling (1/2 inch o.d.) lo-
cated ~5m above the reof and ~2 m above the roof struc-
lure where the instruments whete housed. The tutal inlet
residence time was 16z under laminar flow, A nafion drier
{Permia-Pure, Toms River, NI} was used to dry the air prior
to sampling with the AMS. The HR-ToF-AMS (abbrevi-
ated as AMS hercafter) has been described in detsil pre-
viously {DeCarlo et al., 2006, Canagsratma ct al., 2007).
AMS data were saved every 2.5 min, combining total non-
refractory (NR) PM, concentrations from the mass spectturn
{M5) mode and size distributions from the parlicle time-of-
flight {PToF) mode {Jlimencz ct al., 2003). Tie main ad-
vantage of the HR-ToF-AMS over previous AMS versions
(Jayne et al.,, 2000; Drownick et al., 2005} is the ability to
rezolve the elemental conposition of most mass fragments,
especially for the low sz (<1007 ions. The increased chem-
ical information enables more direct chemical claracteriza-
tion of organic and inorganic species in addition o Improved
differentiation of organic components with tracer jons and
factor analysis. The “V" and “W" ion paths of the AM3 (De-
Carlo et al., 2006) were altemated overy 5 minutes, and this
was the first campaign in which such alternation was per
formed automatically dus to the newly developed ability to
remotely control the TOF mass spectrometer power supply
{TP3). Size disteibulivns were acquired only in Y-made as
their sighal-to-noise in W-mode is limited. During differ-
cnt periods of the campaign, the AMS also intermittently
sampled through a thermal denoder {Huffman et al,, 2008,
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20094, b}, acrosul concentrator (Khlystov et al., 2005) ar
CCN selector (Oshom et al., 2008). The analysis here only
includes the ambient data as the more specialized altemating
data will be presented elsewhere, All data were analyzed us-
ing standatd AMSE duta analysis sofiware (SQUIRREL v1.43
and PIKA v 1.03E, Sueper, 2008) within Tgor Pro 6 {Wave-
metrics, Lake Oswego, OR). A collection efficiency (CE} of
0.5 was used for all dala based on the ohserved composi-
tion and the composition-CE relationships observed in pre-
vious campaigns (Canagaratun et al., 2007), consistent with
other recent studies in Mexico Cily and during MILAGRO
{Salceda et al., 2006, 2007, DcCarlo et al., 2008; Klein-
man et al., 2008), and alse consistent with the intercompar-
tsoms preseoted below,  Elemental analysis of the OA was
carricd out with the methods deseribed previously {Aiken et
al., 2007, 2003). Positive matrix factorization {FMF, Maatero
and Tapper, 1994, Lanx ct al,, 2007; Ulbrich et al., 2009)
wa3 conducted on unit mass-resolution (UMR) spectra and
on the combined high mass resolution (HR, far sefz= [0Q)
and TIMR {#/2= 1007 OA spectra as has been done previ-
ously (Drocherty et al, 2008}, Results from both nnalyses
were similar, but the HR data showed improved separation,
as cxpeeted given the inereased differenliation of HR spec-
tra for the different sources (Ulbrich ot al,, 2009}, There-
fore, only results of the PMF analysis inchuding HR data are
presented here. The identification of OA components from
the AMSE dala provides high time resolution datg and diurnat
eycles not nossible with source appoclionment methods that
raquire off-line analysis of itters.

2.3 Co-located measurements used In this study

Additional measurements were collectad at TO and are used
in this analysis. A Scanning Mobility Particle Sizer (SMPS,
Whang end Flagan, 1989} measured number distribunions be-
tween 15 and 436nm in diameter, Apparent volume dis-
lributions were calculated while assurming sphericity, which
could lead to an overestimation of the actual volume in the
presence of fracial particles from combustion processes {Do-
Carlo ef al, 2004). Black carbon (BCY absoiplion mes-
surcments werg made with an asthalometer {Marley et al.,
2009, Hourly PRy, FM2s and Py mass concentrations
were acquired with an opticul paticle counter {OPC)laser
spectromeler (Grimm} corrected by gravimetrie measurc-
ments (Queral ct al., 2008). Additional oplical measure-
ments, meluding light seattering and absorption, wers made
with r nephelometer (Marley ct al, 2009 at 530 nm (scat-
tering al 450 nm, 550 nm, 700nm and absorplion al 670 nm
shown in Supp. Tnfo.: hupyfwww.atmos-chem- phys net/9/
6633/2009%cp-9- 0633 -2009-supplement.pdf) and a plhotos-
coustic speclrometer (PAS) tin- light absorption and eecip-
rocal nephelometer light scattering measurements at 532 nm
{Paredes-Mirandn et al.,, 2009). Two sets of filters and im-
pactor samples were collected and analyzed:; (13 elementsl
concenttations with 6-h time reselution using proton-induced
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X-ray smission (PTXE; (Johnson el al., 2006, 2008); (2) ar-
ganic molecular imarkers using pas-chromatography mass-
specitometry (GC-MS) from PMa s filter samples at 24-h
cesolulion (Stonc ct al., 2008). The chemical mess balance
of organic molecular matkers {CMB-OWMY identified and
quantified by GC-MS waz applied to determine the contri-
butions of various sources 1o OC (Stone et al,, 2008). For
comparison with the PMF-AMS results, OC was converled
tar OM using previously published OMOC values for the dit-
ferent eourcea (Turpin and Lim, 2001; Aiken et al., 2008].
Gas-phease measuremenis include Ny, Qs, and aromat-
fes by Differential Optical Absorption Spectroscopy (DOAS,
Volkamer ct al, T998, 2005), and acetonitrile from two
proton-transfer reaction mass spectrometers {PFTR-MS, Zhao
and Zhang, 2004; Knighton et al, 2007; Fortner et al,
2009). OO was oblained from the Mexico City ambient
air monituring network (RAMA, Red Automatica de Mon-
ieneo Atmosferico, httpsffwwiw.sma. df gobamx/simatthome_
baze.php) station at IMP 8t one mimwe dime resolution
mind compared well with infermillent data acquived by bwo
other groups, . Blake (UC-Trvine, personal communica-
ticn, 2008) and M, Dubey (LANL; personal communicalion,
2003). Meteorological data, including temperaturc, relative
humidity, precipitation, wind speed and divection, pressure,
and precipilation were collected by Marley et al, {20097,

3 Raesults

AI Tatal submicean uerpsol — mass concentratons,
time serics, and size distrlbutlons

First, we compare the sum of the chemically-speciated mass
concentrations with co-located total fine PM instrumentation
to establish the consisteney of the different mensurements al
T0. The non-efractory (WR) species measurcd by the AMS
are summed with soil and metals from PIXE, and BC from
the aethalometer lo include the refractory species not mea-
sured by the AMS (“AMS+Refiactory™ due 1o their neg-
ligitle vapor pressure at 600°C (Canagaraina ot al., 20071,
Boil mass i5 estimated from (he PIXE measutements by the
method of Malm ci al. {Malm ot al,, 1994; Salcedo et al.,
2006). Metal concentrations in fine PM arc cstimated us-
ing averspged chemical compositions reported by Moffet et
al, (2008b) for those with high concentrations (from highest
to lowest cation concerdration; Zn: ZnCly, ZnfN(1); and
Zn0; Ph: PClz and FH{N0:Yz; Na: NaCl and NaNOs; POy)
and the average soil factor for the metals with very small
concentrations (Cu, Cr, He, Mg, Mn, Ni, Sn, V, and W1
PIXE data are sumnimed for stages B and C (0.07-1.15 o)
of the DRUM impactor used to collest these samples, in-
cluding some particles beyond the PMy cut. Similarly, the
BC concentrations are approximately PMa g {(Marley <t al,,
20097, resulling in an upper iimit for their mass contobu-
tion as all othor measyrements are ~PM;. The total fine
PM measurements used for comparison include the Grimm

warwatmos-chem-phya.net/6633/2009/
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OPC MM, the mass eslimated from the SMD'S data, and the
light scattering at 332 nm from the PAS and 330 nm from the
neplielomeler, Note that none of these meagurements is a tryg
P mass measurcment, The Grimm instrumenl is bared on
an vplical particle countet, which docs not detect particles
beline ~30mm in diameter nor use an aerodynamic size
cut curve. It attempts ko account for these effects by uaing
correclions from gravimetric measurements. The apparent
volume calealated from the SMPS number distributions is
canverted to mass (assuming sphericity) with a composition-
dependent density estimated from the AMS+refractory mea-
suremenls (Fig. 3-2:  hitp:fwwwatinos-chem-phys. net9/
8833/2009%2cp-9-6633-2009-supplemcnt.pdf) and only in-
cvludes particles from 15-436nm 4, (mobiiity diameter).
Figure 5-3 shows the lime series, divmeal cyeles, and scat-
ter plats of the different measwemenis. The differcnt mea-
surements arc highly correlated and have similar divmal ¢y-
cles. The SMPS peaks a few hours carlicr in the day, possi-
bly due to an overestimation of the yvolume from fractal 2oot
particles in the rush hour and to pacticle growth in the af-
ternoon incrcasing the fraction of the mass beyond its size
range. The OPC TM; data have a slightly tater peak than the
pther measurements, likely duc to a similar effeet of parti-
cle growth increasing the fraction of particles abowe its min-
imum size range. Tn Fig, 8-3, we show that the AMS CE
of 0.5 estimated from the measured composition results in
comsistent comparisons with all ether ~PM| measurements.
The largest discrepancy is with the SMPS and is mos! likcly
due o the lower sizc cut of that instument, as s mentioned
above. Figurc 8-4 shows the compatisun of the measured
gize distributions from the AMS and SMP5. To explore the
possible canses of the observed differences, different CEx
woere applisd sequentially for cach orpanic PMF-AMS com-
ponent and alse the inorganic components. There was not
& clear improvement in the comparison wilh the other co-
located ~PM| measurements {or the varions perhobations
of CE. The sum of speciated {AMS | Refractory) fine PM s
similar i the OPC PM, cstimate and higher than the SMPS
estitnaies. The difference between both PM | datasets and the
SMPS is likely due to the differences in the size cuts. Some
of the scatter may also be doc to the use of 6-h averages for
the dust {p..a. soil) and metal concentrations For the speci-
ated fine PM. Overall, this level of agreement is typical for
previcus studics (Takegawa et al., 2005; Zhang et al., 2005b;
DeCarla ct al., 2008; Dunlea ¢l al., 2008), and we conclade
that the AMS and the otker instruments discussed performed
well during MILAGRO, Table 5-1 and Fig. 5-3{h} show the
£2 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 seatter, with slightly
less when eomparing two optical measurcments, as would
be expecicd, This comparison indicates that the limitations
in accuracy and preeision cvidenced by these cotnparisans
are distributed among the diffzrent instruments and not dom-
inated by the AMS,

wanw.atmes-chem-phys oot/ 0663372006/

Figure | shows the time serics of (he different species,
while Fig, 2 includes the averuge mess fractions, size dis-
tributions, and diurnal cycles of the different species. On
average, the non-refractory species quantified with the AMS
aceount for 80% of the fine PM mass, while the refractory
specics account for 20%. Figure La and f shows the dom-
imance of OA doving the majority of the campaign, consis-
tent with previous studics (Chow et al., 2002; Salcedo et al,,
2006, DeCatlo et al,, 2008). Most species have a clear dior-
nal cycle {Fig. 2d), with the exception of soil and a weak cy-
cle for sulfiete. The divrnal cyele of sulanicron niteate is con-
trolled by HMNOy production from OH+NO3, gas-1o-parlicle
partilioning Le form armonbum niteate with abondant pas-
phisc NH;, reaction of ITNO 3 wilh dust, and HNG; dry de-
position, which have been discussed in detail before for Mex-
ico City {Seleedo el al., 2004; DeCarlo et gl., 2008; Ilennigan
et al., 2008; Queral ot al., 2008; Zheng et al., 200%; Fuun-
tonkis ¢l al,, 2009}, The submicron nitrate incrcascs during
the latter part of the campaign, consistent with the decreased
concentration of supetmicron dust (Querol et al., 2008) due
to precipitation during this period (Fast et al., 2007, rcsult-
ing in reduced irreversible reactions off HNOs with dost o
fom supennicron nitrates (Querel ct al,, 2008; Zheng et al,,
2008; Fountoukis et al., 20093, Figure 5-5 shows the in-
creased precipitalion and decreased coarse PM during this
latter period that coincides with increased nitrate. Addition-
ally, the slightly lower temperature and increased RH during
tis period may aiso favor the partitioning of HNOy to fine
aetosols, but arc insufficient to explain the abserved change,

Sulfate is present in a similar (raction to nitrafe, yet with
a tnuch weaker diumal cycle and a larser background, con-
sistent with the non-volatile character of sulfate and the more
regional character of this speeics in Mexico City and the Cen-
tral Mexican Flateau (Salcedo et al., 2006; DeCarlo ot al.,
2008; Huffman ct al., 2009}, The ammenium concentration
follvws those of nitrate and sulfalc, ax cxpectsd for nearly
fully neutralized acids as described in previous studies (Sul-
cedo et al., 2008; DeCarlo et al., 2008), Note that the pH of
these acrosols when they are liquid will still be well below 7
{San Martini et al,, 2006; Zhang ct ai,, 2007k), The ammo-
nium balanee (Fig, 8-6) determined from the high resalution
fons is consistenl with noutralized aerosols within the accu-
racy of this determination. It also shows a elear reduction {n
the scatter due to the reduction in NH} measurement noise,
mainly dug to the use ol'a ToF-AMS, compared to Fig. 10 of
Salcedo et al. (2008) which used the ineerference-subiracted
UMK ions frem a quadrupole-AMS. The reduction in noize
duc to the use of the directly-mcasured HR WHY ions instead
of the estimation ol the same ions witls the fragmentation ta-
ble {Allan ¢t ul., 2004} is minor In this casc, although it may
b morc impotant at lower NH;" concentrations, In terms ol
the prganic nitrates (ON3), 2l present we are only able o siate
that their contribution to otal nitrate and 1otal OA ix minor
based on the ammonium balance. If the AMS nitrate signal
was domingted by ONs here would be g lmge “aminonium
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deficit” and large scatter when the ammonium balance anal-
vais i5 performed assuming that all of the AMS nitrate signal
is ammonium nitrate. Neither effect is observed in Fig. 8-5,
which indicales that ammoniwm nitrate is the dowminant forin
of nitrate in Mexico City, consistent with the aircraft meu-
surements (DeCarlo et al., 2008}, PTLS measurements at Tl
(Hennigan et al., 2008), and previous studies (Salcedo et al.,
20086). This iz also consislent with Gilardeni et al. {2009),
who reporl Lhe contribution of ONs and organosulfales 1o be
stnall based on FTIR measurements on MILAGRD samples
at several sites. In Mexica City ONs should make a similar
Iraclional contribution 1o submicron OA {when the mass of
all OA molecnles that have a nitmte group is summed) than
to submicron nitrate. For example, i 5% of the nitrate signal
was due to ONs and we assume a MW of 250 am for these
apecies, the contribution of ONs to OA mass would be 4%,
Addilional laboratory calibrations in the HR-ToF-AMS wilh
organonitrate standards are necded hofore a detailed assoss-
meit of their contribution to ambient OA can be performed.
Our greup and several othar groups in the AMS community
arc aclive in thal arca (Fammer ol al., 2008).

Chloride ix a very small {~1%5) fraction of the fine M
observed at TO, as it was during MCMA-2003, but does not
shew the very numerous and large {up to 40 ggam™") late
night/early morning spikes of MI1sCl observed during that
campaign [Saleedo ol al, 2008). Theonal denoder analy-
sis {Huffman ct ab., 20094} sugpcsts that approximately two-
thirds of the AMS chloride is due to NH4Cl or species of
similarly high volatility, while the rest may be due to more
refractory species such as PhCla, which were identified with
the ATOFMS (Moffcl ot al., 2008H). BC represcnts a signif-
icant fractign, 12% on average, of the asrosol and has a time
series indicative of the interaction between primary emis-
gions that peak during the moming rallic hovrs {~06:00-
08:00 a.m. LST) and the boondary layer dilution peaking in
the afternoon, as has heen reported previously for the arca
{Salceds ef al,, 2006 Marley et al., 2009). The soil fraction,
5%, is similar to that determined during MCMA-2003 and
ey be dus o both urban sourecs, e.x dosl re-suspension
by vehicles, snd nen-urban sources. The metal congeniration
represents g small fraction of the fine M mass with an av-
erage of 3%. The range in species fractional compoaition of
the fine PM doces not show major deviations from the averape
compasition shown in Fig, 2a, (Fig. S-7 shows histegrams
of the mass concentrations and the percent of the P mass
contritutions for all species mentioned from the sampling pe-
riod.} OA mnges from 20-80% of the fine PM mass with the
WR inarganic spegics commprising 5-50% of the PR mass and
BC rarely exceeding 3% of the fine PM.

The campaign-average mass concentrations and fraciional
composition are compared with thoss Irom two provious
campaigns [Chow ct al,, 2002; Saleedo ot al,, 2004) and gir-
craft data alaft over Mexico City during several afternoons
during MILAGRD (DeCarlo et al., 2008) in Fig. §5-8. {The
locations of the three pround sikes within the hasin can be
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seen in Fig. 8-1). All groond campaigns have similar fine PM
mass coneenfralions and species fraclions across the time-
frame of the campaigns, 19972006, The data from 1997
have ~~153% more mass than the Iater studies, a larger refrac-
lory fraction, and a slightly lower OA {raction. The MCMA-
2003 data have both the larpest OA mass concenlration atd
fraction, likely duc to the large impact of BB cmissions from
the Yucatan during the latter part of that campaign {Salceda
el al., 2006, Molina et al., 2007), However, it is not clear
that any intcrannual frends can be derived from these com-
parisons due to the different locations and timcs of the mca-
surements in addition to the short duration of all the cam-
paigna. The aireralt data have less non-refractory mass (19
vs, 25 ppgam— under TO conditions} than measurements on
the ground. The organic concentration measurcd by the air-
craft in the aftemoons is only 23 of that observed on the
ground az a 24-h average. The nitrate fraction is larger in the
aircraft than at TO, hkely because the flights were in the al-
temoon when nitrate is also higher at the ground compared to
the 24-h average (Fig. 2) and also likely due to increased par-
litioning due to the lower emperatares and higher humidities
alofl {Neuman ed al., 2003; Morino et al., 2006). Specias di-
ymal ¢yeles from MILAGRO arc compared with thoxe from
MCMA-2003 in Fig. 5.9 and are overall similar. Averape
AMS mass spectra from the entire MCHA-2003 and 2006
campaigns (Fig. 59} are also simdlar.

Species size distributions are shown in Fig. 2b, The BC
size distribution was estimated from the signal at w57
{cotrected for the OOA signal fraction) and then normal-
iwed 1 the BC masa (Zhang el al., 2005¢; Cubison st al.,
2008a). The distributions peak at 300400 nm (gy, ), and be-
low 100 nm they are overwhelmingly dominated by OA and
B, presumably due to combustion emissions (Slowik et al.,
2004). Thesze distributions and masa fractions are very simi-
lar to the MOMA-2003 resulls (Saleedo ot ol 2006) (Fig. 5-
L. Figure S-4 shows a comparison of the size distribution
from the speciated measwrements with that from the SMPS.
The increased mase detected by the AMS under 200 nm oy,
1% likely due 10 different sizing of fractal particles belween
the two mstruments [(DeCarlo et al,, 2004; Slowik =t al.,
20043,

3.2 Tovostigating OA componentsfsources with Posidve
Matrix Factorication (PMF)

Four OA components were identified from AMS spectrs
wiing PMF: chemically-redueed urban primary cmissions
(hydrocathon-like OA, HOA}, oxygenated OA (OOA, mostly
a surogate for secondary OA or SOA), biomass burning OA
(HB0A), and a local primary nittogen-conlaining source {lo-
cal OA or LOA) with a hydrocarbon-like backbone and an
atomic nitrpgen-ko-carbon tatio four times higher than for
the other factors {(NAC~0.06). TFigure 8-12 includes PME
diapnostic plois {Ulbrich e al., 2009). Io this xcction we
describe gach component, identify tracer ions, and compare
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the component mass specira (MS) and ambient ratics with
components from previous campaigns and the comnponent
lime scrics with fracer species frotn co-localed measurc-
mcnts,

321 [Hdentification of PMF components using MS
prafiles and comparison with tracer time series

PMF components are identified by their MS signatures and
the correlation of their lime scrics with tracers, and then con-
fitmed with additional information such as diurpal cycles
and rabios to racers (Zhang et al, 2005¢; Ulbrich ct al,,
2009}, T'igure 3 shows the mass spectral (M3} profiles of
the four components identified by PMFE for the entire cam-
paign, which are similar to those reported in several previous
studics {c,p. Zhang et al., 2005¢; Lanz e al, 2007; Nemitz
et al,, 2008; Likrich et al., 2009}, Figores 4 and 5 compare
the time series ol the mass concentrations of the four OA
componenis with co-locatcd measurements, while the lime
serics and fractional mass compoaition of the four PMF fac-
tors are shown in Fig. 5-13. The clemental compositions
of these components are similar to those reported previously
{Atken et al., 2008). The average contribution of each PMFE-
AMSE corponent to the mass from each element in the OA
(C,H,0.N) is shown in Fig. 6. On average, 61% of the QA
mass 18 from carbon, 29% from oxygen, 3% from hydrogen,
and 1% from nitcogen. OF the onganic oxygen, 2/3 of it s
found within the ODA component, while 173 of the organic
niteogen is within the LOA component. Compared with a
PWF salution using only the UMR speciry, the ingreased in-
formation from the HR ions allows for a more direct sep-
aration of the components, cspecially of TIOA and BBOA,
as BBOA has some hydrocarbon-like strueture in its MR
WS profile. The differences in the mass spectral signatures
of HOA and BBOA are enhanced in high-resolution in com-
parizon to unil masy resolution singe BROA hns an increased
oxygen-conlent (Aiken et al., 2008), as shown in Fig. 3 and
with 3 scatter plot of the MS profiles in Fig. §-14, (R?=0,38
in TR, 0.64 in IR,

The HOA mass speclrom is similar to that determined in
Pittsburgh (Zhang ot al., 20054, ¢}, as compared in Fig, 5-
15, s OX 15 .16£0.05, which iz higher than the val-
ues of 0.03-000 determined for molor vehicle exhaust and
mare similar to the 0.11-0.14 determined for meat cook-
ing nerosols and 0.08 for plastic burning, all of which have
hydracarbon-like mass spectra in UMR (Mohr et al,, 2003),
This may indicate that the HOA identified here containg some
mass from olher combustion-related urban sources such as
food cooking and trash buming, and possibly alse some
lightly oxidized SOA formed from ¢z large alkanes (Kol
ct al., 2007}, Also, it is possible that the HOA still contains
some residual BBOA Lhat is not completely separated even
it the HR analysis. An upper limit for this ellect is that up to
15% of the HOA during the high fire periods may srise from
BB sources (Aiken el al., 2009}, with this interference being
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riceligiple during the low fire periods as is discussed in more
detail in the companion paper. The FOA mass concentra-
tion shows a high correlation in titne with BC (R?=0.65) and
CO(g) (R¥=0.57}, which is consistent with the identification
of HOA as being dominated by primary combustion sources
and consistent with analyses from previous campaigns (c.g
Zhang et nl., 2003c; Volkamer et al., 20068). Lastly, the av-
erage ratio of HOA/BC is similar to previous US campaigns,
whiie the ratio of HOAAO(R) iz somewhat higher.

The OOA mass spectrum 15 also similar to what was found
in Bittsburgh (Zhang et al., 20058, ¢}, compated in Fig, 8-16.
A recent study showed thal the AMS mass spectra of sev-
eral primary sources (meat-conking, trash-burning, and vehi-
cle emissions; Mohr et al., 2009) were very different from
that of QA and more similar to TIOA (and w0 BBOA in
the case of paper burning). O0A has been sssocigted with
S04 in muhiple previows studics (Zhang ef al, 20058, ¢
Takegawa ct al, 2006; Volkamer ef al., 2006; Kondo ed al,,
2007, Herndon et al., 2008) and S0A is tormed very effi-
ciently from urban emiszions in Mexico City {Volkamer et
al.,, 2008; Kleinman ct al., 2008; de Gouw et al., 2009),
Thetefore, the time scries of O0A is compared with thoss of
two recondary fracers, submicron particulate nitrate and Oy
(NOQ2(z1+Os021). O has been shirwn 10 comrelate with S0A
production in Mexieo City (Vollkamer ct al., 2006} and else-
where (Zhang el al., 2005e), but Oy is a beter tracer of photo-
chemical oxidant production because it eliminates the effeet
of the titration of Oy by frash WO(g) emissivns (Homdon et
al., 2008). Particulate nitrale is formed due to photochem-
istry starting &l sunrisc and partially evaporates in the afier-
noons (Saleedo ot al,, 2006; Hennigan et al., 2008; Zheng ct
al., 20083, The correlation of OOA with particulate nitrate
(R2—0.71, Fig. 5¢) is slightly better than with Oy { R2=0.53,
Fig. 5d}, vet both show vory sionilar temporal changes with
DOA in the time series comparison (Fig. db). This comrcla-
ticn is especially clear during periods with low background
concentrations, such as 24 March which follows a cold surge
event that brovght clean aiv to the Mexico City area, similar
1o a casc stody from MCMA-2003 which has been studicd
in sume detail {Yolkamer et al., 2006, 2007; Decpina ot al.,
2009, The observed ratio of O0A/O, 1= similar to fat deter-
mined by Herndon ¢l al. {2008) at the T'ico Tres Padres site
above Mexico Cily for periods dominated by SGA prodoc-
lion for less-apod airmasses, consistent with the relative loca-
tinns of the two sites {Fig. 3d). All of these picoes of svidence
strongly suggest that DOA 1= dominated by SOA. A fraction
of the background QQA, of the order of 1-15 pgam— is duc
tu regional bicgenic S04 lormed over the coastal ranges and
advected over the Cenlral Mexican Plateau, according to both
3-D modeling and tracer-derived estimates (Hodeic ct al,
2009). Some of the S0A may be formed from BB cmnissions
{Grigshap st al, 2009}, although field studies report a wide
variation of the relalive importance of net BB SOA formarion
trom negligible to comparable to the BB POA (Capes ct al,
2008; Cubison et al., 2008b; Yokelson ¢l al., 2009}, For this

v atmos-chem-phys. net™/6633/2009/
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dataset, severn] pieces of evidence such as the low Tevels of
the BB wracer acetonitrile during fhe afternoons when O0A
is highest (Fig. 10}, and a lack of change of QOA levels be-
tween high and low lire periods (Aiken of al., 2009 suggests
that the contribution of 804 arizsing from BB cmissions to
total DOA al TG is not major, with the exception of one pe-
riod deseribed below., This may be due to the fact that the
highcr BBOA impacts are observed in Lhe eatly moming (sco
below), olten from plumes emitted from fires burning during
the evening atul right, and for which photochemistry has not
yot acted on the emissions (Aiken et al., 2000},

Atmos. Chem. Fhys., 9, 66336653, 2000

The background lewel of OOA at night averages
4.6 pug am— duting the cempaign {defined as the average
frem 03:0{p.m.—04:008.m.}, part of which iz likely due
to some carryover {rom the previous day, which would
be expecied (o be higher for QDA than particulate nitrate
duc to the mouch lower volatility of OOA, resulting in less
evaporation {Huffman et al., 2009a). Some of the back-
ground QO0A is also likely due 10 regional mare aped acrosol
from pellinion, biomass bumning, and bingenic SOA sources,
Thiz ODA buckpround docs not show major variation across
periods of higher and lower BBOA impact (Athen ol al,,
2009). One exception occurs ducing the nightls of 20 and 21
March, which follows a period of intense fire impact and has
& higher OOA concenfration, probably due to S04 formed
ftotn BB cmissions. Further evidence of this S0A is de-
seribed m the paper by Stone et al. (2008) where clovated
pinonic acid and maximum OC fraclions from SOA sources
were [ound in the samples collected during the night of 21
March and the following day. Pinonic acid has been identi-
fied in the SCA produced from the phatochemical oxidation
of te-pinene in chamber studies {Yu et al,, 1999), g-pinene is
emitled during pine buming (Grisshop et al., 2009}, and the
corrclations in Stone et al. {2008) support the hypothesis that
the mereased OOA during this period is due lo SOA frrmed
from biomass burning cmissions,

The BBOA mass spectrum, which is well constrained due
to perinds of large BB impact at TO, iz similar 1o a source
spectrum from a eombination of smoldering and flaming pine
burning OA (Aiken ct al., 2008) as shown in Fig. 7. It is
also very similar to the spectrum of paper burning (Mohr
al., 2009) and to spectra fromn eeluge butning sampled at a
rural site near Mexico City during MCMA-2003 (not shown,
T. Onasch, personal communication, 2009), The BBOA time
scrics is eompared with levoglucosan measuretments from

wwny, abnes-chem-phys et 96633/ 2000/
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GC-MB analysis (Figs, 4¢ and e, Stone et al., 2008). BBOA
was averaged onta the filter timescales resulting in an &2
of 0.73. The slope of the regression indicates that fevoglu-
cosan is prezent al 6.1% of the BBOA mass detected by the
PMF-AMS, which falls within the range of previous studies.
Sullivan et al. (2008} reports an average mass percentage af
T.0(:1-3.8)% for [evoplucosanOC {ram different biomasses,
equivalent o ~4.4{+2.41% of the OM, using a conversion
valee of 1AOMIOC, which encompasses the value deter-
mined here.

waw. almos-chem-phys net/3/663 32000/

Additionally, the AMS signal a1l UME mz 60 has been uyed
previovsly as a tracer for BBOA {c.g, AHama ot al, 2007)
and can b wsed to derive a levoglucosan-squivalent con-
centration from AMS measurements. First, s/z 60 is alimost
completely CgI-Ia,D'z", as shown in Fig. Bd, consisient with a
recent AMS analysiz of moliiple POA sources (Mol ot al,,
2009), and is formed at ~13% of the total signal for ley-
eglucosan standards in the AMS (Aiken et al., 2007} Tt has
been shown to be a clerr marker lon for DBOA that is el-
evated during periods of high smoke impact (Alfarm ot al,,
2007) and persists despile some redoction with aging in BB
Plumes measured thousands of km away from the fire lo.
cations {Cubison et al,, 2008b). This ion iz also produced
in smeller amountz from some other sowrces (such a8 car-
boxylic acids from S04 formation and alsg meat conking,
Mohr et al., 200%), and urhan arcas Lypically have g level of
itz GO/OA of ~0.3% in the absence of biomass burning im-
pects (DeCarle et al., 2008; Docherty 2t al., 2008; Ulbrich
gl al., 2009, We refer o the xignal at m/Z G0 after sub-
traction of 0.3% of the OA as “cxcess m/g a0, and define
the “levoglucosan-equivalent” (“levog.-eq.”) concentration
as the concentration of levoglucosan thatl waould be needed to
produce the obaerved level of sxcess s/ 60, Figore 9 shows
the comparison of levoglucosan from filler-GCMSE measure-
ments (Stone et al, 2008) with the AMS levog.-eq. mass
concentrations, The two quantities have an ®? corrclation
of 0.749, with the levop.-eq. mass being ~3.2 times that of
levaplucasan, Sullivan et al. (2008) [dentified other carbohy-
drate anhydrides similar to levoglucosan such oz mannoszan
and galactosan in woodsmoke WSO for multiple fucl bpes,
Although AMS mags speclra of these species are not avail-
able 16 out knowledge, it is cxpected that such species also
praduce 280 in the AMS as they do in other eleciron ion-
ization instruments, resulting in an “excess m& 60" signal,
Therefore, “excess sz 60” in he AMS i= still 3 good primary
BBOA tracer, but represents a mass that exceeds that of lev-
oglicosan alene. The regression between the AMS levog.-
eq. mass and BBOA has a R? of .93 with a ratio of 0.24
Fot levog.-cy, mass/BBOA mass, which could potentially be
uscd to approximate BBOA in the absence of PMF-AMS.

Atmas. Chem, Phys., 9, 6633-6633, 2009
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Figure 4d shows the time series of the LOA mass con-
centration along with two nittogen-conlaining tons (CyFTgNT
al m/z58 and CsHygN*t al w2 86), which are often large
peaks in aliphatic aminc speetra (McLafferty and Turceck,
1993, showing that their spiky signals are correlated in time,
The highly variable tinte series (Fig. 4d) and a diurnal cy-
ele enbanced in the morning (Fig. 10b) strongly suggesl a
primary origin for this svurcg, Purther support is provided
by the lower avlocurrclation values for LOA feompared to
other compancnts: PMF-AMS factors, AMS inorganics, gos-
phase sperics) shown in Fig. 8-17, which indicates a smaller
spatisltemporal extent for this acrosol,  Additionally, lhe
LA, Hme series correlatcs with the co-located ATOFMS
nitrogen-containing organic carbon (NOC) particle brpe that
was “hypothesized to be amines from local industrinl emis-
sions based on the time scries profile and back trajectary
analysis” {(Moflet el al., 2008z}, Beyond the unusually high
nitrogen fraction for the TOA component, of note are the
high signals at m/z’s 91 (C7HTY 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 (e QA (~20%) un the night of 23 March and the carly
moming of 24 March {Fig. 5-132) when the ATOFMS PbZn
number eount is high and is low during the weekend period
of 26 March, where the ATOFMS also reports low concentra-
lion of these industrial particles, The source of LOA may or
may not be the same az the PbZn sourse identified by the
ATOFMS, and their correlation may reflect instead indus-
trial emiszions from the samc localized aren. Note (hat the
LOA thne series docs not comrelate with AMS NE chloride
(R2=0.04).

The average mass [raction of the PMF DA compuonents
is shown in ¥ig. 10, which is alinost hall f46%) OOA and
a third {29%) HOA. The diurnal profiles in Fig. 10b point (o
the formation of DOASOA duc to photochemistry beginning
as carly as 07:0008:00 a.m. and peaking from 09:00a.m.--
03:00pm. at ~12.7 pgam™, HOA shows a peak in the
morning censistent with the rush hour and the effects of the
low boundary layer height in the moming, BROA and ace-
tonitrile have similar dinmal profiles (Fig. 10c} which ate

Atmos, Chem, Phys., 9, 66336653, 2009
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similat to the vush hour profile but with an earfier start, as
was also observed at the T1 site for CHaCN {de Gouw ol
al., 2009). There ia a sccond weaker peak in the BBOA
diumnal cycle {reaching 2.3 pgam= at 06:00 p.m.} in the
afternoon W carly evening that follows the aftermoon peak
in fire counts from 02:00-09:00p.m. as detected by the
GUES satellite (hiype/fweny. goes noan.gov!) using FLAMBE
(hitpfwwenrimry.navy.millambe/index html), also shown
in Fig. 10c. Figure 10d shows the diumal cyele for the four
components as 8 fraction of the total OA, indicating that the
HOA mass is ~35% during the night and begins to rise at
4a.m. until 08:00am.,, when it reaches its fractional peak
at 52% of the OA, The O0A mass ix = 70% of the OA (rom
11:00a.m. to 03:00 p.m., when 5OA production would be gx-
pected to penk and when acetonitrils is lowest. BBOA com-
prises 16% of OA (diurnal range: 8%—23%) an average.

wwnwy, abmos-ghen-phys. net/ 663 372000/
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3.2.2 High resolution ion signals — orpante and
inorgamic

The increased mass speoteal information contenl oblained
with the HR-ToF-AMS nllows [or improved scparation of
OA lactors with PMF and increased chemical information of
the total and factor DA, ez, atomic ratios (Aiken et al., 2007,
2008} and ion families (Fig. 3}, due 1o the increased mass
resolving power {DeCarla ol al, 2006). Sincc this is one
of the first reports of urban asrosol analysis using the HR-
TuF-AMS, the contributions of different ions to some kay
miz's of the AMS (which are often used as tracees in AMS
shidies) nre shown in Fig. § {or periods during the campaign
when the OA was dominated by onc of the three main PMF
sources: HOA (which was 62% of the OA during the se-
leeted high-HOA, period), OOA (37% during the high-004
period}, BROA (52% during (he high-BEOA peripd), Sig-
nals are in arbitrary units, but a1l have been scaled to the same
air signal at m/z 28 ['Ni" =100, height). Similar data has been
presented previously for aireraft measuraments and sooree
profiles {Dunfea el al., 2008; Mohr et al., 2009) and finther
inforimalion on characteristic ions and their contributions to
different OA types {= discussed by Maobr et al. (2009 and
Huffman et al. (200%a) (Fig. 5-1% includes all m/2’s from
10 100 dwing the same periods as a reference for this and
fulure studies}  As expecled, reduced ions such as C,qH}"
{mfz 43} and C.;Hgf (/2 57} are highsr during periods dom-
inated by HOA while CzH3Ob {n/z243) and COF (mizdd)
arc higher during QO0A-dominated periods. Both types of
ions, and also especially (}31-1405" (/2 60}, arc high during
BBOA-domineted periods, The BBOA mavker ion at sz 60
ig an unuzual cage in which the UMR sigeal is dominated by &
single HR ion, which would allow the correlations discussad
above (hased on #ez 60) to be conducted for UME data with-
out adding increased uncerlainly. CD‘{ duminates the signal
within w44, mosl markedly during high O0A periods, with
the largest fraction of non-CDi" signel occurring during high
BEBOA poriods, consistent with source observations (Mahr el
al,, 200%). When comparing the main organic jons trom the
factor-dominated perioda (Fig. 8) to the factor mass specten
(Fig. 3) some differcnecs are apparent, such as the high-TIOA
period has an eohanced fraction of CaIlOF (priz 43) due Lo
the presence of 25% O00A during thal period, The main -
organic fragment ions from nitrate and sulfate dominate the
UMR signal at their respective s/’s almoat completely when
they age present (Fig. 8c—h and Fig. 8-18). The rmain cxcep-
tions are the organic ions al mdA 30 {CHOF and CH4NTY
that oceur in beth the HOA and BBOA-dominated periods,
and C:;H;" at m/z 6d during the BBOA-dominaled periods.
Additionally, the chloride iong al sz 35 and 36 dominate
their respective UMR signals, while they do not at s 37
and 38, consistent with the assumptions in the AMS UMR
fragmentation table (Allan et al., 2004).

www.almaos-chem-phys not @663 372 0094
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123 Observed ratiy nf OA to excess gas-phase carbon

monaxide

The to1al OALACT, where ACO is the gas-phase CO mea-
surcment minus a regional boundary layer background of
~ 120 ppk (Hemdon ¢t al., 2008), has been reported duting
multiple campaigns, e.g. {de Gouw el al., 2005, 200%; Klcin-
man el al., 2008; de Gouw and Jimencz, 2009). The ratin
can yield informaticn about the sources and secondary for-
mation of OA in wrban airmesses since POASACO i3 low
for urban emissions {~3 pg sm— ppb-1, Zhang cf al,, 2005:)
and the ratio increases greally wilh 30DA formation, c.p. de
Gouw ct al. (2009, Biomass buming can often lave high
POA/ACO tatios, reaching 200 zg sm™ ppb~! (Knighton et
al., 2007; DeCarlo et al., 2008; Yokelson <t al., 2000), al-
though mid and low ratioz have also been reported for some
biomasses (Sinha ot al., 2004; Knighton ef al., 2007). Thus,
when urban and biomass emissions mix, the interpretation of
OASACO date is very complex. To document the variation
obzerved here and [o allow comparison with other sites and
sludics, Fig. 11 shows OASACO ohserved at TO along with
ratios from previous studies, The TO data are bounded at the
lower end by the low primary emiszions ratic for urban HOA
{Zhang et al., 2005¢, Docherty el al., 2008; this stody}, The
poinig near the HOA/ACO lincs are thus likely dominated
by urban POA cmissions, At the upper end the TO data are
houndad by values observed in both aged urban airmasses
dominated by S0A (Volkamer et al., 2008; de Gouw ct al.,
2009; Kleinman el al., 2008; Dzcpina ct gl,, 2009} and for-
st firc emissionz near Mexico City (Yokelson et al., 2007,
DretCarlo 2t al, 2008). TO is an urban setting and i3 heav-
ily impacted by HOA emigsions, but the dominanl prescnee
of higher OA/ACQO ratios indicates important impacts from
SO0A formation andfor blomass buming sources. However,
since both S0A fonmation and forest fire emissions can pro-
duce the higher OA/ACO ratios, their relative contributions
carnot be separated with the OASACO analysis glone, This
conteasis with the use of the QASACO techinique in areas
where vnly FOA and 30A from whan pollution are thought
to be making 8 major contribution, a3 under those circumn-
stances the S0A contribution can be cstimated with the "C0-
tracer method™ alone, which cstimates POA as the measured
ACO multiplicd by the primary POASACO ratio, and assigns
the rest of the measured OA to SOA (Takegaws ot ul., 2006;
Docherty et al., 2008}, Similarly, the contribution of forest
{irex cannct be relighly estimated in our case with a similar
mcthod, since the mban OAMACO i3 notl well-charaeterized
and varies with photochemical ape due fo B0A finmation,

3.3 Comparison of OA apportionment from PME-AMS
amd CMB-OMM

PMF-AMS and CMB-OMM results have been compared

onece previously, and they produced similar resulis for the
fraction of SOAOA during the summer in Riverside, CA,

Almos, Chem. Phys., 9, 66336653, 2009
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Fig. 11, Scatter plot of AME Orpanie hfass [OA) ve. CO{D) for
the entire campaign at TO, showing the wide variation in this ra-
tio, Slopes derived from the litcrature and from this study ave aiso
shown (zee text), The highest wnd lowest slopes in the literature
are from the stdy of Knighton f 4l {2007) who sampled labora-
tory BBC:A from many dilTerent biomayses, the slopos shown are
the extrentes of their detaset, The BROA x4/ ACO tutio i3 that sam-
pled by Knighton et al. (2007 for a fire datected al the Santa Ana
pernipheral site during MILACGRO.

although, with a less prongunced divmal cycle in CMEB-
OWIM than PMF-AMS {Docherty et al,, 2008}, CMB-OMM
sources are derived as organic cathon inass {OC}, which docs
not include other elements in the organic specics such as O,
H, N, while PMFE-AMS resulis do inchude those elements in
their OA mags. For cumparison, CMB-OMM sources were
catwerted from OC o OA using OM/QC values bazed on
Aiken et al. [2008) (Vegetative Detritua and Woodsmake,
1601 Vehicle, 1.20}, which arc consistent with other meth-
ods and the PMF sources found here. The “Other™ cate-
gory of CWMB-OMM is calculated here as the difference be-
twcen the AMS QA mensurement and the OA apportioned
to primary sources with CMB-OMM to minimize noise in
the compatison, The primary CMB-0MM sources ware ap-
pottioncd from PMa 5 filters, which could produce a small
positive biss in these sources and a nepative onc in the sec-
ondary sources in comparisan to the PMF-AMS components,
ITowever, the mass concentration bebween PRy and P 5 is
small (Fig. 5-5) and has an increased fraction of dust and 4
reduced fraction of OA (Fip. 2e) 2o this biss (s cxpected to
be smali.

A comparison of the daily sverage OA apportionment of
the nwae methods and the average composition from the pe-
riad with overlapping measurements [s shown in Fig, 12a—
b, Figure 12¢-d compares the relative mass fractions for
the ovetlapping sampling period,  Maost of the components
found by belh methods are similar and bave similar magni-
ludes: HOAMNehicle, BEOAWoodsmoke, and ODAher,
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Az diveossed ghove, the PME-AMES 0OO0A is thought ta be
dominated by S0A, while Stone et gl. (20083 associates
the “Other” CMB-OMM component with 8304 based on its
correlation with WR0C al (he near-urban sile during MI-
LAGRO {TI, Fig 5-1), 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 perivd. Qoc difference is that CMB-OMM resolves a
small vegetative detritus source {~2%} while PMF-AMS re-
solves a LOA companent {9%) which appears (o be more ticd
to indusitial ernissions as discussed carlicr. Tt is not sumris-
ing that PMF-AMS cannot rgselve a source which accounts
for omly 2% of the mass based on previous method charac-
terization (Ulbrich et al., 2009 and which, sinee it is hikely
formed by mechanical processes, may be prescol mostly in
the Phdy s-Ph sizc ranpe that the AMS does not sample.
Similarly, CMB-OMM carmot retrieve the local LOA pri-
trary source since a souree profile for it was tot available.
LOA will likely be lumped as “Other” in CMB. [f the aver-
age LOA fiaction (9% is subtracted from the *Other™ CWB-
OMM fraction {38%), we ohirin a better estimate of 30A
fraction from CMB-OMM {40%} which improves [he con-
parison with the PME-AMS O0A (46%).

Figure 12 shows scalier plots between the three main com-
poncnls from cach method, as well as & hybrid plot show-
ing CMB-OMM Other minus PMF-AMS LOA ve. PME-
AMS O0A to account for the likely attribution of LOA a3
“Other” in CMB-OMM. These comparisons show reason-
ablc consistency although with significant scatter on a day-
lo-day basis. The slopes are close bo one in moat cases,
with Woodsmoke BBOA showing a lower slope {with PMF-
AMS=CMB-OMM a3 indicaled by (he rcgression Hng),
yet having the highesl level of corrclation, likely due io
the relatively large dynamic range. The lower estimate of
Woodsmoke O from CWMB-00M may be due 1o the use
of levoglucoszan as a lracer based on source measurements,
gince some depradalion of this tracer is ohserved in ambient
studics {Cubison et al., 20086, The PMF-AMS method con-
ceptually determines the levoglucosan level in BBOA from
the ambient measvrements and thus 15 less prone to such un-
derestitation. The luwest B2 is found for the HOA/Vehicle
POA comparison, which may be due to the lower dynamie
range of thiz source which iz always present in the urban
area and perhaps 1o lhe influence of non-vehicle sources of
ITOA. Addiional possible regsons 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 1o OA, uncertaintizs and noise in
both the tracer measurements and AMS speetra, and imper-
fections in the CMB-OMM and PME-AMS source attribu-
tion algorithms and their application 1o rcal data {a.g. Ul
brich et al.,, 2009). Finally, it is possible that the differ
ent PMF-AMS OA components could have slightly dillerent
relative ionization efficiencics (RIE=), and/or hovnce-related
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Fig, 12, Dwily source apportionment of OA from {a) PME-AMS and (b) CMB-OMM wilh (¢, d} the averape composition of cach, respoe-
tively, {or the overlapping sampling period fram 17-30 March, Note: CMB-OMM OC results converted to OM [Aiken ot ul., 2008).

callection efficlencies { £5) 10 the extent that they are present
in extemally mixed particles, Both of these effects would
lead 10 a positive bias of the chemically-reduced and more
volatile components (HOA, BBOA, LOA) and a negative
bias against O0A (Fimenez el al., 2003; Hoffman et al., 2003,
200%a; Zhang er al., 2005b). We cxperimented with different
E*RIE for the different QA components retrieved by PME,
bul the comparisons with ofher measuremenls {Tablc 3-1 and
Figs. §2, 5-3, and 5-4) were not significantly improved.
Thus, ey variations in the product Fp *RIE for the different
organic specics arc cstimated to be small and not the main
reason for the differences observed in some of (he intercome
parisans, This is consistent with the analysis by Docherty
ctal. {2009} for an AMS dataset in Riverside, CA, who esti-
mate that the biases in OA component quantification due te
the dillerences in Ey*RIE between different PMF-AMS OA
componcnls arc less than 5%, Owerall the agreement he-
tween hoth techniques for auch a complex urban area given
all the rermaining uncerlaintics 15 very cneouraging.

3.4 Comparisons with Mexico City cmisslons inventory

We can use the PMP-AMS OA results to evaluate the 2008
Mexico City emissions inventory (SMA 2006}, Since most
of the PM speeics and components vary slowly in lime
(Fig. 1}, are observed ot consistenl ratios at differant times
during the campaign, and show similar fractions and ratios
to the data from MCMA-2003 from a different location in
the eily, we conclude that our observations al TO arc geoer-
ally representative for Mexico Cily. The 2006 MCMA emis-
sions inventory atiribuiles 62% of the PM- ¢ emissions to mo-
tor vehicles and most of the rest to a variety of area and point
sources, whose activity is not expected Lo be sirongly depen-
dent on the time of the vear. When HOA, T.OA, submicron
goil, metals, and BC maxs concentrations are sumimed dur-
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ing the morning tush hour period {06:00 -08:00 a.amn.), which
is most strongly influenced by direct emissions, we abiain a
PM/ACU ratio of 1.5 pgam™ ppm—! (13 g'ke). The 2006
cmissions imventory hag a pritnary PMa oFACO emission ra-
tio of 3.1 g/kg (equivalent to 2,7 pgam™ ppm='). Since the
CO emissions inventory [s thought to be aceurate (de Foy et
al., 2007}, this implies that the primary PM is undersstimated
by about a factor of [owr in (he 2006 emissions nventory.,
Since several of the species included in this sum urc subnii-
cron ot (such as BC) do not extend to 2.5 um, the calculated
underestitnation of the emission mventory is A lower limit,
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as addifional small amounts of those species in the PM; 10
Tz, ¢ range would increase the mensured-to-inveniory ratio.
This underestimate is consisient wilh the results of Zavala et
al. {2009) for the mobile source cmission inventory, IF we
add in the secondary aeresol production as determined from
the peak in the afternoon by summing the additional G0A,
ammoninmn nitrate and ammonium chloride concentrations
{PM/ACO rativ of 44 jzgam— ppm~" for those species), the
MCWA PM in the afternoon exceeds the amount that would
be predicted with the 2006 emissions inventory by a laclor of
~16. Addilionally, the forest fire source in the 2006 MCMA
emisgions invenlory is small (2% of the primary Php 53 and
ig much smmaller (hy at least an order-ofomagnitude) than our
observations, which iz quantified further in the companion
paper (Afken et al., 2009).

3.5 Rapid cstimatlon of PMF-AMS components from
UMR tracer s

Fhang et al. {20058} provided 4 simple approximation to
eglimate the HOA and O0A concenirations based on the
time serics of UMR sz 44 and 57 {OOA—7.6xmvz 44 and
HOA=12.2x 2 37, when mez 44 and 57 are in units of org.-
eq. pgm=, Zhang ot al., 2005a}. Since this is the first study
it which PME has becn applicd to high-resolution data and
alsw one of the firsts in which BROA has been explicitly iden-
tified in urban mir, it is of interest to update the cstimation
procedme using the results of this amdy. Figure lda— show
scatter plots used to derive relationships to cstimate OO,
BROA, and HOA based on lincar combinations of w44,
57, and 60, which are qualitatively consistent with the re-
sults of Zhang st al. (2005a, b} although the coelficients arc
different in this case. OO0A is eslimaled as proportional to
TIMR mfz 44, with an oifsel likely duc fo ioos other than
COY at this sz {Fig. 14:). BBOA is cstimated as propor-
tional to mdé 60, after subtracting a background of 0.3% of
the OA for this ion, mainly due to S0A (Docherty et al,,
2008) (Fig. 14h). HOA iz estimated a2 proportional 1o the
C4Hi;l' ion at sz 57 (Fig. 14d), which is catimated gs the tg-
tal UMR siznal at s 57 minus 10% of UME m/z 44 (as an
cstimate of the C3Hs O ion at miz 57, Fig. 14c).

Figure 14e compares Lhe time scrics of OO0A, BROA, and
HOA estimated in this way to those derived with the full
PMF analysis of the HR data. It is clear that the racer-based
method with Lhe casthcients determined here 15 capable of
providing a good first-mrder estimate of the OA componenis
based on the UMR data which can be very uzeful during field
studies and enrly analyses before the full {and very time-
consuming) HR and PMF analyscs have been performed.
However, the cosflicients are not known a priori. Due Lo
the difference in the actuel coefficients delermined here vs.
those determined by Zhang et al. {2005a} for Pittsbongh, it is
of great interest 1o ceport the results of this analysis for other
locations in order to establish the range of variation of the
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Fig. 14, Belmionships botween PMF-AMS components and tracer
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v, UMR 260 minus 0.3%*0cz (&) relationship botween the
C3HgOY ion at m/z 57 end UMR miz 44, which is used to correet for
the influence of Q0A in UMR s 57 (3) HOA w5, QDA-corrected
UMR mdz 57, {e) comparison of the time series of the 1IR PMF-
AMS factors (presented in this paper) versus the facters predicted
fromm the VMR, tracer w%"s with the relalionships derived here.

coefficients, as well as dependences on photochemical age,
1ype of FOA and BBOA sourecs, olc,

4 Conclusions

Contimaous ambient aerosol measurements were made dor-
ing MILAGRO at the T supersite within Mexico City
during March 2006. Tntercomparisons confirm that the AMS
perfurmed well at TO, and that the scatter of the AMS ver-
sus other measurements is similar to that amongzt the other
measurements. Refractory species account for 20% of the ay-
erage 33.7 ugam™3 PM; (BC: 12%, metals: 3%, soil: 5%).
The specics mass concentrations, size distributions, and divr-
nal profiles were similar to those measured during MOMA-
2003 at CENICA, with OA seeounting for about half of the
submicron mass (Saleedo ct al, 2006}, TMF-AMS analysis
of the high-rcrolution mass spectra was used to separate
four organic components, which are consistent with previ-
ous studies in Mexice Cily and clsewhere, The assignments
of the four compongnts are supported by their mass spectea,
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time series correlations with teacers, and other cvidenee such
a3 wracer ratios. HOA {primary hydrocarben-like), OOA
{oxygcnated, mostly secondary), BBOA (bicinass burning,
which likely includes both forest fires and some refuse burn-
ing), and a amall local nitrogen-contuining OA (LOA) pri-
miary source wers identified. T.OA likely cotrains amines and
accounts tor 143 of the detected nitrogen in the OA. Primary
emissions and secondary OA formation are bath imporlani
{or this dataset. The impact of biomass burning is signifi-
canl for OA and is highly variable in time, consistent with
other ground-based observations during MILAGRO (Stone
et al., 2008, de Gouw et al., 2009}, The AMS averages and
trends compare well to those from CMB of arpanic moloe-
ular markers, although with significant scatter in the daily
comparizons. The 2006 MOMA emissions inventory is -
derestimated by a factor of ~4 for primary fine PM and lower
than the afternoon concentrations by ~16 whoen sceondary
species are included. Additional sccondary spocigs forma-
lion over longer time scales (e.g. Dizepina et al., 2009) will
likely incrense this ratio. The forast fire PM lrorm the MCRA
inventory is at least an order-ol-magnilude lewer than that cx-
timated from our observations. A simple cstimation method
baged an UMR tracer es’s can provide a first-arder approx-
imation of the PMF cemponents and should be explored for
other locations,

Ackrawlfedpenients. This study was supporled by the following
funding, NASA: fellowship NNOGIMGRDGH (ACA), NGTS-20516
(JAH), NWNGOSGOQSOH (1MUY MNSF: prants  ATM-0528634,
ATM-0449815 (CAREER), ATM-0511769 ¢WPA and GPM),
ATM-0528227 (LTM) and ATM-0511803 (LTM); DOE: grants
DE-FGOZ-03TR6393] and DE-FGO2-0SERG4008 (WrPA and
GIM ) NEOAA: prant NADBDARAI10565; und EPA STAR fellow-
ship RIME3216101-0 [TFD). PIXE anglysis was performed in the
Environments] Malecular Seiences Latoralory, o national scicntifie
uscr Ferility sponspred by OBCER/DOE and localed at Pacific
Northwest Wational Laboeatory, Although this research hes been
pattinlly funded by EPA and NEF, it has not been subject to Apeacy
Review and thus no efficial cndorscmcnt should be inferred. We
are grateful to X, Oueral ot the OPC data. The authors would alse
like to thenk suppart feom and wseful discussions with Aerodyne,
Tofwerk, 1. de Ciouw, and the remaindet of the Jimenez Group.
Finally, we would like to acknowledpe IMP for hosting 1he T Su-
prrsite and the logistical suppott fromm many Mexican govemment
agcncics and institotions which made it passille o carry oub e
MCMA-I006/MILAGRO Campaign.

Edited by 5. Madnonich

Refercnees

Adken, A ., de Foy, T, Wiedinmyer, C., ct al: Mexico City
aerosal analysis during MILAGRC using high resolution acrosol
mass gpectnometry at the urban supersite {TO) — Parl 2; Analy-
sis of the bionass buening contribution andl the modem carbon
fraction, Atmos, Chem, hys, in preporatipn, 2009,

Aiken, A, C., DeCarlo, P F. and Jimenez, J. L.: Blemental Analysis
of Organic Species with Electron lonization [Tigh-Resolotion,

www.atmps-chen-phys.net/8/663 3/ 2000/

649

Mass Spectrometry, Anal, Chem, 7213, 83502358, 2007,

Adken, A, C,, TeCarlo, B F, Kroll, I, H., ¢t gl: O/C wnd
OM/QC Ratios of Primary, SBecondery, and Ambient Or-
panic Aerosols with High-Rezolotion Time-of-Tlight Assosol
Miass Bpectrametry, Enviran. 3ci. Technol., 42(12), 44754455,
doi: 10.102 /22703000, 2008,

Alfarra, d. I, Mrevol, A, 5. H., Szidat, 8., Sandradewi, 1., Weimer,
5., Lanz, V. A, Schreiber, I, Mobr, M., and Baltensperger, U.:
Identification of the mass speciral signature of orpanic aerosols
fromm wood buming cmissions, Environ. Sci. Technol., 41(16),
SPT0-5777, 2007,

Allan, I, D, Telin, & B,, Coe, 11, et al.: Technical note: A& gén-
ernlized method for the extraction of chemically cesolved mass
spectra from aeradyne aerosnl mass spectrometer data, I, Asrpsol
Sci., 3507, 000022, 2004,

Bravo, A. H., Sosa, E. L., Sanchez, A. B, Jaimes, B &, and Samve-
dra, R. M. L: Impact of wildfires an the air quality of Mexico
City, 19921999, Bnviron, Pollut., { 17(2), 243253, 2002,

Canagaratna, &, R, Jayne, 1. T, Iimencz, ). L., ef al: Chemi-
cal and microphysical chavacterzation of ambicnt acrosels with
the aerndyne aerosal mess specteometer, bMass Spectrom. Rev.,
26(2], 185222, 2007,

Capes, (3., Johnsan, B., McFigpans, (5, Willizms, P T, Haywonl,
L, and Coe, H.: Aging of biomass burning aerosals ovet West
Africar  Alreraft measurements of chemical composition, mi-
crophysical propertics, and cmission maties, J. Geophys, Res.-
Atmos,, 113, DOOCIS, doi: 10,1029/2003ID000 245, 2008,

Chow, I, C., Walson, J, G., Edgerton, 5. A., and Yega, E.: Chemical
composition of P25 and PMI10 in Mexieo City during winter
1957, Sci. Total Envivon., ZR7(3), ¥77-201, 2002,

Crounse, J. 3., DeCerlo, P F,, Blake, D. ., Bmmons, 1., K., Cam-
pos, T. L., Apel, E. C,, Clarke, A, I, Weinheimer, A. J., We-
Cabe, D, C., Yokelson, R, J,, Jimenez, J. L., and Wennberg, T
0. Biomasy buming and urban air pollution over the Central
Wexican Platean, Atmos. Chom. Phys., 9, 49294044, 2009,
hitgrManaabimos-cham-phys.nct4929/2 009/,

Cubison, M. L, Ervens, B, Feingold, G, Docherty, K. 5., Ulbrich,
L ¥, Shields, L., Prather, K., Hedng, 5., and Jimsnez, ). L.:
‘The influence of chemical compaosition and mixiog slate of Los
Angeles wrban serosol on CCN number and cloud praperties, Al-
mos, Chem., Phys., 8, 5646-3667, 2008a,
bl ffwwveatmos-chen-phys.net/8f5 649/ 20087,

Cubisan, ™, )., Sueper, D., Dunlea, B. I, et al: Submicron
pamsol composition duting the ARCTAS campaign:  Arctic
Tleze, Bipmass Bumitg, snd Califomia Pollution, Eos Trans.
AGUL B9, 53, Fall Meet, Suppl., Absteact A11A-008 1, 2008k,

de Fow, A, Caetang, T, Maga©a, V. Zilicvaro, A.. Cirdenas, B.,
Retama, A, Ramos, B, Moline, L, T., and Molina, 8, 1. Mexica
City basin wind circulation during the MCMA-2003 ficld cam-
paign, Abmos. Chein. Phys., 5, 22672288, 2005,
hitpzfvww atinos-chem-phys. net!S/2 26720051,

de Foy, B., Clappicr, A., Molina, L. T, and Malina, M. ). Dis-
tingt wind convergence pattems in the Mexica City basin doe to
the interawtion of the gap winds with the synoptic o, Atmos.
Cherm. Plivs.,, 6, 124591265, 2006,
httpeffrawnas atmos-chein-phys. nets 1 2492006/,

de Foy, B., Fast, I T, Pacch, S. I, Phillips, D, Waiters, I. T,
Coulter, R. L., Martin, T, I, Pekanr, M, 5., Shaw, W. 1., Kasten-
dewch, PP, Matley, N, A, Retaima, A, anl Molina, L. T.: Basio-

Afmos. Chem. Phys., 9, 68336653, 2009



Ba50

seale wind trangport during the MILAGRO ficld campaign and
comparison to climatalopy nsing cluster analysis, Atmos, Chem,
[hys., B, 1209-1224, 200k,

httpetaramy, atmos-chiem-phys. net®& 120002008/,

de Foy, B., Lei, W.,, Xavala, M., Volkmner, K., Samuvelsson, 1,
Mellgvist, I., Galle, B., Martlnez, A -1, Grotter, M., Retama, A,
and Mclina, L. T.: Modalling constraints an the emission nven-
tory and on vertical dispersion for COF and 802 in the Mexico
City Metropolitan Area using Solar FTIR and zorith sk OV
speciroseapy, Atmos, Chem, Phys, 7, T81-801, 2007,
hitprinany attmos-chem-phys. et 778 120071,

de Foy, B, Vargla, J. R, Maline, L. T,, and Moling, M, L: Rapid
venrlilation of the Mexico City basin and regional Bie of the ur-
ban plume, Atmos, Chem. Phys., b, 2321--2335, 2006h,
hitpiitarenwatmos-chem-phys neto/2 32120061,

de Foy, B., Zavala, k.., Bei, W., and Malina, L. T.: Evaluation of
WRT mesoscale simulations and particle trajcetery analysis for
the MILAGRED Geld campaipn, Atmos. Chem. Phys., 9, 4419-
G438, 2009, htipsanevy,alm os-chem-phys.net™Sd4 192000,

de Gouw, ). ood Jimenez, ), L. Organic Aerosols in the Matlhs
Atonosphere, Biviron. Sci. Technol., in peess, 2009,

de Gouw, 1. A, Middlebrook, A. M., Warneke, C., et al,; Rudget of
organic carban in a polluted atmosphere: Results from the New
England Alr Quality Study in 2002, I, Geophys, WRes.-Atmwos.,
E10, DLE30S, dot: 10, 102 % 2004000562 3 2005,

deGouw, . A., Welsh-Bon, D, Wamcke, C., Kuster, W, C., Aloxan-
det, L., Taker, A, K., Beyersdorf, A. J., Blake, DL R., Cana-
gacatna, M., Celada, 4, T., Huey, L. G., Junkenmson, W., Cnusch,
T. B, Balcido, A., Sjoseedr, 8. ), Sullivan, &, P, Tanner, T3,
I, Vargas, 0., Weber, 1. I, Warsnop, D. R, Yu, X. Y., and
Zaver, F.: Emission and chemistry of organic catbon in the
gas and acrosol phase at a sub-urban site near hMexico City in
March 200 during fhe MILAGRD study, Atmos, Chem, Phys.,
O, 34253442, 2003,
hitpieraas atmins-chem-phys netf342572009/,

de Foy, B., Cactann, B, Maga's, V., Zitdeunro, A, Cindenas, B.,
Retama, A., Ramos, I, Moling, L, T,, and Woling, M, J.: Mexico
City basin wind circulation doring the MCMA-2003 feld cam-
paign, Atmos. Chem. Ihys,, 5, 2267-228%, 2005,
httpafwvww.atmos-chen-phys. net’s/226772005/,

DeCarlo, I F, Dunlea, E. I, Kimmel, I. K., Atken, A, C., Sueper,
3. Crounss, 1., Wennberg, B O., Emmons, L., Shinozuka, Y.,
Clarke, A., Zhou, J., Toimlingan, ., Collins, 0. R., Knspp, D,
Weinheimer, A. 1, Montaa, [ T, Campoy, T., end Jimencz,
J. L. Fast aithome perosol size end chemistey measurnenls
above Mexico City and Central Mexico duting the MILAGROD
campaign, Atmos, Chem. Mhys., 8, #027.-40458, 200K,
httpoiwenwvatmos-chem-phys. net 84 027/ 20047,

DeCario, B F, Kimmel, . R, Trmbom, A, et al: Field-
deployable, high-resolution, timc-of-Qight aerosol mass spee-
trometer, Anal. Chem., 78(24), 8281-3289, 2006,

DeCatle, PR, Slowik, ). G., ®orsaop, D, R, Davidoyits, B, and
Yimenes, ). L.: Particle morphology and density characterization
by combingd mobility snd aerodynamic dismeter meoasurements,
Fart I: theory, Aemsol Sei. Tech,, 38, [ 1851205, 2004,

Docherty, K. 8., Btone, B, A, Ulbrich, 1, M., ¢ al.; Apporicnment
of primary and secondary organic aerosols in southem California
during the 2005 study of organic aerosols in Riverside (S(3ATR],
Environ, Sci. Technol., 42, 7655--7662, 200%.

Atmos. Chem. Phys., 9, 66336653, 2009

A. C. Alken et al: Fine particle composition and organic source appotionmment

Drewnick, F., Hings, 8. 8., DeCarlo, I, et al.: A now time-of-Aight
acrosul mass spectromeater (TOF-AME) — Instrument dezcnption
and first Geld deployment, Averoso] 3. Tech,, 3907, 637558,
20035,

Dundea, E, 1, NeCarla, P F, Aiken, A, C, Kimmel, . R, Peltiat,
R. E., Webar, . 1, Tomlison, )., Cotling, T3, B, Shinosuks, Y,
MeMaughben, C. 5., Howell, 8, G, Clarke, A, T, Emmons, L.
K., Apel, I C, Mister, . (5, van Donkelpor, A, Martin, .
Y., Millet, 1t B., Heald, C. L., and limenez, J. L.: Evehution of
Asian aerozols during transpacific transport in 1M TEX-B, Atmos.
Chem. Phys. Discuss., 8, 1537515461, 2008,
hitp:fwwwatmos-chem -phys-dizcussnet 3 53752005/,

Dzeping, K., Yolkemer, R. M., Madromiek, 5., Tulet, B, Ulbrich,
L M., Zhang, Q.. Cappa, C, T3, Zigmann, B, ), and Jimenez, ),
L.: Evaluation of recently-proposed secandoey arpanic sernsol
models for o case study in Mexico City, Atmos, Chem. Phys., 9,
368 1-5700, 2009,
httpz/fvarwatmos-chem-phys net QS 62 120001,

Edgerton, 5. A., Bian, X, Dotan, I C., of al.: Parliculate air pol-
lution in Mexieo City; A collaborative rescatch project, T, Adr
Waste Manage., 40010}, 1221-122%, 1999,

Farmer, 13, K., Docherty, K. 8., Cubison, b. 1., Zicmann, P T,
Matsunage, A, and Himenez, T, T, Aerosal gaone nilcate char-
acterization and quantificetion with the TTigh Resolulion-Time of
Flight-Acrosol dMass Specirometer, Fall Meeting Suppl, Abstract
A318-0092, BOS T. Am. Geophys. Un., 2004,

Fast, ). D, de Foy, B, Accvedo Resas, F., Caetano, B., Camichael,
., Bmmons, L., McKenna, D, beona, 8., Skamarock, W,
T, X., Coulter, B, L., Bamard, I. C., Wicdinmycr, C., and
Madmnich, 8. A meteorologicsl overview of the MILAGRG
tigld carmpaigns, Almos, Chem, Phys,, 7, 22332257, 2007,
hitpeiforerwatmos-chem-phys, ned T/22 313/20074,

Fast, I. 13, and Zhong, 8. ¥.: Metecrological Factors associoted with
inhomogencous nzone concettrations within the Mexico City
bagin, 1. Geophys. Res.-Atmnos, 103(1315), 13027--18040, 1008,

Fast, I, Aiken, A, C., Allan, 1., Alexander, L., Campas, T, Cana-
gharatog, M. K., Chapman, E., DcCarlo, B, E,, de Foy, B, Gaffney,
I, d¢ Gouw, )., Doran, 1. C., Emmons, L., Hodzic, A., Hem-
don, 5. C., Husy, G, Javoe, I T, Jimencz, I, L., Kleinman,
L., Kuster, W, Marley, M., Russell, L., Qchos, C., Onasch, T.
B., Pekour, M., Bang, O, Ulbrich, I M., Warneke, C., Welsh-
Bon, 1., Wiedininyer, C., Warsnop, D R, Yo, X,-Y, and Zaveri,
R.: Esmluating simulated primary anthropogenic end biomass
buming crganic asrasols during MILAGRO: implications for as-
seizing trostments of sccondary organic aerosols, Atmaos. Chem.
Phys., 9, §191-6215, 2004,
htlpffwrwattmos-chem-phys e e 191720087,

Fine, P M., Sioutes, C., and Soloman, P A, Secondary particulate
matter in the United Stotes: Insights from the padiculate matier
supetsites program and reloted studies, . Air Waste Manage.,
S8(2y, 234-253, 2008,

Fartner, B, C., Zheng, [, Zhang, ., Berk Knighton, W, Vidlkamer,
R. M., Sheehy, ', doling, L., ond Andeé, W Meesorements of
Volatile Organic Compounds Using Proton Teansfer Renction —
Mass Spectrometry during the MILAGHO 2006 Campaign, At-
mos. Chem, Phys., 9, 467481, 2009,
hitpfwww.almos-chem-phys.nct 4672 B0,

Fountoukis, C., Menes, A., Sullivan, A., Weber, R, ¥an Reken, T.,
TFischer, M., Matas, E., Moys, 8., Fammer, D, and Cohen, R, C.:

www.atinmos-chem-phya. net/We63 372000/



A. C. Aiken et al.: Fine particle composition and orpanic source apportionment 6651

Thermodynamic chatetenzation of Mexico City acrosol during
MILAGRCY 2006, Almos, Chem, Phys, 9, 21412156, 2004,
htipihvervatinos-chem-phys netd2 1412009,

Gilardoni, 8., Lin, 5, Takahema, 3., Russell, L, M_, Allan, I. D,
Steinbrecher, K., limeneg, 1. L., De Carlo, I F,, Dunlea, E_ ., and
Baumgardner, . Characterization of organic ambient asrosol
during MIRAGE 2006 on three platforms, Atmos, Chem. 1'hys.,
9, 54175432, 2009,
hitpfrarww atmos-chem-phys.net/SY 54 1720097,

Grieshop, A, P, Donahue, W, M., and Robinsun, A, L.; Laboratony
investigation of phatochemical oxidation of organie aerosol from
wood fires 20 analysis of serosel mass spectrometer dals, Almos,
Chem. Phys,, 9, 2227-2240, 2009,
hittpeifensnwaimos-chem-phys.net¥/2227 2009/,

Hallguise, M., Wenger, J. C., Baltensperger, U., Rudich, Y., Simp-
son, [, Clacys, M., Dommen, J., Donalne, N. M., (Gearge,
C.. Goldstein, A, H., Hamilton, I. F., Hemmann, H., Hoff-
mant, T.. [inwma, Y., Jang, M., Jenkin, M. E., Iimenez, 1. L.,
Kiendler-3char, A., Masohaot, W., MeFiggans, 3., Mentcl, Th.
F., Monod, A, Préadt, A, S, H,, Seinfefd, ). H., Somal, 1. [,
Semigielski, 1., and Wildt, 1.: The fermetion, propeties and in-
pact of secondary organic aerasol: current and emerging issnes,
Atmos. Chem. Phys., 9, 5135-5235, 2009,
httpifarww.atmos-chem-phys net’®S | 552000/,

Hennigan, C. I., Sullivan, A. B, Fountoukis, C. 1., Menes, A., Heco-
bian, A., Vargas, 0., Peltier, B, E,, Case Hanks, A. T., Huey, L.
G., Lefer, B. L., Russcl], A. G., and Weber, B 1.: On the volatil-
ily #nd prwfustion mechanizms of newly formoed nitratc and wa-
ter splulile organic aerosol in Mexive Clly, Atmos, Chem, Phys.,
%, 3761.-176%, 210X,
httpitanwwatmos-chem-phys. net %3761 /20081

Hemdon, 8. C., Onasch, 1. H., Wood, E. C., et al: The
Cor¢lation of Sccondary Organic Acrosol with Odd Oxy-
gedt in 8 Mesacily CGutlow, Geophys Res. Leit, 35, LISEQS,
dod: 1L 120/ 2008GLLO4058, 2004,

Hodzic, A, limenez, ], L., Madronich, 3., Aiken, A, C., Bessag-
net, B., Curci, G, Faar, 1., Lamarque, 1. F, Crasch, T, B,, Rowx,
G., and Uibrich, I. M.: Modeling orgenic serosols during WIT-
LAGRO: application of the CHIMERE model and impottance af
biogenic scoondary organic acrosols, Atmos. Chem. Pliys. Dis-
cuss., 9, 220712281, 2009,

At aimos-chem-phys-disewss.netS 1 220742009/,

Huffiman, I. A., Dochetty, K, 5., Aiken, &, C., Cubison, M. I, Ul-
brich, 1, M,, DeCarlo, P F., Sueper, T, JTayne, I. T., Worsnop,
L} R, Ziemann, P 1, and Jimenez, 1, L.: Chemigally-resolved
acroscl volatility measurements from o megacity 2] studies,
Atoos, Chem. 'hys, Dscuss.,, Y, 2645-2697, 2009,
http:ffwww.atmos-chem-pliys-discuss net/D/ 26452000/

MuiTmsn, J. A.. Docherty, K. 8, Mohr, C., Cubison, ». 1, Ul-
brich, I. M., Zicmann, P I, Onasch, T. B., and [inenez, [
L. Chemically-Besolved Volatility Measnrements of Organic
Aeronol toom Dilerent Sources, Boviron, Sei. Technol, 43,
5331-5357, doi: 10,102 1 /58035394, 2009,

Huffimar, ), A, Jayne, ). T, Drewnick, F, Aiken, A. C., Cnasch,
T., Waorsnop, D. R, and Jimenez, 1, 1. Design, modeling, opti-
mization, and expedmental tests ol a parlicle beam width probe
for the aeradyne aerasol mass speclrometer, Aerosol Sei. Tech.,
391N, 1143-1163, 2005,

Huffran, J. A, Ziemann, P I, Jayne, 1, T., Warshop, T R,

wwrwaimos-chem-phys.net'96633/2009¢

and Iimeneg, ). L. Development and charactenzation of a
ast-steppingfseanmng themodenuder for chemically-resolved
aernsnl wWolallity mensorements, Aerosol Sei Tech., 42, 3195
417, 2008,

IFCC: Climate Change 2007 — The FPhysical Science Basis. Work-
ing Group 1 Conlribution to the Fourth Assessment Repoit of the
1PCC, Carnbridge University Press, Cambridges, UK, 2007,

Jayne, ). T, Leard, Ix C., Zhang, X F., Davidovits, P, Smith, K.
A, Koib, C. E., and Worsnop, 1. R.; Development of an acrosol
mas4 spectrometer for size and composition analysiz of submi-
eron particles, Actosol Sci. Toeh,, 3301-2), 497, 2000,

Fimenez, I L., Jayne, I, T, Shi, Q., st al.: Ambient getosol sampling
wsing the Acoodyne Acrosol Mass Spectromelsr, ). Geophye,
Res-Atmos., 108(D7), £425, doi:R410.1029/2001 IDORIZ13,
2003.

Johnsan, K. 8., de Fow, B, Zuberi, B, Molina, L. T., Molina, M.
I, Xieg, Y., Lagkin, A., and Shulthanandan, V: Aerosol composi-
tion and source appoeriionment in the Mexice City Metropolitan
Arca with PIXEPESASSTIM and mwltivariate analysis, Atmos,
Chern, Phys., 6, 459 1—600, 2006,
bty ferars, almos-Chem-phys.nelar 4591 2006,

Tobnson, K, 8., Laskin, A, Jimenes, 1 L., Sholthananden, ¥,
Molina, L. T, Salcedn, O, Dzepina, K., snd Moling, M, L
Comparative analysis of urban mtmospheric aesrosal by Proton-
Induced X-ray Emission {PEXE], Protan Elastic Scattering Anel-
vzis (FESA), and Acrosol hass Spectrometry (AMS), Environ.
Zei. Toehnol,, 42, 66196624, doi: 0, 102 1/es 8003038, 2008,

Khlystow, A, Zhang, Q., limenez, L L., Stanier, C., Pandis, 8, M.,
Conngematng, M. R., Fing, P, Misra, C., and Sicutas, C.; o sitn
congenirpiion of serni-vilalile scrowol wsing watsr-condensaiion
technalogy, 1 Aerosal Sel, 36(7), 366380, 2005,

Kleinman, L. I, Sprngston, &, R, Daum, P 11, Lee, Y-N,, Mun-
nenmacker, L. J., Senum, 4, 1, Wang, [., Weinstein-Lloyd, 1.,
Alcxander, M. L., Hubbe, 1., Ortega, )., Canagaraua, M. 1., and
Jayne, ).: The time evclulion of aerosel composition aver the
Mexico City platcau, Atmos, Chem, Phys., 8, 13391575, 2008,
htipeffwram atmos-chem-phys.netS 1 55902008/,

Knighton, W, B, Forner, E. C., Hemdon, S. C.. of al.; Examinalion
of biomass buening Iracer signalores io urban énvironments, EOS
Trans. AGU. Abstract AI3ID-1562, Fall Meet, Suppl, BB(S2),
2007,

Kondo, Y., Miyazaki, Y., Takepawa, N., Miyokawa, T, Weber, R,
)., limenez, ). L., Zhang, Q., and Worsnop, 1 R Oxygenated
and watcr-soluble organic acrosols in Tokyo, J. Geophiys. [es,-
Atmaosz., 12, DO1203, doi:10.1029:2000J0D007050, 2007,

Kroll, I, H., Smith, 1. D., Wilson, K. R, ct al.; Evolution of Clesel
Txhayst Aerpsol in an Urban Environment, EQS T. Am. Geo-
phys. Un., Abstract A31TA02, Fal Meet. Suppl., 2007,

Lanz, V. A, Alfares, M, I, Taltensparger, U, Buchmann, B.,
Hueplin, C., and Peéwiit, A, 5. H.: Soutce apporlionment of sub-
micron organic aerasols aten uthan site by factor analytieal mod-
clling of aeroso] mass spectra, Auonos, Chem. Phys,, 7, 1503-
1522, 2007, http:Afeenw.atmos-chem-phys.net! 70 50320077,

Lomnati, G., Dzgen, 3., and Givgliano, M. Trimary and secondary
carbonaccous specics in '"M2.5 samples in ddilan (Lialy), Almos,
Eowviron., 41022}, 45994610, 2007,

tMadronich, S.; Chemical evolution of gaseous air poliutants desn-
witnl of teopivsl megaeitics: Mexico City case study, Atmos. Bi-
vicen., 003 1), 60126018, 2006,

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



6652 AL C. Aiken et al: Fine particle composition and arganic source apportionment

Malm, W. C., Sisler, 1. F,, Huffman, D., Eldred, . A., and Cahill,
T. A Spatial and Seasonal Trenwds in Parlicle Conventration
and Optical Extinction in the United-States, 1 Geophys. Res.-
Atmos., 99(D1), 1347-1370, 1904,

Marley, N, A., Gaffney, I. 8, Costro, T., Seleido, A, and Freder-
ick, L: Measurements of aerozol absomtion and scattering in the
Mexico Cily Metropolitan Area during the MITAGRE field cam-
paren; a companaon of results from the 10 and T1 sites, Abuos.
Chem. Phys., 9, 139206, 2009,
hitp:ffoww, atmos-chem-phys.nctY 1 8972009/,

MeLaleny, F. W, and Turgcek, £ Interpretation of mass spoctra,
Uiversity Scicnce Books, Mill Valley, T4, 1993,

Maftet, R, C., de Fay, [, Maling, L. T., Molina, 8. 1., and Prather,
K. A Messuremant of ambienl aeeosols in northern Mexico Cily
by single particle mass spectrometry, Atmoos, Chem, Phys., §,
4455 4516, Z00Ka,
htepffwrsrweatmos-chem-phys. net 844992008/

Muoffet, R. C., Desyaterik, ., Hopkins, K. 1., et al. Characterization
of Acrosols Containing Zn, Pb, and €| from an Industrial Re-
gion of Mexico City, Environ. Sci. Technol., 42019}, 70017097,
2003h,

Mohr, C,, ThafTman, ). A,, Cubison, M. 1., Aiken, A, C., Docherty,
K. 5, Kimmel, 1. R, Uibrich, 1, M., TTannigan, M., and Jimenes,
k. L. Characterization of primary organic aerosnl emissions
froan meat cooking, frash burning, and mator vehicles with high-
respfution acrsol mass spectrometry and comiparison with ambi-
et and chamber observations, BEoviron. 8ci. Techaol, 43, 2443~
2449, doi: 100102 1 fexB0 1 1518, 2009,

Moling, L. T., Kok, O, L., d¢ Foy, B., Lamb, B. K., Brunc, W.
11, fimenew, 1. L,, Ramos-¥illegas, R., Saemicnte, ), Parmo-
Figneroa, V. 1L, Cardenas, 3., Gutieeres-Avedoy, ¥, and Molina,
M. J: Adr gualiy in Morth Aumerica’s most populows cily —
overview of the MCMA-2003 campaign, Atmos. Chem. Phys.,
T, 24472473, 2007,
hitpaifwoww.atmos-chem-phys. oot 244 120077,

Meling, T., T,, Madronich, 5., Gaffocy, I 5, and Singh, H.
B.: Overview of MILAGRDANTEX-T Campaign, [GACHvilics
Mewsletter, 38, 2 .15, 2008,

Malina, L. *l" and Molina, M. 1.2 Alr quality impects: Local and
global concemn, in Mexico megacity: an inteprated assessment,
Eluver Academic Press, The Metherlands, 2002

Moring, ¥, Konde, Y., Takepawa, M., et al: Darition-
ing of HNOy and parliculalc nitratc over Tokyo: Effect
of wvertical mixing, ). Geophys. Res.-Atmoz, 111, 15215,
doi: 10 10259/2005 006587, 2006.

Memitz, E., limenez, I, L., HufTman, J. A., Ulbrich, L M., Cana-
poratne, b, R, Worsnep, I, I, amd Guenther, A. B, An cddy-
covariance gystem for the measurement of suclhesfatmosphere
exchange fluxes af submicron aerosol chemival species — First
application above an urban aeea, Aersol Sei, Tech,, 42(3), §36—
657, 2008,

Mewman, I, A, Nowak, 1 B, Brock, C. A, et al.: Variabilite in
ammonivm nittate formation and niteic acid depletion with al-
titple and location over California, J. Geophys. Res.-Atmaos.,
LOB{DIT), 4557, doi: 10.102%/2003) 0003616, 2003.

{1shorn, R, )., Taylor, M. F., Spencer, C W, and Collins, D. R
[splation of embignt paricles of known erilical supcrsaturation:
the differential activation separator (PAS), Ascosol S Tech.,
43(9), 759-772, 200X,

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

[Maaters, I and Tapper, .. Positive Matrix Fachorizotion -- a
Wonncgative Factor Model with Optimal Utilization of Error-
Estimatcs of Data Yalucs, Environmetrics, 5{23, 111-126, 1994,

Paredes-Miranda, G., Amott, W, B., Jimenez, J. L., Aiken, A, C.,
Gaffoey, 1. 5., and Marley, N, A.; Primary and sccondaty contri-
Bratigns o acrosal lisht scattering and absorption in Mexico City
during the MILAGRD 2006 campaigh, Atmos, Chem. Phys, 9,
721-3730, 2004,
ithpeifarewatmnos-chem-phys.net/9/3 72 1/20097,

Pope, C. A and Dackery, . W [lealth effeals of fine pariiclae
air pollution: Lines that connect, ). Air Waste Manage., 56(6),
TOR-T4Z, 2006,

Duerel, X., Pey, 1, Minguillin, M. C., Iérez, M., Alastuay, A,
Yiana, M., Morcno, T., Benabé, R. M., Blanco, 8., Cardenas, B,
Yeaa, I, Soss, 5., Dsealona, 5., Ruiz, H., and Artiieno, B.; PM
spegiation and sowress in Mexico dering the MILAGRO-2006
Campoign, Almos, Chem, Phys,, 8, E1H-128, 2008,

Ittpeffwon ptmos-chem-phys. net®™8f 1 1 1/2005/,

Salcedo, O, (nasch, T. B., Canagaraln, &, R, Deeping, ., Tt
man, L. A, Jayne, | I, Worsnop, 1. R, Kolb, C, E,, Weimet,
8., Drownick, F., Allan, ). D, Delia, A, E., and Jimenez, J. L:
Technical Note: Use of & beam widih probe in an Aevosal dMass
Spcctrometer b monitor pasticle colicotion efficicney in the field,
Aumps, Chem, Phys, 7, 549-556, 2007,
tptfovarwatmos-ehetr-phys, n el 77549720077,

Salceda, O, Onasch, T. B.,, Dzepina, K., Canggatalng, M. R.,
Zhang, ., Huffman, I. A, DeCarlo, [ F, Jayne, I, T., Mo
timer, I, Worsnop, 1 R, Kolb, C. E.,, Johnsen, K, 5., Zuber,
B., Mar, L. C., Volkamer, R, Malina, L. T., Malina, M. I, Car-
dcnas, B., Bemabd, R. M., Mdrquez, C., Gaffney, J. 5., Marley,
M. A., Laskin, A., Shutthanandan, ¥., Xia, Y., Brune, W., Leshet,
R.. Shirley, T., and Jimenez, I, L.; Chamctenzation of ambicnt
aerosols in Mexice City during (he MCMA-2003 campaign with
Aeroso]l Mass Spectremetey: results from the CENICA Super-
site, Atmas. Chem. Phvs., 6, 325946, 2004,
hitpefwwreatmos-chen-phys net' 692 5720061,

San Martini, F. M., Dunlca, E. )., Yolkamer, K., Onasch, T. B,
Tayne, L T, Canagaratna, M. R., Worsnop, D, K., Kolb, C.
I, Shoder, J. H., Hemdon, 8 C.,, Zahmser, 8. 5., Salcedo,
I3, Tazeping, K., Jimenes, I L., Ocléga, J. M, Johnson, K. 5.,
McRoe, G, I, Moling, L. T., aod Molina, &L I.: Imoplementa-
tion af s Markov Chain Monte Carlo method to inorganic nerosol
modeling of ohservations from the MOMA-2003 campsizn —
Fart II: Model application to the CENICA, Pedregal and Santa
Ana sites, Atmos. Chem. Phys., 6, 8594904, 2006,
http:ffwvawatmnos-chem-plys net 64 B89 2006/

Secretaria del Medio Ambiente, G.d.1.F.: hwventario de Emigiones,
httpffwvw.sma df gob.noinventario_emisionas!, 2006,

Sinha, P, Hobis, P. ¥, Yokelson, R. 1., Blake, . IL., Gap, 5,
wnd Kirchsicttor, T. W.: Emissions from miombo woodland ond
dambxe grassland savanna fircs, ). Geophys. Res.-Atmaos., 109,
DT1305, Jou; I 1297200413004 52 1, 2004,

Steawik, F ., Sigieken, K., Dovidovits, B, ct 2l Particle mor-
phology and density characterization by comibined mobility and
aerodynamic diameter measurements. Part 2: Applicalion to
combustion-generaled soot acrasnls a5 2 foaetion of Tuwel squivae-
lence ratio, Aerosol Sei. Tech., 312, 1206-1222, 2004,

Stone, E. A, Snyder, It C., Sheesley, 1L, 1, Sullivon, A P, Weher,
R. ), and Schauer, 1. 1.2 Sovrce apportioniment of g organic

www.almoz-chem-phys neb 663 /2005,



A. C. Aiken et al.: Fing particle composition and organic source appottionment

aerogol in Mexica City during the MILAGRO experiment 2006,
Abmos, Chem. Phya,, 8, 1249-1254, 2008,
http:/wwwatmos-cher-phys.net/8/ 1 245/ 2008/,

Bueper, [v.: TaF-AMS High Resolution Analysis Softwars — Pika,
online available at  hitpifoires.colorado.sdufiimenss- gronp!
ToFAMSRosources ToFSoflware/Pikalnfnd, 2008,

Sullivan, A. B, Holden, A, 5, Patterson, L. 4., hModeeking, €.
R, Kretdenweis, 8. M., Malm, W, C., Hao, W, M., Wold, C. E.,
and Collew, L L. A method for smoke marker measurcments
and ite potential application for determining the contribution of
biomoss burning from wildfres and preseribed fires 10 ambicnt
PMy s organic carbon, J. Goophys. Rex-Atmos., 113, B22302,
doi: 10, 1029/200RITI01021 8, 2008,

Takegarea, M., Mivakewa, T, Kondo, Y., limenes, 1. L., Zhang, (3.,
Watsnop, L. R., and Fukuda, M.: Seasonal and dinmal varie-
tions of submicron organic acrosol in ‘Tokyno observed using the
Aeredyne perosol mass specteometer, I Geopliys, Rey.-Atmos.,
111, D11206, doi:10.1029/2005)T300651 5, 2006,

Takepawe, M., bMiyazaki, ¥., Konda, Y, et al. Characterization of an
Aeradyne Aeraso] Mass Spectrometer {AMS): Intercomparison
with other aerasal instruments, Aerosal Sei Tech., 39(8), 760
T, 2005,

Tutpin, B. 1. and Lim, 11, I.; Spceies conlributions to PM2.5 mass
congentrations: Bevisiting common assumptions for cstimating
orgenic mavy, Acrosal Sci. Tech., 35(1), 602 -&10, 2001,

Ulbrich, 1. 8., Canagaratna, M. B,, Zhang, €., Worsnop, D, R,
and limenez, I [ Interpretation ¢f organic components from
Fositive Matrix Factorization of aetosol s spectrometric data,
Atmos. Chem. Phys,, 9, 2891-2918, 2009,
hupiwwvatmos-chem-phiyy net/ 9281 /2009;,

Volkamer, R, Etzkoun, T:, Geyer, A, and Flait, 1U.; Comection of
the oxygen interference with UY spootroscopie (DOAS) mea-
suremedtls of monocyclic aromalie hydrocarbons in the atmo-
sphere, Almos, Eoviron., 32(217, 3731-3747, 1998,

Volkamer, R, Jimence, ). L., 8an Mertini, F., Dzepina, K., Zhang,
t}., Salcedo, D., Molina, L. T., Wotsnop, D. R., and Malina, M.
J.: Beeondary arganic acrosel fonmation fhom anthropopende air
pollution: Rapid and higher than expected, Grophys Kes. Leil.,
33017, L1731), doi: 10 1023 2006510268949, 2006,

Yolkemer, T, Murting, ¥. 5., Moling, L. T., Salcedo, D, Jimenez, J.
L., and Moling, M. 1. A missing sink for pas-phase ghyoxal in
Mexico City: Formation of recondary organic asrasal, Geoplys
Res. Lett., 34, L15307, doi: 10.1025/2407GL030752, 2007,

Volkamer, 1L, Maling, L. T., Mofina, M. )., Shirley, T, and Brune,
W, H: DOAS mensurement of glyoxal g5 an indicator for fast
VIOU chemistry in urban gir, Geophys Res. Teit., 32(3), LARBDS,
doi: 10, 1029720050 L022616, 2005,

wong, 5, C. und Flagan, R, C.; Scanning Electrica] Mobility Spec-
tramseter, I Acrosol Sci., 2008), 1485-1488, 1985,

Watson, ). G Visibility: Seience and regulation, 1, Air Waste Man-
age., 52(H), 628-T13, 2002,

Weber, . ), Sulliven, A. P, Peltier, R, E., et al: A study
of secondary organic aerose] formation in the anthropogcnic-
influenced southeaskem United States, I, Gooplys. Res.-Atmos.,
112, 3302, doi=1 0.1 029/2007 008408, 2007,

Whiteman, C. 1., Zhong, 5., Bian, X, Fast, ), ., and Doran, J, C.:
Boundary layer evoluiion and regional-scale diumal circulations
over the Mexico Hasin end Mexican platesy, I, Geoplys. Res.-
Almos, 105(DE), 10051-10102, 2000,

www.almos-chem-phys net/0/6633/2009¢

6633

Yokelson, R I, Crounse, 1. Dn, DeCarlo, P F, Kacl, T, Urbanski,
8., Allas, E., Campas, T., Shinozuks, Y., Kapustin, ¥, Clarke, A.
3., Weinhcimer, A., Knapp, T, I, Montzka, D. T, Holloveay, 1.,
Weibring, P, Flacke, F., Zheng, W., Tochey, D., Wennberg, P. O.,
Wiedinmyer, C., Mauldin, L., Fricd, A., Richter, T, Wilcgs, ., -
Jimenez, ). L., Adachi, K, Buseck, P. R., Hall, 5. ., and Shet-
ter, R.: Emisvions from biomass buming in the Yucatan, Almos.
Chem, Phys,, D, 5785-5812, 20089,
hitpffararw.atmos-chem-phys. et S TRE2008/,

Yokelion, R 4., Urhanski, 8. B, Atlas, B, 1., Toohey, 1. W, Al-
verado, E. C., Crounsg, 1. D, Wennberg, P. ., Fisher, M. E.,
Weld, C. E., Campos, T, T.., Adachi, K., Buseck, P. R., and Hao,
W. M. Emissions from [orest fircs near Mexice Cily, Almos.
Chem. Phys., 7, 5569-5584, 2007,
httpAararnatmos-chom-plys ne U 75 5602007,

¥u, I Z, Cacker, D, R, Griffin, R, I, Flagan, R. C., and Seinfold,
I. H.;: Gas-phase ozonc oxidation of monoterpenes: Caseows and
patticulate products, J. Atmos. Chemn,, 34(2), 207258, 1000,

Zevala, M., Reendoa, 5. C., Wood, E. C., Onesch, T, B, Knighton,
W T, Mam, L. C., Kolb, C. E., and Moling, L. T.: Evaluation
of mobile cmissions contributions to Mexico City's cmissions
inventary using on-road and cross-road emission measursments
and ambient dula, Atmos. Chem, Phys., 9, 6305-6317, 2009,
hittp:d v atmay-chom-phys. ned 630520001,

Fhang, G, Alfarrn, M, R., Worsnop, D. R, Allan, J. D., Coc,
H., Capagaratne, M, K., and Jimenes, ). L. Deconvolution
and quantification of" hydrocarbkn-like and oxygenated organic
aerasols based on aernsal mass spectrometry, Environ. Sci, Tech-
nol., 39(3), 49384952, 20053,

Zhang, )., Canagaratna, M. R, Jaync, J. T., Worsnop, D R., and
limenez, I T.: Time- and size-resolved chemical composition
of submicren perticles in Pitsbwgh: Implications for acrosol
sources and processes, ). Geophys. Res.-Atmos., 110, DO7S03,
doi: 10102942004 10004649, 2005h.

Zhang, ()., limenez, J, L., Canagaratng, M. R, et al: Ubiq-
vity and Dominence of Oxygenated Spooics in Crgatic
Aerosols i Antheopogenically - - influenced Morthern [lemi-
sphere Mid-latitudes, Cieophys. Hes. Len,, 34(13), L13%01,
dod: 10.1029/2007GLO29575, 20075,

Zhang, G, Jimenez, I, L., Worsnop, D1 R, and Canagaratna, #.:
A caze sody of urban particle acidity and its influsnce on see-
ondary organi¢ aemsal, Eaviran, Sei. Technal., 41(9), 3213-
3219, 2007h.

Zhang, Q., Worsnnop, T, R., Canageraing, M. R., and Jimenez, I, L.
Iiydoearbon-like and vxygenated organic acrosols in Pittshurgh:
inzights inte sources and processes of orginic acrosals, Almoy,
Chem, Phyy., §, 32853311, 2005¢,
htnpfwrvnatmos-chem-phys, not/ 5/ 32 59/2005,

Zhao, 1. and Fhang, K. ¥ Proton trensfer reaction rate
constants  bebween  hydeonium fon (150(+)) and volakle
organmic compounds, Awnngs, Bnviren, 36, 2I1TI-21R5,
doi; 101016/ atenoscny. 2004.01,01 9, 2004,

Zheng, 1., Zhang, R., Foriner, E. C., Yolkamer, R. M., Molina, L.,
Aiken, A, C., Jimenez, I L., Gagggeler, K., Dammen, L., Du-
santet, 5., Stevens, P, 5., and Tie, X.: Mcasuerements of HMOy
and NzGs using on drift-chemical ionization mass speetrometry
during the MILAGROMCMA-2006 campuaign, Almos, Chem.
Phys., B, 63236838, 2008,
hitpeffwnaw atmos-chem-phys.net/ 86523/ 2008/,

Atmos. Chem. Phys,, 9, 6633-6653, 2000



