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Project Description and Overview:

To determine the role of acrosol radiative forcing on climate the processes that contrel their
atmospheric concentrations must be understood, and aerosol sources need to be determined for
mitigation. This renewal proposal is continuing measurements of naturally occwring
radionuclides and stable isolopic signatures that allow the sources, removal and transport
processes, as well ag almospheric lifetimes of fine carbonaccous zergsols to be evaluated.
Atmospheric Science Program [ield studics in Mexico City have found strong indications Lhat
black carbon (BC) and organic coated aerosols may have longer residence times than move watet
soluble incrganic acrosals, BC is the key light absorbing acrosol component in the visible and a
sirong 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 glebal change.

This effort addressed the determination of: 1, Aerosol mean residence times as a funciion of size
using 2 "Bif Pb and 2"Po”"Y/Pb determinations on fine aerosol samples. 2. Sources of black
carbon and associated organic aerosols with *C, C, and N characterization, 3. Washout of
black carbon un Lotal gerosols uslng Be, *'°Pb and its daughtcrs, and 4, Examination of specific
organic molecular tracers ("*C, *C, *N) to evaluate and demonstrate their applicability for
biogenic and/or engrgy-specific source determinations.

Tropospheric restdence times of size-fiactionated fine acrosols were heing determinin
examining the relative amounts of the atlached natural radionuclides, 2]'::'I"I:nr, 2005 and
was examined as parl of a number of ASP ficld studies fo evaluate upper air sources of acrosols
as wel] as acrosol washout raies. Total "Be and *'%Pb contents were alsg shown to be a useful
estimate ol the amount of aerosol originating from upper-air transport, Stable *C/%C and K
data obtained az patt of ASP field studies (MILAGRO, CARES) were shown to be exiremely
usgfill in evaluating biomass burning contributions to (he optically absarbing aeresol. Field
samples of carbonaccous aerosols taken in the ASP field studics, and at the University of
Chicago and UALR rooftop siles were examined with rcgard to their Angstrom absorpiion
exponenis {AAFEs) as a function of wavelength and those AAEs were examined as a function of
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biogenic carbon content (fraction modern carbon, **C). Field saniples were also used to evaluate
washout ol blagk carbon as a function of size and source using radiocarben as well as natural ‘Be
and *'°Pb attached to the aerosols at UALR. Other activities on this project included completing
ihe Megacity Aerosol Experiment (MAX-Mex) project lead scientist dulies initially begun at
Argonne National Laboraiory, that included coordination with other agency activilies (NSF,
NASA) and publicalion of resulis from the Megacity Initiative: Local and Global Research
Observations (MILAGRO) siudy. "This resulted in an overview article that was published in the
Atmospheric Chemisiry and Physics journal,

Work on carbon isotopic composition for aerosols sampled during the CARES project was
completed and reported to the CARES community. One prohlem found during that study was
due to conlamination of blank filters due to use of organic solvents in the CARES {feld site
trailer that limited data to 12 and 24 hour samples. The data reported found again that biogenic
gerosals were key factor in ihat field study, and were found to be consistent with other findings
by other ASE scientisis at the Cool, CA field sitc. We also operated an UV-MFRSR system at
ihat site. That data was sharcd with other ASP scientists, most natably Dr. James Barnard of
Pacific Northwest National Labaratory. Both UY-MFRSE and MFRSRE data sets were consistent
with most of thc CARES sampling days being exiremely clcan ones with minimal aerosol and
plack carben loadings, This data has been made available to the CARES community and ihe key
findings added to the Overview Manuscript that has been published to Atmaspheric Chemistry
and Physics.

Dr. Gallhey also worked with Argonne National Laboratory Lead Scientist, Dr. V. Rao
Entamarthi, to plan the Ganges Vallsy Acrosals Experiment {GVAX]) as 2 membes of the
science planning team, and has assisted Brookhaven Naliona] Laboralory scientists in planning
for studies in the U.S. to examine bicimass burning. GVAX cnded up as an ARM mobile facility
experiment, and this project was not involved in that effort as propesals submitted for obtaining
carbon isotopie detcrminations were not funded. The other biomass burning study has been
approved as an ARM facilities siudy (G-1 aircralt) as a future project. That also will not involve
any further effort from this project as funding will essentially only be available for the facility
suppori. We note these efforts primarily to commurnicate that data laken 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 {ssue
of Atmesphesic Environment durmg this project. That review covercd ernissions of gases and
primary aerosols from a number of combustion sources and was used as a major reference for the
recent EPA first triennial report to Congress on biofuels and the environment.

Findingz

A major finding of ihis research project was that the source of carbonaccous aerosals in many
area studied (Mexico City, Cool, Ca, UALR} has a significant fraction of biogenic earbon in
many cases greater than 50% and in the CARES and studies here in the southern U.8, over 75%



biogenic origin, These results were published and reported in peer-review papers listed in the
Peer-Reviewed Papers section at the end of this report and pdf's of those papers are also attached.
This observation confinms that fossil fuel einissious ars being reduced by cument 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 from natural wildfires as well as from
uncontrolled agricultura] burning and residentinl wood burning practices in these areas. These
biomass sources are now 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 {o note that similar observations have been reported in Europe and other regions of the
world,

Our studies of black carbon and the associated organic aerosols and the resistance of black
carbon aerosols to washout during precipitation cvents were done primarily at a roof top site al
UALR. Boih rain and snow events were cxamined and data obtained indicated that a significant
amount of dissolved organic maierial is deposited during rain cvents, while black carbon levels
arc not strongly reduced. This data indicates the importanue ol vridized urganics thal are more
polar. Carbon-14 data for UALR indicated that this material was 73-100 percent fraction
modern, During the summer months this is primarily duc to biogenic velalile hydrocarbon
emissions reacting to form secondary organic aerosols. Black carbon data was obtained during
the isotepic filter collections that used 7-wavelength acthalometer as well as one wave length
multi-angle abserplion spectrometers that gave 5 minute daia to evaluate water washout 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 also compared to "Be removal and was found to be correlated indicating
thal some BC is itkely transported lo 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 cfforts on the interactions of these materials in clouds, and their polential Mo 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 to a standard diesel soof {i.c. fossil black carbon) particularly in the
tegion of 300-500 nm, Infrared spectra were also laken which showed strong absorpiion by these
organtc aerosols due fo carboxylale and polycarbohydrate functional groups in the mid-]R region
consistent with previous findings by this research group and by others. The long wave forcing by
organic aetosols in this "window region” is clearly un area where future ASP efforis will be
needed. The results also have been useful in the successful proposing by Brookhaven National
Lab {Kleinman and Sedlacek) of the need to better understand biomass burning plumes and their
impacts on asrosol radiative forcing.

Data taken in this project in past werk in Mexico City, as well as spectral characteristics for thess
samples from CARLES is highlighted that ¢learly show enhanced UV-Vis absorption from



carbonaceous aerosols derived from bicgenic sources. These sources include naturgl and
agricultural burning sources as well as trash burning activities in the regions studied. The
obeervation of =(.5 fraction modomn carbon in asrosols In numercos siles studicd indicate that
while fossil fuel derived carbonacecus aerosols arc coming under conirel, the biogenic sources
arg 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., terrestrial
ccology) in that the emissions of terpenes that are ticd Lo secondary organic aerosols {SOA) are
dependent upon carbon dioxide levels, temperalure, and in some cases photosynthelic active light
levels. All of these (COy, Temp, ete.) arc lied to climate change and should be noted in future
collaborative work and modeling of the impacts of climate on terresirial ecosystems and
feedbacks via agrosols that may in turn lead to enhance heating from aerosol absorplion. These
issues were addressed in & special symposium presentalion at the American Chemical Socicly
National Mccting during this peried and resulted in a peer-reviewed book chapter that is also
nofed in listing of publications that follows. Collaborative work with the University of
Washingten via the Global Change Education Program examining long range fransport of
acrosols into the 11.8. was accomplished examining trace element concentrations deterinined
trom 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 that produced a
number of peer-reviewed papers. These papers included MAX-Mex and CARES efforts that
used the data obtained from the praject to better interpret aerosol mass speetroscopy, aerosol
prowth measurements from both field and aiveraft studies, as well as modeling efforts, In some
ol 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 the area of climate change sclence and
the students supported are listed below.,

Graduate Students supported and trained on this project.

Current:

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

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

Graduated Students:

(. Gunawan, Chemistry, M.S, Dec. 2008

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

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

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

G.I., Bridgcs, Chemistry, M.A., May 2011

E. Alvatez, JALR Applicd Science (Physics), M.5. May 2012,
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Absteact, The concentrations of poroayacctyl viltale (PAN)
in wnbiend aft an oo good indivater of i quality and the
effectiveness of conlrol sirategics for reducing owonc levels
inurban arcas, As PAN is formed by the oxidation of reactive
hydrocarhons in the prescoce of nitrogen dioxide (N, it
is a direct measure of the peroxyaey! radical levels produeed
from reaclive organic emisgions in ihe wrban aiv shed, Carbon
sootf, known ax black carbon (BC) or elemental carbon (EC),
is & primary atmospheric asrusot species and is a pood indica-
lor of the levels of combustion emissions, particularly from
dicsel engines, in major cities, Wexico City is the second
largest inegacily in the world and has long suffered from poor
air quelity. Reported here are almospheric measurements of
PAN and B ebirined in Mexice City during the Mexico
Mepacity 2003 field study, These resulls arc compared with
measurenients oblained ealier during the Fevestignoldn so-
hre Materia Particwlada v Deteriora Almosférice — Aevosol
arcd Faibiliye Researelt (IMADA-AYTIR) canypaign i 1997
Lo oblain an estimate of the changes in emissions in Mex-
izo City and (ke ellectiveness of control stratcgies adopled
during that titne. Coocentrations of PAN in 1997 reached
a maeximum of 34 ppb with an average daily maximum of
15 ppb. The PAN levels reconded in 2003 wete quile differ-
girl, with an average daily maximum of 3 ppb. This dramatic
teduction in PAM levels observed in 2003 indicate that reac-
tive hydrocarbon cmissions have been reduced in the city duc
to controlz on olefins in liquefied petroleurn gas (LPG) and
also due Lo the sighificant number of newer vehicles with cat-
alylic cunverters that have replaced older higher cinission ve-
hicles. Tn contrast, blackfelemental carbon levels were simi-
lar in 19%7 and 2003 indicating little improvement likely duc
to the lack of controls on diesel vehicles m the city. Thus,

Correspondenca fa: 1. 5. Gallhey
{izpaneydiualr. edu)

while alr quality and gxone production Dave impraved, Mox-
ico Cliy and other megacities continue to be a imajor source
of black carbon gerosols, which can be an imporlant species
in determining regional mdiative balance and climate,

1 intesduction

Megacities are larse whan end suburban complexes whosc
populetions arc in the teng of millions of inlabitants (Lynn,
1999, Wilh the rapid growlh of the world's population and
lte continuing industrialization and migration of the pop-
ulace towards major wrban cemers, the numbers of these
mggacities arc increasing, Although New York City was the
only megacily in the world in 1950, they now number 14 and
heir distritation {5 2I0WIng most rapidty in he wopics arens
of Svuth America and Asin, Today, the lgest metropalitan
complexes are cenilered at Tokye, Japan, and Mexico Cily,
Mexico {Molina and Molina, 20024}, Within the next 10 to
13 years it i predicted tlial there wiil be more than 30 ocpac-
ities worldwide,

Megacilies buve hecome imporlant global sources of air
pollutants from the sssociaied mobile and stallonary sources
and the craissions from mepacities are leading 1o ropional and
global increases in many key trace gases as well as primary
and secondary aciosols, The Mexico Cily metropalitan arca
{MCMA), which occupies ~1300km? with a populalion of
~18 M, is onc of the larges! megacities I the world and is
well known for its high levels of air pollution and visibility
reduction (Moling and Molina, 2002b). 1t has been astimated
that emissions from e Mextoo Clly basin contribuie 15
Mega-tons of fine acrosol (FMa 5} per year to the surround-
ing regivns (Gaffney et al., 1999}, This fine aerosol is com-
poascd of approximtatcly 32% organic carlun, 13% clemenlal
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carbon, 10% ammonium nitrate and 20% ammoniug sl fate
{Chow st al., 2002). The emissions of sulfate aerosols alone
from the MCMA are estimaied lo amount ta 1% of the total
global burden {Barth and Church, 1900}, While sulfate is an
important light scattering acrosol species, black carban is an
impurtant light absorbing serosol species. The aerosol emis-
sions from megacitics such as Mexico City therefore play
potentially important roles in regional radiative balance and
climate (Jseobson, 2002; Gaflncy and Marley, 2005).

Llevated levels of oxone have been known for some time
in Mezico Cily (Bravo ctal., 1989, MARIL, 1994; Streit and
Cruzman, 1996; Fast and Zhong, 1998). Mexica City is lo-
cated at an alfilude of 7200 ft in an air basin surronnded by
moutitaing {Fast and Zhong, 1998; Doran et al., 1998) and at
a latinde of 19 of Nortl, which implies high levels of in-
coming solar radiation all yoar long. In the past, peak ozone
icvels exceeding 301 ppb were not uncommon, particularly
during the late dry winter months of Fehuary and March
{The one-hour standard is 0.11 ppm {(Malina and Molin,
20028)}. These very high levels of ozane requin: high levels
of resctive hydrocarbony ax well s elevated Iovals of nitro -
gen oxide (NOY emissions to produce the coupled QI and
peroxyradical chemishy that is key o the formation of or-
tan ozone (Finlaysen-Pilts and Pitts, 2000). Hydrocarbon
imeazvrernents taken in Mexico City (Blake and RowTand,
I995) showed that the heavy domestic and commercial use
of LPG has led to very high levels of bulanc and propane in
that megaeily’s air, exceeding parts-per-million {ppm) of car-
bon in many cascs. Tndeed, LPG was proposed as an impor-
Lant gource of the reactive volatile organic carbon compounds
{VOCs) propene and butenes, which could aceount for an ap-
rreciatle portion of the abserved urban ozone in Mexico Cily
{Blake and Rowland, 1995, Volatile arganic carbon samplcs
collected before and during a Mexican national holiday with
reduced antomobile teallic clearly showed that mobile emis-
sivms are equally important a5 LPG asg sources of reactive
olefins such as the butenes (Gafliney ctal., 1995, In addition,
garlier work snpprstad that mobile sources contribute 7544 of
the wotal hydracarbons 1o the Mexico Cily air (Riveros et al.,
1993} and that NO; was probably the most important contrib-
utor to gzone production in Mexico Cily (Raga et al., 2001a).

Peroxyecyl niltatcs (PANE} are important indicator com-
pounds of peruxyradical actvity in an urban air shed
{(Finlayson-Pitts and Pius, 2000; Gaffney et al, 1989,
Formued by the reaction of poroxyacyl radicals with NO,,
they exist in equilibrium with the peroxy radical species ac-
cording ta:

RC=0-0; + N0z — RC-0—0—0~NH (1)

where R is typically (in order of Importance); CHj- (per-
cxyacetyl niirate, PANY, CHaCH;- {peroxypropiony] nitrate,
PPN}, and CHaCHCH; - (peroxybatryl nitrate, PBN) in an
urban environment, The peroxyacyl radicals are formed fram
Lhe reactive olefins directly or via formation of aldchydes that
can react with OTT ta form the peraxyacyl species. While the
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PANS are themmally labile, the reverse reaction to reform the
PANE ig relatively fast leading 1o no net loss at elevated tem-
peralurcs in areas of high MO concenteations {Finlayson-
Pitls and Titts, 2000; Qalluuy el al., 19389),

Thus, measurements of the 1emporal variability of the
PANs are useful in determining the exidative reactions in-
volved in the formation of ozone as well as other secondary
air pollutants and aerosel speries such as nitte acid and am-
moninm nitrate as they arc a direct measure of the peroxys-
eyl vadical formation activity, The PANs therefore serve as
4 measure of the perexy radical concentrations in the stmo-
sphere. Since the PANs have low aqueous solubilities, low
reaclivity with OH, and are slow to photolyze, they can lead
L2 the transport of W03 over long distances and can simul-
tancously act as & reservair for NOgz duting transport of the
wrban plume. This can have regional scale impacts on ozone,
nilrate aerosels, and other pollatents associated with mepgac-
ity plumes (Gaffney et al., 19897

Carbonaceous particulale matter or “soot™ particles are
produced from the partial comhustion of hydrocarbons, par-
ticnlarly from dicscl fucls, and are theacline a nessure of the
combustion emissions in an urban arca, Althaugh the clc-
mental composition of these particles [s dominated by car-
hon {=90%), soot particles may be regarded as a complex
otganic polyiner, rather than an amorphous form of gleinen-
tal carbon {(Andreac and Gelencser, 2006), The ahsoluts
identification uf carbon soot is difficull and the techniques
cominonly used, such as Raman spectroscopy, electron mi-
crogcopy, and mass spectiometry arg impractical for routine
monilgring of this malcrial, Various measurement imethods
have heen developed for the rowline quantitation of aerosol
soot content that make use of some of its characteristic prop-
erties. These methods have croated operational definitions
sich as “black carbon™ or “clemental carbon™ depending
on (he key propetly bring measured (Gattncy and Marley,
2006). The 1etm “black carbon™ ariscs from the use of ap-
tical attenuation methods and refers 1o the highly absorbing
nature of curbon soot acrosols, In contrast, the e “chaaen-
tal carbon™ is used when thermal combustion methods are
employed for detectivn and refers to the refractory nature of
the merosols at lemperatures up 1o 350-400°C. Comparisons
between the optical and thennal combustion methods in dift
ferent environments have viclded correlation cosfficients of
0.99 {Hanzen and MeMurry, 19903, 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
interchangeahbly

Although criginally identified as a pollulant and a tracer
for combustion emissions, carbon sool has more recently
gained attention as a major light absorbing species with sig-
nificant impacts on the radiative balance of the aimaosphcre
{(Ramanathan ct al,, 2005). Somc model calculalions sug-
gest that the contribulion of carbon sool aerosols 1o global
waming may be a8 much as ¢.3-0.4%C, rivaling the contribu-
tions from etmospherie methane {Jasubson, 2004; Chung aud
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Seinfeld, 2005), The ultimale climate effects (tom carbon
astosals will depend o their physical and chemical proper
tics, as well as their residence times and disiributions in the
atmosphere (Jacobson, 2001, In order o adequately asess
the acrozo! impacts on global and regional climate, & befler
understanding of Black carbon acrosol emission rates and al-
mospheric distribulions will be cssential,

T an attempt 10 befler understand the Mexico Cily air
chemistry with regard to oxidants and aerosols, a conpre-
hensive collaborative study was carticd out during February-
March 1997 fhat incloded 4 wide waviety of chemisiy,
acrosol and metecrological measurements (Lidgerton ot al.,
1999: Thoran ct al,, 199%; Fast and Zhong, 1998). This
figld campaign (IMADRA-AVER) was jointly sponsored by
the U.8. Depatment of Lnergy™s Office of Biological
and Unvironmental Researcll Almospheric Scisnce Program
(DOE!AST) and Fefrieos Mexicanos (PEMLX) through the
Mcxican Petroleum Instilude {fsiitnre Mexicano g2 Pefroieo,
or [MP),

As parl of IMADA-AVER, measurcments of uear-surface
tropnspheric PANs were made at the TMP Igbotstories Lo de-
terminc the concentrations and temporal variability of these
species in the megavity {Gaffhey et al, 1999), ILevels
of the PANz were found to approach 40ppb i the cen-
tral metropolitan arca. Peroxyacelyl nitrate was the major
species, althopugh PPN and PEBN were also obsarved in the
loww pph vanges, These are Lhe highest values of the PANg
sCCh in ANy urban area since 50 ppb values were reported for
PAN i the Late 1970s downwind of Los Aopcles in the south
consl air baxio in southern California {Tuazon et al., 1981).
WYolalilc orpanic carbon measurcments abiained at IMP dor-
ing the sane tine indicaled that automobiles were responsi-
He for nuch of the reactive hydrocarbons in the atmosphere
{Gafficy ol al,, 1999 The meteorologics] measursiments
demonstraled that the air bagin was subject to a slrong ad-
veelion of the boundary layer in the aftemoan leading o a
clearing out of the pollutants emitted and formed during the
day. This reginnal rncicomlopy leade 10 very little carryover
of the polhians o Mexico Chiy from day 1o day and aimo-
spheric chemistry that is dominated by reactions that ook
place typically over a ong duy period (Gafluey ¢l al., 1999,
Fasl and Zhong, 199%8; Doran et al., 1998). The application
of a simple box model indicated that considerable amaunts of
air pollutanls, boith oxidants and aerosols, were being Ltais-
ported out of the Mexica City air basin (Gafthey et al., 199%;
Ellioit ci al., 1997),

In April 2003, the DOESASP again conducied a field
study in Mexico Cily (Mexico Megaeity 20031 in callaba-
ration with the MCMA 2003 air qualily shidy organized by
M. ) Moling and L. T. Molina of the Massachusets loslitofc
of Teclnology, Continuons measurements of the PANs angd
black carbon aerosols were obtained duting April 2003 at
the Nalional Center for Fnvironmenial Research and Train-
ing (Cenfre Nacional de Investigacion y Capacitacidn Am-
bieniaf, or CENICAY, on the Trfapalapa campus of the Dk
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versidad Autdunoma Mepopolitana (UAM). Data were col-
lecied before and during the Baster holiday to assess changes
in PAN and BT loadings ag » function of vehiclc traffic lev-
cla,

Resylts are presented here for PAN and BC concentrations
obtained in Mexico City during the Mexico Megacity 2003
field study. These results are comparcd with those obtained
& years carlier during the IMADA-AVER study. Changes
in PAN and carbonaceous acrosel levels are presenied as an
indicatioh of chenges in cmission Tevels during that time and
ihe effeciiveness of ozone control stralegics that have been
adopred in Mexico City singe 1997, 'The black carbon asrosol
comparisous are of paticnlar imporlance in the evaluation
of the regional impacte of the changing megacity emissions
of this key absorbing acrosnl species and ils importance for
regional climate consideralions,

2 Experimental methods

Meawnrements were oblained from February 20 1o Murch
23, 1997 at Building No. 24 { Refinacids y Pefroguimica) of
the [MP laboratorics (Efe Central Lazeve Cardenas o, 152,
Dizfegacion Gretava A. Madero, Méxica, Districto Federole).
This site is located in the north central part of Mexico City
(192297 19.392% N, 99° 04" 502587 W). The PAN: were do-
termined using al aulvmated gas chiomatograph equipped
with an eleciron capture detection system (GC/ECD), This
systemn has been described in detail elscwhere (Gaffoey et
al., 1993, 1997, 1098, 1599}, A 2.em* sample was injected
aulomatizally onto a packed GC carbewax 400 column cvery
30 min, Tata were collecied nsing g recording Inteprator and
processed manually for sach of 1380 samples. Calibration
of the instrument tor the PANE was accomplished by manual
Injection of slandards synthesized by strang acid nitmtion of
the correspending peracids (Gaffhey et al., [984; Gaffaoy
and Marley, 2(H)3a}.

Diata for ozone and MNO; concentrations were ohtained
Tromn the P momiming staion of the Mexico Clty amnbi-
ent alr monitoring network (fo Red Awlomdiica de Monitoreo
Atmoyférico, or RAMA), operated al that time by the Dy
receidn Feneral dz Prevencin y Confrol de lo Contaminacin
de Ja Ciudad e Mexica. Mineteen of the 33 urban RAMA
stations nieasure vzouc by UV absorption and nitvogen oxide
{NOY and Lotal nitrogen oxides (NOy) by chemiluminescence
among oiher criterin pollutants, which are reported a3 hourly
averages, As the chemiluminescent nitrogen oxides analyrer
in the NO);, mode measures the spm of W05, NO and TAN
congentrations, the 1997 W cancentralions were estimeated
by subitaction of the MO and PAN concentrations from WO,
resulls (WNOxAND -NO-PAN),

Meagwrements of the PANs, NOs; and fine asrosal black
carbon content were oblained from 3 April 1o 1 May 2003
mm the reoftop of the CENICA laboralory building (197
21" 44,5417 M, 99° 047 16.A257 W) an the UAM Iztapalepa

Atmos. Chen. Phys., 7, 22772285, 2007
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Fig. 1. (A) Coneenlration profiles for peroxyacely] nilrale (PAN)
measured in Mexico City fom 20 Febrary to 23 March 1997 and
(I8) from 3 March to 1 April 2003,

campus (Colle “Sur 107 No. 230, Colonia Lo Vicerting,
Palegncidn fotapalapa, Mévice, DLF). This sile is approx-
imately 161 kma (10,0 mi} south-soulhwest of the site at the
IMP site fhal was vsed in 1997, Measurements of the PANs
and MO were obiained by Gt wwa chvomatographny with ho-
ming] detection. Thiz wystem has been described in detail
elsewhere (Marley, et al., 2004) bt will be bricAly reviewed
here. A Z-vm? sample loop was used to automatically in-
jecl samplcs onto a 30-ft. capillacy DB-1 colwmn at 1-min
intcrvals, Both MOz and PAN were detected by the chomi-
lumingscent reaclion with lumingl and the inensily of the
emission al 425 mm was measured with a phaton counting
madule. The instrument was controlled by a 1.8-GHz Note-
book compuler with 8 Windows 2000 operating system and a
custom software applicalion programmed in LabVIEW. The
instrynent was ealibraled for W03 by dilmion of 4 2.8-ppm
NO; 1ank standurd in air with a gas ealibrator (Dasibi; Model
LO09-CP) and for the PANs with the synihetic standards de-
soribod above. This instrument has been compared with Lthe
GC/ECT methed in previous studies and found 10 give pood
agreemenl both in field studies and with synthetic PAN stan-
dards {Gaflney ct al,, 1908, 2005a; Matley ot al., 2004).

The black carbon content of fine scrospls was measured by
nxing a seven-channel acthalometer {Andergen)} with 2 gam-
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ple inlet designed 1o eolleel acrosols i the 0.1 1o 2 micton
size range. The acrusols in the air sample are collected wilhin
the insirument by contimious filtration through a paper tape
gtrip. The optical ransmission of the depusilud avyvsal pacti-
cles is then measured sequenlially at scven wavelengihs {370,
450, 520, 590, 660, 880, and 950 nmY, Since black carbon
i a strongly absurbing acrosol species with an absorplion
coeflicicnt relalively constant over a broad spectral region
{haricy ct al,, 2001) the instruiment can automatically calcu-
lalc the black catbon contenl from the transmission measure-
m™aents by aesvining black carthon o be (he mein sbavtbing
acrosol species in the samples with a 14 dependence typical
of broadband absorbers and & mass specific absorption co-
ellicicnt of 16.6m%/2 at 880 (Hansen ct al,, 1982} The
inslriument is operated by an conbedded computer with a dis-
play sereen aind keypad that conlrols all instrument functions
and gutomatically reconds the data to a built-in 3.5 Aoppy
diskette. Daln were recorded for each of the scven chan-
nels al 4 lwo-minute time regolotion. In addition, fhe analog
oulput of the 320nm channel was mondiored continuously
and ong minute averages of this chamgl were recorded supa-
rately,

Measurements of tolal FMs 5 mess coneenlrations werg
also oblaincd at the CENICA site by a Tapered Flement
Ozeillating Microbalance (TLHOM, Ruppert & Tastashnick)
opcrated at 35°C. This instrument measures the Lolal fine
aerosol mass concenlration by using & vibrating clement
whosg lrequenty 15 dependent on the particle mass collecied
on a filter located at the end of the clement (Hinds, 1999,
Hourly averages of ozone for this lime period werg obtained
from the RAMA slatfon at Cermo de fa Estrelia (Colzada
San Lorenzo, Colonia Pargje San Juw, Delegacion fzia-
pulape, Mexica DF), This site (19 20° 09, 184" N, 997 04
28.829" WY is located 1.0 km (1.8 mi) from the main sam-
pling site at CENICA,

3 Results and discussion

The 30-min goncenttations of PAN measured in 1997 amc
shown in Fig. 1a. The strong dingnal concenlrativn pattern
observed is evidence of the regional altetnoon clearing of the
poflutants from the MCKA basin (sec Fig. 3 for expansion
of dinrmal detail). The PAN concentrations regched a max-
imum of 34 ppb with &n average daily maximum of 15 ppb.
The higher PAN anulops were also observed in 1997, Levels
of PPN and PBN rcached 5 and 1.1 ppb respectively, giving a
vl rreraitriorn ConceriTElicn for all the PAMS of 40 ppb, he
highcst reported since measurcments taken near Los Angeles
in the 19705 {Toazon ot ul, T981), Figure 1b shows (he limc
sequence observed for PAN jn Mexico City in 2003, The
PAN levels recorded in 2003 were quite different, reaching
a maximum of only 8 ppb early in the study with an average
daily maximum for the time peried of 3 ppb. In addition, nei-
ther FPM nor PBN were obaorved above the detection limit

www.almos-chem-phys,net/ 72271200
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Kig. 2. {A) The ratio of FAN to Ozone deily maximwn eoncenira-
fions i Mexica City from 20 February to 23 March 1997 and {B)
from 3 March to 1 Apri] 2003,

of 0,02 pplr at any time during the 2003 siudy period. The
typical divmal comgentration pattern is evident in the ficst 14
days of the stedy, indicating the same daily meteorological
patlems observed in 1997 leading ko & daily clearing of the
hasin.

1% April 2003 (Julian day [08) was Good Friday mauk-
ing the beginning of the holidey period accompanicd with a
decrease in trallic levels and o decrease in mohila and eta
tionary emnissions. Average carbon monoxide concentrations
dropped by a factor of 2 and peak concentrations dropped
by o ficlor of 4 from the levels reported on the previous
Friday, This resulted in cven lower PAN levcls after that
day. The average daily maximwm before 18 April was 4 ppls
while the average daily maximuwm aflenwarnds was 1.7 ppls,
The IMADA-AVER, study in 1997 alsa incorporated a Mexi-
ean natimal holiday (Benito Juarcz's Birthday) on 21 March
{Jalian Day 80). The maximum PAN coneentration observed
om that day was [2ppb,

The hourly average ozone concenirations reached a max-
imum of 242 ppb during the 1997 study period but enly
reached 135 ppb in 2003, The ratic of PAN 1o ozone daily
mraximutn hourly average concentrations is shown in Fig. 2a
for 1997 and Fig. 2b for 2003, Past measurements of PAN
and ozone concentration in polluted air masses have yiclded
a ratic of 0.1 {(Tuawen et al, 1981, Finlayveon Dilts ond

warw atmos-chem-phys.nel F227 12007/

13
180] A) - PAN " Qzans — WOZ
=
£
5‘ 10H
=
a
5
& 60
0 T
58
Julfan Day
- 15
B} — PAN:- Qzdno — WO2  BC

Qzone, N0, (ppty)
BC (eggdm®)

Aullan Day
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Fitts, 2000; Gaflfney cl al., 1989} The obseoved ratio of
PAN/ozone in 1997 genetally agrees with the vahe of 0.1,
However, many days exceeded 0.1 and & qut of the 32 study
days cxceedad a ratio of 0.2, This has been atiributed Lo
the significant presence of PAN precursors, including higher
aldelrydes and olefing, in the Mexico City air during that time
ane alzn o the fiet han the higher PAN lovels act to 1ie up
Ny thus reducing the ozone praduction rate and the subsc-
quent atmaoespiteric ozone Yovels {Gaffney et al, 199%), The
PAMfozong values observed in 2003 only reached the valug
of (1.1 the first two days of the study. The PAN/orone ratios
after 3 April (Julian Day 93} were significantly below 0.1
with an average daily value of 0.02 for the rest of the sludy
perivd und an average of (.03 fur the period before the Easter
haliday,

As expected, WO levels were also lower in 2003 than in
1997, The maximum NO; concentrations rcached 205 ppb in
1997 and 137 ppb in 2043, Figure 3s shows the concellre-
lion profiles of azone, N, and PAM for two representative
days in 1997, Figure 3b shows similar concentration pro-
files for 2003, Although the averall concentration levels are
lowrer in 2003 than in 1927, the concentration profiles ap-
pear to follow similar patterns. There is a apid conversion
of M0 to MO [n the Moxico Cily air in botly 1997 and 2002

Atmos. Chem. Phys., 7, 2277-2285, 2007
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T o () bleck varbon ond P9 5 aenoso) concerivating wmen-
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ax indicated by the fact that NOz reaches a maximum bhefore
noen. At this 1ime both ozone and PAN begin to be produced
withh PAM reuching a maximum earlier than ozone. Shortly
afier midday the boundary layer hoight increnses leading in
a reiboction of NGy almogphoerie congentralione. In late af
ternoon PAM levels begin to drop faster than vame. As this
rapid decresse in PAN is not likely due to reaction with NO,
becanse this wounld cause ozone 1o be lost faster than PAN, it
was proposed i 1997 that this behavior might be due to het-
eragenecys loss of PAN on carbonacgous aerosol surfaces
{Gaffney et al., 1999}, Tt has been shown in taboratony stud-
ies that PAM can be lost on contaet with svot surfaces at low
ppb levels during relatively shorl contact times {Gafthey et
al., 1998). Figure 3b also ineludes the black carbon aerosel
profiles obitained in 2003, The MO: concentration lovels cor-
respond well with the black catbon concenimations as both
black catbon and N0, the NO; precurser, are produced from
cotnbustion. The TAN levels in Fig. 3bhegin to drop ailer the
black carbion concentrations reach their maximun support-
ing the suggestion of heterogeneous PAN loss. This same
loss pattern has also been observed in Santiago, Chile where
PAN leweds have been seen to axceed 20ppb {Rappengluck
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etal., 1998, 2000). This city has a large diesel bus Heet and
the black carbon levels arc likely to be even higher than those
observed in Mexico City. '

Daily averags Pz 5 concentialions have been roported
clsewhere for Lo Meresd site during the AMADA-AVER
campaign in 1997 (Edperfon et al., 1999; Chow ctal,, 2002}
These fine acrosol levels ranged from 21-60 ugfm? in 1997
with an average of 36 ug/m’®, The daity average PMy.s dur-
ing Ihc 2003 study ranged from 26-69 ;2g/m? with an average
of 45 prghn . This is not a sigmiticant difference in fine atmo-
spheric asrosols Trom 1997 to 2003, The samples collected
in 1997 were also analyred for elemental carhon content by
thermal evelution analysis {Chow et al., 1993, 2001). Fig-
ute 4a shows the elemental catbon content of the 1997 PM 5
acrosol fraction as caleulated from the previously reported
vcsulls (Rdgerton el al., 1999; Chow et al., 2002). The per-
cent elemental carbon in the fine aerosol samples collected
in 1997 varied from 6--23% with an average during the cam-
peign of 15{=5)%. Figure 4b shows the daily average black
carbon content of fine netosols as determined from light ab-
snrption and TLHOM measurements made in 2003 (Saluedo
et al., 2006). Tho duily average percent black carbon in fine
acrosols messured in 2003 ranged Irum 5-18% with an av-
erage of 1{x=3)%. This may represent a slight decrease in
black/clemental carbon aerosel content in 2003, especially
at higher PMa s concentrations, However, the thermal evo-
lution method used in 1997 to deteninine elemental carbon
may semetimes resylt jn high values if corections are not
adequately made for chatring of the sample during analysis
{Chow ct al,, 2004).

The decreasing trend in PAN levels observed in Mexico
City from 1997 10 2003 15 similar to that obscrved in soulh-
ern Californis where the maximum PAN concentrations have
steadily decreased from 50=70pph in the 19605 to 3-10 ppb
in the 19905 (Grosjean, 2003} The PPN concentrations in
southerm California have also decreased from 5—6 ppb in the
%605 to less than | pph in the 1990s, Peak czene concen-
trotions weare vbout 540 pph in 1960 and 210 in 1997 {Gros-
jean, 2003; South Coast Air Quality Management District,
1995; www.aqind org). Thix trend in decreasing atmospheric
oxidants reflects the increasingly stringent contrels on VOO
and WO, emissions in the state of California. Although the
trend for both PAM and ozone in sowhem Califormia is down-
watd, the ambient levels of PAN have decreased faster than
thosc of ozone yielding a deercase in the PAN/ozone ratio
from 0.13 in the 1960« to 0.02 In 1997, Since California’s
emission conlrels have focused on reducing the most reactive
VOCs thus reducing the overall photochemical reactivily of
the emissions {Carter, 1994) il bas heen suggested that this
may have resufted in a larger reduction ol the PAN progur-
sors comnpared to the VOUs that produce oxone but do not
produce PAN (Grosjean, 2003).

A8 the Mexico City and Los Anpeles aress have many
similaritizs in their air pollution problems including, a high
daneily of nobile emizsions veaulting in similar ahnospheric
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chemistries, the Mexican govermment utilized a simiiar ap-
proach to improving the air guality in the MCMA a5 that ysed
by the siate of Califomia (Molina and Molina, 2002b). This
included tho removal of reactive olefine from LPG {Blake and
Ruowland, 1995; DDF e al., 1996}, re-strengihening motor
vehicle emission standards with limits on the most reactive
Vs and the intraduction of bwo-way calalylic converters
in new vehicles starting with the model year 1991 and three-
way calalytic converters siating with 1993 models {Molina
and Molina, 20020}, I'uel-based motor vehicle emission in-
ventories for Mexico City have subsequently estimated a de-
crease in MOy and hydrocarbon emissions of 26%, and 39%,
respectlively, fom 1998 to 2000 (Schifler ot ul., 2003, 2005},
Yehicle rcmote sensing studies made in 2000 showed that
tailpipe hydrocarbon emissions (measured in pounds of HC
por pannd of fuel) were lowered to one ninth of these cmit-
ted by the 1951 Hect {Beaton o al., 1992; CAMAME, 2000).
Atmosphetic measorements have also reporied a decrease in
ambienl hydrocarbon levels from 1992 to 1996 {Arriaga cl
al., 1997}, Tt is therefore nol surprising that resulis (vam the
reeent studics in Mexieo City should vield regulte eimilar to
ihose observed in the Los Angeles area with respect o at-
masphetic oxidants, particularly the BANs. Rowevyer, fine at-
mospheric acrosols, ncluding black carbon aerosols remain
& problem in this megacity. This is mimarily due 1o the lack
of controls on diesel particulate emissions.

The presence of the highly absorbing black carkbon
gercsol: in Mcxicn City leads to a reduction in solar flux of
17.6% locally {(Raga et al., 2001k}, The mass of these absorb-
ing avroxols exported frowm this megacity info the survound-
ing region is estimaled lo be G000 metric tons per day or 2
mega-fans pet year of hlack catbon (Galfhey cl al., 1999},
Sinee feshly fonmned black catbon acrosols are hydropho-
bie, they arc cxpected to be mors resistant to washout and
have longer lifetimes than more hygroscopic aerosols such
ax sulfabte and nitrate (Gaffncy and Marley, 2005b; Dua ct al,,
19997, In addition, since Mexico City is located at an altitude
of 2.2km sbove sea level theee aeroeols are introduced inlo
the atmusphere at altitudes that would be considered to be in
ihe free troposphere 300 km away and are therelore assumcd
tr have longer lifetimes than aarosols released at lower atti-
tudes (Raga <t al., 2001b)., The Mexico City Metropolitan
Area is therefore a major source of black carbon asrosols 1o
the surronnding regions and the release of these highly ab-
surbing aerosols into the summounding areas will have an im-
pact on the radiative balance and climafe on a repional scale.

4 Conclusions and recommendalions

A comparison of results for PAN in Mexico City in 2003 with
those oblained in 1997 indicate that the overall reactivity of
1he urban air chemistry has changed consistent with the eon-
el strategies that have been put inte place in Mexico City,
i.e, reduction of nlefin coantent in LG sourees and the e
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placement of motor vehicles with those (hat employ the use
ol catalytic converters to reduce the reactive VOO emissions.
Although the levels of PAN are still fairly high [ur an otban
centet, FAM and owomc levels are gradually dropping o Mos-
ico Cily with similar frends to tha! ebserved over a number
of decadues in the T.os Angeles air basin (Grosjean, 2003).

The Mexico Cily urban air is gensrally 1ransporicd down-
wind of tlte city oo a daily basis leading to the strong divrnal
cyeles observod for FAN ab the urban siles. It is apparent
thal both NG, and reactive YOO emissions in Mexico City,
although still high, are being reduced, Alhough the redue-
tion of reactive ¥OUx in the whan emissions leads to the re-
duction of photochemical oxidants in the MUMA basin, the
lower reactivity of the YOCs will certainly lead to the pro-
duction of PANs downwind of Mexico City a5 the amissions
are transported out of the arca. This may lead to regional im-
pacts that were not explored inthis study. It is recommended
that measurements of PANS in the outflow regions should be
undertaken o cvaluate the potential impacts of ozong and
PAN on ceosystems jn the region,

The reaults for black carbon asrosol content Hudican: it
this polhiant is not being reduced in Mexico City, consistent
with ne control sirateges being put inte place. It is clear that
this and other megacities continue te he major sources of this
kuy acrosal species on a global scale, As the lifetimes for
black carbon aecosals are anticipated o be longer thao that
for tlie more hygrosvopic asrosol species, the glubal impact
of the emissions from megacities such as Mexico Ciky nust
continue to be evaluated {Galfuey and Marley, 2005h), Con-
sidering the impottance of black carbon aerosols in radiative
balancs, these majot somces of ahserbing aerosals cannot be
ignoved if we are to adequately assess theic role in climate
change.
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Alstract, Data from & recent field campaign in Mexice City
arg used to evaluate the performance of the LPA Ecderal Rei-
arencs Methad for monitoring the ambien concontyations of
MW, Mezsurements of HO from standargd chemilutnines-
cenew manibers equipped with molybdenam oxide converlers
arc compared with those from Tunable Infiared Laser Differ-
ential Absorplion Speciroscopy (TILDAS) and Differential
Optical Absorplion Spectroscopy (DOAR) instruments, A
signilicant interferenge in the chemilumingscence measure-
ment is shown to account for upr 1o 50% of ambient NOz con-
centration during aflemouon hours, As expected, (his interfer-
ence torrelates will with non N0, tentlive nirogon species
{MNO.) a3 well ax with ambient Oy concentrations, indical-
ing & photochemical source for the inferfering species. A
combination of pmbient gaz phasc nilvde acid and alkyl and
multifinctionnl alkyl nitmtes is deduced to be the pomary
cause of the interference. Ohbservations al four locations at
varying proximitics to emission sources indicate that the per-
centage conlribution of TINO; 1o the interference decreascs
with time as the air pareel apes. Alkyl and mulifunctional
allyl nitrate concentialions are calculated 1o reach concen-

Correspondence to: E. J. Dunlea
{edward. dunleaf@enlarada.edn)

trations a3 high as several ppb inside the city, an par with
the highcst values previously observed in other urban loca-
toanz, Aweraged over the MOMA-2003 fiald compaiug, the
chemilumineseence monitor [nterference resulied in an av-
erage measured N0y concentration up to 22% preater than
thet from co-located speciroscopic measurements. Thus, this
interferenen has the potential tnoinitiate regulatory action in
arcas that are close 1o non-attainment and may mizlead almo-
spheric photochemical models used to assess control strate-
gies Tor pholochcmical oxidants.

1 TIntroductlon

Mitrogen oxides (MO, = sum of nittogen caide (NO) and
nitrogen dioxide (NO2)) ate primarily cmitted as byprod-
ucts of combustion and participate in ozone {0y} formation
and destruction, thus playing a key role in delermining ihe
air quality in urban environments {(Finlayson-Fitls and Ditts,
20000, MOz is dexignated as one of the United States En-
viromnental Protcetion Agency’s (US EPA} “criteria pollu-
lants”, which alsa inelude O3, carbon monoxide {CO}, xul-
fur digxide (503), aitbome lead (Pb) and particulatc mat-
ter {Fh4). The US EPA initiates regulsiory vction if an whan
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area has criteria pollulant concentrations that exceed a cet-
tain threshald (either une hour aveaged daily maxima, vight
hour averaged daily maxima or annually averaged concen-
teationg}, referred to ae being in “non attainmenr. Whils no
counlics in the US are currently in non-attainment for NOg,
the US EPA has recontly amounced swecping new regula-
tiems aimed at reducing NO;, levels by 2015 {Favitonmental
Trotection Agency, 2005}, Thercfore, accurately measuring
the concentration of WOy, 43 mundated under the 19590 Clean
Air Acl Amendments, Scetion 182 (2)(1) (Demerjian, 2000,
will heeame increagingly important, Positive interferences in
the measuremenl of N0z maey lead to the false classification
of an urban atea as being in non-allainment,

In addition to the regulatory purposes of monitoring, am-
bient measurements are also used by air quality models
{(AQM) for charactedzation and prediction of future high
ozone episodes {Demerjian, 2000) and in validations of satcl-
lite measurements of NO; (Ordbfice ct al., 2008; Schaub et
al., 2006). Adequate disgnostic testing of AQM's requires
uncetlaintics in N0y measurements of less than £10% Envi-
ronmetal Protection Ageney, 2001; MeClenny ot nl., 2002).
There has also been considerable atiention paid recently to
the direct emissions of NOy from dicsel vehicles {Fricdebug
etal, 2005; Jonkin, 20044; Jimcnez et al., 2000; Latham el
al.,, 2001 ; Pundt et al., 2005) and their resulting health effects
(Bounchamp et al., 2004). These and other studies that rely
un the data froan monitoring networks, such as recent NOk;
source appottionment (Carslaw and Reevers, 2004, 2005)
and oxidant partiticning (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 thesc measureinenta requires accurate WOk surface
measurements. o summary, assuring that WOs monitors rou-
tinely achieve a high lovel of precision is impartant for the
aceorate prediction of air quality and validation of satellite
mEasurenetts,

OFf the varinns technigues for measyring in situ WO and
NO; cancentrations, 1he most prevalent, and the Federal Ref-
erchce Methad as deaignated by the US EPA, is the chermi-
lumingscence instrument {CL MO, monitars) (Demerjian,
20000, This technigue has been deseribed in detail elsewhera
{(Fordjin et al., 1970, Ridley and Howlett, 1974), Briefly, it
is based on the chemilumincscent reaction of N with Oy
10 form clectronically excitcd NQ3, which Nuocresces at vis-
ible and neer infrarcd wavelengihs, The technique is sim-
ple and relatively rcliable. The delection sensitivity ben-
efits from small background signal Jevels because no light
souree is necessary to niliatc the fluorescence. Only an O3-
gencrating lamp and & modestly cooled pholomultiplier {iyp-
ically ~—4°C} are required; thus CL NGO, moenitors are 1cl-
atively inexpensive. Calibration invalves the sampling of a
knows standard to determine the absolute responsc of the in-
sirament; such standards ure readily acquired. OL NGO, mon-
itors typically opersie in 3 mode that alomates Between two
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states: one that measures the concentration of NO by sam-
pling ambicnt air direcily, and one that messures the sum of
NO and N3 by passing the ambient air strecam over a cat-
alyst {usunlly gold v wulyladenum vxide, often heated) 10
cotvert NO7 10 NO. The dillerence of the two values is re-
ported as the NOz concentralion. Although instruments are
available that utilize & flash lamp or laser to convert NO; to
NO, this study only examines CL N, montors with molyb-
denum oxide catalysls, which are the must pravalent type
{Parrish and Fehseafeld, 20000,

In addition (e the advanages of CL NO, monikors Hsted
above, however; there are known interferences for this stan-
dard lechnique (see sevorzl recent reviews (Cavanagh and
Workouteren, 20001; Demerjian, 2000; Environmental Pro-
tection Agency, 1993 McClenny ot al., 2002; Parish and
Fehsenteld, 2000; Sickles, 1992)). The most significant is-
sue wilh standard CL NO, monaitors is (heir inability to di-
recily and specifically deteet NOy, It has been well estab-
lished that other gas phase nitrogen conlaining compounds
are converled by molybdenum oxide catalysts to NO and
thercfore can be reparted as WOk by o sluodard CL MO,
monitor (Wincr et al., 1974). As stated by the US EPRA,
“chemilumingscence NOMNODL/NG; analyzers will respond
to alher nitrogen containing compounds, such 35 peroxy-
sectyl nitrate (PAN), which might be reduced to NO in the
thermal converier. Atmespheric concentrations of these po-
tential interferences are generally low relative 1o NOz and
valid NCYz measurements may be obtained. Tn certain ge-
ographical areas, where the concentralivn of these poten-
tial mterferences is known ot suspeeted to be high relative
to Ny, the vse of an equivalent mcthod for the measure.
ment of MOz s recommended”  (Environmental Protec-
tion Ageocy, 2006) Addiionally, manufaclercrs now use this
same technology 1o make total reaclive nitrogen (M0, ) mea-

* surements. Molybdenum oxide catalysts ave knawn to cfti-

ciently reduce compounds such as NOg, NCy, ITNO3, N2 O,
CIONOz, CH3CHONO;, 0-C3H;0NO5, n-CyHoONO;,
ond CH3CHONGO and 1o a lesser extont also wodwoy HOaMO,,
HOMO, RO;NCs, NHy and particulate phase nitrate. Thesc
catalysts do not cfficiently reduce Na0, HCN, CTizCN or
CI13NO; at typical operaling converter temperalurcs lower
then 400°C {Fehsenfeld cl al., 1987; Williams ct al., 1998),
To emphasize this point, consider thal the only ditference be-
tween CL MOy and NOy, monitors ix the position of the cat-
alyst: in a CL NOy monitor, the catalyst is placed very closc
{o the front of sampling inlet so as to convert all MOy spreies,
whereas in a CI, NO, moniler, the catalyst i3 placed after a
particulate filter and just before the detection chamber, allow-
ing the conversion and detection as “NOs" of any gas rhase
nilrogen cotitaining compownds not removed by passive loss
on surfaces 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
gtill empleying the chemilumincscencs reaction {Kicy am
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MeFarland, 1980}, ant LIF lechnique (Thornion ct al,, 2000;
Thomton gt al., 2003}, a fast gas chromalography lumino!
chemiluminescence detection (Marley ctal., 2004), Dilferen-
tial Dptical Absmption Speotroscepy (MOAS) (Dlat, 1994,
Platt and Pomer, 1980), cavity ring down (Oslhoff et al.,
2006) and a Tunable Infrarcd Lager Diflerential Absorption
Spcetrascopy (TILDAS) technique {Li et al., 2004} (also de-
seribed below). Scvcral recent revicws provide a more com.
plete desctiptivn of these and other NO; measurement tech-
niques {Demerjian, 2000; McClenny et al., 2002; Pamish
and Fchscofeld, 20000, Although several of these instru-
menls have been shuwn to perform well in intercomparizons
(Fehsenteld e al., 1990; Gregory et al., 1990 Osthoff &t al,
2008; Tharnton ct al., 2003), the majority of these technigues
are, al this time, research grade instuments vasuilable for
use in routine moenitoring. A newer technique, Cavity Al-
tenuated Thase Shifl (CATS) speciroscopy, has shown the
potential to provide aceorate spectroscopic measurements of
NOz (0.3 ppb detection limil in <105) at 8 reasonable cost
{Kcbabian ct al,, 2005), but it i= still In the development
phase. Even if thees other techniques gain prevalence in the
coming years, the current widsspread vse of CL NQy mon-
itors makes vnderstanding and quantifying imterferences 1o
this technique eritical. Recent ficld studies have begun tn
quantify the magnitude of interferences ko this techniyne, for
examplc {I.i et al., 2004) have shown a consisient positive
mcasurement bing from CL NO, monitors relative to an ab-
solute TILDAS measurement of NO;. Additianally, Stein-
bacher et al. (2007) have shown a porsistent hias in CL NO,
monitors with molybdenum oxide converters over a time pe-
riod of more than 10 years at mrat locations in Switzerland,
However, our study is ong of the first frcld intercomparisons
1o directly quantify this interference and characterize the spe-
cific compounds responsible {oe it,

Cur study wses data from the geceml Mexivo City
Metropolitan Area {MCMA) field campaign during Apri] of
2003 (MCMA-2003), which featured a comprehensive suite
of both gaz and particle phase instrumentation from numer-
ous inlernational laboratories, including multiple measurc-
menls of W02 (Moline e al, 2007), Here, we utilize this
unique daka set to evalualc the performance of standard CL
Nk manitors in a heavily pollned urban atmesphere, ex-
amine possible intcrferences and make recommendations for
monitoring nctwerks in generl. Data from an esploratory
field mission in the MCMA during February of 2002 are
alzo presented.  The metcorology during these campaigns
kas been discussed in detail elsewhere (de Foy et al., 2005;
Molina et al., 2007).

2 Messurcments
A major part of the MCMA-2002 and 2002 campaigns was

the depluyment of the Aerodyne Ressarch, Inc. Mobile Lab-
arafory (ART Mobile Lab), a van equipped with a compre
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hensive suite of reseatch grade gas and patlicle phase instru-
mentation {Hetndon ct al,, 20050; Kolb cl &, 2004). The
ARI Mobile Lab had two modes of operation during the cam-
paigus. mwhile s stulivnary. In mobile maode, the main ob-
Jjeetives were either sampling of an-road vehicle exhaust ar
mapping of emission scurces. In stalfonary mode, the ARI
Mahiie Lab was parked a chosen site, typically making mea-
surements for scveral days in a row. Statienary mode dala
in this sludy will be presented from four sites from the 2002
and 2003 figld campaigns, which are described in detail else-
where (Dunlea ¢t al., 2006); briefly they arc (1) CENICA
(Centro Nacional de Investigacion y Capacitacion Anbien-
tal} — the “supersitc™ for the MCMA-2003 campaign located
oh a university campus to the south of the city center, which
receives a miy of fiesh pollution from area trallic coridars
and aged pollution from more downtown locations, (2) La
Merced — a downtown Tocation near an open market and a
large traflic comidor, (3) Pedregal — an affuent residential
neighborhood downwind of the vily conter, and (4) Sanla Ana
— 8 boundary site outside of the city, which receives mostly
agcd urban air during the day i rucal sic overnight.

The insiumenis on board the ARI Mobile Lab most rel-
evalt o thiz sludy were a TILDAS NO: instrument and
& standard CL NOy monitor, The TILDAS technique for
measuring NO; has been described in detail elsewhere (Li
et al., 2004) and only a brict descriplion is prosented here,
TILDAS is a tunable infrared laser differcntial ahsorption
measurement that cmploys 8 low volume, long path length
astipmatic Hemiott multipass absorplion cell (Mebdanus ct
al., 1955} with liquid nilrogen cooled laser infrarcd diodes
and detectors. The laser line width is small compared to
the width of the absurption featurs and the laser frequency
position is tapidly swept aver an entirc ahsorption feature
of the moleculc to he detected, WOy in tlis case. Accu-
tate linc strengths, positions and broadening cocilicients are
taken from the INTRAN data base {Rothman ct al,, 2003),
Reference cells cunlaining the gas of interest ave uzed to lock
the lascr frequency position. OF the spucivs o e TIITRAN
database in the NGz vy wavelength region (1600 om—"), the
next 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 linewidth of the lead salt diode
Insets uscd. Therefore, the measurements of N0z by tun-
ablc diode laser spectroscopy are believed tu be interference-
free. The mods punty of the diode was verified by mea-
swring *black’ NO; lines In a refercnce cell along another
optical path present in the instrument, The absolule aceu-
racy of the cancentrations measured by TILDAS is largely
determined by how well the line sirengths arc known. For
the absorption lincs used in the 1wo instrument channels,
measuring NO and NO; respectively, the presently aceepted
band strengths are known to within 6% for NO and 4% for
MOz (Smuth ot al., 1985). ¥ is imporant o nole wt Lhis
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technigue is an absolote conceniration measutement, which
does ol require 4 cabibration, and thus served as the bench-
mark againdl which to compare ather N{Os measurements. Tn
general, calibrations In the ficld do greatly Buprove the oun-
fidenee in the measurcment and assizt in evaluating the aver-
all pecforntance of the instrument. Though fleld calibrations
have become routine now, via permeation svurces and gas
eylinders on the Maobile Lub platform, they were not dine
during the MCMA-2003 field campaipn. On the particolar
insirurment that did gp o MCMA-2003, however, the seoond
channcl of the inglrument was uged to measire HCHO (Gar-
via ct al,, 2006; Hemdon et al., 2005b3; calibrations for this
species demonslrated the pathlength was correct, and labo-
ratory meassurements ol the patldengih using a pulsed light
source indicate the cell was correctly aligned. Fortunately,
Tor W0, measurenienls, ihe speciroscapy {and polential other
absurbers) near 1600 em ™! is Luirly well understond by virtue
of heing used so commaonly.

Standard CLNQ, monitors have been deseribed above and
here we briefly describe the calibeations performed during
the MOMA-2002 cumpaign, The atandard calibvation pra-
cedure inyplves reroing the monilovs while teasuring N, -
tree air and then adding several specified amounts of NO to
the insirumenl covering the desired operating tenge. The CT.
MO, monilor on board the ART Mobile Tab was calibraled six
times during the campaign, wilizing several different stan-
dardized wixiores of MO in nitrogen and NOAOO/S0; in
nitrogen and resolting in ne preater than an 8% deviation.
Early in the campaign, technicians rom RAMA, Red Au-
tomdtica de Monifores Ambiental (RAMA, 2005), calibrated
bath the CI. NCy monitor on board the Mobile Lab and the
onc on the CENICA mofiop during the same aftevaaon far
comsistency. RAMA operates 32 monitoring sites around the
MCMA, many of which arc cquipped with standard CL NGO,
maenilors, all of wiich are calibrated via this same method.
The RAMA network has heen audited by the US ERA (Envi-
tonmenial Prolection Apency, 2003, and was concluded 1o
he Faccurate and well-implemented™,

For the discussion below, it is imporiant te esiablisk that
ambienl coneentrations of G do nol interferg wilh measured
MOz concentrations from 8 CL NO, meonitor. O3 levels
within the detectiom chamber of these CL NOy moniors arc
three orders of magnitude higher than ambicnl levels (Shiv-
ers, petsonal cotinunication, 2004); thus amtbient O3 levels
will not zipnificantly influence the detection of MO in the CL
MO, monitors. The difference in residence vime in the sam-
pling lings to the CL MOy, menitor compared L the TILDAS
instrument was small enough {<3 5] (o prechtde the teaclion
of anthlent MO wifh aidbicnt T3 from contributing sigmfi-
canily o the measured differences in N0, concenbaltons,

For this study, mecasurements from the ARI Mobile Lab
arc used in conjunction with measurenents from instrumenls
at the varivns stationary siies. The instrumentation al the
CENICA site included two long-path DOAS (LP-00AS) in-
sirnments (Platt, 1994; Platt and Pomer, 19080; Velkamer <L
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al., 1998} which measnrcd NO; amengst 8 suile of oiher
compounds.  The delection limits for WOz woere 0,80 and
0.45pph for DOAS-]1 and DOAS-2 respectively. The La
terced sitc also included side-try-side open path Fourier
transfomy infrared (U'TIR) and DOAS imstruments {Grut-
ter, 2003}, Both instrumenls measurcd numerous gas-phase
componnds, but only data from the FTIR measurement of
nitric acid (HNO3; detection limit of 4 ppb) and from the
DOAS measwement of WOz (detection limit of 3 pph) arc
ehosrn hvere, Bee commpanien paper { Dunlea 2t al., 2006) for
more delails on these stzlionary sites, imcluding infonnatiom
aboul the inlets vged fior various messuremeiit localions,

Additional measurmnent? arc presented here from Aere-
dyne Aerosol Mass Spectromciers (AMSs) (Jayne et al,,
20000 that were on board Lhe ART Mebile lab and on the
roof of the CENICA building. The AMS measutres Lhe size-
resolved chemical composition of the non-refractory com-
ponent of ambient particles smaller than 1.0 pm, including
particulate phase nitrate (pNOj ).

3 Rasults and dizscussions
31 Obzevation of inlerference

Simultaneous measurements of WOy on board the ARI Ma-
bile Lab by the CL N3, ooowitor and the TULDAS insioameng
revedled a recurring discrepancy where the CL NOy maniter
teported g higher NOg coneentration than the TTLDAS n-
stmment. W consider the TILTIAS measorcment to be an
ghsolute concenhation measurement and thus fhis diserep-
angy ig concluded to be an intarference 10 the CL monilar,
“wie defing this “CL Ny, monitor inferference™ ax the CL
Ny menitar NO; measyrement minus g co-[ocaled spectro-
gueopic MOz moasurement,

CL WO, munitor interference=
[MO4] (CLmonitor)—[NOy ] {epectrosgopic) {11

Figure 1 shows the CL MO, monitar interforence as ob-
served during specific pediods in both the 2002 and 2003 ficld
campaigns. The periads in Fig. 1 are yypical of the ohscrva-
ttons dining both campaigns. The CL NOQ, monilor interfer-
gnce wus obatved o acoqr daily, peaking in the aftemoons
during periods when ambient Oa levels were highest, The
CL MO, menitor interferenee accounted for a2 much as 50%
of the wial MO» concentration reported by he CL WO, mon-
ftor (30 ppb out of a tcported 60 ppb fur the 2002 campaign
and 50 ppb out of 100 ppb for the 2003 campaign). The In-
terference was ohserved at all fixed site localions visited by
the ARI Maobile Lab, but was more endily detectable al the
urban giles than the Santa Ana boundary site, owing siniply
to the lower averall MO levels at the boundary site. Addi-
lonally, this CL MO, monitot interfzrence was present when
comparing, DOAS long path meassaments of MO 1w CL
N, monitons gt bath the CENICA and La ddarced diles, For
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thesc sites, the CL NO, jponitor interference was mote vari-
able in time awing to the loss of spatial cohzrence when com-
paring a lung path measurement with a point satupling dalg
for o reactive species {fur further discogaion of apen path ver-
sus point sampling comparizon, sco Dunlea ol al. £2006) and
Sun Martini el al. (2006a)).

The observation of such large CL MO, monitor interfer-
ence levels directly contradicts previous conclusions that this
will anly be an issuc at rurel or remote [ocations {Jenkin,
2004k}, Tn summary, the CL MO, monitor inlerference weas
ubserved fo oceor regularly and to roughly correlate with the
ambient O3 concenlration; the subsequent section will ox-
plore the caose of this imcrferenes in more detail,

12 Cramivation of puesible souress of interferenve

Potentigl sources for the interference in the chemilumines.
cenge MO measurement using the available data Irom the
MCMA 2003 campaipgn are explored: (1) soine portion of
the non-MOy, freclion of reactive nitrogen (NOg} and (2} pas
piase olefinie hydmooarfbens or gae phase ammaonia,

3.2, The Non-NO, Fraction of Reactive Nitrogen (NO;)
It has been long cslablished thal molyhdenum converters
within standard CL NG, monilors have g potential interfer-
enee in e N2 megsurement due ko pas phase reactive ni-
trogen cotnpounds (Demerjian, 2000; Envirmmental Protee-
tion Agency, 2006; Parrish and Fehscofeld, 2000). The ARI
Maobile Lab as configored for the MCMA-2003 campaign in-
cluded a total MOy instrument {TECG 49C), which mensures
both WO, and NO using the chemiluminescence technique,
but configured differently than a standard CI. MOy monitor
s0 88 lo purposely exploit the molybdenum converler's abil-
ity to deicct imore gas phase reaclive nilrogen speeics, From
the CL NOy, moniter NQ, and NO measurenients, along with
the TIL.DAS N3 measurenicnt, we caleululed the non-NO,
fraction of NOy, referved troas WO, Table | lists the reeolts
of linear deast-squares fits of the cotrelation plots of the CL
N, monitor interforence versus WO, at the vatous loce-
lions visired by the AR Mobile Lab, The CL MO, monitor
interference level varied Mncarly with the NO» concentration,
and wag smaller in magnitude, indicating that some portion
of MO, wan responsible for the lerforomee. Fair wo good
cotrclation (R%=0.32-0.79) was abscrved at all sitcs visited
by the ARI Mobilc Lab, wiih ratios of the £2L N0y, monitor
interference lo NO,—{0.44-0.66). Thus, the obvions and cx-
pected conclusion is that some resctive nitrogen compound
or cotnpounds are the cause of the observed CL NGy moni-
tor interference.

This type ol comparison has a number of inherent limita-
tions, Negative values for the CIL NO, monitor interference
are ofien recorded because this caloulated value ia the sub-
traction of o measorements. In general, mote vatance in
thix subtrached quantity is axpected when an opan path spee-
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Fiw. 1. (a} Time kurics of MOy acasucements by stondaed CL 0,
mwgnitor and TILDAS spectroseopie instmments on board ARL M-
bila ob at the Pedregal fixed monitoring sile during 2002 campaipgn
for a specific period Irighlighting when the chomilumingseencs in-
strunent showed an inlerforence. {h} Time serfes for one-minute
averaged measurements made on board ARI Mabile Lals at the Po-
drcgal fixed momiloring site during MCMA-2003 field campaigs Gor
asporific perigdl, The CL ML), monitar interference is plotied on its
T iz in (his Agure to show the corrclation in tine with amident
{3y levels, which indicalcs a photochemical source of the interfaring
compound(s).

troscopic measurement {3 subfracted {rom a peint sampling
CL N0, monitor measurement, limiting the achievahle g2
values for these correlation ploa. We alsa note here that the
anxct of the datly rise of the CL MO, monitor al CENICA is
delayed relative to the other three sites by ~2 h; from 10 AM
onset elsewhere to 12 PM onset at CENICA, CENICA also
experiences the highest percentage of nepative CL MOy mon-
itor interference measurement? indicating that the open path
DOAS light paths may be influenced by NO, sources, such
as roadways undementh (he light paths, which do not advect
to the CENICA roofllup sanpling location., San dartini et

Aoz, Chem. Thys., 7, 2691- 2704, 2007
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‘Table 1. $lupes af Imear least squares fi of correlation plots of obscrved CL N0y monibor interfersnce versus other measured species at
series of logations. K2 values [or fits are given in parcatheses. All concentrations for correlation plots are 15 min averages and are reported
in ppb or gguivalont ppb. Maxima, minima, and averages for slopes arc listed. Abbrevialions: NA - measuccment data Not Availablo at
particular Incation, 10 — Insuffigicnl Data available o paclivula hoaion, kL = data from ARL Mobile Eabon stalionany mode, ool = lung
path instrumants al fixed site locotions, Stationary sites are: STA = Santa Ans, PED = Pedregal, MER = La Merced nod CEN = CENICA
hesdnuarters; see text for description, WOz, Oy and [TNO3 arc highlighted g5 showing the best comelatians.

Specics Cortelated wilh CL ML ETA ML FRD ME BMER ML CLN Roof CTN Roof MBR. Min Wax Avp
N0y BManitor [neerfecence

PIEwTs Ofelin Prosy nrfe 71 1.19 {h05) =156 (0.03]  —0.53G {003} 1m NA MHA —1.56 1.12 —0.41
PTRMS Olefin Proxy sz 43 0.3000.12) =02 (001 —{L13 (0&) m MNA NA -0.2 .36 0.0
FIS Monilat Tolal Glefing Na MA WA _01340M)  —0.15 (0.2 NA B W E R ¥ | . 3 P
NHjy —003 (003 AW} —0.06 (017 .14 005 (MM} 049{0H) 005 049 1d
TAN W N MA n 4,07 (0.0% Na 4.07
AMS Purliculate Nitratg ZAAELAE)  LM(012)  —0d4{DM) LGB RN G2% {001 MNa —0d4 244 1.4
NO, 0.5 (065 066 (0.78) D443 048 (05} NA NA 044 066 D53
04 006 (0.3 LOO(kS4) 005 [0.09) (1H} LIT{RIT}  RIS(L2Z]} 0406 019 0D
1ING, NA NA A NA M 183 {0.dd) 1,53

al. {2006k have discussed the limilations of this NO, mea- tribution to the obzerved dawtime itterforence.  Thus, our

surement in inmc detail.

As shown in Figs, 1 and 3, the CL NOy monitor inter-
ference pealied In magnitade during the allemoons, corre-
spanding Lo peaks il the ambient Oy concentration, The
CL N0y monitor intedfcrence shows & fair correlation with
the co-lngated measured Oy goncentration at all locativos
{R?=0.19-0.54); scc Fig, 2 and Table 1, The magnitude of
the CL N, moenitor inter(erence concentration was approx-
imately 10% of the ambicnt O3 conceniration. We have es-
tablished above that ambicnt (3 does hot represent an Inler-
ference to the M0s measurement; this is finther cortoborated
by the poor coorclation of the tmeasceed CL WO, wonitor
interference with the produet of ambient coneentrations of
[MO]*[03] (regression £2=0.03), Thus, we conclude that
the CL My monitor interference was primaily due to 1c-
active nilrogen specics that sre produced photochenically
along with O3,

We now examing the individual species that make up
N, in order to determine the most likely contribotos ko
the CL NOx moniter interfocrence. We sturl by jemoving
from considevation those reaclive nittogen species which
are not converted by the molybdemim oxide catalyst, c.g.,
amings {Winer &t al., 1974}, or whosc concentrations do not
peak during the afternoon, specifically nitrous acid (HONO),
other orgame nitrites, the niteabe radical (WY gud N3Os.
ITONG was measured dircetly by the DOAS instrument at
the CENTCA supersite and observed 1o have its highest con-
centrations during the morning. Other ovganie nitrites are
unlikely 10 have concentrations that approach ppb levels and
will have photolytic loss miles that maximize in the aftemoon,
making it very unlikely that they could contribute signifi-
tantly to the observed T MO, moniler inferferences. Lastly,
measured concentrations of NO3 and N2Os are obscrved al-
most exclusively at night, exclnding them lfeom pogsible con-

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

most likely candidales are (a) partieulate nitrate, (b) peroxy-
acetyl nitrate and other peroxyacyl nitrates, (&) niitic acid ()
alky! and muttifunctional alkyl nitrates and {e) & combination

of more than one of Ihese spocies,

{a) Particulate phase nitrate (pNOJ'} may he converted by
the CI. NO, monilor and reported as NO; if sufficiently par-
ticles penetrale the particulate Llter oo the CL NOy, mmmitor
to reich the molybdennm oxide converter. The particulate
filter tn a CL N0, monitor typically fillers out particles with
dmmcters larger than 200 . Measurements from MOCKMA-
2003 witl: two AMS instreiments reveal that only a small frac-
tion of the particle mass was fovnd ta e conteined lo narti-
cles with diameters <200 1 (Salgedo et al., 2006), Thus, of
the messured levels of submicron pNOY, :}nly a small fiac-
lion wauld be expected k3 enter 8 CL NCy, monitor result-
ing in a potential interferance. Additionally, the dissociation
of patticnlale NH4NO4 to gas phase HWNOs [rom cither the
filter or surfaces within the instrument anddor sampling line
condd contribute to this interference. Nanc of the inlets for
the MOz instruments listed in the experiment section werc
heated, such that thix effect is Hkely to have been minimal,
Thus, we do not cxpect pNOj do contribute significantly to
the CL WO, monitor interitrence,

This is confirmed by comparing the diomal profiles of
piNOy and the CL NMOx monitor inteoforence (Fig. 33, coo-
centrations of submicron pNO3 (s canverted to its equiva-
lent gas phase concentration) wers significantly smaller than
the CL NO rnonitor interferetice and peaked & fow howors
before the maximum in the CL NG, monitar inforference.
Table | repurts only a weak corrglation (£2<.15) of the CL
MO, monitor interference with the measured ambisnt sub-
micron pNUE levels for all sites. Orverall, it is clear that
pNO; does not comntribute significantly to the observed CL
MO, menitor interferenes in Moxico City.

www atmos-clem-phys net/ 7/2621,2007
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Fig. 2. Linear regression plots for the CLNOy moniter interferenge
plofted versus (o) pos phase olcfing (CENTCAY, (b) gas phase NIl
{Santa Ana}, {c] pas phase Oy (Pedregal), (d) NO; (Pedregal), {e)
gas phase PAN (CENICAY), (T) particulate niteate (T4 Merced), and
[E) gas phase HNCy (La Mereed), Sco text for deserption of mea-
gureinenils, Results of the linear regressions are lsted in Table |,

() Peraxyacctyl pitrate (PAN)Y 1= often tound in lapo
quantitics in urban atmospheres and concenirations =30 pph
have been observed it the past in Mexico City (Gaffhey
et al., 1999 The MCMA-200% field campaign included
PAN measurcment at the CENICA supersite (Marley el al.,
20077 reveling much lower PAN concentrations {maximun
<15 pph) that peak in mid-morning (Fig. 3b); thix does not
match the diurnal pattem of the CL NOy momtor interfer-
ence. The resulls of the correlation plots of the CL NO, mon-
itor interference versus the measurcd PAN concentrations on
the CENICA rooftop show an R?=009. Modeling studies
of the outflew of pollition from Mexico City (Madronich,
2004) and more recenl measurements downwind of the ety
{Farmer, D). K., Wooldridge, P. I, and Cohen, R. C., per-
sonal communication, 2006} show that peroxyecyl nilrate
cornpounds can account for a significant fraction of the WO,
budget in the outflow lrom Mexico City. Although PAN ia
known to ha eotwerbed to MO on heated syrfrcee, and ae

www.atmos-chem-phys.net 726912003/
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such, BAN may contribute more significantly to this interfer-
ence in olher lacations that experience higher PAN concen-
tralions, we conglude that PAN doss not contribute sipgnifi-
cantly bz the olserved CL WOy mwonilur inferferenee in this
study begcause of iz low ambient concentralions,

(g} Mittic acid (HNO4) is photochemically produced
within urhan atmospheres and has been observed in wipnifi-
canl eoncentrations in Mexivo City (Moya et al, 2004). Pro-
duction of HINO; iz gencrally on the same time scale as pro-
duction of Oz, since buth involve the fommation of WO, O3
is formed when NO; photolyzes via a two step process:

v

NOj + hv — NO+ 0 {2)
003 +M— 03+ M (3)

{where M represents a third bedy colliding moleeule, pre-
sumgably N2 or Oz). HNOy is forned from the association
regction of OH with N0y

NO; +OH+ M — HNOj + M (4)

The measured concentrations of WOz and OH dur-
ing MCMA-2003 (Volkamer o al., 2005) indicate that
HMO; production rates via reaclion {4) are quite large
(=15 p.phhr—] b mekirmamy,  However, logses (or HMO,
within an urban area are also sipnificant, and the ambient
concenfration depends o the balgnce belween the prodoe-
ticn and losa rates. In the presence of NHy, HNG: will read-
ily form paricle phase ammonium nitratc (NHyNO3). HNO3
is alao readily lost on surfaces by dry deposilion (Neuman ct
al., 1909], but there {3 a large ranpe of deposition velogities In
the literature (4—26 cms™') and an exact loss rate is difficult
t estimate (Mewman et al, 2004; Wesely and Hicks, 20000,
T is thws proforable 1o rely on measurements of TINOy as
much as possible. During the MCMA-2003 campaipn, the
only divget HNOy concenfration measurements were frpm
the apen path FTIR operated by the UNAM group at the La
Marced site (Florca ot al, 2004; Maoya ct al, 2004). Al
though the measured HNOy eoncentrations shasw reagonably
good corrclation with the CL NO, manitor inlerforence con-
centrations (R20.44), the slope of the correlation plot (1.41}
indicates that HNQOj aceounts far ~60% of the CILNO, mon-
itor interference.

For the locations thal did not bave & measurcment of
HNO), we use modeled values to estimale the possible con-
tribution of HNO3 to the CL WO, monitor. San Martini e
al. (20063, b} bave used an ISORRGFIA model embedded in
& Markoy Chain Monte Carlo algerithm to analygze acrosol
dala and ko predict the gas phase HMO3 concentralions at the
lecations inchided in this stedy, Diurnal profiles ofthese pre-
dicted HNC coneentrations are ineluded in Fig, 3. In gen-
eral, TINO3 levelz are shown to be larpe enough to account
tor the measured CL NO, monilor interference. However, we
nole that the measured HNG3 concenlrations at La Merced
are lowey thot the predicted levels. We therefore generally

Aunos. Chem, Thys., 7, 2691-2704, 2007
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limited daty,

conclude thal HNG; accounts for most, but not all, of the
observed CL NO, monitor interference,

Ay an added complieation, HNOs s efficiently lost on
slainless steel and orher surfaces (Neuman cf al,, 1999), The
efficiency with which HNOy will rcach the molybdenum
convelter within a particular CL MOy monitor is then depen-
dentl on the amount of stainless steel surlace arca in the inlst
manifold, and thus unique to each monitor. Thus, 1 is not
possible to easily extrapolate this result lo all L NOy, mon-
itors. We generally conchide, however, that HNO3; accounts
for 6 signilicant portiot of the CL NO, monitor interference,

{d) Alkyl and nwhilunctional erganic nilvates (from
hereon refemed to as “alkyl nitrates™) are knows to be pro-
duced simultaneously with Oz from the minor branch {5b) of
the reaction of MO with peroxy radicals (Day et al., 2003;
Roszen el al., 2004; Trainer et al., 1991,

RO; + NG — NO; 4 RO (5a)

ROy L NO - M —= RONC; + M (5h)

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

Thetc were no divect measurements of alkyl niteates a= part
of the MCMA-2003 campaipn of which we are awarg, In-
wicad, to sludy the formation of aligy] nitrtes (und HMNOS),
we employ a flexible top photochemical box model, which
was constrained by measurements conducted at the CLENICA
supersite for OH sources and sinks from YOO and NO,.
Mudel simulations were performed with the Master Chem-
ical Mechanism (MEMY3 1] (Jenkin et al, 2003; Saunders
et al., 20037 on 2 24-h basis consrained with 10-minwe av-
eraged ineasurements of Inajor inorganic species (NO, MO,
HONO, O3 and 503), CO, 12 volatile organic compounds
{VOC), HO, (=OIT+HHO2 ) measurements, temperature, pres-
sure, water vapor concentration, photolysis frequencies, and
dilution, MCMv3.1 is a near-cxplicit mochanism, Le. with
minimized lemping of VOO reaclion pathways, and thus
well suited ton source-apporlivnment of organic nitrates and
HMNO; (Sheehy et al., 2007'). Figere 3 shows the divrnal

]Sheehy, I M, Volkamer, B 8., Moling, L. T., and Moling,
M. J; Radicat Oycling jn e Mexica Cily Mreiropollian Aren

wanw, almos-chem-phys net/ 7269 172 00°
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profile of the modeled concentrations of alkyl nitrates and
HNQy ftom the MCM madel, Note that the imodal does not
accoun! for horizental transport and thus modeled concentra-
lions ot stable species begin Acctuing above realisiic 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, ®. ., pereonsl comnmumication, 20067 as well as
modeling of the outflow of pollution from Mexico City
{(Madronich, 2{)6} show that the sum of all allyl nitates,
LAN, comprises roughly (10-301% of NO; in the outfiow
of Mexico City. Additionally, preliminary results from air-
craft measurements of alkyl nitrates made during titis setne
field campaipgn confirm the presence of alkyl nitates in the
culllow fiom Mexico City (Blake, 1. R, and Aulas, E. L., per-
somdl communication, 2006}, Alleyl niirates arc thus a non-
negligible part of the NO; budpet.

i'or the locations where measurentents of OH and other
radicdls were not available to consltain the MCM model,
we make siple estimates of the alkyl nitrate concentrations
biased on the measured [Oz]. Using the notation of Day et
af. {2003}, the branching ratic for the formation of an alkyl
filratc 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 struosphere,  Subsequent
reactions of the alkoxy radical {R0O2) in channel (5a) with
3 lead 1o the formation of an HOy molecole 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 i cither the formation of one
alkyl nitrate or two O3 molecules. As a result, the slope of
plot of atnbient [03] versus calculated [SAN] is 201 —e)i.
W use this relationship to make a simple ealimate of [ZAN]
based on the measured [04].

We estimmate a value for & within Mexico Clty (omacua )
brased an the measured valalile organic carbon (VOC) speei-
ation. The MCMA-2003 campaign included numerons mea-
surements of the overall VOU lvading and speciation thereof
{Velaseo el al, 2007). teing average speciated YVOC con-
centrativns as measured during the campaign and measure-
ments andfor estimates for the branching cafios for chan-
ncl {3b) of the individual VOO compounds, we caloulate
OpIChA N8 sinilar manner 1o the calculations of Rosen et
al. (2004) for La Porc, Texas. The ambient VOO mix in
Mexico City is heavily dominated by propane (29% by vol-
ume) and lighter alkanes (=C35, 25%), with additional con-
tributions ftom alkenes (Y%}, aromatics (8%), heavier alka-
nes (8%}, acetylene {3%) and MTEE (2%, with 15% of the
YOC loading left as unidentified. This unidentified partion af
the VO mixture maost likely consists of oxygenaled VOCs,
with hranching ratios for reaction (5b) similar w the analo-

(MChiA): Modeling RUx Using o Dhelsiled Mechanism, to be sub-
mitted, 200,

wewrw.Atmos-chem-phys.nel/ 726891 2007/
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pous alkanes and alkenes. We assume a valuc of & fur (his
unidentified portion of the VO loading equal to the aver-
age of the identificd ¥OCs. We then weight the value of o
Foreach YOC compound by its OH reactivity to determing a
best cstimate for apopa—0.063. Muliplying the measured
[D3] by this sepgongs gives a tune series of the extimated total
cancentration of alkyl nitrates, [ZAN), for the various leca-
tions in thiz sudy. Diornal profiles of the estimated [EAN]
are shown in Fig. 3. This simple estimate reveals maxima
in [ZAN] of nearly 5 pph, which are a8 large as tho larges)
ohsorved [EAN] in other locations (Rosen ot al., 2004). Al-
though manbient VOO concenirations in MCMA are iarger
than in other urban locations, the MCMA VOC specintion
is dominated by Tight alkanes that do net form alkyl nitzates
as readily as longer chain VO Cs, For the CENICA supersite,
the MC modeled profile of alky| nitrates shows a maximum
value in the morning, while this simplc catimate hascd en the
measured [(4] shows & peak in aficmoon (comesponding to
the peak in the O3 concentration). This is likely due to the
suppression of Oz concentrations at the CENICA site dur-
ing the moming hours due to nearby NO, sources mentioned
carligr, Chverall, the simple estimate provides a rough pagge
to the imagnitude of [EAN| cxpeoted in 3 given location.

(e} From tho provieus scctions, we have concluded that
HMO; and alkeyl nitrates coniribute to the CL N, monilor
intericrence in Mexico City. There iz an observable trend
m geing from “fresh” (o “aged” siles, where the contribu-
tion of alkyl nitraies relative 1o the magnitude of the CL NO,
monilor increascs moving from the sites in closest proximily
(2 high cmissions levels (J.a Merced and then CENICA) o
the sites that are furthest away from large croission somces
{Pedregal and then 3anta Ana}. The cstimatod [ZAN] is
moughly constant al all localivns such that the decreasing
magnitude of the CL Ny manitor interference In going {fvom
Tresh o aped sites s explained by decreasing amounts of
HNQ)3, i.e., Bs tiie 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 measured HNO;3 and the estimated AN resulis in a
sipnificantly better agreement of the lincar cormrclation plot
(slope=0.97, k2=0.53). ‘The diumal profitc shown in Fig. 4
closely mateles that of the inerference. In summary, we
conclude that close 1o the svurees of the emissions, the com-
bination of HMNO;y and TAN account for the CL MO, moni-
tor inferference, and as the wban air parcel ages, EAN come-
prises 3 larger percentage of the imerference,

3,22 Gas phase olefins and ammonma

The chemiluminescent reaction of ambient pax phase olefins
with excess O within the CL NO, monilor rcaction cham-
ber, where the resulting fluotescence is recorded as NOs, is
8 potential inerference o the CL MO, monitor, However,
no correlation of the measured CL MO, monitor imetfercnee
wag observed with olefin concentrations measured during the

Atmos, Chem, Phys., 7, 26912704, 2007
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Flg. 4, Diurmally wveraged profiles for mcasured CL WO, monitor
interference, measured HMOy concerlations and caloulated alkyl
nilratc concentrations at La Menced sile, Proliles averuged over the
cntire MCWMA-2003 campeign. Also ingloded is o profile of the

sum of the measured HEOy cancenteation plus the estimatod alkyl
nitrgle eonseatration {soo text). Time of day is for local time.

MOMA-2003 field campaign from either a Proton Transfor
Reaction Mass Speclirometer (PTEMS) on bourd the ART
Mobile Lab (Rogers ot al., 2006) or 1 Fast Tsoprene Sensor
{V18) al the CENICA supcrsite {Velasco et al., 2007). Re-
sults fiom the linear correlntion plots are listed in Table 1.
The daily peak in the olefin levels was ohsarved during the
morning howrs, which does nol coincide with the aftomoon
peak in the CL NO, monitor intertorence.

Anolhur possibility for the canse of the CT. NO, monitor
infertorence i3 gas phase ammonia (NIx}, which hag been
shown to be converted by molyhdemim oxide eatalyals with
an efficiency somewhore belween a fow percent {Williams
et al., 10U8Y and 10% (Shivers, personal communication,
20043 A TILDIAS system utilizing a Quantum Caseade
Laser ((QCL]) to monitor gaseous simmenia was deployed on
board the ARI Mobile Lab for the MOMA-2003 campaign,
Measured ambienl NHs concentrations were not sufficient o
aceount for the obscrved CL NO, monitor interferences (Iyp-
ical [NH3]<30 ppb) and NH3 concentrations peaked during
the maming before the break up of the boundnry layer (eat-
lier than 11 AM local time), indicaling a significant source
from automohiles (San Marlini cl al., 20064), which docs not
sotrespond Lo the afternoon maxima in the CL NO,, moni-
tor interference,  The stopes of correlation plots of the L
MOy monitor interference versus the measured NH; concen-
trations were less than .34 and R? values did nol exceed
.17, indicating no significant comrclation (see Table 1).

Bascd on thesc observations, we conclude that neither pas
phase olefing nor ammonin contributed significantly to the
observad CL O, mondior fmerferencs.,

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

The CL MO, tnoniler inwederence has been shown b @c-
counl finr up to 544 of the measured MUz concentraiion in
Mexico City, interferences of this order could impaer the
non-gttainment status of urban areas. The diurnal profile
of the CL NO, monitor interferenee peaks in Lthe aflemoon
when NOy concentiations arc relatively low, impacting an-
nual standards for NO;g, such as those used by Coanada and
the United States (Demerjian, 2000), more so than daily 1-
h maximma standards. For the MCMA-2003 campaign, the
mveraged NO; concentration {the closest comparison Lo (he
annual standard we cun do with this dafu) as measured by
L MO, munitms was higher than co-located spechoscopic
techniqucs by up to 22% at the four sites in this study (see
Table 2. For example, the averaged NOs concenlration
menasured at La Merced by the CL MO, monilor wax 495
ppbr versus 40.6 ppb measurcd by the co-located DOAS in-
slrument; the former megsurement comes much closer to
the 53 ppkr UUS EPA anoually averaged threshold for non-
attainment (Environmentnl Proteclion Agency, 1993) {(We
note that our maximum observed MOz concentmation in tis
study for a 1-h averaged of 185 ppb was significantly lower
than the Mexican air quality standard of 210 ppl for 2 1-h
averaged concenfration (Finlayson-Pitts and Pits, 20000.)

Adr quality models require nncerininties in MOz measure-
ments of roughly +£10%. As such, the observed interferences
ol up to 5074 are unaceeplable for the proper cvaluation of aiv
quality models (MeCleomy ctal,, 2002}, In ibe following sec-
tion we make several recommeidations for how to avoid this
interference in the fulure.

4 Conclusions

I hvas been shown that high levels of minbient reactive nilro-
gen species can lead to a severs overestimation of ainbient
NO; concentralions by standard chemiluminéseence moni-
Lors equipped with mulybdenun oxide convertors. This study
iz ong of the first to quantify this CI. WO, maonitor mterfer-
ence and explove its cavses in detnil. In Mexico City, the ob-
served CL WOy, monifor interference was shown to have no
significant cantribution from gas phase olehns or ammonia.
The pood coarrelation of the CL Ny, monitor interference
with ambicnl O3 and NO; concenlrations and poor correla-
tion with PAMN and particulate nitrate lead to the conclusion
that a combination of photochemically produced gas phase
nitric neid and alkyl and multifunctional alkyl nitrales is pri-
warily responzible for this interference in this study, Tt is ex.
peeted that in other envivonments with larger ambient PAN
congentrations, PAN will contribute to this CL WO, monitor
interference sven though it did not in this siudy. The per-
centage conlribution of HN(} to the intericrence decroascs
as the air parcel moves sway from fresh emission sources,
Maocdeling and caleulations revenl tiinr ambient nlkyl niteates
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Table 2. Avcraped measured NOs concentrations for 5 weck MOMA-2003 campaign by speciroscopic techniques comparcd to co-locate:d

CI. Ny moniters sl 4 locabons,

Site Specirosoepic Inmmiment  BICAA Campeign Average  CL WO, Moniter  MCMA Camprign Average %4 Difference
La Mcreed 130045 - LINAM 4[5 RAMA 49.5 +2205
CENICA DAS-1 Jd.l CENICA KIEL —ang?
DoAS-2 2.0 111%
Pedregal TILDAS-MLY 234 MILE 04 +rlg
RAMA oz +11%
Sunta And TILBAS-MLE 36 ik 9l L40%

@ [IDAS-1 belicved bo have larger WO, concentrations than CENICA rooftop uwing to muwor roadway bonewih the Light path, scs discussion

above and (Dunlea ol al, 2006).

B Thg ARI Mobile Lab visit cach tocation for anly & few days, which may not be a 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 hiszh VO loadings in Mex-
ice City. During the MCWMA-2003 field campaign, the CL
MOy monitor interference cavsed the average measured N
concentration to be larger than co-located spectroscopic mea-
suremtents by up to 22%. This inapniwde of interference is
inappropriately large for use in modeling studies and may
lead to a nou-aftainment status for NO2 o be incorrectly as-
signed in certain wrban argas.,

To finish, we make several recommendations: (1) There
exists the possibility that currently employed CL NOy; mon-
itors could be retrolited with photolytic converlers to re-
place molybdenum oxide converters. Such photolytic con-
verters have Deen shown to perform well in the figld (Thorn-
ton et al., 2003; Williams e al, 1998). (2) In ovder io
avoid thiz interference in the long term, inatmunent man-
ufsclurers should pursus low-vost, inferference-free lech-
nigucs for messuring N0z, which would sipnificantly im-
prove the guality of data from ambient monitoring nelworks.
These include photolytic converters and speclroscopic tech-
niques, including instruments that are already on the market
{www.ccophysios.com and www.droplelmessuremenl.com).
We arc not aware, however, of any that have been thorowphly
tested in a polluted urhan environment. {3 €L NOy moni-
tors arc capable of measuring MO relinbly; rather than dis-
card currently in-use CL NO; mondtors, it iz possible that
those instrumcnts wilh molybdenum oxide converlers could
be configured to exploit the ability of the molybdenum oxido
conyerter to reduce reactive nitrogen spacies to NO, 1.e., o
measure NO and NOy. As mentioned above, conumercially
insiruments are currently available that do just (his. Moni-
toting nelworks could then reporl NO and NOy with this in-
strument ingtead of MO and W02, {4) Post-correction of N{Iz
measuremments from 1. Ny, monitors with molybdenum ox-
ide converlera may prove effective in certain circumastances,
but must be done carelully, as discussed in Steinbacher et
al. (2007).
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Absiract. As pail of the Mepacities Initiative: Local and
Global Research Observations {MILAGRO) study in the
Mexieo Cily Mciropolitan Area in March 2006, we mes-
surcd parliculate polycyclic aromatic hydrocarbons (PAILS)
and other gaseous species and particulate properties, includ-
ing light absorbing carbon or effective black carbon (BC),
gl six loeations throughout the city. The measuremenis were
intended 1o support the following objectives: to describe spa-
tial and temporal patterns in PAH concontrations, to gain
ingight inte sources and transtformations of PAIls and BC,
and to quantily the relutionships belween PAHgz and othor
pollutats,  Tetal particulate PAME at the Institute Mexi-
cand del Pelidley (T supersiis) lovaed near downiowe av-
craged 50ng m™, and aerosol active surface area averaged
80 mm? m~3, PATIs wers also mcasnred on board the Aero-
dyne Mobile Laboratory, which visited six sites encompass-
ing 8 mixlure of different land uses and a mnge of ages of
air parccls transported from the eity core. A combination
of analyses of time series, back irajociories, concentration
fields, pollutant ratios, and vorrelation cesfficients supporls
the concept of TO ux an urban source sitg, T1 as a rcecptor
site wilh strong local sources, Pedregal and PEMEX as inter-
mediate sites, Fico Tres Padres as a verlicsl recentor site, and
Sunta Ana as a downwind receplor site. Weak intersite corre-
lations suggest that bocal sources are important and variable
and that exposore to PAHs and BC cannot be represented by a

Corvespondence fo: L. C. Marr
{linamiEg vt cdu)

single regional-seale value. The relationships between PAHs
and other pollutants suggest that a vaviety of sources amd ages
of particles arc present. Among carbon monoxide, nitrogen
oxides (N, ), and carbon dioxide, particolate PAHs ae maost
stromgly correlated with NOy. Mexico City's PAIVEC mass
ratio of 0,01 is similar to that found on a freeway loop in the
T.os Angeles area and upproximately §—30 times higher than
that found in other citiss. Evidence also supgests thar pri-
mary combostion particles are rapidly coated by secondary
acrosol in Mexico Cliy. If so, their oplical properties may
change, and the lifetime of PAHs may be prolonged il the
coating protecls themn against photodegradation or heterogs-
neols reactions.

1  Intrpddustinom

The Mexico Cily Mclropolitan Area (MOMA) is home to
some of the highest measured concentralions of particulate
polycyelic aromatic hydrocarbons (PAHS) in the world (Marr
ct al., 2004; Velosco &t al, 2004). PAHs are a class of
semi-volatile compounds Llhat arc formed during combustion.
Many are known or suspected carcinogens. 1n their con-
densed [orm, they are associated mainly with fine particles
{Eigurcn-Fernandez et al., 2004 Migucl ot al,, 1998), PAII
cxposurg has been associated with low bivth weights (Chol
et al,, 2006, Tang et al., 2006} and respiratory sympioms in
infanis (Jedrychowski et al., 2005). Thus, the exiremnely high
concetitalions of PAHs in Mexico Cliy may poxe a serious
health hazard and demand imore complete information about

Published by Copemicus Publications on behalf of the Eurepean Geoseietces Union.
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their spatial and temporal pallerns, sources, and transforma-
tions in the atnosphere. _

Like PAHx, light absorbing carbon, also known as black
carban (BL) or elemental carbon depending on Ihe mcasore-
ment technique, originates from combustion sources (Bond
and Bergstrom, 2006). BC is impoutant because of its sus-
pected todicily, al least in the form of dissel exhaust pear-
ticulate matier, and its role in radiative forcing, Coating of
BC by condensation of non light-absorbing material changes
thraughout the day in Mexico Ciy and alters the particles’
optical properties, typically enhancing absomption (Baum-
gardner 2t al., 2007).

Actosol surface arca has also been implicated as an in-
dieator of the health impacts of particulate pollulion. Toxi-
cology studies suggest that the dose-response relutionship is
mare closely tied to surface arca than to mass, nomber, or
size (Brown et al., 2001; Ohcrdoster, 2000; Stozger et al.,
2006, Tran el al., 2005). Fspecially for low-solubility par-
ticles, surfice avea may be a more appropriate meusure of
cxposurc (Maynard, 2003}, Tandem measorements of both
FAHS and surface area in [aboratory and teld experiments
have been shown 1o discriminate between different types of
combustion suurces and to indicate the degree of particle ap-
ing (Bukwwiceki et al,, 2002; Durtscher 1 al., 1993; Marr ct
al., 2004; Ott and Siegmams, 2006; Siegmann ct al., 1959).

In April 2003, a molli-national fcam of scientists con-
ducted an intensive five-week field campaign in the Mexico
City Metropolitan Arpa (MCMA-2003) to contribune 10 the
undezstanding of aiv quality problems in inegacities (Molina
ct al., 07}, hMeasurements of PAHx by throe ditterent tech-
nigues snggested thal PAH concentrations on the surfaces of
patticles diminish rapidly during the inid-moming hours due
e coaling by sccondary aerosol in the highly photochem-
ically active covironment of Mexico City {Dzepina ot 2l
2007, Marr et al., 2006). However, defailed PAH measure-
ments in 2003 were limiled 1o a single site, so the spatial
and tetnporal varations in their concentrations, which are
Importint from a standpoint of sxposure and control, are nul
known.

In March 2006, an even targer ficld campaign in Mex-
ico Ciry took place o sludy air pollution in megacities not
anly al the local seale, bui also at the regional and global
scales. The Mepacily Initiative: Local and Global Rescarch
Obscrvations (MILAGRO) campaign consisted of four com-
ponents whose goals ranged {rom providing the svientific ba-
sis for policies thal would reduce pollutant levels in Mexico
City itself 1o deseribing the long-range transport of pollution
cmilted by a megacity. As part of the MCMA-2006 pround-
based eomponent focusing on local impacts, we measured
particulate PAITs, serosol aclive surface avea (A3}, and other
gaseons, particulails, and mcteorplogical parameters at six
locations throughout Mexico City, Measurements were sit-
nated at the Tnstituto Mexicano del Pelrdleo supersile ncar
the cily center and on board the Acrodyne Muohile Labora-
oy (ALY In addition to vigiling the supersite, the AML
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also traveled to five ather suburban, exurban, and rural sites
{Fig. 1} 1hat cncompassed residential, industrial, commercial,
undevsloped, and mixed seitings.

The objective of ihiz sudy ix 10 deseribe the temporat
and spatial variations in PAH, BC, and AS concentrations
i Mexico Cily. Furthermore, we Investigate the relation-
ships between ambient PAHs and other pollutants to gain
new knowledge about eombustion parlicles’ soutees and cvo-
lution as they are transporied thronghoul the megacity atmo-
sphere. Tranalbrmalions arc important because they could aft
feet the particles” loxicity, optical properties, and long-range
lrapsporl impacls. We compare and contrast concentrations
in fresh, mixed, and aged emissions by considering a busy
downtown location, suburban areas, the city outskirts, and a
mountaintep location al the cdge of the city. The knowledge
gained from the sludy will provide the seientific basis for the
develepment of risk assessments for exposure to thess pollu-
tants in Mexico City and the erafling of control siralegics Lo
reduce their emissions and health impacts.

2 Experimental
2.1 Particle surface characiertzalion

PALs were measured vsing real-time sensors (EcoChem PAS
2000 CE) that photoignize particle-bound PAITs by expos-
ing the agroscl to ultraviolet light at & wavelsngth of 254 nm,
which is specific o condensed-phase PAHs. The curreot gen-
erated by the {low of charped particles is then measured, The
analyzer praduces a scmi-quantitative estimate of total PAILs
adsurbed on particles’ surfaces at 10-s resolnion with a de-
tection limit of 1ngm™, Although the technique does nat
provide speciation inlormation, ils strengths are its sensitiy-
ity and high time resclution, both of which are limitations
ol traditiomal tilter-based methods. Our previous work has
showwn 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 reforred to as surface PAHs (SPAHS).
In the Results scotion, we describe an approach for idendily-
ing measurcments from the PAS that are not confounded by
coating of the parlicles.

Aetosol active swrlace arca, ur Fuchs surface, is defined
as that which i3 accessible 1o 1 molequle that might diffuse
o a particle’s surface, It was measured by diffusion charg-
ing (EvoChem DO 2000 CE} The DC analyzer generaies a
corona discharge which produces a cascade of clectrans and
ions that can attach to paclicles. As with the photoemission
aerogol sensor for PAHS, a scnvitive elecirometer is then used
to measure the curent generated by the flow of charged
parlicles. The analyzer reports active sutface area of parti-
cles smaller than ~ 100 pm a1 10-x resolution with a detec-
tion limit of I mm? m—>. The simultanecus measurement
of parlicle surface properhies with the PAY and D gensors

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

Site (Dates in hdarch) SPAH {ng rn‘:"j

Avorage®  Maximum®

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 Lut) 1144121 6l

& Maon £ ong standard deviation of 1-min concenirations,
b dlaximum of 1-min concentrations.

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

All the PAH and AS analyzcrs were factory calibratod
three months prior o the field campaign, At the beginning
af the field camprign, we co-lneated and cross-calibeated the
instruments against each other while measuring ambient air
in Mexieo Ciiy and then applied the resulling comeclion fae-
lors to all data. To facilitatc snalysis nsing diggnostic ralios
angd mullivariate statistics, we sveraged all dala over a com-
twon 2- ar 10-min interval. Effective black carbon (BC}, op-
erationally defined as the light-absorbing component of par-
licles, was messured al 2-min inlervals using an acthalomeler
{Mapec Scientific AE-3) at a wavelength of 380 nm.

2.2 Measurement siles

Nring the month-long MCMA field campaign in March
2006, we conducted measurements at the Instiluto Mexicano
del Petrdleo {TO suparaitc) and on board the Aerodyne Mo-
bile Laboratory {AML), which vizited zix sites including the
TO supcrsite {Fig. 1}, The supersife 1= located 10 km north
of dowrntown Mexico City in the midst of 3 residential, com-
mereiel, and services area. It is surcounded by sirests (hat are
heavily teaveled by light-duly vehicles and modem heavy-
duly dicsel huses. The PAH and AS analyzers were silu-
atcd on a building rocftop, approximatcly 15 m ahove 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 sitcs that were gencrally
downwind of the urban plume on certain days {de Foy ct al.,
2008).

The AML was designed and boill by Acrodyne Research
Tng, (Kolb et al,, 2004}, TL was cquipped with a2 compchen-
sive suite of gas and particle analyzers that measure carhon
monoxide (COY, carbon dioxide (COz), nitric oxide (N0,
nittogen dioxide (NOy), 1olal nittogen oxides (MOy), speci-
ated wolalile grganic compounds {WOCx), SPAHs, AR, and
B, among others, The AML’s PAH analyzer was identi-
cal ta that used at TC. BT was measured vsing & Multi An-

wrraahmos-chem-phys, not/ 830932008/

Fig. 1. Sopersites (syuares) and moebile laboriory mepsamement
sites [dianands) in the MUMA during e MILAGRCY field cam-
paign. The nombers in white are the linear comelation coefficicnts
between 57°AH measurements by the mobile labaratory and contin-
s meascements at ‘10,

gla Absorption Pholometer (Thermo Electron Madel 5012).
During the field eampaign, the AWML drove Lo six siles and
remained pavked for 2-12 days al cach locstion {Table 1).
These sites enconipassed varying cnvironmenls, including
residential, commercial, industrial, undeveloped, and mixcd
land use areas.

The AML visited the T0 and T1 supersites, Pedregal, Pico
Tres Padres, Sania Ana, and PEMEX (Fig. 11 Intended 1o
ropresent a mixture of fresh cmissions and the partially aped
Mexico City plume as it drifls downwind under certain mele-
orological conditions, the T1 supersite is located at the Uni-
versidad Technolbgice de Techmac ~30km northeast of T,
Tecimac is a suburb in the Saie of Mexico and has a mix-
lure of conmmercial and residential arcas. The sopersile is
wilhin 2km of the town center, and the nearcst road is sov-
eral hundred meters away. Pedregal is located ~235 km south-
west of downtown Mexico Cily in a8 suburban residential area
whoss roads are livhily traveted. The sampling site was the
JFK Elementary School, which is also one of the routing air
quality monitoring sites for the environmental agency of (he
Mexico City Federal District Govermment. I'ico Tres Padres,
the sile of the main television transmitters for the MCMA,
iz an isolsicd mountain ~15 km nocth-northeast of TO and
3000 m ahove spa-level, or ~&00m sbove the valley Hoor
A single, mosily vnuzed road mons up the mountain, and the

Atmas. Chem. Phys., 8, 30%3-3105, 2008
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Fiu. 2. A8 and SU'AH concentrations al TO during the cntire field
campaign. Rew l-min messurements are shown by the colored
lings, where color indicates the wind lansporl episede, and 1-h av-
erages ot shown in black.

sutrounding arca is not well traveled. Sante Ana iz located in
a rural arca al the southem tip of the city, ~40km southeast
of TO, Tts roads arg liphtly traveled. Under certain metearo-
logical conditions, Sania Ana represents an outflow receptor
for air pollution coming from the city center. Located ap-
proximately 40 km north of the city, the PEMLUX silc s ina
highly industzialized area closely situated 10 a major oil re-
finery (5 km away}, cement plants, chemical factories, agri-
sultural astivitics, and o poerer plant.

During, the MUCMA-2006 field campaign, air low trajec-
torics within the Mexico City basin und the fate of the ur-
ban plume were simulated, and five types of wind circulation
patterns were identificd {de Foy et al,, 2005; de Foy &t at.,
2008): Cold Surge, South Venting, O4-North, O3-South, and
Conveelion {North and South} Duoring the 31 days of the
MOMA-2006G field campaign, three wore Cold Sorge (14, 21,
23 March), eight were South Venting (1.7, 13 March), five
were Oy-5South (8, 12, 15-17 March), seven were Oy-North
(911, 1820, 22 March), and eight were Convection {24
31 March). The prevailing imeteorological conditions can
strongly influsnce ambient pollutant concentrations for given
emission levels and also delemmine the regional impacts of
the urban plume {de Foy ct al., 20063,

To evaluate transport to siles and identify source areas, we
carried ot residence Lime analysis and concentration field
analysiz (Ashbaugh ot al,, 1953; de Foay et al., 2007; Scibert

Atmos, Cher. Phys., 8, 30933145, 2008
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gt al,, [994). Residence time analysis, calculnted by swn-
ming back rajectiories over a prid, produces a tine exposure
g of the buck tradoctovies for o slte, Le. where the wind
was coming from, over multiple hours. Concentration field
analysis is the produoel of residence time analysis and pollu-
tant concentrations at the reecptor site each hour. The result-
ing concentration fields indicate the source areas or transport
pathe associzled with high pollutant levels at a receplor silc,

3 Results

Figurc 2 displays time series of AS and tolal particulate
SPAH concentrations nt the TO supersite. The raw 1-min
measurements are shown by colined lines, whose color in-
dicates the wind transpurt cpizode defined for each day. The
black lines represent 1-h averages and are intended 1o high-
light diumal patterns in the measurements. The highest AS
concenfrations oconrted on O3-MNorth and Convection days,
while the highest average SPAH concentrations occurred on
Convectlon days, which arc defined by vweak winds aloft (de
Foy et al., 2008).

Sireng divrmal patterns ave evident in both AS and SPAHs.
AS voncentrations at T averaged 80 mm?m during the
campaign, with a maximum 108-s value of T60mm?m—3
on 30 March a 09:58 Typically, concentrations rose
above 100mnm? m~? between 06:30-08:30 and then de-
cteased throughout the remainder of the moming and af-
temigon to ~S0mm2 m—3. SPAII concentrafions avoraged
50ngm~ throughout the campaign with a maximum value
of 3660ngm™* on 30 March at 10:02, within mimites of
the meximum A8 observation. During the motning rush
hour, SPAH concentrations generally rose to 8 maximum
of ~250ngm™ between 06:30-08:30 and then docreased
throughout the remainder of the morning and aftemoon to
~20mgm™. The daily minima in AS were more variable
than in 8PAHs. Owvcnught concentrations rose as high as
F5npm’. The deily ramimnn Were nearly lwict us high as
obzerved at a site 17km to the southsast in 2003 (Marr et
al, 2006} and 1.5 times as high a: obscrved at a sike 13 km
to the southwest in 2003 and 2005 (Baumgardner st al,,
20073, In all three siodics, the SPATT concentration rmea-
sured by serosel photoionization falls off more rapidly be-
tween Q00 10:00 than do concentralions of other primary
pollutants,

Table | summarizes SPAH concentrations at each site vis-
ited by the AML in chronological order, The highest average
SPAH concenlration was ohserved at TO and the lowesl at
Fico Tres Padres and Santa Ana, the mountainlop and south-
em outfow sites, respeclively. The maximum $PAH con-
centration occurred at T, Figure 3 shows SPAH time series
at each site. Al Pedregul, SPAH concentrations were high-
esl between 06:00-08:00 on Monday 6 March. They were
slightly clevated in the hours before midnight en the cvening
of Samedey 4 danch. These periods probably cormespond

www.atnios-chem-phys.nel8/3093/2008f
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Ig. 3. 3PAN oncenizations (10omin avemges) at sites visited by the AML. The y-axis maximom is latger in the TO panel.

to the times of heaviest traffic and lowest boundary ayer
height, At Mico Tres M'adres, SPAH concentrations remained
below 10 ng m~>, even though fine particulale mass concen-
teations {Phiz 53, not shown, routinely rose st spproximately
10:00 each day, ss the boundary layer lifted up past the site,
AL TI, SPAH concenlrations increased to 100-200ng m™ in
the moming hours, well before 06:00,

Santa Ana lies at the southem edge of the basin, and here
SPAH concentrations were always less than 30 ngm =, Cold
Surpe conditions, in which the wind flushes from the con-
ler of lhe basm toward the south and past the sile late into
the cvening £de Foy ct 4], 2008), prevailed on 23 March and
may have contributed to the increase in SPAII concentrations
centered around midnight of the 24th. A1 PLMEX, conecen-
trations did not exceed 80 ngm— and the temporal paticrms
weore imegular. The AML's observation pericd at TO coin-
cided with the highest ohserved concentrations of the field

canpalg,

wwnw, gtmgs-chem-phys, net/ 8 30932008/

The simultaneous meadurement of 3PAHs al TO and oiher
sites allows examinalion of Lthenr spatisl variability o the
MCMA. Figure | presents the Pearson corrglation coeffi-
cicnls of 10-min 3PAH concentrations at various sites vis-
iled by the AMT. against those measured continuously at the
T supersite during petiods of simultansous measurements.
A correlation factor could not be caleulaied for Pedregal be-
case monitoring at TO had not yel begun, OF course, the
correlation was strongest when the AMI. was parked at T0,
It was moderate at T1 and poor at all other sites. Correla-
tions of DC between 10 and other siles were similar; —0.01
al Pico Tres Padres, .70 al T1, —0.06 af Santa Ana, 031 at
PEMEX, and 0.95 at T{},

Nexl, we cxamine Leansport within the 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 1o use BC as a proxy for PAHs

Atmos. Chem. Phys., 8, 3093-31035, 2008
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4N

Fig. 4. Residence lime {tap] and BC concenldration 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 SPAH can be diminished by coeating ol Lthe serosol,
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 to the to-
tal timc 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
gite, whereas low values result from back trajectories assogi-
ated with low concentrations. For both analyses, the values
arc nomialized, wilh the maximum color value correspond-
ing to {he 90th percentile fon that grid. The residence time
anelyses ave plotted on a log scale, as they decrcase rapidly
away from the receptor site; and the concentration field anal-
ysow are plotted on a linear scale.

While the residence time analysis shows that air parccls
arriving al TO are coming from all directions but less from
the east, the cuncentration field analysis shows that high BC
15 associated with transpart from the seuth, the center of Lhe

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

MCMA. Fur T, e residence Uine aoalysis shows Unoo poo-
ferred directions: northwest, east and south (gap flow). How-
ever, the concentration leld analysis shows that high BC is
not associated with transport from the pap flow, bul rather
with (ransport from the northeast, where the highway Lo the
MOMA is loeated. ‘The gap flow is swong and clean. For
Pedropul, PEMIX, and Sanka Ana, the residence time anal-
yses aprec with the wind trmsporl cpisodes on those days;
and the concentration field analyscs all show that high BC is
gssociated wilh transport from the cenital othan arca of the
MCMA, The results for Pico Tres Padres—teansport from all
dircelions atd high BC associated with the urban arsa-are
more uacortain bocaose of the challenges in oblaining aceu-
rate irajectories on this hilltop site.

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

vy atmos-chem-phys not/8/3093/2008/
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Fig. 5. SPAH v A% and SPAH v. B{? concentrations ol TO colored by hour The dark solid line is the lincar regression for all times, end
the lighter solid line is the regression for uncoated parlicles. The dotred Fines labeled 05:00-£7:00 and 12:00-14:00 are the regressions fiora

subzel of data specific to thess time petiods, The ¢quations of these lines ave given in 1he text.

and AS (10-min averages) at TO. The eolor indicates the time
of duy of cach measurcment. There 1= considerable scatter
in the dala; the correlation involving all data is fait, with
R2-045, For the subset of data between 05:00-07:00, just
before suntise, the equation of the line is SPAH=1.1TxAS-
3.2¢ with R2=0.58. For the subsct of data between 12:00—
14:00, the equation of the line is BPAH=0.03»xA3+16.33
with R2=0.01. Figure 5 shows thet highcr SEAH/AS ratios,
i.e. those puinls falling above the regression ling, and thoss
with high absoluie SPALL and AS values, fend to oceur dur-
ing the eatly moming hours. The slope of Lhe regression line
18 39 times higher in fhe morning compared it the aftemoon.
The regression line for the suhwel of data represcnling par-

wyrw.atis-chem-phys.net/8/3093/ 2008/

ticlcs that have not hecn coated by secondary aerosal (de-
scribed bolow) (lls bebwecn the lines for all data and the
subset betwoen 05:00-07:00; of the four lines shown, it has
the highest 2. There is no clear relationship between the
vatio and wind transport episods.

I'igure 5 also shows SPAHs versus 13C at T0, classified
by time of day. PAlls and BC arc expected to be corre-
lated since both ariginale feom combustion sourees, For all
times, (he sarrelpbion betwesn SPAH: and BC is stronger
(R2=0.77} than between SPAHs and AS, and lhe slope of
the ling, 11.7£0.1 ng g™, indicates that SPAH are 1%
of BC by mass. As with SPAH/AS, higher STAH/BL ta-

Hos tand 1o occyr daing the morning mush howr peried.

Almos. Chem, Phys., 8, 30833 31035, 2008
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As the day progresses, SPAH/BC matios tend to decrease
and are lowest belween 12:00-18:00. The equation of the
regression line between 05:00-07:00 i= SPAH=14 4xBC—
13,8 wilh R2-0.82, where SPAII i5 in ngm~? and BC is
in g™ Later in the afternoon, between 12:00-14:00,
the refationship is SPAII-0.76 xBC+16.2 with R2=0.02. The
glope is 19 times higher in the moming. The regression line
for the subsel vl dala 1cpucsenting particles thal Tave not boen
coated by secondary aeroxol is aimilar to that for the hours of
05:00- 07:00; of the four lines shown, it has the highest #2,
Figure & shows average weekday diurnal patlems of the
ratios SPAR/ASR and BCAAS. The latter is an indicawor of the
frwetion oF particles Hthat are of combestion origin a1 any Hime
{Burtscher et al., 1993), a5 BL ix cxpecied to be minimally
roactive. The RC/AS vatio peaks around the meming wush
hour and then falls off steadily throughout the late morning
and gatly sflemoon. During this peried, growth of secondary
aerosol in Mexico Cily Is considerable (Molina ot ul,, 2007;
Saleedo et al,, 2006, Volkamer et al., 2008} and contribules
to A% but not BC, Even though both PAHs and BC arc of
combustion origin, their ralios 1o AS diverge belween 0700 -
12:00, with SFAIVAS falling off more rapidly than BCYAS,
This ohservation is probably duc 1o physical coaling of the
prarlicles by secondary acrosol, which shields the PAH= from
deteclion by 1le photocmission insllud (Mare of al, 2006,
Pollatant ralios can provide insight into sources of ciis-
siong, chemical transfurmations, and spatial and temporal
variabilily in concepfrations. Because of the messurement
artifact arsociated with the pholoemission method, je. that
it does not detect PATIs that arc buried under other aerosol
components, wo must sergen out such measurements when
calcolating ratios, To do so, we assume that the ratio of lo-
tal PAHs I {3C should be approximately constant, Based
on the regression results shown in Fig., 5, we cxamine the
lime series of (SPAH + 10) / BC, with SPAH in ngm— and
BC in pgm™, Excluding the periud corresponding 1o the
tost aclive photochemisiry berween 08:00-13:00 when pri-
mary combustion particles ate most likely to be coated by
secondary actosol, the dinmal average is 13,6206 ng pg 1,
The coefficient of variation is only 4.4%. Debween 08:00-
13:00, the value is sipniicantly lower, ranging from 7.2 1o
1.2 ng peg~l. We therefore apply the critcdon (SPAH+10}

Atlmos. Chem. Phys., 8, 3092-31035, 2008
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! BC=11ngpug~ to identify data points representing un-
voaled parficles.

Table 2 shows the slope and standard error of the lenst-
squarcs lneat regression uod currelation socficient (72) bo-
iween SPAHs and cathun maonoxide (C0O), total nitrogen ox-
ides {NO, ), earbon dioxide {C0;), and BC measured hy the
AML. The table presents results caleulated ysing alt SPAH
dala and only uncoated SPAH dala, soreened using the cri-
terion previously described, In most cuses, except for Ploo
Tres Padres, focusing an fresh SPAH produces higher slopes
and stronper correlations.  Measurements at Pedregal ook
place over a weekend, 5o rosulls from this site may not he
representative.

Al the remaining sites {T1, Sanla Ana, PEMEX, and T{),
the strongest correlations and highest slopes tend to be ob-
served at Lthe mote wbanized locations, TO and TL. The dil-
ferent slopes ate likely to be indicative of a dillerent mix of
sources at cach site. Fresh SPAHz are reasonably well cor-
related with €O, with an 82 of 0.72 10 0.93. The SPAILCO
slope is similar at T1, PEMEX, and TO and an order of mag-
hitnde lower &t Santa Ans,  Fresl SPAHS are even moto
strongly corrclated with NO,,; R2 values range from 0.36 to
0.0 at the last four sites shown in Table 2. The SPATI/NO,
and SPAITCOs slopes are highest al T1 and T0, moderate af
PEMIIX, and Jowest al Santa Ana. The regressions belween
SPANs and irue Ny are not sigrificantly different from
those with Ny, 50 henceforth, we will refer to the relation-
ship as with NOy. This nolalion will facilitale comparison
with other studics, the majority of which use chemilumines-
ccnce and report rosulls as NOy, When all gata arc consid-
erad, SPAH/BC ratios are highest, approximately 10ng g™
at Pedropal, T1, and TO; and the correlalions are sirongest at
these three sites and PEMEX . The correlations improve con-
sidetably for uncouted paricles.

Table 3 contrasts SPAIIFBC ratios a1 TO in Mexice Cily
with thoge measured it thiee other citics, where the same
aerosql photoionization method was used to measure SPAH=,
The mass vatio of SPAH: i BC in Mesiva Cily is similar to
thal measnred along a Freeway loop in the Los Angcles area
and approximately B-30 times higher than in diluted vehicle
exhanst in Ogden, Utth and ambient air in Fresno, Califor-
nia. The corvelation factors between SPAHS and BC are sim-
ilar in all citics. Limitmp the analysis to wicoated PAHs in
Mexivo City docs not have a larpe effect on the rativ.

4 Discussion
4.1  PAH and AS concontralions, sources, and aging

PAIT concentoutiona may vary considerably belween cities
due to differcnces in emission sourees and meteorological
conditions. Mexico Cily’s SPAH concentrations, a lower
limit of 1014l particulate PALs, are substantially higher than
those measurcd in other lurge oities,  Riguren-Fernandez

wanw atnos-chem-phys net/8F 309372008/
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Table ), Lesst-squarcy lincer reprersion slopesiandurd error and 2 berwsen SB4 Ny snd gasenns pellwtaats for all BPA1) data {top sct of

numbces) and unéodted particles only (boltom sct of npmbers).

Site SPAH/COslops  R?  SPAH/NORslope K  SPAHICO;slope &% SPAH/MRCslope  R?
(ng m—3ppb =) (ng mppb~T) {ng m>ppm~ '} {ng g™

Pedregal DOZORLO0008 069 0024002 018 0614003 0S5 104405 059
D.0ZBSHO0005 (.98 0.2:L0.1 015 0944004 088 157103 0.00
Pico Tres Padres 00027400002 .07 00600002 026 012140007 016 00770008 006
D003E0007 004 004000 003 003100 0.02 0.620.1 0.04
T DOPDEDODE  BFF 1102002 DR7 L4202 038 100402 058
DORTEOO0S 0.9 1204004 098 442 072 11334002  LDO
Santa Ana DOIZZLO0007 044 Q224002 034 0294002 033 13402 0.17
00171100007 0,30 D.a4-1 0 01 .86 LHIELERIRIF .63 BTL0F 0497
PEMEX DMTECO04 034 0E2E0.02 086 11401 037 6502 0.77
0034001 0,75 079002 095 11402 6.87 112403 0.96
0 DOBELOON 047 1.1940.03 077 3.340.1 DI 100402 0.8
D00 072 1.4540.03 095 4340.1 D87 115402 057

# MOy is tolal nittogen uxides measured by chemiluminesesnes with a molybdenum converiee. The eatios arc oot signilicently differcnt when

teme WO, = N0+ NG i eed Tinstead,

et nl. (2004) mcasurcd otal particulate PAH concentrations
of 0.5ngm= and 2ngni? in rucal and utban arcas of
Lous Angeles, respectively. In conlrast, concenirations in ru-
ral and urban arcas of Mexico City arc nearly 25 times higher,
In Hong Kong, purliculate PAH concentrations ranged from
0.41 ngm ™ to 4B ngm=? in rural to urban arcas {Zheng and
Fang, 2000). These valncs compare more closely with Mox-
ieo Cily; however, PAH goncenlrations in Mexico City e
still higher. PAHS have alse been measured in different en-
virpnments of Greees (Mantis et al,, 2005), where total par-
ticulate concentrations ranged from 2ngm™ to 52ngm—3
in rural 1o weban argas, Apain, these values compare more
cloxcly with the resulls seen in Mexice City, but the values
fior Mexico City are higher yet.

The dutabase of measuremenis of ambient AS in other
citics is considerably sinaller.  Mexico Cily's meen AS
concentration of 8mm®m- ¥ at TO is conpurable B (hat
found in Los Anpeles, whers mean concentrations of 69 and
53 mm? m~? were vecorded a1 two ambient locations (Ntzi-
achrstos of al., 2007), AS in a residential area of Redwonod
City ranged between 40-300 mm? m~3, with the higher con-
centeations atitibuted to wooed burning and fireplaces in the
neighborhood (Ott und Siegmann, 20008). Tt appears that
while parliculate PAH loading in Mexico City is higher than
in muany other cities, its asrasol swrface nrea loading is not
comparatively cxtraordinary.

Vehicular teaffic has been recopnized as the major contrib-
utor to PAH winissions in urban arcas (Kiltleson et al., 2004;
Lee st al., 1995), and therefore it is not surptizing that the
highest average SPAH and A8 concentrations ure (ound at
T0, where traffic is heayiest. The timing of SPAH and AB
peaks ot the more urban locations cotrespends to periods of
rush hour rraffic. Burischer et al. (1993) also funnd Lhe high-

www.almes-chein-phys net/B/I093/2008/

Table 3. Total parigulate BPAHMC miass miios in Mexico City
comparcd to afher losations.

Rofercnea

Lexelion SPAIVBC &P
{muwss ratiod

Maxico City (100

ATl deta 1221072 097 Thissudy

Uneosred SPAH 14102 08%  This study
Chpdlen, LITH L3510~ 035 (Amot elal, 2008
Fresna, CA {Winler) Lzxln ¥ 07 (Aouatt et al., 2005]
Frezng, CA {Summer) 3301070 875 (Aot et el, 2005)
Los Angales, CA 1102 G327  (Westerdahl ol al , 25}

B Dhilutedh vehicle exhausl, not ambiert air.

esl PAIT and AS valucx in Zurtich (0 ogour during rush four
and ascribed them to motor vehicles.

At sume locations, including Pedregal, T1, and PEMEX,
ingreascs i SPAH congentrations voeor at nighttime betweon
23:00 and 0400 (Fig. 3). The increase in SPATls may be duc
1o transport of particles emitted garlier in the evening during
times of high traffic density, or iU inay indicate the presence
of other nighttime sources. Specialion measurements in 20073
suppest that wood and trash buming contribute to TAH: ob-
served af night (Mazr ed al., 2006). The impact of emissions
al nighttime can be magnified because of stable aunespheric
conditions., Some industrics are thought to switch o using
dirticr fuels and processes at nighl, when enforcement of reg-
ulations is less likely. Furthermare, at T1 during the first two
weeks of the field campaign, Doran et al. (2007) observed in-
ereased organic and clemental carbon duting nighttime hours
with peak values attained in the morning houra near sunrise,

Atmos, Chem. Pliys,, B, 30933105, 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 sourees is occurring, followed by a subsequent
dilution during the next morning a8 the boundary layer ex-
pands.

Spaiial and temnporal pattens in concentrtions indicale
not only potential sources of PAHs but alse the degree of
atmaspheric proceasing the particles undergo. As emissions
are transported, they are aubject 10 dilulion and other frans-
formetions, This hohavior s supporied by Vig. 3, which
shows that in general, higher SPAH concentraliona oceur af
T and PUMEX, which are dominated by ficsh cmissions,
Lower concentralions occur at Pico Tres Padres and Santa
Ang, which arc receplor sites where emissions have under-
gone dilulion and sging by Lhe time they arrive. Intermediate
cancentrations oocur at T1 and Pedregal, which lic between
the two cxiremss.

SPAHs as detected by the surface-specific photoemission
method sy diminizh due 1o cosling by secondary aerosol,
and Figs. 4 and 5 supporl Lthis hypothesis. PAH loss by pho-
todegradation, heterogenenus rcachions, or volalilization is
less likely bacause measurcments in 2003 showed that even
when surface-bound PATTs diminish, PAHs are still detecled
by asrosol muass speclromelry, a method that is able to de-
tect them anywhere in the particles, not just on fhe surface
{Mart et al,, 2006). An increase in sccondary asroaol in the
mid-morning liours contributes to acrosol surtaee area and is
cxpeeled 1o cause a reduction in both SPAF/AS and BC/AS
ratios, but il dues not explain the decrease in SPAH/BC ratio
{Fig. 5} o1 the divergence belween the two (Fig, 6} Stod-
ies vsing a variety of techniques have shown that primary
combuostion patiicles are rapidly coated by sccondary acrosel
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 temn-
poral patterns ohserved in SPAH/AS and SPAH/BC tatios
breause secondary aerosol formation would net increase the
total mass of PAHE bl could contribute to it being coated,
After condensation ol secondary aerosol on primary com-
bustion particles, the PAHx on the smlaces of primary par-
ticles would ne lenger he detectable by the phetoionization
mcthad, but BC would remain detectable by the light ab-
somption method.  In contrast, the ratios of SPAHFAS and
SPAH/RBC were found Lo be mwch more constant flwough-
out the day at 8 port south of Los Angeles (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 Padrcs is of gpeeial interest becruse it sits 300 m
above the valley floor, and during the moming hours, it is
above the mixing (boundany) layer that contains freshly emit-
led pollulants. Its divrnal patterns of particulate mass loading
differ from thosc at zites on the valley foor. PM;z 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, Chem. Phys., 8B, 3093-3 105, 2008
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location on fhe mountain, Particle surfaes PATT concentra-
tions, however, do nol rise concomitantly, further support-
ing the proposition that initially fresh combustion craissions
trom the valley below have undergone transformations thal
Inhibit the detection of surfacc-bound PA s,

The rapid coating of primary combustion particles i the
mepacily environment could have important implications for
PAH longevity in the atmosphere. Fxperiments have shown
that particulatc PAHs can decay in the presence of sunlight
{Kamens et al,, 1988) and can usdergo heterogeneous rc-
actions wilh the hydroxyt radical, orone, and N, {Esteve
el al., 2006; Kwmnena et al,, 2007, Molina et al., 2004).
Huowever, if the PATLs are coated by secondary acrosol, they
may be less susceplible (0 degeadation and may persist long
enpugh to be transporied [0 remote arcas.

4.2  Tntersilg cormctations of SPATT and BC

Figure | shows that SPAEI intersite coreglation coefficicnls
calculated tor other sitea versus TO are quite weak, cxocpl
for T1. Tt is possible thal the spatlal correlatlons for aged
PALLs might be stronger, bul the intersite correlalions for
B, which serves as a proxy for total particulate PALls,
arc similar w0 those for SPAH. While strong intcrsile cor-
relations would indicele spatially woiform emission paltcms
and sources and regional-scale mixing of pollutants, the re-
sults for Mexico City supgpesl thal PAHS vary considerably
i 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 no longer
present by the time the parlicles rcach other sites. This con-
clugion is further supported by the lack of a consiztent re-
lationship between SPAH and AS concenbations and wind
transport cpisodes (Fig, 23 regional-scale meteoralogical
paltems do not have a sivong slfect on concentrations.

Idaniis ot al. {2005} and Sicpmeann ol al. {199%) report gen-
crally higher correlation coefficients for their inersitc com-
parisans during sludies of PAHs in Gresce and Switzcrland,
respectively, The study in the Greater Athens arca of Greece
found an intersite corrclation of #=0.61 between two urban
locations, r—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 sludics is thal a single monitoring sile in
Mexico Cily will not adegnalely represent the population's
BxpOSULE.

43  Correlation of 3PAHs with A8, NOy, C0s, CO, and
BC

The ratio of SPAH to AS concentrations has been described
as a fingerprint (or different types of combustion particles
{Rukowiceki ol al., 2002; hatter et al., 199%; Siegmann ct al.,
1999}, The relationship bolween Lhese pummelers provides

wwLatmos-chem-phys.net/8FA003/ 2008/
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a gualilative 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 exhaust, roadway vehicle gmissions, candles, fires,
and cigarelles {Bukowiecki et al.,, 2002; Marr el al,, 2004,
Siggmanm ct al., 1999}, the relationship shown in Fig. 3 con-
taing sighificantly maore scatier. For a single source, the rela-
tionship betwesn SPAHs and AS is cxpeeted to be linear with
a characterigtic slope. The spread of the data indicales thal
the acrosul represents a mixiure of different souces and par-
ticles of diffcrent ages. Ambisnt mensurements in complex
envirommends ave experled to produce auch resulrs.

The stronger correlation of SPAHs with MOy and BC, ver-
gug with €O and CO5 (' able 23, likely reflects the importance
of dicsel engines as sources of both PAH and MO, cmissions
(Harley et al., Z005; Marr ¢l al., 1999, CO is emilied mainly
by gasoline-powcred vehicles, which emit far lower particu-
late PAIIs then do diesel engines (Marr of al., 2002} Weak
posilive correlations betwesn PAHs and N0y have alzo been
rcporled in Brisbane, Acstralia (Muller et al,, 195%).

The ralios 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 suppori this hypoth-
esis. The highest ratios of SPAH to the four other pollutants
and strongest correlations occur at T1 and T0. In MILAGRO,
Tl 15 generally considered a receptor site, but concentralion
field analysis (Fig. 4) shows that il has sirong local sources,
and T0 is the closest site bo the center of the MCMA. Values
are interencdiste at Pedregal and PEMEX, hoth of which are
located Loward Lhe outskiris of the MCMA. Values arc low-
est at Pico Tres Padres and Santa Ana, the fiest of which can
be thought of as a vertically dovwnwind receptor site and the
second of which is an outfiow peint of the MCMA basin,

Bollutanl ratiozs can be vseful for estimating cnissions
and for deseribing the evolution of source sirengths over
decadal time scales (Mamr ol al, 2002). The mass ratio
of patticulate SPAH/MNO, 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 7.7:10.4 107 in mass
terms, at TO {and sitnilar 4l the other urhanized sites T1 and
FEMEXY. The ratie in 2006 haz not changed significantly
from that measured in 2003, within the precision of the melh-
ods used.

While the mass ralio of SPAN/BC at TO (Teble 3} is sim-
ilar 1o that observed along a freeway loop in the Los Ange-
les area (Westerdall et al., 2005), lower ratios were found
in ambient air in Fresne, Califomia and dilutcd vehicle ex-
haust in Ogden, Utah (Armott et al., 2005). The similatty in
SPAHMRC between TO and the Loz Angeles freeway may in-
dicate that vehicular sonrces are similar in the two locations
and dominate measurements at TO or allernatively, if parti-
cles have aged slightly by the time they reach the clevated
T measurement sile, may indicate that the SFATIYBC ratio
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in fresh emissions in Mexico City is actually higher than in
Los Angeles. The ambient ratio in Mexico Cily i3 neatly 10
times higher than in Fresno, Direct measuremicnts of cxhaust
are needed to delcrmine whelher pariiculate emissions from
Mexico Cily’s vehicles contain higher amounts of PAHs than
in the U.8, If so, PAH emissions could be minimized by re-
ducing the PAIT content of fuels {Marr ct al., 1939).

5 Concluslons

It is apparent that PAH pollution is a majer prohlem in (he
mcre heavily trafficked ureas of the MUMA. SPAH concen-
trations near downtown exhibit a consistent diugnal paliern
and routinely exeeed 200 ngm ™ during the moting tush
hour, Weak correlations between SPAHs and AS arc in-
dicative of the widc varicty of sources and ages of parlicles
preseat in Mexico City, SPAH concentrations ave poorly cor-
related in spuoe, and Hussling PAHS should not be treated as
4 regional-scale pollutant. An important implication of this
vasult is thal fur risk assessment studies, a single moenituring
site will nof sdequalely represent an individual®s exposore.
The stronger corrglation of SPAHs with Ny, rather than
with CO and COz, prabably reflects the imporlance of dissel
copincs as soutces of both PAH and NO, cmissions. Mexico
City™s SPAH/BC ratio is similar to that found along froeways
in Los Anpgeles and 8-30 limes higher then thet Townd i iwa
other cities. Aging of primary combustion particles by coal-
ing with secondary aevosol appears Lo redull in A decrease
in surfuce SPAH/AS and SPAH/RC matios over the course
of the day and may prolong the lifetime of PAHs in the al-
mosphere. The photocmission method nsed in this study to
ineasure FAHs detects anly those on particles’ surfaces. This
spoeificity can be considered a strength if PAHs” Loxicily is
medialed via interactions with only the outer surfaces of par-
LHiles Bul a woakoosa 16 ws is altanpring 1o charactsrize total
particulate PAH concentrativos, Measurements using other
techniques such as aerorol mass specirometry may be mors
representative of the total, although photoemission is a more
scnsitive lechnigue at present.
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Abstract,  Mixing ratios of hydrogen peroxide and
hydroxymethiyl hydroperoxide were determined shoard the
TS Department of Lnerpy G-1 Rescarch Aircratt during the
March, 2006 MILAGRO field canypaign in Mexice. Ground
mesurements o total ydroperoxide were made at Tecdimac
University, about 33 kma NW of Mexico City. In the air and
on the ground, peroxide mixing ratios near the source region
were generally near 1 ppbw. Strong southerly flow resulted in
tranzpord of pollutanly from Mexico City to bvo downwind
surface sites un several flight days. Oun these days, it was
obssrved that peroxide concentrations slightly decreased as
the G-1 flew progressively downwind. This cbscrvation is
congislent with low or nepative nct peraxide production rates
saloubllcd for the source tegion and is due to he very high
MO, concentrafions in the Mexico City plateau. However,
relalively high values of peroxide were observed 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
Global IResearch Ohservations), an international and mulli-
agency field experiment, took place with the primary goal
ol leaming how a megacity affoets aiv quality. Adr pollution
generated by mepacities (i.e, population =10 million) is an

=
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important cnvironmertal, health, and fingncial issne (Moling
and Molina, 2002). In 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 climaie change. Mexico
City iz uniquely situaled on an clevaled basin (2240 mm sl
surrounded by muountaing with openings to the novth and
south-southwest. This large city has diverse sources of fossil
tuel combustion, including antemotive {nearly 4 million ve-
hicles), residential cooking and heating, and various indus-
tries providing ample amounls of hydrocarbons and oxides
of nitragen.

The Department of Bnergy (DOL) portion of MILAGRD,
the Megacity Acrosol cXperiment — MEXico City {MAX-
Mex)y focuscd on the chentical, physical, and optical chat-
acterization of aerosols, a5 well a5 trace pas precursors of
aerosols, and photochemisiry. “The DO G-1 aireraft flew
in and around the city souree repion (MCMA=Mexica City
Metropolitan Arca) and into the outflow from the ciky in
an ellorl 1o sludy the cffects of the megacity plume. The
field program was dssigned so that investigators couwld fol-
low the cutflow of the source region {10 sile — Moxican
Petrolewm Institute, an wrban site in the northwestem part
of the MCMA} as it moved over two downwind sites (T -
Tecamae University <33 ke from T, and T2 — Rancho s
Bisnapa ~T0 km trom TCY (Doran et al,, 20077,

Peroxides are imporlant fermination products of the free-
tadical chemistry responsible for gzone formation in the
truposphere,  Under low WO, (nitric oxide and nitrogen
dioxide; [WOINO:T) conditions, combination reaclions of
peroxy radicals {HO; and ROy} leading fo hydroperoxides
fHz 0z and ROOH) are the primary terminalion pativway for

Publishcd by Copernicus Publications an behalf of the European Geoselences Union,



1620

Table 1. Flights when the peroxide instrurnent was operational.

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

Flight Slart time  Stop lime  CFeneral description
(LEL) (L5T)
060315k 15:00:41  18:15:36  Weak Southeasterly Row
060318a 133832 170950 Southerly Dow Mo g, ight
Oab319a  09:58:40 123241 Strong Seuth-Soothwesterly Aow
0e0319b  14:55:38 180504 Strong Soulhwesterly Bow
a3zt 053250 12:17:22  Strong Scuth-Southwesterly Qow
0603206 14:ALA? 165515 Btrong Suulhwsslerly Dow
060322 09:30:46  1223:30 Moderate Southwesterly flow Wo pon. flighl
060326a  O0fd6:34 125830 Weak Westerly (o Southwesterly Mosy Mo poan, Bight
0603270 WRFTIT 14030 Weak Spofherly low Mo poan. flight

e owone {(O4) lotining chain teaction,  Under high MOy,
conditions, concentealions of HOg and RO; are suppressed
by reaclipns with NO. The primary lermination pathway is
then by reaction of free radicals with W0y, lcading t3 com-
pounds callectively designated as WO,, which include ni-
tric acid {HHNO4}, organic nitrates, and peroxyacelyl nitrates.
Photochemical model caleutations show thal ozone produc-
Lign is WOy - or VOC-limiled according to whether Ut ooy
vnder oy or high NO, condilipns, or cquivalently scoord-
ing 1o whethier hydrogen peraxide er HNO; (somestimes ap-
proximated by NO,} iz the primary tennination produet (Sill-
man, 1995, Kicinman, 2001, 20054}, The ratio of HaOs7 10
HNOy thercfore indicales whether Oy was formed ina NOy-
o1 VOOC-limited envirpnment and can be uscd o develop Oy
mitigation strategies {Sillman, 1995, 1999; Watkins & ak.,
1995},

In comparison fo other eitics in which the GG-1 has been
used for urhan sampling, NO; concentrations over downioan
Mexico Cily are extremely high (Kleinman st al., 2005b).
Concenlrations i 500m altitude (a.g.1.} approach 100 ppbw,
a valuc usually seen only in power plant plumes. Under these
condilions it is expected that peroxide formation will be sup-
pressed and Oy production will be strongly YOO limited,
Peak O3 levels, however, occur in the afternoon under lower
MO, conditions in areas tal are downwind of the City. The
usnal scquence of evenls i for pholochemistry o slarl out
YOC limiled and become NOk limiled as an air mass ages
(Kleinman et al., 20017, Thers is little observational evidence
as (o where and when this transition occurs in Mezico City
and how il affects peak O3 levels.

In place of dirget observational evidence, modcls have
been used to determine whether peak O concentrationg in
Mexico Cily can be more effectively conirolled by reducing
NO, or VOO cmissions (Lei of al., 2007; Tie e al., 2007).
todels Lyically are validated by thew perliimance in pre-

Aumos. Chem. Phys., 8, 76197636, 2008

dicting concentrations of U3 and a few other commonly nica-
sured species. Often, such models correctly predict omone,
bul fail o correcily predict concentrations of the peroxide
and HMNO; radical termination prodoets. From the standpoint
of dovcloping Oy control sivalcgics, 11 is important thal mod-
els propecly represent the chemical pathways associated with
MO, mnd YOO limited conditions. Accurate Hy Q2 obscrva-
lions and model predictions of 113 Oa are important in distin-
guishing briwern these palhways,

The MILAGRD campaign was the first instance in which
gascons hydroperoxides were measured in Mexico City, This
sludy presents measurciments from the T1 surface site and
the G-1 aircraft using a plass coil infet serubber with con-
tiwons flow dervivatization and flucrescence detection (Lee
et nl., 1990, 1994), G-I flights were directed primarily al
measurements over Mexico Cily and downwind areas on the
Moexico Cily platean. Ferry sepments to and from Veracruz,
located 10 2 mare bumid, less polluled crowvironmend 300 ki
ta the east on the Gulf of Moxico, provide an intoresling con-
trast to the observations taken over the plateaw.

Boeause we sample using agueous solation, only solu-
ble hydroporoxides e collected.  Previous siudies have
shown that hydropen poroxide (Ha O3], methyl bydroporesx-
ide (CII; 0001 or MHF) and hydroxymsthyl hydroperexide
{HOCHzOOIT or IIMIIP) are the principal species observed
under these conditions {Lee el al., 2000). Ha0; is the prod-
uct of sc=rcaclion of HOz cadicals, CHaOOH is also a rad-

. Igal termination product, arising from the reaction between

110w and CHa O3 radicals, the latter formed from oxidation of
methane by OH radical. While ITMIP may be formed from
radical-radical resctions (i et al., 1999, il iz also fonined
when gzonc reacts with terminal alkenes in the aimosphere
(Lee ot al., 2000, and references therein), The particular hy=-
droperoxides detennined dwing this study are described m
the cxperimenlal seetion,

W almos-chem-phys.net/ 8 TG 19 2008f
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Fig. 1. Compositc of all flight Irecks, 15-27 March 2006, 'The Mexico City Metropolitan Atcu (MCMA) is indicated by /e red outline
wilhin the Nightl tracks. The surlaeg siles, T4, T1, and 12 are indicated by the red squarcs,

Tablg 2. Three channel peroxide insiument operating paramcters.

Channel ¥ Scmbbing Dervatizing Spevivy
solntion reagent detected
rH
1 pH S p-hydrozyphenylacetic  Total soluble hydroperoxide=
avid (PCHIPA A) fHp O HMHP*+HHMHF**)
2 pIg Ferrous sutfatef Ha G +HBAHT
benzoic acid (FeBA) ,
3 pH & Tereous sulfate’ Hy O
henzmoic acid {Fel3A)

#Mecthyl hydroperoxide ** Hydroxymethy] hydeoperoxide

2  Experimental
2.1 Meteorological conditions and (-1 Qights

A trajeclory analysis by Doran et al. (2007} indicates the days
when pollutanis from Mexico City were likely to impact the
T1 and T2 ground sites {Table 1}, The G-1 lew nins flights
with the peroxide instrument ahoard, five of which wers on
18, 19, 20 ddarch with transport from Mexico City to TL and
TZ. Several other days bad briefer periods of flow from the
wrban region lo Lhese surface sites (i.e 26 and 27 dMarch). In
somme cases, the air raveling over the surfaee sites did not
originate in the uban bagin (ic. 15 March). Also observed
was a digtinet change in the relative humidity on 215t March
thus separaiing the field experiment into a dry period {120
March} and a wel period {21-28 March). The rate of growth
of the boundary layer {BL) appeared o be gimilar al T1 and
T2, with BL depth increasing at buth giles from about 1000 m
al 11:000 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},

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

The DOE G-1 Research Averafi wus baged al sen level st
the General eriberto Jarn International Aqport in Viersene,
Mexico, Starting on 3 March 2006 through the end of the
manth, the DOE G-1 flew 15 research flights, and peroxide
measurements were made an cvery [light starting on the af-
ternoon of 1§ March throuph 27 dMurch. Resuliz reported in
this paper vse only the data subset for this period of Llime.
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). L0, L1 and L2 designate flight .
legs that passed within 2 km of the ground sits TO, T1 and
T2, tespectively (Fig. 1), Afterncon flight tracks usually in-
cluded LO, L1 and L2, For a description of trace gas and par-
liclc instrumenlalivn abaand the G-1, the reader is directed to
Springston, 200,

2.2 (-1 peroxide measurenents

Ilydroperoxides were captured by passing sampled air over
an agquecus surface Glin in o glass coil scrubber, followed
by continuous-{low derivatization, and flucrescence detec-
tion, similar to garler measurcments (Lee €1 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 dissolved lydroperexides, 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 poroxide analyzer for operation in o pressurized cabin.
The inlel was desipned lo minimize contact of sampled air
with dry surfaces prior to scubbing. Ram air was dirceted
throngh & 45° forward-facing 1/2% ID bypass, and drawn
through 4.27 of 1/4" OD tubing prior lo meeting scrub so-
lwiion, A diapheagtn pump wag used to deaw air at 1.5 SLPM
through each channel nsing individoat mass flow controllers.
Surfaces exposed to the air sample stream were cither glass
or leflon® PFA tubing. Baselines were established prior o
and during flight using zero air.

Two-point calibralions were conducted bhefore or afier
each flipght 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-
luiion. Stock peroxide was litrated against standardized ner-
munganale before and alier the 30-day mepsurement period,
and na deercase in concentration was observed. Liquid and
air flow rates, nominmally 0.6 mL/min and 1.5 L/min, respec-
tively, were calibrated regularly.

A 4-channel filter luorimeter system with dual cadmium
lamps und 24 L flow-through Quorescence cells (McPher-
son, Inc., Chelmsford, MAY was used 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 lor 1130, and 038 ppby for hydrox-
ymeihyl hydroperoxide (HMHPY. A leak in channel | pre-
vented us from acquiring a rclizhle bascline fin- the 1otal gol-
uble peroxide concentration, which is nccded to make the
difference messurement for methyl hydroperoxide, Thos, for
this siudy, only measurements of [IMITF and [10;, obtained
trom channcls 2 and 3, ure reported lor the G- fliglts.

Aircraft data for the MAX-Mex field propram may be
obtained at the followmg LIRL: tipdfttpasd bol povipob/
ASPYM20FeldY20Proprams 20060MA X Mex/. Unless other-
wisc noted, all G data used in this paper were 10-5 averages.
Times arc local standard times {(LST} and altiludes are mean
gea level (m 1) unless otherwise noled.

2.3 Tl Ground measorements

Hydroperoxide measuremnents were conducted at Tecimac
Universily, o surface gite aboul 35 kn NW of Mexico Cily
at an clevation of 2.3km. Beeause the site abulted a 4-lane
highway, and was located less than 1 km fram a farm, il was
impasted by motor vehicle and WH; emissions on a regular
bagiz. Trajeclory analyzes show that this site was downwind
of Mcxico Cily for approximately half of the days between
L 5th barch and 30th March (Dorun of al., 2007}

Almos. Chern. Phys., 8, 7619-7636, 2008

L. J. Munncrmacker €l al.: Hydroperoxides in MILAGRO, 2006

Free 1adicals {OH, and the sum of peroxy radicals,
1102+R04) were determingd at this site by Chemical Ion-
izativn Mass Speciroscopy.  Details of the technique are
given in the reference by Bjostedl e al. (2007). Broadband
uliravielet-B (UIV-B} radiation measurcments were taken
with Robertson-Berger radiometers (Salar Lizht Co. Modsl
5017 and rain intensity was measured using a mulli-sensor
wealher package (Vaisola, WXTL30) with the RATNCAT
senxorn Ozonc was measured with a commercial instrument
{ThermoEnvironmental Modcl 49).

A continuous peroxide analyzer was deployed in the Geor-
gia Tech trailer at the surface site. We measured only lotal
goluble lyydroperoxide, using pll & scrubbing solution and
POHPAA-derivalizing reagent, ag deseribed above for the
giteraft measurcnents. [ is importanl 10 noede that although
H: 0 and HMHFE arc completely soluble under the measur-
ing conditions, MHT iz not. 3ince we did not determine spe-
cialed lydroperoxides at the TL site, we could not corrcel
for the lower cotlection efliciency of any KMLIP that was col-
lected, Thos, our reporled values for “iolal hydroperoxide™
at this site should b2 vigwed a5 a lower Tt

Earlier studies have shown that there is polential for sub-
sluntial loss of peroxide in inlet lines during surface sampling
{Jackson ol al, 1996; Les el al., 1991, Watkins et al., 1935).
To avoid el losses, we mounled the coil scrubbers on the
trailer roof approximately Sm above ground, and drew air
through a pinhole directly into the siripping solution. The e-
sulting aqueous peroxide solution was pumped to the instro-
mcnd heowgh 2 m ol 0.8 mm 12 PRA mibing, Previous lahora-
tory tests showed no peroxide decomposilion in (he aqueons
solution uwnder these conditions. However, this amrangement
creales significant lag time between collecting and ohserving
gample (12 min), and & somewhat broadened respopse (10
B0% rige time of 2.0 min). Datla reported hiere were corrected
for the lag time, and ten-minuic averages were used for all
data analysis. The liquid fiow rate was maintaincd nominally
af 0.3 mL/min using a peristaltic pump, and the air flow at
L LEM using a critical orifice, Liquid and air fow rate cali-
brations were conducted Lhres Himes during the measurement
peried. The local pressurc at thiy sile {0.77 a.l.m.) was nsed
to compute the equivalent gas-phase concentration. Two-
point calibrations were conducted daily vsing aqueous peor-
oxide slandards, nominaliy 2.0 and 4.0 28, prepared from
unstahilized 3% peroxide slock, with serubhing sohnion used
for the fingl dilution. The detcction limit for this configura-
tion was 0.20 pphy, based on twice the baseling noixe. All
ground data mey be cbtained on the NCAR data portal al (he
following URL: hitpediedp.ucar.edu/homedhome. litm.

www.almos-chem-phys.nel/8/ 7619/ 2008/
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Table ). Summary stalistics or G-I Nights {1527 Warch 2006},

1623

Specios L3 T4 15 16 i 12

Mean  Max Mean  Max Mean  Max Mean  Max  Mean Max  Mcan Max
H; O {ppbe} .2 22 1.1 2.5 1 30 14 23 1.3 25 1.4 3.2
HMHP B.36 1.1 0.33 1.3 037 1o 03z 08 0.3 12 031 n.77
3y (ppbed 71 156 a4 17 50 7o L) 9k 57 i) 35 72
Ny {ppbv) 164 500 177 K57 i3 41 234 6o 33 k3 23 £.6
N0y (ppbv) 26.6 68 278 117 8.3 58 37 52 HE 2 7.0 13
N /MOy, 058 D&8s (.52 1.1 D21 07 0l 0E7 033 071 029 052
0 {ppmvy cel 132 07 291 028 170 08D 205 0328 046 023 0324
S0 (ppbv) R 27 3.4 24 14 83 e 135 1.2 A5 2.1 17
PCASP {103 cryy 24 4.7 2.2 5.8 12 440 24 57 13 27 1.2 2.0
Hy0 (kg™ a6l 4.8 6.1 g3 5% 718 3.5 B0 5.1 FA 4.7 1.5
RIT (%%} 51 g0 51 78 50 i1 47 T4 472 %3 43 £3
Temperature (%) 1.8 159 1.8 159 120 166 122 1%l 102 162 10,5 14.5
ANilade (km mz L) 124 404 343 480 44 439 302 359 161 44 36 492

3 Observations

AT G-I

3.1.1 General flight statistics

In 1his section, we present peroxide observations from 1527
March 2006. Shown in Fig. L is a composite of all the flight
tracks around the sourer region (L3, L4, L), over the source
region {I.& over T} and the cuthow transcoels (L1 over Tl
and L2 over T2Z). Listed m ‘lable 3, acconding to lranscel,
are 1he means and waximums for the G-1 flights. The aver-
ape peroxide and HMHP concentrations, for the entire period
over all the regions, were low (i.c. =1.6 and =037 ppby, re-
spectively} with no significant increasc cven over T2, On the
other hand, mean NC, concentrations were quite high in the
source region (i.e. =23 ppby) and then decreased as the air
flovwed over T1 and T2, From these data, it is apparent that
transccts L3 and L4 were aciually part of the source region
with average values for O3, NOy and CO similar 1o those of
T0. Mean vatues of these species were significantly lower on
transect L5, 1IMHP was observed above the detection Hmit
in enly 18% of the measuremenis, ‘There was no observable
trend in HMHP with altitude or geographical location, These
low values are expecled if the principal souree of HMHP is
reaction of ozone with biogenic alkenes, since abundances of
the later were rather low during the study. In Mexice Cily,
tower than 200 ot'the (-] hydrocarbon samples showed iso-

wivw.atmas-chem-phys.net/8/7 6 L2008/

prene mixing ralios higher than .2 ppby, in contrast to 36%
in the Texas 2000 study and %4% in the Nashville 308 study.,

3.1.2  Vertical profiles

Composite vertical profiles for several spocics of interest are
shown in Fig, 2. MMeasuremsnts were made npon lake-off
from and descent into the Veracriz Airport as well as over the
Mlcxicn Cily basin, Allitndes below 50000 are not shown due
to the fact thal sonmc instruments were not lurned on wntil the
-1 was airborne and (here were concentralion calremes al
ground level in the airport, Altitudes lower than 2500 m are
limiled 1o periods when the G-1 bad taken off fiom or was
on approach to the airporl al Veracraz, The 2500-3000 m
allitude bin primarily containg dats from Iraverses over Mex-
ioe City on L and surronnding argas (L3, L4, and L5). At
3000 and 3500 there is & mixture of contribulion from all
leps excepl L2, Al higher altiades, above 3500 m, most of
the data are from L1 and L2, Mean €O and NO, cencen-
Irations were the largesl between the aliiludes of 2300 and
3000 m (e, over the source region), Mcan Oy concentrations
glighiy increazed between the altitudes of 2500 Lo 4000w
indiculing Ihat ozone iz produced a5 air masses move down-
wind gver the L1 and L2 regions. Suliuwr dioxide, 805, con-
centrations (ot shown in the figure} were dominated by the
large excursions observed while flying over the Tula powoer
plant £20°06°13.237, —99°1707.16"). After removing 503
plunic dats (peak concentrations =100 ppby), we ebserved
the highest §0; congentrations in the MUCMA reglon,

Atmos, Chem. Pliys,, 8, 7619-7636, 2003
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Flg. 2. Altitude profiles {m.al) showing the median {thin black line in box} concenirations of impotlant tmee goses duritg MITLAGRO.
Boxes enclose 5 of the data, whiskers indicate the 10-Mth percentile, and upper and fower limils (flled eircleg) ore the Sil and 3th
peccentile of the data: (al=NCy,, (b)=0, €)=C0, {d)=Accumulation Modc Particles, (e)=Water Yapor, (D=Ha0;.

Although our primmy gonl wes to slody cmissions and
transformations in and around the Mexico City region, weo
note here sothe interesting ferhures from measurcments con-
ducted in and around Veracruz at alitudes <2500m. The
mecan watcr vapor conceniralion peaked belween 500 and
1000 m and decrcascd with inereasing alfilade (Fig. 2}, Con-
centrations of MOy were relatively low {mean value less than
4 ppby) and consisted of less than 20% WO,. The highest
mean and maximum perexide concentrations for the entire
campaip were ohserved in Lhis region. These observations
ara consisient with our noderstanding of the mechanism of
Hz O formation in a high-humidity and low-NQy coviron-
ment,

3.1.3  Production of peraxide

Under conditions where NGO, [s low and there are no de-
posilional losses, we expect peroxide conceniration 1o de-

Atmoes. Chem. Phys., 8, 761976306, 2008

poend on the production rote of radicals which is propor
tional o the product of Oz and HzO il 8z iz often the case,
03 photolysis is the dominant souree of radicalz {Daum ot
al., 1990, Tremmel ct al, 1993, and Weinsicin-Lloyd &
al., 199&5). Figure 3 illustrates the relaticonship between
H303, Oz and water vapor using ali data obtained for alti-
tudes =3500m and [NOy] <5ppby (with the exception of
farry transcets to and from Versenuws}, The slope of s 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 ef al., 19933

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 carrded the urban plome over the L1 and L2
repions (Tahle 13, The besl days [or transpotl from 10 1o
Il anel 12 occwred on T8, 19, and 20h March. Figurc 4

www almos-chem-phya. net/8/ 761 %2008/
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shows the mean peroxide concentration as a fimetion of lo-
cation for Mights on those days. During this period, the LS
lranscel was upwing of Mexico Cily and had the “cleanest”
ai1 {sec Tabile 33, Moving dovwnwind {romn L3, a decroasing
trend in peroxide concenlration is cbscrved. This range is
small (1.3 pphv} and the change in poroxide concentration is
within the uncerlainty of the measurement, Crverall, the con-
cenlralion of peroxide was low upwind of the cily, und its
production suppressed over the entire Mexico Cily busin,

3.1.4  Peroxide in urban and power plant plumes

During this study, we identified 63 plume traverses charac-
terized by an ozone inerease of al leust 20 pphv, Figure Sa
shows a typical plume ruverse 1o the Mexico City basin on
20th March. There is a NO; plume (i.e. NO,—NO, —NO,}
. eoincidenl with the O3 plome, but no indieation of an
increase in H;O; above background levels.  Abscnce of
peroxide production in czone plumes was the norm, oogur-
ring even when we encouniered the highesl oxone concentra-
tions during G-1 Righta o plumec containing 179 ppbv Oy
and 27 ppbw MO, at 22:36 on 15th March and one conlain-
ing 116 ppby O3 and 41 ppbyv MO, at 23.37 on 19th March,
Teroxide formation in these plumes is inhibiled by high NO,
conceniralions thal cffectively seavonge HO; vadicals. For-
mation of NO; bul nol peroxides is characteristic of O
plumas that are formed under VOC limited conditions (SilE-
imnan, 1995 Kleinman et al., 2005b).

There were only four azone plumes where we obscrved
@ perexide increase above the deteetion limnil of 027 ppby.
Three of lhese cascs wore observed at high (=4 km m.s.l)
altitude just cast of the T1 site. An example for 191 March
is shown in Fig. 5b. These plumes wete characterized by low
MOy {in this case <ippbv) and high NO; concenirations,
These faw air masses had thos aged encugh o allow for pro-
duetion of peroxide.

The comeenteation of HyOy during a typical traverse of the
Tula pawer/chemical procesaing facility is shown in Fig. 6.
High 80; and NOy concenlrations were always associated
with flycvers in this region. Plumes were also characterized
by dips in concentration for Oa and HzO; on at least five
separalc fights (i.e. A HaOp=—{.620.1 ppbv and A0;=—14
+H ppbv) when the G-1 prssed over the Tula (aciiily. Oronc
dips result from loss via reaction wilh NO. Cross-plume dips
in peroxide were observed previouwsy for power plants {Job-
sonl el al., 1998, Weinstein-TLioyd et al., 1998). The net de-
siruclion of peroxide near plume center was attribuned 1o the
high MCy concentration, which inhibils peroxide production,
coupled with peroxide loss by dry deposition, photalysis and
reaction with OH. The loss obscryed in the Tula traverses,
while parlly offscl by production cutside of the plume, is
larger Lhan can be explained by these mechanisms. Thers
ave two possibilities for the observations: loss of Hz{)2 on
aerosols and artilaet losses due Lo reaclion of HaQa with 50,
in the inlat. Mydrogen peroxide decomposition on acrosol

www.almos-chem-phys nel/8/7619/2008/
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Fip. 4. Averape peroxide coneenicalion vy o function of region in the
Mexico City basin an southweslerly Dusy days. Error bars indicatc
the | standard deviation of the averaged data [or (ive Mighls on 18,
18, and 20th March.

surfaces may be efficient if transition meials are prosent. We
have conducted laboratory sludics that rule out artifact loss of
peroxide up 1o an 805 conceniration of 200 ppb, However,
instantaneous concentrations of 505 may have exceeded this
value in some passages threugh the Tula plume.

315 Peroxide ag a cadical sink (i.e, Q3 vs, 2 HaOa NG
Sillmun has noted that the concentralion of azone, as & sourees
of free radicals, should be relaled 10 the sum of peroxide

and niteic acid, as a radical sink, independent of whether
geoie Fnnation is lobod by YO0 or NGy, (Sillinau, 1995;

Atmos. 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 anly those data
for which =05, indicative of & single air mass. Sillman
et al. (1998} noted that there is little variation in thiz slope
when obhservations are compared belween rural locations and
wrban lacations, where O3 concentrations vavicd from 3 to
140 ppbv. The data in Table 4 confitm this observation, as
there is no ohservable trend in slope between the source re-
gion and downwind repions. Tlowever, we did observe a dis-
et difference belween the iy and woel period. On 215
March, the relative humidity changed abruptly from an aver-
age 30% 1o over 50%, After that date, the average O3 ver-
sus (NOx+2 H;O2) slope (dry ve.wet) drops by 33% lrom
48114 (n=12) 10 29408 {w=7). The dircetion of chunge
iz in agreement wilh the assumption in Sillman’s wark, that
the vorrelalion arires from 2 relation between 1adical pro-
duction represented by Oa and radical loss represzated by
N{;+2 Hz0p. But radical production from Oj is propor-
tional to the product of Gy and HyO, and inercazing Ha0
will result in & lower slope if the bBalanee between produoe-
tion and loss of radicals is to be maintained, Tt is interesting
thul the relations predicted by Sillman cccur in Mexico City,
even though Oy photolysis is not expecied 1o be the dominant
source of radicals {Volkamer et al., 2007).

www.almos-chem-phys neUB 7619/ 2008
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Table 4. Slope of the regression line of {33 versus its tennioation
products 2[Ha O [H N

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

0615k Ll 5.7 0.8y 352

L3, L4, L5 1o 54 097 2849

O60318A Li 4 155  24+10

12 59 0931 25310

0603193 L1-L1 15 0.0 3E+7

10 LI 47 053 3647

L2 5.0 DAY 3947

va0a19h LI 3l 7 26113

L2 50 050 2740

60320 L1 an 090 21413

{15320 L 50 0.0 2039

L2 7.0 092 3049

06031220 Lo 1.5 871  BlE7

Ll 2.4 057 54410

12 3.3 052 74LI2

0603263 L3, Ld4,15 LI 23 073 7044

11 iz fa7 i1l

(1603373 L3, LALLi 1.1 0.9 66dR

LO-LI 3.4 078 5540

3.1.6 Peroxnides and particles

Hxydrogen perexide is tarpsly responsible for oxidizing sulfur
dioxide in clowds (Penkeu et al., 1979; Calvert and Siock-
well, 1983; Lind 1 al, 1987, Klcinman and Daun, 19%];
Huswim et al., 2000). Wodel coloulationg predict that a large
fraction of the resulting sulfate is returned to the atinesphere
as acrosol when clouds evaporate {Langner and Rodhe, 1991;
Denkovitz el al., 2004}, Observations of serosol prowth in 4
boundary layer wilth cloud coverage also indicate the impor-
lanee of sulfur dioxide and hydrogen peroxide in generating
a distribution of rercsol sizes {Whang et al., 2007, Unfortu-
nately while in Mexico, the G-1 rarely flew in or near sta-
ble clonds, zo this aspect of peroxide chemisiry could not be
investigaled. However, we have examined the potential for
serosn] fovmalion based on the stoichiometry of the one-to-
ime reaction of 807 and Hz Oz in the aqueous phass.

An gvaluation of the aerosal maess specicometer mea-
surements aboard the G-1 showed that organic and nifrate
aerosols dominate in the Mexico Cily basin with sulfaie
acrozol accounting for Yess than 20% {Klcinman cf al, 2007);
in gharp contrast o the casiom United Stales where sulfate
dominetes acroscl conpoaition (Malm ot al, 2004, De-

www.almuos-chem-phiys nct/8¢76 192008/
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Fig. 7. Histopram of observed 5013 measurements. Highligheed
bars show measurcments where the H3O; concentralion was less
than 803, Owerall, HxOg s the limiting reagent (LR) for 6086 of
the mepsurcinents when malched weith 807 in the MICHA.

cause peroxide conceniralions were supprassed throughout
the Mexico City baain, it scemed unlikely that agueous-phase
axidation of ¥{Js by peroxide contributed signiticantly to sul-
fale aprosgl formation during the measurement period. e-
pending on concentration, either SOz or ITa0; can be the
limiting reagent to serosol formation. In the MCMA, perox-
ide concenlrafion varied frum the detection limit to 3 ppby,
while 807, leaving aside plumes from Tula, vavied fron the
detection limit to 24 pphy, Taken as a whele, the mean value
of 803 {3.0ppbv) excesded that of I1;0: (1.2 ppbv} mak-
ing peroxide the limiting reageni for sullate formartion (i.e. il
liguid were presenl, peroxide woold have been the limiling
rcagont to sulfale production}. Maore specifically, when pairs
of data points are examined we find that 68% of the observa-
tions were characterized by S0; greater than 11203, InFig. 7,
we show a hisiogram of this observation wilh the bighlighicd
arca indicating the fruction of events when the HpO; coneen-
tralion wax less than 502, Low humidity and a lack of avail -
able H2 02 thus contribude to the small fiaction of sulfate in
aerosal.

3.2  Swrface nicasutcments

3.2.1 OGeneral obscrvations and cooclations with ofher
5]pecies

The abundance of tetal hydroperoxide at T1 was determined
for the period 131h March — 30th March wilth nightlime sam-
pling beginning on 23rd Mareh, We show the Lime course of
Lofat peroxide and related specics for the enlite measurement
period in Fig. 8, and the compasite divmal 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 LST. Peak petoxide valucs reached between 1 and
2 ppbv cach attcimnon, decayed slowly, and remaingd near
O.5ppby overnight, There were several episodes when we
obacrved well-corrclated plumes of peroxide and ozone aller

Abmos, Chem. Phys., 8, 70197636, 2008
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Floare L5T

Fig. 10. Diumal paltcms for solar inteosily, concenémtions of to-
Ial peroxide, oeane, MO, and perosy tadicals, Notle (hat the con-
centralions have heen scalad to illusirate The relationship between
species. These are ingan howely averages, which have been nommal-
ized Ko betrer cormpate (he diomal variations. Average daily maxi-
mun values are 22ty for the sum of HO7 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
colleclion 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, median midday rclative
humidity increased from 12% for the dry period {13 20th
March) 1o 26% for the wet period (21-30th March}. In ad-
dilica, LIDAR showed episades during the wet period wihen
aerosol layers fonned aloft aod descended to the minimum

Almos. Chern, Phys., &, F619-76%6, 2008
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ohzervable height (200 m), possibly as rain thet evaporated
hefore reaching the surlaee (R, Coulier, private comnuinica-
tion). Allhough the pegk ozene increascd from 75 ppby {dry)
to 100 ppbv (wet), there wis 1o significant increase in peak
petoxide concentration (1.5 vs. 1.6 ppbv}. Significant rainfall
was asgocialed with a dramatie decrease in peroxide, presum-
ably duc to wel scavenging on the aficmoons of 26ih March
and 27h March (see Fig. 8). However, peroxides remaincd
elevated during rainfall on the night of 23th March. Convec-
tion associated with the rain event may have mixed peroxides
{and oxzone) from aloft down Lo the surface.

324 T-TI-T2 transpori periods

Fast et al. {2007} and Doran ct al. {2007} have identilied sev-
eral days in wWiarch that were mosl favorable for transport of
pollutants from T to the T1 and T? sampling sites. We
have examingd 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 pesk orong Is significantly higher on transport days
(100 v, 75 pphy) hut mean peak peroxide is essentially the
game {17 wa. 1.6 ppbyv). This is consizient with the discussion
of the G-1 resulls, as the T siie should experience excess
orong from high concenlrations of procursors on lrangporl
days. Teroxide production docs net accompany ozone for-
mation on these days hecause the orone is produccd under
YO limiled conditions.

33 Comparison of pround and aircrall observations

The G- aircraft lcw over the surface site numorons imes,
enabling us to compare porexides at the Tl site 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 HyOz obscrvations from the G-1 with to-
tal =olyhle hydroperoxide al the surface site is only semi-
yuaulilalive, Pervaide cotgenbaglions were wimnpansd wheo
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 between the conecnivation of tolal peroxide a1 T
and Hz03 an G-1 over flights, ax scen in Fig. 12, Cenconlea-
tions observed en the G-1 were most likely higher than thosc
observed at the surface due to deposition losses,

4 Discussion

In this section, we present details of the G-1 flights on 20th
March as a case siudy. This day was selected because the
standard G-1 flight tracks were aplimal lor observing the pro-
gression of gas-phaxe reactions and acroxel formation as the
air moved from the source region over the surface sites, W
also compare the observations with model calculations, and
with hydroperoxide observations in Phoonix, AZ.

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

On 20 March 2008, the winds were flowing from the south-
wizst and had boen since the provious 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. not a stagnation 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 teack was
stightly different than previous days, only poing over 1'1 and
T2 {i.e. no over Mlight of TH). Alihough this is not a tree La-
grangian siudy, air sampled at 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 3 h.

Shown in Fig. 13 aro the lime series plots for the trace
gascs (MO, 803, CO, and Oy at the T1 surface site. At ap-
proximately G5:00a.m. LT, concenirations of OO and NO
increase due to logal emissions into the shallow boundary
leyee while Oy concentrations are noar zero, Later o the
moming, between 10 and 11 am,, the boundary laver bepins
to risc and Oy photochemistey procesds, with O+ reaching a
maximum of 100 ppbv laker in the day.

Cn 20th March, the (-1 flew over the T1 site 3 times,
twice in the moming and gnee inthe aftemoon. That morn-
ing the average Oy concenlrations observed on the G-1 as it
flew over T1 were approximately 42 and 46 ppby, in pood
agreemenl with the surface obscrvation of 41 and 48 ppbwy,
rcapectively. By the aftemoen, Oy concentrations at T1 had
risen to 98 pplv and observations on the G-1 were in the
same mnge {ie. ~90ppby}. Although there waz no format
comparison of the pround and airerafl instruments, the Hy-
overs provide confidence in the validity ofthe measurements.

Daring the morning Miglht, concenlrations of C0 and N0,
wete high for lhe L3, L4 and LO transcets, characteristic of
the source repion (Fig. 14), Ozone concentrations were gtill
leny, belows 50 pplry, oo bansects 1.3, L4, L3 and LO, partly
due to titralion with NO. The atmospliere was quite dry in the
Mexico City source region with HzO concentrations <5 pikg
and puroxide concentrstions were also low {1 ppbv). On
the atternonon flight, shown in Fig. 15, ozone congentrations
had doubled due to photochemistry and transport from the
city. The peroxide concentrations had not changed signili-
cantly by the lime the afismoon flight ook place, indical-
ing that thers was no enhanced production in the oufflow of
the MCMA. Howewver, noar Voracrnz, waler vapor congentra-
tions were significantly highet and NO, concenlrations were
low, rs shown in the altitnde profiles (Fig. 2), allowing for
more production ol peroxide willl concentrations =3 ppby.

Peroxide production rates were caleulated from a con-
sirained steady state (C38) box model similar 1o that uged in
a sludy of O3 production in five US cities (Kleinman et al.,
2005h). The C55 model was also used to calculats produc-
tion rakes of redicals and to determines the frection of cadicals

www abmos-chom-phys 0ot/ 76 1 9/ 2008/
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Table 5 Moming and adiernoon ozone prodiction elficiencies on
20 March 2006,

Flight tansect  OPE #2 NOG/ND,  #2

L1l 52 D82 085 .99
L1 0 094 075 0.99
L2 4.0 062 072 096
Li 07 95 044 094
L2 74 085 023 o9l

Wotes: 1} Aftcrmoon Rights asc Tisted after the singlc herizontal ling;
2)Tur cach (ranscet, OFE is detennined sis the slops of a lincar least
aquares regression of Ox+NOg v, NOz; NOR/MNOy as (he slope of
MOy va.NCy. r? is the sguare of the carrelation coefficient.

that are retnoved by reaction with MOy, L,./Q. For a deserip-
tion of the model sce Kleinman cf al. (2005b). In hrict, oh-
scrved concontrations of slable spocics arc vsed to constrain
fasl radical chemistry, Chemical inputs consist of NO, CO,
CHy {nominal value}, Oy, I120, ITa 03, organic peroxides {set
equal ta IT305), 305, HCHO, CH3CITO, and ~50 hydrocar-
bong measured wsing canister samples and by PTR-MS. Be-
causc of the difficulty in calibrating PTR-MS HCHO mea-
gurements, resulls were nonmalized using the HCHO-CO-04
relations reported by Garein et al. (2006). Photolysis rate
constants were delermined {rom an Eppley radiometer by set-
ling up # correspundence belveen those measurements marde
in clear sky, in 3 allitude ranges as a function of lime of
day, and cutput from the TUV model (8. Madronich http:
feprmacd.ncaredu/Model s/ TUNV Y indexshtml). The differ-
ence between actual and clear-sky Lppley radiance measure-
menls were used lo seale the TUY photulysis rale constants,
therehy providing an estimate of the effects of cloud cover
and aerosols,

The chservation that 1p0; concentrations do not ingreass
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 minus logs)
in the MOMA repion in the meraing, ang thus ne significant
change in concentration would be observed by the time tran-
sects were flown over L1 and L2, For examnple, il the nel
production over L0 was in 11e range of —0.1 10 0 ppby Ha03
per hour and the Lravel fime to L2 was 3h {al the averape
wind speed of 6.5ms™ 1) then there would be no observable
change in peroxide, By the aftermoon, several instances of net
production of 203 =0.2 ppb h—" were calculated for the L2
region, indicating that MO, levels had decreased and more
gipnificant formation of peroxide was beginning.

In econiragl 1o the HaO; production, significant Oy pro-
duction tpok place between the moming flight and the af-
ternoon flight as evidenced by the increased concentrations
abssrved on transects L1 and L2 {l., =80 ppbv} s Fig, 15,

Atmos, Chem. Phys., %, 7619-7636, 2008
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Az the air mass moved from the MCMA region 1o the T1
and T2 sites, there was a significant increasze in ozone pro-
duction efficiency (OFE, i.e. the number of molecoles of odd
oxygen—0y- NG, produced psr molecute of MO,) as well as
improvement in correlation between Oy and WO, from the
morning to atternoon 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 wansects had high NOy to NO, ratics, Indicative of
{resh emissions due o local sources. By the afternoon flight,
significant aging had taken place as the MO, 10 NOy ratio
had decreased to .25, At this point, N0, concentrations in
the aren had been reduced sufficiently for more peroxide pro-
duction 10 1ake place {ie. see Iigs. 14, 15 and 16).

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

4.2 110; production rates by transect

All flights were segregated into regions as described in
Scet. 2.1, Median C88 values are given in Table 6. Wo hy-
drovarbon samples were laken on L5 and therelore it is not
included in the tabile, We note that the instantancons produc-
ticn rate for peroxide is low over the first 3 regions of inter-
eal and increases slightly by the time the wban air mass has
mwved over the L2 region. The net production of perazide
is negative on the first three leps, with positive net produc-
tion on T.1 angd £.2, For the conditions cocountercd, the nel
rate of peroxide formation was gengrally negative for N =
Jppbyv. Nepative and low peroxide production rates have
been observed previously in Phoenix, A¥ (Nunnennacker et
al., 20041 whers they weg allibygiod by U ligh WO, ol il

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

Rexion
Paramater L3&L4 1.0 I.1 2
Prydrogen poraxide=Ha Oz prodution mbe (ppbv h_]] 0.04 0o ol Qs

Net Myydvogen pecoside (ppbvii— 1)
(=radical production rats {ppbv h_t}

—n.nl —005  DO2 007

2.6 3.5 1.8 1.6

flOg )—fraction of radicals produced from Oy phatolysis 0.35 036 033 02%

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 altiludes =4 km m.s.l.

gource region coupled with a low rate of radical produciion
duc to the extremely diy climate. An inferesting tealne of
pur ks, in agreenmnl with Yolkwiwer of al. (2007), is il
most of the radicel production is not from O, bat from pho-
tolysis of HCHO. Oversll, the total radical production rate,
(1, ix much higher for Mexico City (han Phocnix. Therelore,
the cxlremcly high NO, concentrations cffectively remove
any radicals from peroxide forming pathways and inhibit per-
oxide formation in the Mexice City hasin.

4.3 {Jomparisons with calgulations

Ozone production in Mexico City has been swndied us-
ing box and Bulcrisn chemical transporl (CTM} models
{c.p. Madionich, 2008; Lei et al,, 2007; Tic ot al, 2007).
Meadronich initiated a box model with an vrban mixture of
pollutants and followed its time evolution, finding that af-
ler one day 3ppbv of Hp(Oz was fonned along with sev-
cral hundred ppby of O3, In 4 comment Lo this sludy,
Wadronich (2008} attributed the higher than ohacoved oxi-
dant levels to initializing the calculations with a WO, con-
cenlration significantly lower than observed at monitoring
giles. Produetion of mones O3 {and HaOh ) ol a lower NO, con-
cendralion s in agreement with an analysis of the weekday-
weekend effect by Stephens et al. {2008).

Lei et al. {2007 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, VO limiled conditions were substanli-
ated by caloulations with perturbed emissions ratgs, HxOa
concentrations caloulated by Lei et al. (2007, and personal
communication, 2008) were | ppbv in the Mexico City urban
arca; urban czone plumes woere usually associated with holes
in the H20; concentration fiold (W, Lei, personal comniuni-
cation}. Tie &t al. (2007) also find that Oy production in the
Mexico City metropolitan area is YOO limited. A concentra-
lion map for 18 March 2006 {X. Tic, prrsunal communica-

Aimos. Chem. Phys., 8, 76197636, 2008

tian} shows urban Hz 02 coneentralions of ~1 ppb, consistent
with G-1 obscrvations. On this day the G-1 went forther wesl
(haan usuwl, Guusilioning into cleanes aiv wear 200 N, 1007 W
at which point H20; increazed by 1.5 pphy, duplicating the
pradient caleulated by Tie et al. {2007).

5 Conclusions

We heve presented measurements of gas-phasse hydroperox-
ides in and around Mexico Cily and Yeraciuz during March
20086, a region whers 1o dale thers have been fow ficld ob-
servations, Measurod concentrations of hydroxymethyl hy-
droperoxide were at o near the detection limit for most of
the program. This finding is not surprising given the near
ahsence of biogenic alkenes (lewitl el al., 1990} Mea-
sured conecnimtions of hydrogen peroxide in the Mexico
Clity basin were gencrally ncar 1 pphbv. The high humidity
and Tow WOy, concentrations near Yeracuz consistently gave
rise to the highest abserved peroxide concentrations duting
the campaign.

The G-1 data sel, in and downwind of Mexico City, con-
tained 63 transects of plumes in which O3 concentrstion in-
creascd by at least 20pphy. In only 4 of these plumcs was
thete & sighificant increase in HyO;. The absence of Hy Q2
production ndicates that O3 generally is formed under VOC-
limited condilions in this region,

The high NO, conditions in (he Mexico Cily Basin re-
gulled in o caleulaled low or negative nel production of by-
drogen peroxide, with some evidence ot production on the 1.2
transect farthest downwind from the source region. Because
peroxides can persist in the aimosphere 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-
though we did not observe the high peroxide concentrations
prodicied by some maodels (Madronich, 2008), processed aic

www REmos-chem-phys net/8F 76192008/
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at the 'I'2 site displays significant ozone-forming potential,
teflecied by MNOL/NO, ratios near 0.3 and CO near 230 ppby,

Additionsl peroxide production in this air mass as it travels

further dewnwind is expected. 1owewer, it would be diffi-
cult to predict its magnitude without & detailed model that
ineludes dilation and additional precursors.
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Abstract. MILAGRO {Mepgaeity Initiative: Loeal And
Global Rescarch (Obsovations) is an infernatipnal gollahg-
rative project to examine the behavior and the export of at-
mosphsric emissions front a megeeity. The Mexico City
Metropolitan Arca (MCMAY — one ol the world®s largeat
mogacilics and Morth America’s mosl populous cily — was
sclocted as the case study Lo characterize the sources, concen-
tratiens, transpart, and transformation processes of the gases
and fine particles smitted to the MCMA atnosphere and to
evaluate the regional and global impacts of these aimissiona.
The fndings of this study arc relevant to the cvolution and
impaci: of pollution from many other mepacitics.

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

Corvespondence for 1., T. Molina
{tmolinai@mit.edo)

March 2006, using & wide range of insiruments a1 ground
sitcs, on ancraft and satellites, and enlisting over 45() scign-
tists from 150 instibutions in 30 counbies. Three ground su-
persites were set up to examine the evolution of the primary
emitied ases and fine particles. Additional plalforms in or
near Mexico City included maobile vans coataining scientific
lahoratorics and maobile and stationary upward-looking li-
dars. Seven instrumented research aircraft provided infor-
ination about the atmoaphere over a large repion and at var-
ioua aliiludes. Satellite-based insirumenis peered down inlo
the atmosphere, providing cven larper peographical cover-
ape, The overall campaipgn was complemented by mefoorg-
logical forecasting and nunerical simulations, satellite ob-
servations and surthce networks. Together, these research
vbzervations have provided the mos| comprehensive charc-
terization of the MCMA™s urban and regional atmospheric
composition and chemistey that will take years to analyze
and svaluate fully,

Puhlished by Copernicus Publications on behalf of the European Geosciences Union,
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In this paper wc revicw aver 120 papers resulling from the
MILAGRO¥INTEX-B Campaign that have been puhblished
or submitted, as well as relovanl papers from the earlicr
MOMA-2003 Campaign, with the aim of providing a road
map for the scientific community Interested in understanding
the emizzions from a megacity such as the MCMA and their
[mpacts on air quality and climate,

Thiz paper describes the messurements performed doe-
ing MILAGRO and the results obtained on MCMAS at-
mospheric meteorology and dynamics, emissions of gases
and fine particles, sources and concentrations of volatile ar-
ganic compounds, urban and regional photochemisiry, ame-
bient particulate mallcr, acrasol radintive properlics, urban
plume characlerization, and health studics. A summary of
key lindings from the field study is prosented,

1 Introduaction

The world's population is projected to increase 33% during
the next three decades Lo 8.1 hillion, Nearly all ol the pro-
Jjected growth: [z expected to be concentrated in urban conters,
Rapidly expanding urban areas and their surronnding suburbs
are fecding to the phenomencn of mepacitics (melropoli-
lan areas with populations excceding 10 million inhabitanis).
Well planned and poverned, densely populated seltlements
can reduce the need for land conversion and provide prox-
imity to infrustructure and services. Howover, many ur-
ban areas experience uncontrolled growth lcading to wrban
sprawl, a leading cavse of envirmmmental problems. These
mcga-centers of human pupulation lead to increasing de-
mands for energy, und indusiial activity and lmnsportation,
all of which resull in enhanced, concentratcd almospheric
emissions of gases and particulale mattcr (M) that impact
air quality and climate. Air pollulion and climate change arc
among the most imporlant covivonmental challenges of this
centuty. This challenge is paricularly acuts in the dovelop-
ing world where the rapid groswth of megacitics is producing
almuosphenc emissions of unprecedented severity rnd extent
{Mulina and Malina, 2004, Moling et al,, 2004; Lavwrence ol
al., 2007; Gurjar et al., 2008},

There is growing recognition thatl airhnme emissions from
major urban and industrial areas influence both air quality
and climate on seales runging from regional to conlincntal
and global {(Molina and Maoling, 2002; Molina ct al., 2004;
Lawrence ol al,, 2007; Partish et al., 2009a). Urbandindustrial
cruissions from the developed world, and increasingly from
the megacilies of the developing world, change the chemical
content of the downwind troposphere in 8 number of fn-
damental ways. Emissions of nitrogen oxides (NOy), car-
bon monoxide (CO) and volatile organic compounds {¥OCs)
drive the formation of photochemical smog and itz associ-
ated oxidanls, degrading air quality and threatening both hu-
man and ceosystem health and agricuhural productivity, On

Almgs, Chatr. Phys., 10, B607-8760, 2010
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a lurger seale, these same smissions drive the production of
czone {a powerful greenhouse pas) in the fres troposphers,
contributing subsiantially (o global warming, Urban and in-
dustrial areas sre aluo major sources of the importunt diceetly
forcing greenhouse gases, including carbon dioxide (C0O2),
methanc (CHy}, nitrous oxide {Nz0) and halocarhons, as
well as other radintively important species that contribute
to climale change. Nitogon oxide and sulfin dioxide emis-
siona are also processed to strovg acids by ahnesphetic pho-
tochermistry un regional to continental scales, driving acid
depasilion fo sensitive ecosystems. Dircct urbanfindustrial
emissions of carbonaceous actosol particles are compeunded
by the emission of high levels of sccandary aerasel precur-
sors, including: MO, YOCs, 502, and NIIs, tesulling in
the production «f copious amounts of fine aerosol, affecting
the urban seurce areas and air qualily, atinospheric radiation,
cluud microphysical properies, and precipitation hundreds
to thonsands of kilometers downwind.

The geographic redisiribotion of wban emissions, the evo-
Iution of their chemical, physical, and optical properlics, (he
interaciion with clouds, and the mechanisms for their even-
wal removal from the almosphere are vory complex and ob-
vicusly impartant, yet only partly snderstood at the present
fime,

MILAGRO (Megacily Tnitiative: Local And Global Re-
search Observalions) is an international collaborative project
1o examine Lhe properiies, svolution, and cxport of almo-
spheric emissions penerated in 1 megacity. The Mexico City
Metropelitan Area (MCMA) — onc of the world's largest
megacities and Nerth America’s most populous eily — was
selected as the casc study to characterize the sources and pro-
eenses of cmissions from the urban conter and 1o evaluate the
cegional and global impacis of the Mexico City smissions.,

MILAGRO s orpaniecd under four coordinated com-
ponents {MCMA-2006, MAXN Mex, MIBAGE-Mex and
INTEX-B} that took place simultaneously during March
2006 und involved the participation of more than 130 insti-
lutivng from Mexico, the United States and Furope and over
450 investigators and teehnicians representing 30 different
nationalities, The messurement campaign was sponsorcd by
the US Malional Science Foundation {NSF}, Department of
Encrgy {D0OE}, and National Aeronavtic and Space Admin-
islration (MASA), and by many Mexican agencies, including
the Mexican Ministry of the Envirenment {SEMARNAT),
the Metropolilan Environmental Commission of the Vallcy of
Mexico (CAM), Consefo Nacionad de Ciencia y Techwologia
{CONACYT) and Petrdfens Mexicanos (PEMEX),

Thir paper provides an overview of the MILAGRO Cam-
paign in Mexico City and is divided into % sectionz cover-
ing the following Lopics: scope of the MILAGRO Campaipn
(Secl. 3% metcwrology and dynamics (Sect. 43, MCMA emis-
sions of gases and fine particulate makter (Sect. 5}; volatile
vrzanic compound sputces and concentrations {Sect. 6); ur-
ban and regional photechemistiy {Sect. 73, ambient parlicu-
late matter (Scct, 8); asrosol optical propertics and radiative

www.almos-chem-phys. net 1 0869 7/20 10/
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Fip. 1. Left "anel: tapographical map of the MCMA; Right Panel: Megslopolis in the year 2000 {(from MoTing and Molina, 2002},

influsnces (Seol. 93 tegivoal plume Tun INTEX-B fliphts
over Mexivo City and the Gulf (Sect. 10); and health shd-
ics (Sect. 11, A summaty of key findings is presented in
Scct, 12; while some directions fur future rescarch are pre-
sented in Sect. 130 A list of acronyms is provided in Ap-
pendix A.

2 Aly quality in the Mexico Mepaclly

The MCMA lies in an clevated basin 22400n above sea lovel.
The basin 1 swrroundad on three sides by mountain 1idges,
but with a broad opening to the novth and a narrower gap to
the south-souttrwest, Figure 1u shows the topographical map
of the MCMA. During the twenticth century the MUMA ex-
perienced huge ncreases in population and urbanized arca
as it aleacted migrants from other peris of the country and
indusirialization stimulnled economic prowth, The popula-
tion grew from fewer thao 3 million in 1950 b aver I8 mil-
lion in 2000; the urbanized area now covers about 1500 km?
— about 10 times ax much land as it occupied jusl 50 yoars
ago. The cxpansion of the MCMA is not unique in the re-
gion; the neighboring metropolitan areas {Puebla, Tlaxcala,
Cucimavaca, Pachuca, and Tulues} arc also extending their
tersitories. This multiple ckpansion has produced a con-
tiguous urkan complex known as the Mexico “Megalopolis.®
which cxfends beyond the MCMA 1o inclode the surrgund-
ing “carona” or “erown” of cities including Puchla, Tlaxcala,
Cuemavaca, Cuautla, Pachuca, and Toluca, extending 75—
150 km from the city cenler with an estimated population of
about 30 millian {sce Fig. 1b). The growih of the Mcpalopo-
lis will cleardy have important consequences tor cnergy use
and the cegional ecalogy end covivonmont (Uesama et al.,
2002).

www.almos-chem-phys.net! 1 FE69 720 10f

The MCMA's nearly 20 million inlabitants, over 40 UL
industries and 4 millicn velicles consume more than 44 mil-
lion lilers of potroleum fuels per day and produce thousands
of tomg of pollutants. The high altilwde and tropical inso-
lation fecilitate ozone production all yeat and conlribuie 1o
the formation of secondury parliculate matter. Air quality is
generally worse in the winker, when tain is less common and
themmal inversions are more frequent {Molina and Molina,
2002, 20043,

Duting the pasl decade, the Mexican povernment has madc
significant progress in inproving air quality. Figure 2 shows
the air quality trends of the MUMA,; plots shew the annual
average concentraliona fur the criteria pollutants (O, W04,
CQ, 50, Pb, TSE PM | and Py ¢) Substantial reductions
it the concentrationg of some criteria pollulants (such as lead,
CO and 80)) were achieved by developing and implement-
ing comprehensive Bir quality imanagemcnt programs &nd
improving air qualily monitoring and evalustion programs
{Malina e al., 2002). Despite these important gaing, MCMA
reaidents remuin exposed to concentratfons of airhome pol-
lutanls cxeceding ambient air qualily slundards, especially
M and ozone, the two most important pollutants from the
standpoint of public health (Evans et al,, 2002},

2.1 Intensive field stadiey

As North America’s most populated megacily, with a unigue
combination of mcleornlogy, topography, population and
multi-pullutant emissfon density, the MCMA has attracted
a numhber of air quality field studics. The Mexica City Air
(Juality Research Initiative (MARI) prgject gathered sur-
face and vertionl profile cheervations of metewiolegy and
pollwiants during 1990 -1994 {LANL and IMF, 1594; Sireit
and Guaman, 1996} The IMADA-AVER (Favestieacidn

Almes, Chem, Phys., 10, Be97-870i, 2010
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Fig. 2. Alr quality teendy of the MCMA. Plols show the concen-
(rattons cstinnated as the average of the 5th ansual meximum from
all stativny with valid data for @ given yoar for the following criteria
pollatinis, O, MO CO, 805, P (Wivided by 10, TSP {Totol Sus
peaded Particles), PMyg and 'M; 5. {Dats provided by SMA-GDT,
20065

yebe Materia Particuluda y Deteriora Atmosféries, Acrosol
and Visibility Evalualion Rescarch) campaign in February--
Wearch 1997 yielded comprehensive meteorological measure-
ments in the basin, and provided insights inte particulate
gompodition (TMF, 1098; Doran et al., 1998; Edgerton et al.,
1999; Maolina and Maolive, 20073,

The MCMA-2(03 measuremen! campaign was catricd out
during April 2003 10 cover the heiglt of the annuadd pho-
techemicel seazon jusl pricr 10 the onsel of the rainy sea-
son. It fwolved a highly-instrumented supersite locared at
the Mativnal Center for Enwironmental Research and Teain-
ing (Centvo Nacional de hwvestigation ¥ Capeifocidan Ambj-
erfal, CENICA), a component of the Nationat Institute of
Ecology {INE) ol the Minishy of the Environment (SEMAR-
MAT), with statc-of-the-art instrumcnlation conlritntted by
nvany LS and Butepemn teama. A mebile Waboretory from
Acrodyne Resenrch Inc.  was deployed for vehicle-chase
sampling measuremonts, as well as for fixed multi-day meg-
sWTeINEnts al various locations i the MCMA. Many high
time resolulivn instruments were deployed Lo the MCMA for
the first time dering this campaign, MCMA-2003 and an
exploratory mission in February 2002 generated extensive
measurements of many oxidanl precursors and pholochem-
ical preducts and intermediates including radicals, speciated
VOCs and PM, as well as meteorolopgy and emissions. An
evervivw of MUWA-200% messurements as been pubbshod
by Mulina et al. (2007).

Ohscrvations and modeling studies from MOCMA-2003
ghow that under most conditions, pellulant cxport from the
basin s relatively rapid and that pollutant carmyover from
day Lo day is not 8 major factor in the valley’s pholochem-

Atmos, Chem. Phys,, 10, 86978760, 2010
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Fig 3. MILAGROY Coanpaign: Geographic Covetage, Metsure-
tenls were performed in the MO A (sec Fig, 4). The gize of (he
cirele (MAXN-Mex, MIRAGE-Mex and INTEX-13) indicares the ge-
ographic covernge of the aitcraft deployed,

istry, Lmissions studies confirmed that molor vehicles play
a major rele in supplying the WOy and VOO precursors that
Tuel MCMA's extremely active phofochemistry, Key results
documented in Melina el al. (2007) included & vastly im-
proved speciabed emnissions mventory from on-road vehicles,
showing that the MCMA motor veliicles produce shundant
amowls of primary Phd, elemental carbon, particle-bound
pelycyclic aromatic hydiocarbons, carbon monoxide and a
wide range of gt toxies, including farmaldehyde, acclalde-
hyde, benzene, tolvenc, and xylenes. The feasibility of using
eddy covariance techniques to measure fluxes of volatile or-
ganic compounds in an urban core was demonstrated, prov-
ing a valuablc tool for validating the local emissions itven-
lory. A much beiter understanding of the sources and almo-
spheric loadings of VOUOs was obtained, including the first
speclroscopic detection of glyoxal in the atmosphere and a
unique analysis of the high fraction af ambinmit formaldehyde
(tom primary emission sources. A more comprehenisive char-
acterization of ozone furmation and its sensitivily 1o ¥0Cs
and WO, and a much more extensive knowledpe of the com-
position, sizc distribution and atmespheric mass Joadings of
both primary and secondary fine PM, including the fact that
the ratc of MCMA S04 production greatly exceeded that
predicted by currenl almosphenc maodels were oblained. n-
tercomiparizons beiween researclt grade atul monitoring in-
struments demonstrate that signifieant errors can arise from
standard air quality monitors for vzone and nitrogen diox-

‘ide. Comparison of aromatic hydrocarbon measurements us-

ing three different techniques highliglits a polential problem
in defining & VOUC zampling strategy in urban enyiropment
that i= meaningful for the comparizon with photochemical
trangport models. Alse, the implementation of an innova-
tive Markoy Chain Monte Carlo method for inorgatic acrosel
madeling provided a peswerfinl tonl o analyye asrosal data

wrwrw almos-chen-phys, net! L O/8 607/ 2010/
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Fig. 4. MCMA-2008: Ground-Based Mesyorement Sires.

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

MILAGRO'S measurement phase consisted of B month-
long serics of carefully coordinated obssrvations of the
chemislry und physics of the almosphere in aod near Mexico
City during March 2006, using a wide range of inshuments
al ground sites and on aircraft. MILAGRO S measurements
were complemented by meteoralogical torecasting and nu-
metical simulations and data from satclite observarions and
surface monitoring networks. Together, these rescurch oh-
servations have provided a wealth of information on MO A
pollutant emissions and ambient concenlrations, their disper-
sion and wransformation processes, and their urban, regional
and hemispheric impacts.

Results from MCMA-2003 and from MILAGRO-200
weore presented al spocial sessions on alr quality and cli-
mate impacts of megacities at the mectings of the Amer-
ivun Geophysical Thion In 2004 and 2007 and the Luro-
pean Geoseiences 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 iz available at http://mee2.org/
publications, html,

3 Scope of the MILAGRO campaign

The MILAGRD Campaign is a lagge, intemational, multi-
ageney, collaliorative project bo cvaluate the regional impacts
of the Mexico City air pollution plume a5 a means of under-
stending urban impacts on the regional and global aiv qual-
ity and climate. Specific goals of the campaign included:
(i) quantifying the spatial and teomporal extant of the nrbun
rlume; {ii} analyzing pollutant chemical and physical trans-

www. almos-chem-phys.net/1 0869720 [0/

formation in the phane; (iil} quantifying the regional impaets
of the plume; and (iv) examining the interaction of the urban
plume with surrounding sources,

After an initial plunning phase which inoluded model sim-
ulations of pussible dispersion scenarios Lo guide site selec-
tion, the data-cellection phase of MILAGRO tock place dur-
ing March 2006, The measurcments included & wide range of
instrumients at grownd silcs, on aircraft, and satcllitcs. Three
supersites, spaced about 30k apart 1w examine the pellatant
plume evolution, werg set up at the Institoto Mexicano del
Petrdleo {IMP, “T0™), Universidad Teenolagica de Techmas
in the State of Mexico (“T17) and Ranche La Bisnaga in the
Btatc of Hidalgo (T2}, The designations “T0* (initial time),
*T1™ {first time step), and *T2” (secoid time step) refer to
the liming of ranspurt of the urban plume to different points
in space and time. Additional platforms in ar near Mexico
City included mobile vans containing scientific laboratories
and mohile and stationary upward-locking lidars, and fixed
maobile units provided by Mexican inatitutions located at the
boundery sites (o mcasure criteria pollatants and meteoro-
lagieal pavanacters, Tables 1—4 liet the kay participating in-
stitulivns and instrumentation deployed at the various surface
sitcs,

Beven instamented rerearch aircall partivipated in Mi-
LAGRO: five woere based in Yeracruz, Mexico, ong in Puebla,
Mexico and one in Houston, Texas. The five aircraft based in
WVeracrue wore the NCARMNSF C-130, the DOBR Gullstreams-
1 {G-1}, the 1JS Porest Scrvice Twin Otter, and the NASA J-
31 and King Air, while the NASA THC-B was based in Hous-
ton, Texas, The FZK-ENDURQ Uliea-light aircraft was sta-
tioned a1 Hermanes Serdén Airpoil ncar Hugjotzingo, Puebla
{Grutter et al., 2008). The scientific payloads of the three
larger aircraft are swnmarized in Table § for the C-130, Ta-
ble 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 measure aerosols, waler vapor, clouds, Barth surface
properties, and radiation ficlds {see Sect. 10 and Table 7,
while the King Air caried the high spectral rewolution i
dar described by Ropers et al. (2009) (scc Sect. 9). The
Twin Ouer focused its sampling on the cutflow from biomass
burning, with a3 payload that was described by Yokelson ot
al. (2007} and included an FTTR instrument, whole sir sam-
pling, a nephelometer, and particle sampling for subscquent
anzalysis.

These airbome measurements provided infanmation abowt
the atmosphere over a large region, and at various alt-
ludes. Satellite-based instruments peersd down into the at-
masphere, providing cven larger geographical coverape, Fig-
wre 3 shows the poographic coverage and Fig. 4 shows
the pround-based measurement sties. The overall campaign
was supported by forecasis from meteorological and chem-
fcal models, satellite observations, the ambient air quality
maonitoring network operated by the Atmoespheric Monitor-
ing System of the Federal Disteict (Sizxfenta de Monitoreo
Afnnsférien, SIMATY and mectcorglogicnl meaguretnents

Atmos, Chem. Phys., 10, BR97- 8760, 2010
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‘Table I, List of participating instilnions and instrunents deployed at the urban siles,

Tnstituticons Principal tlethods Patametcrs Refercnoes®
Invest gangry
T AP
CENICA N, Cardonas  bethered balloon, ()4 and mct parameters Yelusco ct al., 2008
ozonesondes, melsondes; up to 1000 m, ¥OCs up ko 2000m;
pilot balloons with wind speed and wind
theodolitcs dircolion vertics] prolile
CENICA,; R, Curdcnas, (5} mini-vol samplers; (23 0C, BC, thermal optical Querol of al., 2005
CSIC (Spain) X Ozl HivVol, 1 RAAS and d mini-  refleclangs znd jors in
vol manual semplers for Pz 5 metals, morphology
TM5 5, TEF and Phd g by SEM; ranl Hhme
L.ascr spootrometer measurement of Phd g,
Pz 5, PM,
MITMCEZ! L. T. Malina, [(2) LP-DOAS; M, HONO, ¥OCs, Volkamer et al., 2007;
UCSTWHeidetberg R Volkamer,  Spectroradinmeter Elyoxal, smmulic YOCs, Dusanier £t al., 20090
L. Flat S07; UV actinic Muxes
Texas Adchi E. Zhang FTR-M3; CIME; VOO, HNG3; Fortner et al., 2009,
Zhag el al., 2008
Tesas Ak D. Collins TDMA; APE; CCN Hygroscopivity; acroscl Wang of al., 2010
sGparatar SUpEMicLen &ize disio-
bution; CCN propetlics
MITHIoteborp U, ), Pelicrason,  STME; AMS; Acrosol Aczrosol number, size Aiken ot al., 2010
I. Nide Spectrameier (portable); distribution: Wa, K, Bh, Cs
PM3 5 samplers in 1'%]; 15 siee channcl
count and mass distribution
“in 0.13-20pm range; P 5 -
ANL, UaLR ). Gatfoey, Aethelmmeter (7 channel); Aerosol phsarption (BC); bMarlcy ot al, 20093, b
M, Murley tlulti-angle Absorption dry and wet particle
Photometer; nephalometer seattering; OCYTIC, Humic-
(3 and | wavelenglhs); like substances, 146, ‘mK,
[ilter sampler szb, ?Be, 2“}'Pn, 2lg;
ANL, UALR ). Gaffney, Voisala Weather Station, Wit sprodidirection, rain, Marley et al., 2009, b
M. tarley radiometer T, P, RI: brosdband UY
radiption
BNI. 1. Wang CCH Counter; CC, Aiken ed al,, 2009,
SKPS aprosol size distribuliong Ervens et al_, 20110,
Wang £t al., 2010
MIT/VT L. T.Muling, EcoChem PAS 2000 CE; A Hs, Thomhill ct al., 2008
L. karr DC 2000 CE maonitars active surface
U, Colarada 1L, JIimenez  FIR-ToF-AMS; thermal Asrosol size, composition, Aiken et al., 2008,
deurder; serosal rnnber; nanopanticle size 2009, 2010%; Huffinan
concentrion oplieal distedhution: acrosot et al, 200% Salcedo
particle counter; SMPS; COnCelntration elal, 2010; Parcdes-
DustTrak hlitanda ot al., 2009;
Al D Worsnop  HE-ToOF-AMS with aoft [ing PM orpanic
ionization cotposition
DRI, U Hovada B. Arnpil Photoacoustic Aerosol elsompiion Pacedes-Miranda et
spoctrometer ol 2009
FHNL/ERTST. A, Laskin DRUM acrosol samplet; Sampling for Johmsan et al., 2005,
TRAC acrosol sampler, FIXEPESASTEM: TEW, Aiken et al., 2010

i’arsnde impactor

SBRMTDX analyeiz

Atmos. Chem. Phys., 10, 8697-8760, 2010
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Table |. Continucd.

8703

Institutions Prncipal dluthads Paraneciers References®
Investigatoes
FHML 2. Doran, MFRER; Eppley BEW vadiation, scroso] optical Drwwran f al., 2007
W. Shayy radivincier ilepth
Colorade Sielg 1, 1. Slusser MEFIRSR TIV flter irrpdtancecs Noran ci al., 2007
{thiffusc and tolal}
LAML . Dubey Ty UUHL 51T, Munitor g, OO, ¥y
Chalmers K. Cialle IMAN-DOAR; Yectical and lowizpnta) Johansson ctal,,
napping of MLz 2000
U alabaima at I. Waliers wing profiler; ceilomueler; Wit speedidirection Shaw et al., 207,
Hunisvilles {LUAH) 12-channel pussive versus heighl de: Foy ctal, 2009
Micronvave radiometar
IFU W Junkecnagn HCHO instoumisnt HCHG Tusanter ot al., 200%h
UCED K. Prather ATF-ME Single parlicly sice and Malft gt 3], 2008a
compusition
L% hadizon 1. Gchaucr Filter Sampler;, Semi- Organic specislion; Stone ot el, 2008,

W-hdulizon

1. Schangr

conlinuows ECHOC

Tekeaty Amhient beToury
Anulyzcr

tealiime BCOC

Il in gus and pariiculaic
phasc

20 10n; Aiken ctal.,
a0, 2o10

Rulter o1 al., 2002

UAM-Azcapolzaleo Y Mugica High Vol Samplers Fid1g, MM s Mugica ct al,, 2009
1-lnsw, . Slainier dopamliienl gzt size garbind wabgr goThond
specleumeten; ShIRG using EH-conurolled SMPS
& APS
17, limeny W. Fichinger Vettically paoinling lidar; aeroso] vertical profile; T.ewandowski et al.,
Ha Ty sonsor, OO0 HzOy, OO0, CO, T, F, 2010
manitor; T, £ and homidity RH, W&, W, radialion
prolies; up snd down-
welling Tong & shout
waye radiation;
OIS ANCIIONICIeTy
Indiana U. B Stovens T.aser and supporting HOy concenteatiuns Dusanter ¢l al,
cquipment [oe HOY, 20004
MCAsLESEn LS
aul Schoerror U. Ballensperger [0-MS Orgatice weids {gae & Zlhong et al., 20HE
Tnstibpte el )
SMA-GOF A Reloma commercial automatic WOy, 00, O, 805, and dalina ot al., 2007
menitars Piviyn
SIMAT Site
WELMCEZ IR Lamb, Flux tovver; Fase Oletin fluzes of YO Cs, O, Velasco ol al., 2008, 2014
T. Jobson Sensor, PTR-ME, COf H+0,04, PAH; sensible
L. T. Molina HyOHIRGA, met station, and Tatgnt heat, radiation,
CC-TITY for VOO fluy samples  met dara; T, RILL, P, WS, WD
PHNLAWSUCER/U. B Algxandor Quadrupole AMS Bise-resolved composition Y ct al,, 2000
Colorada aritl fluxes of speciated
non-reftactory PMy seroscls
UCSLWSIO T.. Russcli Submicron acrosol Crganie funciional grovps Gilardani ot al., 2000
samiples (FTIR and XRF
analysiz)
UCLA J. Blule LB-DOAS 03, NO,, HCHO, N0,

v aimos-chem-phys.net! 1 (869720104

TICNCY, and 50
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Tnstilutions Prinzipal Methprls Paraeiacy, B femnea®
Investigatore
CENICA Eite
CENICA B. Cardenas GO-FIR 53 speciated hydeocarhons Wishenschimmel ct
al., 201{}
CEMICA B. Cardenazs  Cownercial automalic PA g, PMLg 5, WO, 0, Querol g al,, 2008
maniters at CEMICA 20, O, Total
Manitoring station for hydrocathons, cacbn in
crilgrip pollutants and panictes; UVA and UVE,
metcorelogical pummcters wa, WD, RH, ¥
CENICA, C5IC B. Cardenus, 2 Hi-Vid for FM g chemical characterization uetol ef al., 2008,
[Spain} X, Queral of: ions, metals, OC, Woreno ¢l al,, 20080

BLLTE, mophiology by SEM

Waucalpan lndusirial Sites

ITESM Q. Mejia Autamatic conlinuous PMz 5, PMg
measurement of paricles
Theemp TIALA RAM,
CLIMFEL, PARTISOL
1ITESM O Tejida Llectrot microscope; patticle size and shape;
Tsokinelicy concentration of viripus
comhbislion gases in slacks
MAX-DDAS Network
B TAMICIZZ, L. T Mreling, 3 passive multiple axis Yertival prafiles of NO;,
UCSD, Heidelberg R Volkumer,  DOAS (MAX-DOAS) 801z, HCHO, CHOCIIO,
17 Platt {at TO, T1, 12, Pico de Oy, HOND
Trex Padres, Tenangs del
Airg, Como Chinuevite)
Sun Photomeaiet Metwork
WCERALT, L T.oweling, = %Wiooohops Woown Fuereeh pptical Tridkmcss, Costurng e 1), 2007
NASA Goddard V. Winrting pletmeters and 3 CIMEL ALRONET (st reiricvals of aetosal

Hidalgoe, UNAM, Croena,
TEC, vAM-I, TO, T1, T2)

oplical paramelecs

* The relved publivalions sheee the Inslnments or methads Jeve been deseribed ar noedimes|,

provided by the Moxican National Weatheor Service (Servi-
cio Meizoraldgive Nacipual, SMN).

The MILAGRO campaign wes organized under the fol-
lowing four coordinated colnponents that took place simalta-
neously during March 2006:

31 The MCMA-2006 (Mexico Cliy Metropolitan Area
— 2006 Experiment)

The MOMA-2006 cxamingd emissions and surface concen-
frationg witkin the Maxice Cily Basin, their transport aed
transformalion in the atmosphore, and the cffcets on hu-
man health. MCMA-2006 was led by the Molina Center
for Encrgy and the Environment (MCE2) with profecis spon-
gorcd by NSL, DOE, and several Moexican research apgen-
cies, including CAM, INESEMARMAT, CONACYT and

Almes, Chem. Phys., 10 $697-8760, 2010

PEMUX, as well as Buropean agencies. The overall purposc
of MCMA-2005 was 1o strengthen Lhe scientific base for the
design and evalualion of policies to improve the ale queality in
the MCMA by pathering scientific information thal helps to
better understand the pencration and processing of pollutants
in the MCMA, their dispersal, transport and transfbrmation
in the atmosphere, the cxposure pallems of the population to
these pollutants and the effects on human health. MCMA-
2006 also provided many of 1he urban measurements needed
for understanding the lacger scale pollutant evelution which
was the focus of its sister canmaigns. The coowired datn, an
parlicles, ¥OCs and alher gases, melcoralogy, and solar -
diation was gathered at the TO supersite, 2 Aux tower located
at the SIMAT hcadquartera in (he city center (refered to as
“SIMAT™ site thereafier), measurements al the Tola refinery
ite: and industrial zone in Naucalpan, in cambination wilh a

ww . utmos-chem-phys net! LBHI 20107
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Table 2. List ol purticipating institulions and instroments deployed at the T1 site.

805

InstiniLtigus Pringipal Methods Tanmeders Relercnocs™
[oeeet] gatose
AN, UALR 1. Galfsy, Filter Sarpker; Vilter e, dhg N0py Pag, 20y, Marley ct al,, 200%, b
M. Marlcy Samplers for wet sorpsols; 205 B, Humie Like
Prozipitaion Sminplen Bubgtoncrs; T-14,
Radionuslides.
ANL, UALKE 1. Galfhey, Vaigaly weuthar station; Wy, W0, T, RH, Marley et al,, 200%a,b
M. Marley HH radiomeier; precipilation rate;
braadband UY padialion
ANL, 1L Alabama R Condier, Radar wind profiler, Wind speed, direction vs Lroran et al., 2007, 2003:
at Huntevilla J. Walicrs radivsondes; Sadar; heighi; RH, ¥ vs, hefeht, Slaaw et ul,, 2007
Bferopulse lidur Lower wind fictds,
Acrogol cuncenlrunion wa. heiglht;
CENICA, CRIC . Curdenag, (5] minivol aemplees; OC, BC, tharmal pplicl Quergl & al., 2008;
{Spain} X, Querol (2} Hival, 1 RAAS and refleclance and ions Mareno ot al., 2008k
4 mini-vol manual Ramplecs in PRy g; melals,
fow PM 5, TEY and PM G morphology by SEM
CERICA B. Cartdenas, Tekran 23377 Hg in gas phase Ruller et al, 2009
U Solérzann
MRT-Reawe B Amall phagacouslic spedirameler 2000300 Abswrplion Diarun e al., 2007
Ceomgin Inat. Teal, A, Meoncs, TITIDMA SN vowLes;, lyproscopleiny Rire tadeh ¢t al,, 240
1 Snigh, BB wnaiamaten resabisd im 41 50T
range; CON concentralion
surlace tension
CGoorgia Insl, Teeh. 5. Huay CIMS; CLD (P, HOp 1 Rz, HyS0h; Munnemmacker ct al., 2008:
MO, B0, OO0 and O3 Emith et &l., 2004
Geargia Inst, Tech. R Weler TEOMT; i Vil Phiy x roinss; Siune et al., 2008;
filter aarnpling Paded ¢l al, 2010
Qoorgin [ost. Tech. R Webser PILS Pk suluble erganica Founioukis ct al., 200%;
umil inoTgenics Hennigen gl al,, 2008
1 W, Junkermenn  HCHEY instrumnent (Hantzsgchy) 11110 de Croow et al, 209
1B, Marelos A Saleicta, 3-12 sonic encmanielens WD, WS, I, BIL Nuxes de Cous ot al., 2009;
AT Celada Marcno et al,, 20086
LBMNIL (LOREL} M. Fizcler MNIR-TDILAS ™NHy Founigukis ct 8., 200%
NCAR A Guendher, Conlinuous prodiling Oy, particlcs, Greonberg el gl 2009
J. Greenberg, icthered batloon T, W8, wi, RH,
A.Tumipseed  sysiem; radiomcters direcl difTuge PAR
NCAR Mike Coffesy mabile Fouder Ciolumn: Hafd, O,
Tranafonn Specinimeter CPgClg, NN, N0, HEL,
L0, 50, CFCly, OOS,
M, 115 O3, CH4, 8,
WOz, Calg, 1M, PAN,
Call;, CHa), CHF;T)
WOAA, 1 de Gaww, GC-FID; Alkanez, alkenes; de Gouw a1 a1, 2008
Univ Coleradg C. Warncka, PIT-M& YOS (acometics,
ARVEENALLS, LOPrans,
monolerpenes, weranirile
Penn St A Thompsen Dzangsonde wround slalion O predile ‘Thompenn i al., 2008

highty capable mobile laboratory, a micralight research air-
crafl atul several fixed mobile units deploved throughout the
MCKA al representative urhan and boundary sites, In ad-
dition, twa Leallt sudies were carriod wut duckng the cam-

paign.

www almos-cheitl-plyys. net' | 89 7/20 10/

In ovder to contribule lo Lhe education and training of
young investigators and to raise public awarcness toward at-
maosphsric pollution problems, the Molina Center, in collab-
aration with the Mexican MNetionu! Institute of Yoclogy and
other local imstimtions, sel up a scuies of education and out-
teach activities, including mublic lectures, workshops, guided

Aftmos. Chem. Phys., 10, 236978760, 2010
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Inatituicng Principal Methods Pammeicra References*
Investlmators
FNML €, Dogan, Epplcy R&W mdiometers; Har radiilion; weroao] Diocun o al., 27, 2008;
W_oKhanr, Wephelamerer, FRAN, siore aoel TR RRrS, Ty e ah,, 2009
). Pwmacd OCEC aoalyzer, CRC lighil sewdlering ; Black
MFRER, pydizliometer, Carbon (aerosol nbsomptinny;
solur irockor LA aenosn] aptical
dopth, solar rudietio
PNRLPMIL A Laskin, DRUM Acrost! Sanplar; sumpling for PIXEPESASTEM,  Moffet e ul, 2010
M. Alexander  TRAC Aeroeot Sarpler; sampling for THA,
SMPSE; 0N cownter SEMEDX analysis; Aerpaal
#ieg; CUN counter
TN M. Alesander  TOP-AMS Aerosol congenimbion e Gouw et al., 2009;
and siee distribution i gt al,, 2069
RAMA A. Relama tedoihile yuil C0, WA, 500, O, PR g, Moline ¢ a1, 2007
W, WE, T, HR
Tewns AdM LL DuonColling T A, HLV-TIATA garogol 0,0 -t micron Wang ol al., 2010
sizE, S resolvisd
Iy groscnpicity, volatilily,
mixing geafe
L. C. Borkeley B Cohen TU-LIF O, WOy, W0y, 1TNO; Foanioukis et ab., 2009
11, Tlouston, R, Lafer, SAFS, MFRER. UV-nfe, spectral actlingg Au, Llennigsn o al., 2008;
Colarado Slate U, ). Slosser poud camera, Clmel WV imadiances Cort el al., 2007
{Aifisz aind toal)
Ll Miani, E. Aflas, YOT Canigter sumpling; unthropogenic sild biogenis i Goww ot a1, 2008
L. €. [ovine 10, Blake adsurcbent end HCs, RONO;, MTER,
tilter samples DIME, 03, halogenatcd
UTUNICE; DilTeles
11, Minnesmal B McMurmay, TDCIME, NTDMA; wliraflne gerosal compogition; Smith ot al,, 2008,
MWCAR 1. Smnith KinA: High-vol sampler nanopanicle size distdbution, [idu et al., 2008
Tyyprosuupicity and volatilily:
ambHent igals wnd
ion clusters; agrnso]
surface leosion
LI Wistunsin T Sehawer Filter samples with GC-MS apeciated grgmnic comient Slans ot al, 2009
a1 Madizan and varicus 1.0, GCM S
1. Wisconsin ), Schauer Takean ambicnt Hg in gag snd Hutter ct al., 2009
Hp analyrer padicelei: phase
UNAM A Muhlia Fyranomeder, spegira] imdiunee | Cagtanhe et @], 2007
AERONET; a¢rasol aplica)l depth,
VAN 1. diancls 3 Minivhl Lidpa, P g
LIMAM T, Caslre Moudi, nephelometer, paniiclen (nuber, size, burley oL al., 20000
parlicle aom abeorplion £Iwnical composition,
phalemeder, panicle aptical priperties),
counters, PATL monitar, COg monller BAIL Ty
LINAM b, tdava Filler sumples M), Pz s
LINAM, Luphore (1, Ruls HOMNO Long path HOND

Absurption Phatonsier

FThe relaled prblinakinns wheve the ingtramaoisor metuwds hace been dextilbind v memioned.

tours, essay and poster contesis, which were carmicd out In
parallel to the scientific activities by Mexican and interna-
tional rescarchers working at ihe different measurernent aies
(hitp:ifmeel. orgfeducation/milagro.huml ).

Mexico City)

3.2 MAX-Mcx (Mepaeity Acrosol Experiment:

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

Max-Mex focused on examining how the bexico mepag-
ity aercsol eveolves during Iransport, and how the chemical
and physical nature of the acvosol affecied ecattering and

wwnw, abiio3-chem-phys.net! LB G 72010/
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Table 3. Lisf of participating institutions and instnunemnts deployed at T2 and other sites

a707

Tnstiloticns Principa) Methods Parameters Referenves®
Investiganons
T2 (Rancho La Bisnaga, Hidalgo)
DRI, 1Tof P Arnuott Photoacoustic Abserpiion Aerasol abzorpeion; Paredes-hicunda et al., 2002
Mevuda-Reno Spectrometar Tight seattering,
PNHNL C. Dhoran FSAF, Acthaloneter; Aaerosal sizg and nunbers, Doran ed al., 2007,
W, Shav Mephelmneter; FSAR, light scatiering ; Black
OCRC analyzer; CPC Carhan (acrosol
ahsnmtion); OC/EC
EMPL . Lroran, Radar wind profiler; W8 and WD vs, keight, RIT,  Dargn cial, 2007
W, Blavy, radivsondes, Sodar; T ve. leighi; Shayw et al., 2007
K. Coulter weather station; Lawar Wind ficlds;
radipmeter, MFRSE solar cadfation; aetosol
aptical depth
AML I tGaffiney Aerasol sampler Radionuelides Wiarley cf al,, 2009
Ly b SRR i Taekeidn, Tirne - Heanbhed Aeroanl HRE, Mimmmp}r a1 TR Sonmsin e at,, 2006
Collectar (TRAC)
UAM A, Muhlia Pyranaomcier Bolnr irrmdiance
CENICA, CRIC R, Cardenas, Hi-Vol, 1 RAAS and 4 miti-  OC, BEC, ithermul pplical Querol ¢t al,, 2008
{Spaim H, Quecrol vl mateal samplers for reflectance and inns in Wlureno ci al., 2008
PMg 5, TSP and PM g P8 5 metaly, morpholopy
by SEM
Popocatepet] Sile
Chalmers B. Galle Scanding Mini-DOAS 50 Binissions From Grutter of al., 24%
Popocatepet]
LI EN S B, Cimatter Beanniny wneging, infraved  Wauslizging B0 plere fiorn Geubter o sl 2008
SPEC omiEder Voleano
Altroinoni Site
A M D. Baumgardner, FIIR; Dual-culumn G C0, 04, 505 Baumgundnce of al,, 2009
M. Gratier THI seanming ocbility P4Ns; condensativn
particle wivor (DR, kel eov pansizle,
Lashir parigle size; patticle seatlering
Mephlomeier {1 wavelength)
UCELEI0 L. Russeall Cuadrupole AMS aernsol ags Gilatloni ol al., 2000
Subeniceen filter saniples SONECRIrAtio, orpanic
(ofT line FTIR analysis) fimetional gronp
Tula Industeial Complox
1IMP A, Xambrano Bigmanilaring PAH and metals {Cd, Cr, Fumthrano Gareia et nl,, 200
Cu, Hg, Ni, Pb, ¥, &n)
iMP E. Gonzales Moudi, Nephelowneter, sire disirihutions, optical
SMPEE, Asethelmmeter, jropectics, catbon
solar photome ter poncentration, optical depth
InMP L. Vepa MOUTH + ddini-vol FM: &
e I L. Arrigga Canistecs and cariridges VOCEVOC Carbonyls
IMP. Chahners (G, Sosn, MWobile mini-DOAS 503, NO; cimissions Kivera et al., 2007
B. Gallg
IME, CENTCA L. Soza, Radipsondes; pilot ballsons WD, WS, T, P, RH, Wahenzchimene] el af,, 2010

H. Wihmschitmmel

¥ Tl velalel publications whens the insEuments o methods have been deserihed or mentioned.

www.atmos-chem-phys.net! 107869772010/
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Talyle 4. List of participating institnions and ingtruments deployed in the mobile libs and mebile mils,

Institutions Principal Mecthods Parametors References®
Investlpatats

ARI Mobile Laboratory

ARI C. Kolh ToF — AMS; 3MES; A Size & Corposition, Herndon et &l,,
Oplical Marticle Counter; FM siw distribulion; 2008; Zavala eral.,
Condonzalion Parlicle Fine PM mass and numther  2009; Wood et al,
{Cnliniber ensity 2009, 2010

ARy L Redh Walfi-Aonghe Absvipiion ¥ioe WL BT Bee dbrme
Photometer (MAAP)

ART . Kalb 4 Duentum Cascade L0, NOy, NH3, HNO3, Be; above
Tunable [R Lasers, HCHO
(QC-TII DAS)

ARl C. Kalh UY Absorption Phutomcter; Oy Sce above
Chemilunmitescent Jeleeior; WO
Licor non-dispersive IR Oy

ARRI (2. Kolh Anemometen, EH sensor, Wind Velocity, RH, T, F B e abows
Pres paupe, themmocouple

WICE2 L. T.Moline  Chemiluminescent Datcetor Ny Sec abave

Montang State L. B, Kmghton  TR-M3 Y05, selected aromatics, See above

exyeenaics, olefing, ele,
TiPA R, Beila YO canjster sampler vOUCs Sec above
MOEZ, VT L. T. Mulina, Fhoto-ionization aerosol PAHS; Thormhill ¢t al., 2000
L. harr counter; Dilfusion Charger  Finc PW surface ares

LANL M. Dubey Phuto-accustic Tnslrument;  aerosnl sbsorphion &
PM filler sanples scaliering, SEM frmpes

WEHLT B. Lamb S0 Angmsecncs F de Foy gt al., 20069k

Chalrmers Mobile mini-NOAS

ChaTmers

R, Gulle

Mobile Mini-DOAS
insrnments

507, NO3, ICHO

Jahansson ot al., 2009

lovwa Mohile Vertieal Lidar Syytom

Universify of lowa

W, Eichingcr

mohile upward-looking
lidar; &un photometer

acrosal vertical profils;
dircet and indirect radintion

Lewrnulowski ct al., 2010

Controlled Meteorologicsl {CHMET) Balloans

Smith Colloge,
TNM1.

P. Vous,
R, Faverl

Pree-Mlowling altilude-
controdled balloons with T
and humidity scosor

7, £, horizonta] winds,
relative humidiny

Vorss ¢k al., 2010

absorption of gtmospheric radiation. MAX-Mcx was con-
ducied by the Almespheric Science Program of the FOE Cli-
male Change Rescarch Division in collaboration with scicn-
tists suppotted by NSF, WASA, and Mexican agencies. Mea-
surements wore conducted using an airborne lidar operated
by MNASA scientists with sepport from DOE, the NOE G-
1 girbomc platfornt that obtained gas and acrosol ineasure-
ments, and alae at the fhree supersites to examine the acrosol
plume evolution. The T} and T? sites were heavily instru-

Mmos, Chem. Phys., 10, 26978760, 2010

mented In order to charactsrize atmespheric chemical and
physical propertics inglwding ihe scattering and absorplion
of radiation by particles, particolarly in the sub-micrometer
fractions thal are muicipated to have the longest lifetimes and
have Ihe greatest impact on regional and potentially plobal
climate forcing, Although there woere fewsr instruments at
the T2 site, they provided infonmation on aging of pollutant
phunes further dowwind.

wwwalmos-chem-phys net/ LB 72010/
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‘Table 4. Continued.

B709

Fixed Mobile Linils

Trushibwtion 7 Locwiion bethod Patgrngiers References
IMNE- CENICA Huixquilucan Mabile unil for critcria {10, NOy, 804, 03, PM Naote: data from
pilutanis and met, WD, W3, T,RH, F,solar the mobile units
paramcters radintiom have been used in
various publications
ZMVM Tl Mabile unil for eritcria 0, NOy, 805, 03, PM 0, Eea aboye
pollutants and rret, WD, WS, T, RH, F
parameters
Cluanajuato COREMA hdrbriles vt for criterin MOy, 80, Oy, Py, o above
pollutans and met. WL, WS, I, UH, P, CHy,
patamebzts MMHC, THC
Hidalgo T2 t okl unit for criterin CO, NOy, 80y, Oz, P, Sco sbove
pollutants and nec WD, WS, T, RH,
prarainiers precipitalion
Estado de Avila Campeche Mobile onit for eritena O, NOye, 805, Oy, PM g, See abowe
belexico pollutants and med, WD WS, T, RH,
pHramcters prccipitation, B, s0lar
radiation
Mueva Teon Hanta Any Mahite pail for eritoria {10, Ny, 803, O, PMp, P s, Hee aboye
polluranis and nct, WO, W5, T, RN, precipitation, P, solar
PATAMEIETS radialion
Querstaro Allzngan Blirbriles unit for criteria CO, N0y, 80, Oz, Py Bee above
potlutants
UNAM-CCA-FQA,  Clenangodel uire  Standard AQ monibors; CO, MOk, MOy, 804, 04, Mebamed el ), 2009
WE, iMK-TFTI, Surface met patometers, W5, T, RII: WD
MCE2 Hamizzch (HCHO), HCHO;
BOAS (MO2), MOz (Colwmn);
Ceilgmeter, Pilot balloans  Phdyg, CH,

Ultea-light plane (Row

around the two volcanoes)

dev point moniiors

* The relaced publlenfiens shere dhe dssteimenls or metheds have beea desgribed or menlicned.

3.3 MIRAGE-Nex (Megacity lmpacts on Reglonal and
Glabal Environnments — Mexico)

MIBAGE-Mex examined the chemical/physical 1eansforma-
tions of gaseous sod particulate pollutents exporcd from
Mexico City, providing a case sludy of the effects of a
megacity on regional and global atmospheric composition
and climate. MIRAGE-Mex was led by the Natfonal Coen-
ter for Atmospheri¢ Research {NCAR) in collaboralion wilh
academic researchers under NSF sponsorship. Specific ob-
juctives were to: (i) quantify the spatial cxtent and tem-
roral persistence of the polluted outfow plume; (ii) iden-
tify and quantify the chemical and physical transformations
of ihe gascs and agrosols in the plume, especially the pro-
cesscs that lead to the removal of these polluants from the
atmosphers; (i) quantify the effects of the plume on re-
gicngl oxidants and radialion budgets, and ullimately on re-

wwawv.atmos-chein-phys.netf  (F3697/201{/

gional climate; and (iv} cxamine the imteractions of the nrban
plume with background air, ax well a5 pollutams from other
sources including tugional anthrapogenic pollutants, emis-
sinng from biomass fires, and biogenic cmissions from veg-
gtation. The NCAR/MNEF C-130 aireraft carried & payload of
state-of-the-art seientific instruments and sampled air ahove
and at diffcrent distanees {rom Mexico Clty to measure how
pascs and particles ape during transpott, specifically teack-
ing those chemical, physical, and optical properties that have
the potential 1o affect mir quality, weather, and clithate on
large peopgraphic scales. An additional aircrafl (Twin Ot-
tery conducted studies of five emizsions and their effect on
the local and regional composition of the almosphere, Other
WIRAGE-Mex researchers were located at the T1 supersiic,
to examine the chemistry and physics of surface air as it first
exits Mexico Cily.

Atmaos, Chem. Phys., 10, 8697 8760, 2010
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Tuble 5, C-130 scientific paylond

Paramelers Method Trincipal Detection Litoit!
Tuwwestiguiu Response Time

Spectra] Actinie Mux 8AFG R. Bheller (NCAR) MNin 1s

0 ¥ UV fluorescence T. Campos (NCAR) 2ppby 15

Had COy

NO WOy MOy (3
HO3, Hi)z + ROa
oIl

CHy O

801z

YOUCs, 0VOCs
WVOCs, TVOCs
Oepanic trace fgmues

PANs

Orngunie acids (foonic,
aceliz, peracciic,
propanaicy

Ha0y

HCH

HMNOy

CHy{QOH)

S0

CICH

HO;NO;

Size-resolved compa-
sition of non-refuctory
subiicrn aeraugls

Acyozol physto-chemisloy
atd oplical properlies
Acragnl physio-chemisiry
Aemsol compraition aned
uplicy

Fine particle composilicn

Soat acrosn)

Agmse] lidar

Chemiluminescence
CIKS

CIMS

DFG-THL

Modiled TR

Fast GU-MS (TOGA)
PTR-MS

Whole Air Sampling

CTh3
CIhS

AddS

Tandem volatility DhaA,
FMF3, OPCs, nephelomaler,
PSAP

DA, Tandom DMA,
HTLMA

(N, RP?, PARS, Niljers
FILS

ttunmimisgion efccinon
wmigrnzcopy (THEM),
(omography

SADL

T. Canpuos (NCAR)
Weinheimer (NCAR)

C. Cuntrell (NCAR)
Mavldin, Cisele (MOCAR)
A_ Fried (NCAR)

L Holloway (N0 A)Y

F. Apcl {(NCAR)

T. Karl (NCAR)

V. Anlas (U, dMiami}, D Gloke
{U, CaliforniafTevine

F. Flocks (NCAR)
™ Wennhers (Cnl Tech)

1. Yimenez {Ul, Colorado}

A, Clatke (U, Hawaii)

D Colling (Texes AZRTLY
L. Rugzcd] and G, Rohers
(UCSDAEI0Y, G. Kok (RMT)
R. Weher (Georgia Tech)

I Buseck (Arizona Stalc U}

Morley (WCAR)

10 ppy, L& 1 ppmy, 139

Spptv, 33 20pply, 35 S0pply, s 200ppiv, 1 5
watiable*, 203

e 10% e 2, 305

~ |00ppLv®, 105

500 ppty, 15

varigs by campound®, 2 min

var, by compd *, 359

var, by compd.™, variable®
2pplv, 25

150 pptv, 154
Stppty, 154
100 pply, 155
SO pply, 154
S0pplv, 153
50ppiy, 158
2 pply, 155

Shpply, 155

0.05-0:35 ug'm?,
| D=3t 5*

Variable by spegics®,
Varizhle by mcasurcment®

var, by spec.®,
varialle by meay *

var. by epec.*,
variable by meas *

war. by spes®,
wvurighlg by meas.”

NfA, Nia*

MiA, variable®

* sue nrchived data filea for details

34 INTEX-E (Intercontincntal Chemical Transport

Experiment-B)

INTLEX-D was an integrated field campaipgn desipned o
undersiand the transport apd iransformation of gases and
acrozols on transcontinental/interconiinental scales and 1o

Atnes. Chem. Phys,, 10, 86978760, 2010

assess their impact on air quality and climute. Central 1o

achicving this poal was the need 1o rclate space-basad ob-
servations with those from airborne and surface platforms,

Specific INTLX-B/MILAGRO objectives were ke {10 in-
vesligale the cxtent and persistence of the outflow of pollu-
lion from Mexico; (2) understend transport and evolution of

www almes-chemn-phya ne 108632 0
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Table 6. Scicniific paylead af the G-1 aireraf.

a7l

Farameiers Mcthod Prinvipal Iovestigator Cictection Limit!
Ecsponse Timo

-_()3 UV Photometry &. R. Springston, BML 2 ppbow/d 5[ +/—5%4)
co YUV Fluerescence 8. 1. Springston, ANL 5 b1 5 (H—504)
50 Pulsed Fluorescence 5. R. Springston, BML 0.2 ppt10 5 (H-5%%)
WO (¥} Chemilomincsconcs 8. R. Bpringston, BNI. 10ppivf L0 s (+/—5%)
MO WO Plhotolysisf, 5. R. Bpringstan, BNL A0 pptad 10 5 [ 1F— 5%

Chemiluminescence

WOy Mo CatalystiOz Choniluminesgence 3. R. Springaton, TINL HO ppby 105 (H—5%0)
113035, HMHP Scmbber/DerivatizationFluoreseencs ), Weinstein-Liawd, 30 ppted 1 min (14— 10%)

K+ Mgt Nal Niko-,
NOy LSO
Padicls Incandcsconce

Aerasol
RiraT nmpozition

VOCs

Vs

Aerosol Count Op =10 pm
Avrosol Count Bp =3 nm

Acrogol Count (2] bins,
1444 mim)

M (30 bins, 0.1-3 wn)

N {20} hing, 0,650 um)
W (60 bins, 25 1550w
Tagmick Watcr Content

Total!Back Scateer
(3 wavelengths)

Acrosol Absorbance
{3 wavelengths)

varical Wind Velogilies
Turulence

FILS

Sinple Porticte Soct Pholometry
Acrosol Mass Speclrometry (CTUF)

Whole Air Samples/GC-FID
Proton Transfer ME

CRC

cre

Differential Mability Anralyzer

Optical Probe (PCASP X100)
Optical I'robe (CAPS prabe, CAS)
Optical Probe {CAFS probe, CLI')Y
Haot Wire

Mephelometry

Filter Absorption Speotrometny

200-Hz Gust 'robe
200-TT= Gust Probe

SUNY 0ld Westbuy
Y.-N, I.ee, BNL

G. Senum, BML
R, Alpgander, PHEL

J. Rudalf, Yark University
TIi. Alexander, FNNL

I WL Tulsha, PNMI.

I. M. Hubbe, PMML

I, Wanyg, ML

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

G. Scnum, BNL
(3 Benmm, AN,

8. B. Bpringston, BML

Ci. Seten, BN,
G. Senum, BML

e 0,3 ug m™H3 min (+—15%)

0.2 f particle— 7]
TBL15s

Variasf10 & (H—15%)
Varies{20 s [+—35%]
0% @@ Lo noofl =
50% @ Il g
singls particle/~60s

single parliclest
single particle’] s
single dropletl s
oolpm=31s
2Mm~ 55

Ihin— s

10ems V0.1 s
10 Fem s —300 5

Complele detz sct, weage gnldelines sl meta sk iz pynilable by anonymous (g 21 Fp:20p.asd ol go'puby A BTG HIF =ld % N Progrioms 006MA X Mexs

Kaotes:

#) Tngtrimments an banrd the G- also messured zenith aind iedic imadisnge (U gl speeimlly resolved VisTR), winds slofl, wrbubonee, presoee, tinpersture, dea point, il

peitinn uncl nrgntation,

) Theae are naniinal valus, | aqilsd aeasrenient speeificotions anc provided in ihe headers Along wilh datz.

Asian pillution and implications for air quality and climatc;
{3) map animopogenic and biogenic einissiona and relate at-
mospheric compoaition 1o sources and simks; (1) characterize
effects of serosols on solar radiation; and (5) validate space-
borne obscrvalions of tropospheric composition.  INTLX-
BAILAGRO campaign was performed in twe parts in the
spring of 2004, In the [rst part, the DC-R operated fiom

wwwalnos-chem-phys net! ] ORG9T 20 L

Houston, TX with research flights over Mexico and the Gulf
of Mexice (121 March) while the J-31 and NSF/NCAR C-
130 operated from Vereruz, Mexico. Tn the second pard, the
DC-8 wag based in Honolulo, HI {17 30 April) and Anchor-
age, AK {1-15 May) with the NSF/ANCAR C-130 aperating
from Seattle, WA (17 April-15 May) in 2 coordinated fash-
ion. An overview describing the INTEX-B M-8 studies over

Abeos, Chaon Plys., 10, 86078760, 2010



B712

L. T Molina ¢t al.: Mexico Cily emissions and their irnnspert and transformation

Table 7, I3 aiccraft instromentation for INTEX-BMILAGREY.

Yralmanent Momne

Dyt Procdncs

Techmygus

Trincipal Iiveatigator

Dreicciiom Wiy
{Mominal accurnay}

Aames Alrbome Tracking
Sunphotometer (AATS}

Solar Spectral Flux
Rudicmeier (S5FR)

Restarch Seanning
Polurimeter (H5F)

Cloud Absocpion
Radiometer (CAR)

Mavigation,Meteoralayy,
and Data Acquisilion
Systemy (MNavhiel)

Fosilien and Orientution
Systenm {(POS}

Aerasol oplical depth and
extinclion, water vapor
columun and profile

Solar spectral Mux

Polatized maciance, |
aerosol cloud & Farth
surface propertics

Radiance, aerosol, clowd
& Earth surlace propetics

Proasube, temparatue,
humiditye

Ajrcrafi position
and orientation

Teacking Sun photometer,
3542138 nm

Spectraineter
(IB0-1700 um)

with nedic and zenith
lemizpheric collectors

Angular {olong-lraghk
dossnward) scenning
polarimeler, 4122250 nm

Angular (cToss-Irack
zeniil to nadiy) scanning,
tadiometer 340-2301 mm

Seira modcl 470
Vaisata mode! HRF243

Applanix model
POS-AYV 310

1. Redemonn,
BATRUNASA ARL

I Pilewskie,
L. Coloradi

B. Caims,
Columbia 17,

., Gatehe,
UMBC/NASA GEFC
M. King*, MASA G5SFC

W._ore, NASA ARC

R Duominguer, T
Sunta Cruef NASA ARC

Slant OD ~0.002 {L0.01}
Slant WV ~0.0005 o
D006 & e =2 [£8%)

Absolute accuracy 3-5%.
Preeiszion 1%

Radiance absnbute
aceurecy = 3%,

Uncertainly
Pressore: ~01.2 hPa
Temperators: 01 C
RII: 0.5%

+25W* RHD o 1)

Precision
latTom: G.OGMWIOT®

pichiraifneading: .0HGT®
Altitude: 1.0 m

DOPRS Acouracy

Papsition: §.5-2.0m
Piteh/roll; 9,030
Hcading: 0,080

Alitude: 0.75-3.0m

* Coarent effllistion 1, Colorle

the Pacific and Gull of Mexico has been published (Singh o
al., 200%). Key results from the TNTEX-D3 flights over Mex-
fco City, as wcll as J-31 and C-130 Nights over the Gulf
ol Mexico and the Mexico Cily arca, ave included in this
ovorviow article.

The MILAGRC Campaign has generated very comprehen-
siv data and many intercsting resubts have emerged over
the past geveral years. The observations from MOUMA-2003
Camnpaign were mostly cenfinmed during MILAGRO:; add;-
tionally MILAGRO provided more detailed gas and aerosol
chemistry, agrosol particle microphysics and optics, and ra-
digtiom data, 25 wall a2 verdesl sod wider regional-conle come-
erage. In the (ollowing scctions, we preseil some key ro-
sults and a more detailed description of Ihe instrumentation
deployed during the campaign. Datd scts are availahle to the
entive atmaspheric community for further modeling and eval-
uation:

— MILAGRO Campaign data sets and date shating policy
aro available at:
Lt/ www.diata ool ucar edefimastes Jist peojeoEMILAGRO,

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

— Hiyh speetral reselution lidae (TISRI) data from MILAGHRC
arg shiown at; hitpdiscience Jarc nasa oy hsrlfmilagro. Himl.

- INTEX-BMITAGRG data from the DC-B, C-130, King AL
and 1-31 are archived at:
http:ffasnse-aic o, nespgov/cel-binfarcsrat-t.

4  Metcorclogy and dynamics
4.1 Observational resources

A wide ranpc of metegrological instrumentation was de-
ploycd at T, T1, and T2 10 measure the evolution of wind
fields and boundary layer properties that affect the vertival
mixing, tansport, and transformation of pollutants (sec Ta-
bles 1-4). As described by Doran et al. (2007), radar wind
profiicrs al each site obtained wind speed and direction pro-
files up to 4 km above ground level (a.gl). A radar wind
profiler was also deployed at Veracruz, located on the Gulf
of Mexivo east of Mexicg City to obtain wind informalien
aloft fariher downwind of Mexico City. Scveral radiosondes
were launched froam T1 and T2 an sclected aivernft sanypling

wwrwatinos-chem-phys.netf | (FR097/201 0/



L. T. Melina et a1 Mexico City cmissions and their transport and transformation

days und ence per day on other days 1o obtain fempera-
ture and humidity profiles thet characterize boundary layer
growth (Shaw ot al,, 2007, Some of these radiosondes also
obtained wind jrafiles that extended pbove tha height of the
radar wind profilers measurements. Odher radipsondes were
teleased at TI that obtained profiles of crone (Thumpson
et al, 2008) n additiom 1o standard moeomlogical parame-
ters. Tempetiture sind humidity profiles at [0 wore ohtained
at l-minue inttcrvals up to Hkm a.gl. from a microwave
tadiomoter. A micro-pulse lidar and tethersondes were de-
ployed at bath T and T1 to ghtain additional information o
boundary laycr properties, Semi-Laprangian measurcments
of temperamie, pressure, and humidity downwind of Mexico
City were obtained on seversl days by Conlrolled Meteoro-
logical {CKMET) halloons, alko known as Letroons, lanoched
in the vicinity of T1 {Vous ot a), 20100, Pilot balloons were
released four times a day from a site in the south of ihe city
and ong in the mountain gap to the south-east of the MCMA,
Further releascs took place at the end of the campaig to the
norh of thr basin in conjunction with radicsonde Iaunches
(Rivera et al., 2009).

Measurements of the spatially varying wind speed, wind
direction, 1emperalure, pressurc, and humidity over central
Mexico were collected by the (-1 (Kleinman ct al., 2008},
C-130{dc Carle et al., 2008), DC-8 (Singh ¢l al., 2009}, Twin
Onter {Yokelson el al, 2007), and the FZK-ENDURO ollrs-
light aircraft (Gruller ot al,, 2008). The J-31 {Livingston,
ct al., 2009 measured terperature, pressute, and humidity.,
Meteorologival stations were deployed at several sites in the
vicinity of Mexico City in addition to TO, T1, and T2, includ-
ing CENICA and Paso de Cortes {Albzomont) {Baumzard-
ner et al., 2009), Tenango del Adre, Santa Ana, Pico de Tres
Padres {Hlemdon o1 ah,, 2008), which mersured ncar-strface
wind speed, wind direction, lcmperalure, pressurc, humidity,
and preeipitation. Radiation and cloudiness was measured at
TT ad T2 by muhi-band rotating shadowband radiometers
{MFRSR} and Eppley broadband radiometers (Doran 2t al,,
20417, Fast el al., 2007). Rroadhand radiometens were also
deployed at Paso de Corles, At T, all sky photos were ac-
quired between 2 Mareh and 1 April 2006 using o Total Sky
[mager (Model #440A Yankee Envivonmental Systers, Tng.)
with | puin time resolution between 1E15-23:100T (Corr et
al,, 2009}, Turbulence paramelers were measured using sonic
anemotncters at TO and af the STMAT headguaters (Velaseo
et al., 2009,

Opemtional meleorologienl measurcments were collecied
by the Mexican Nattonal Weather Sevice (SMMNY (http:f
smn.cng. gob.mxf), the Amnbient Alr Quality Monitoring Net-
work {Red Automatica de Moniforeo Aftmosferico, RAMA)
{hupfwwwsmadlgobmxfsimet?) and the Programa de
Exfacipnes Meteoroldgicas del Sachilterate Universitario
(FEMBU} . /pemby. abmosfowunam.nxd, SMN collected
data for the entire country with five stations in the MCMA,
while RaMA had fourleen stations in the MCMA, Radiozon-
des with GPS were launched fany limex a day at 00:00, 06:00,

wanw.dlmos-ghem-phys.net! | 07809720104
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12:00 and 18:00U1C at Mexico City, Veracruz and Aca-
puluo for the duration of the field campaign. Other sites in
Mexico contitucd with the regular, dry-geason schedule of
ang sounding per day af 0000 UTC.

Semi-Lagrangien measurcments of temperahare, pressure,
artd humidity downwind of Mexico City were obtainted on
geveral days by CMET balloons launched in the vicinity
of T1. These balleons also (tucked the long-ranpe irans-
port of pollutants downwind of Moxico City. During the
18-19 March outflow event, a pair of CMET balloons was
launched from the norh end of the MCMA hasin immedi-
ately after the DOE G-1 aircraft had sampled the area. The
balloons performed repeated soundings as they dellled with
the putflow and helped guide the NCAR C-130 aicraft to
the oulflow 24 h later, The quasi-T.agrangian balloon profile
data provided water vapor, patential tempesaturc, and winds
{voss ct al, 2010 and i combination with G-1 and €-130
aircraft megsurements provided insight info the evolution of
trace gases and acrosols ovel A period of 24 h (Zaveri cf al.,
Z007).

4.2 Meteoralogical overview

4.2.1 Synoptle conditions

The month of March was sclected for the figld campaign pe-
riod because of the dry, mostly sunny conditions observed
over contral Mexfco at this lime of the year (Jauregui, 2000).
Clouds and precipitation thel wsually ingresse during April
would complicate gireralt sampling and scavenge a pottion
of the pollutants, Cluster analysis of ten veats of radicsonde
prafiles found that synoptic conditions during March 2006
werc ropresentative of the warm dry scason (e Foy el al |
2018}, albeil with an undsr-representation of clean days and
Fewer wet o humid days,

Asg deseribed i Fast ¢l al. (2007, high pressure in the mid
to lower troposphere slowly moved from northwestern Mex-
ien towards the east between 1 and B March s thal the winds
ower Mexico City were flom the north and enst. An upper-
tevel trongh mopagating through the soutl-central 115 on
9 March produced westerly winds over Mexicn, The winds
became sonthwesterly bobween 10 and 12 hMarch /s 8 trough
developed over the western US. Afier this trough moved over
tha north-cantral TI% on 13 March, the winds over central
Mexico beeame light and variable, Between 14 and 18 March
a series of troughs and ridges propagated {iom west ta east
forous the US that affectad the position of the high pressurc
gysten over the Gulf of Mexico and led to varinble wind
directions over central hMexico. A stronger trough propa-
gated ine the south-cental I8, producing sironger south-
wasterly winds between 19 and 20 March, After 21 March,
high pressure gradually developed owver sonthern Mexivo that
praduced westerly winds at this level over central Mexica for
tha rest ol The month,

Atmos. Chem. Phys., 10, 8697-8760, 2010
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Streng northerly near-surface flows associnted with the
passage of cold fronis vver the Gulf of Mexico, koown as
Cold Surge or Bi Nurte evenls, occurred on 14, 21, and
23 March. Alrhouph cold fronts gradually diseipate os they
propagate into the subtropics, the itcoction of the south-
ward moving high-preasurc systems with the tetrain of the
Sierra hadre Orjetal often accelerates the northerly flow
alang the coast, While nopthetly winds ooousved wiefly over
Merico City after (he passage of the fronts, Lhe wind specds
wore much lower than those observed along the coast gt
lower elevativns.

I addition to affccting the local transport of pollutanis
over central Idexico, the cold fronts led 10 incrcased humid-
ily, cloudiness, and precipiation, Bnhanced mixing and re-
mowal processes Kkely contributed 0 the observed deerease
inn background coneenlrations of organic earhon at T1 {Da-
ran etal., 2007} after the stronges| cold fromt passed over the
repion on 23 March. Marley et al. (280%a} found thar serosol
seatiering decreased when tain was observed hetween 23 and
27 March since scattering acrosols are partially inorganic and
hydrophilic and expected to be seavenged more readily. The
increascs in humidily and the moming clear-sky insolalion
over e platean aficy 14 March were favorable for therinally-
drivenslope flows so that shallow and deen conyective clouds,
developed preferentially over the highest terrain during the
afternoan.

4,2.2 Loca] cireulations

Winds mecasured by the aperational surface monitoring net-
work, radiosondex, and radar wind profilers were ghalyzed
by de Foy et al. {2008) 10 identify dominant wind patierns
in the viciity of Mexice City, Six types of days wore iden-
tified accocding to basin-scale cireulations, providing a way
for ativiting metecsolopion) efftois on ohserved chenges in
Lrace pases and particulate matier during the field campaign,
in contrast 1o three episode types for MCMA-2003 {dc Foy
et al.. 2005). Well-defincd drainage Nows inta the basin were
ohserved cvery morming. Coupling with the evolving syn-
optic fipws aloft led to near-surface gonvergence mones with
high pollutant leadiogs. Days with the poorcst air quality
were oficn associated with the strongest vertical wind direc-
tion shear. In conlrasl, persistent southerly winds at all alti-
tudes {e.g., 18 and 20 Murch) likely contributed 1o low nollu-
Lant concenirations in the basin, Suface wind clusters were
obained for 10 years of RAMA data, Turther showing that
March 2006 was representative of the warm season, and en-
abling & comparison of transport events with specific days
dueing MCMA-2003 and 1997 IMADA-AVER figld cam-

paigns.
4.2.5 Boundary layer chararteristics

Shaw et al. (2007} describe how the radiczondes, radar wind
nrofilers, sodars, and a micropulse lidar were used fo estimate
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houndary layer depths, a key factor atfecting near-surface
concenlrations mid cllemical transformation of 1race gases
and acrosols. They showed how various measurcrnent tech-
tiigues could dead o diflereoces in the esudmates of hound-
ary layer depth, An example of conveetive boundaty layer
depth estimates duting the day derived from Hdar and radar
wind profiler messurermcnts is shown in Fig, 5. The uvnset of
coiveetion was found 10 #an beiween 45 and S0 min afer
sunrise, Althowgh prowth of the convestive boundary layer
ws siimilar ammong the thiee sites, the mixing layer was of-
ten slighily deeper over Moexica Cigy during the allemoon.
Topogrphy varations in the vicinily of T2 did net signifi-
cantly affect convective houndary layer growth. Maxinum
daily mixing layer depths werc always at least 2km deep,
and frequenily extended to 4lon a.g.l., indicating that Lrace
gases and acrosols within the boundary luyer are {njected di-
rectly info the mid-lropoxphere in conlrast to most olther or-
ban areas, since the elevation of Mexico City iz ~2.2km.
The convective boundary layer growth rate sod depth werre
found to be simitar to those observed duting the IMADA-
AVER campaign (Daran ol al., 1998} in Lthe saime season dor-
ing 1997, cacept that the dopihs were somewhat higher dun-
ing MILAGRO afier 20:00 UTC,

Hoemdan et al, {20080 deseribed the effeois of covrective
boundary layer growth on frace gas and acrose] concentra-
lions abserved at Pice de Tros Padres. Since this messurc-
ment site was 0.7 kin above Mexico Cily, it sanpled air
within the residual laycr at night that was deceupled from
the shaltow boundacy layer over Mecxico City. But concen-
Lrations of teace pases and acrosols increased considerably
during the latc moming as thc convective boundaty layor
grew and cnvelaped the mountain, consistent with the bound-
ary layer prowth obscrved nearby af TO and T1. Similarly,
Baumgardner ot al. (2009) repori that divrnal variations in
tracc gases and particulate matter measurcd at fhe Paso de
Cortes site woere consisten! with the convective boondary
layer growing above Lhe height of (he site {~1.8km above
Menico City}, Boundary layer growth and lrausport through
the mountain pasy southesst of Tonange del Aire was mea-
suted using & mohile lidar, showing a shallow early oom-
ing layer with pollution aceumulation, and a residpal layer
aloft mixing down (o the surface as the Aow exits the basin
{Lewatdowski et al,, 2010},

Despite the dry conditions vsually at the surface pver cen-
tral Mexico, tadivsunde profiles showed relative humidity of-
len 2xceeded 509 in the early morning in the upper beund-
ary layer on many days. The higher relative humidity may
result in hygroscopic growth in acrosels and consequently
conttibute to chemical transformation of aerasols and afleet
local radiative forcing. Fast ot 1], {2007) showed that bound-
wry layer over the ceattal platean was substantially cotler and
maister aller the second cold front passage on 21 March for
the rest of the field campaign, but the peak boundary layer
depth did not chanpe significanily.
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4.3  Meteorological modellng stedics

de Foy ot al (20093) found that Weather Research Fore-
vasting (WERF} mesoscale model simnlatiems of the basin
flows during MILAGRO were an improvement over M43
simulations and showed that the simulated wind transport
waz represenialive of the bagin dynamics. Nevertheless,
WRF drainage fiows within the basin were oo weak and
the predicted vertical wind shear was oo strong.  Particls
model airolations coupled with WRY vhewed tapid venumg
of the hasin attnosphere with litle recirculation of the urban
plume duting MILAGRO, similar fo previous lindings from
the TMADA-AVER campaign (Fast and Zhong, 1998) and
MCMA-2003 {de Fay et al., 2006a, b). Doran et al. {2008)
quantified the transporl periods between Mexico Clity, TT,
and T2 using assimilation of radar wind proliler measure-
menty into WRL and a particle dispemion model (o simulate
trunsport and mixing of urban und bigmass buming sources
of elemental carbon. ‘They found that specitic absorption did
increase s acrosols were transported between T1 and T2,
The statistical significance of the rosult was limdled Ty the
nunber of iransporl cpisades availzble that did nol have sig-
nificant open biomass burning influence,

The surface meteorological network, brundary layer mea-
suremnents, and radar wind profiler measursinents have also
been used to exsming the performance of tncteorologi-
cal predictions made ny coapled mereorologlcal-chemisiry-
narliculate modals, such as WRF-Chem (Fast et al., 2009,
Tig et al., 2009; Zhang ct al,, 200%; Hodzic et al., 2009),
to undcrstand how forecast errors in metegrology affcet pre-
dictions of trace gascs and particulate matler. In general,
the synoptic-gcale cirgulalions arc simmtlated reasonably well
by mesoacale models, although the details {ic., timing and
strength) of tocal and regiomal winds affocted by terrain vard-
ations aromd Mexico Ciiy are imore ditficult to reproduce by
maodels, Mezoscale modeling siudics {e.g., Fasl ct al,, 2009,
Hodric et al., 2009) show thal the overall divmal variation in
flie shonlated bowndary Layer depth wms, siooilar to olaera.
tion; however, boundary laver pararneterizations frequently
produced relatively large errors during the sfternoon and at
night, Thess errors will aflect predicted dilulion of trace
pases and acrosols, These melcorological obscrvations have
also been incoporated intlo meteorological moedeling through
data asstntlation techoigue such ag Four-T¥mensional Data
Assimitation {FDDA) and 2-D varialivnal data assimilation
(3D VAR) to reduce forecad! errors and improve air quality
prediction (Bei ot al,, 2010).

44 Meteoralogical transport studies

Meteorological data are being used to infer transport, mix-
ing, and chemical transformation of pollutants. For cxam-
ple, Doran &t al. (2007} emploved trajectories based on radar
wind profiler measurements o infer periods of transport be-
torean Mexivn City, T, and T2, Moowival wnd zarky wmiming
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Fig. 5. Bockscatter sipnal sirength az o funelion height on
9 March 2006 fur the lidar deployed at the 'I'] site. The white line
denotes the sulfectively determined estimate of mixed luyer depth
feons the ldar, whibs the red line is the: same quantity derdved from
the radar wind peafiler, Red itfengles desols sanwize wwd gomset
(Sowrce: Shaw ot al., 2007,

buildup from local sourees was inferred from ovganic car-
bon {OC) and elemental carhon {ECY al T1, while Iransport
from the MCMA was seen gt T2. Speeitic ghsorplion during
transport periods was lower than during other times, consis-
lent with the likelihood of fresh omissions being found when
the winds blew from Mexico Cilty over T1 and T2, Back
trajectorics were employed by Moffet of al. (2009) 10 show
that argunic mass per particle inereesed wod the fraction of
carbon-carbon bonds docregsed as the Mexico City plume
was transpotled north over the T1 and T2 sites. FLEXPART
Lagrangian dispersion modeling was used by scveral studies
to investigate dispersion of 80, NQz, and biomass burming
aerosoly, with good overall quelity in the predictions (Rivera
el al, 2009; Alken ct al,, 20140; DeCarlo et al., 20100, Yu et
al. (20093 also utilized transport categories 1o cxplain vari-
ations in OC and EC ohzerved at T1 and T2, Melamed cl
al. (2009} studied the iwansport of the urban plume in the
mountain gap southeast of the Chalee Valley vsing DOAS
columns and surlace measgreinents of NO» combined wilh
cellometer méeasurcments at Tenango del Aire. Tn addition
tir the urban plume, NOj alott was detected, possibly duc o
other facters such 8s bivmass burning, volcanic sourccs or
tightning NGk, Siremme et gl. (2009} measured columns of
CO nsing solar and lunar FTIR and deduced mixing layer
beighis in the MUMA duting heth day and night, deFoy o
al, (2003b) used 80; transport detected by surface nerworks
and OMI watcllite retrievals to identify double impacts in he
MCKA from stable shallow flow from the norih transporting
an industrial plame and from souwtherly winds alafl transpaort-
ing a voleanic plume,

{Coneentration Field Analysis {CTPA) combines simlated
back Irujectories wilh measyrement lime series Lo identify
potenlial source regions, This lype of analysis was car-
ricd out to delerming souroe-tecoptar relationships of various
trace gascs and agrosols moeasured atf select sites. Moffel ol
ah. 200y azed UFA to 1demify possitle wilran, polnl suurce,
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and biomass burning sources of parliculatc matter measurcd
by an aerasol lime-of-flight nass spectrametry at TD. Rui-
ter et al. (2009) identified possible source regions of gaseous
and patticulate mercury associatod with measurcrments at TO
and T1. Salcedo et al. (20100 wsed CFA to identify sources
of parficulate lead at TO, and found that diffeyent chiemical
forms of lead had wery different source footprints,

4.5 Key meteorological results and analyses

The overall synoptic and boundary [ayer circulations ob-
served duting MILAGRO over Mexieo City were similar
Lo thase reported by previous studies, Tn contrast 1o provi-
ous field campaigns, the insteomentation at 'T1 and T2 and
onboard the various aiveraft during MILAGRO providad a
means of quantifying flows over the central plateay. For ex-
ample, horizontal wind shear was quantilicd hetween ‘10 and
T1 that indicated channcling around the Siera de Guadalupe
mountaing (de Foy cf al, 2008}, (he timing ol propagat-
ing densily current that transports moist marine air over the
central platcau into Mexico was quantified by the measure-
inent nebwork (Fast el al., 2007), and vatiations in PBL depth
over the gentral plateau were examinud (Shaw et al., 2007).
The similarity of the boundary layer growth from day 1o day
for both 1997 and 2006 suggests that the bounday layer
growth over the central Mexican platean [alls within pre-
diclable bovnds during the spoiog diy wcason,
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Surfaee and airborne lidars, as well as airbome meleoro.
logieal measurements have shown muliple lavers of partic-
ulate matter and complex mixing procesges (Rogers cf al,,
2009}, These data have yel to be used to evaluate numerical
model representations of these lavering provesses and deter-
ting the metzorelogical factors iavalved, loproved metes-
rological understanding and transport simulations ave being
wscd ko analyze a larpe range of different measuremments from
MILAGRO. For example, radar wind profiler data are an in-
valuable supplement to surlace measurements and to modsl
results when detennining Lransport evems al the super siles.
Furthcrmare, transport times and impact indexes are boing
wvaed o velnie point messaemens o owigsion inveninies
and to chetnical transformation pracesses,

5 MCMA emisstons of gases and fine PM

Enowledge of paseous and PM emissions is an important
parl of an informed air quality control policy. In a megac-
iy, varying economic and social conditions meake the char-
acterization of accurate emissions inventories a difficult task;
[t prescats a particularly deunting task in 4 rpidly develop-
ing megacity like the MCMA, The evaluation of botlom-op
emiszions inventores vsing dedicated field experiments rep-
rosents a unique opportunity for reducing the associated un-
certinties in the emissions cstimates. Figorc & shows the
2006 MOMA emissions inventory for PM g, PM2 ., ¥OCO
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and MO, Maobile emission sources represent a substantial
fraction of the total anthropogenic emissions burden. Obser-
vations from MCMA-2003 showed that MCMA motor ve-
hicles produee abupdant amounts of primary PM, elemena
1al garbod, particle bound pulycyclic aromatic hydrocarhons,
CO and & wide range of air toxics, inclading formaldehyde,
aceteldehyde, benzene, toluens, and xylenss (Mulina et al.,
2007). The MILAGRO campaign hag shown the synergy
of using multiple measuring platforms, strumentation, and
daka analysiz techniques for obigining an improved under-
standing of the physical and chemical characteriztics of omis-
sions in 1 megacily.

81 MOCAA emissions inventorles

The first emissions inventary for criteria polhwanes in the
MCMA was completed in 1994, The use of homopgenous
methadolegias was introduced in the 1998 fwventory and
ginee (hen it has been updated cvery iwo years. The 2006
inventory (Tig, 6) includes substantinl improvements in the
description of spatial and temporel atnlssion palterns of the
criteria pollutants {SMA-GDF, 20081). This amissions n-
venfory was created using boltom-up methods snd emission
factms which were cither measured locally or taken from the
litcramure. For example, (or mabile sourees the MOBILES
crnizsions model was adapted to account for Ioeal vehicle
characleristics, and their emissions were disiributed spatially
and wmparally on the basis of tratfic count data for pri-
maty and secondary 10adways. Emissions (tom area sources
were oefimeted using geographical stelistics, ncluding pop-
ulation density, land usze and economic level of each of the
districts within the metropolitan area. Emissions fron indus-
tries, workshops, and commeree and service establishments
wers obtained Irom opergtional peomits containing informa-
o ahand thedr wetivities, such 2s proctascs, working houis,
and location, The study region of the inventory {18 dele-
gations in the Federal District and $% — ont of 125 - -
nicipalitics of the State of Mexico) covers a tutal area of
about 7700 km? or ahout 0.23% of the Mexican teritory. The
gludy region was cliosen to include the arcas with the highest
population densities in the MOMA, However, =il crosion,
biomass beming and bicgenic emissions are not mited to
the city boundaries and their relative conttibutioms depend
o the chosen inventory aren.

In addition, a 2006-base inventory of loxic pollutanis for
Mexico Cily has been produced conlaining enlissions esti-
mates for 109 species (mostly YOCs and metals} from var-
Ious cmission sources (SMA-GDF, Z008b). A greenhousc
gas invertory for the emissions of 001, CHy, and NaO has
alzo been produced for the year 2006 (SMA-GDE, 2008c).
At fhe hational Yevel, the first compichensive national cri-
teria pallutant emissions inventory for the year 1999 was ra-
leased in 2006 (SEMARNAT, 2006), This inventory suggests
that some of the municipalitics with largest cmissions in the
country arc Incated within the MCMA. A new version of the
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national itventory with basc 2003 will be released in 2010
{CREC, 20093,

All these invenlores use traditiomal bottom-up technignes
thal combine activity data and cmission (ctors [or indi-
vidoal sourecs.  Although locally-measured entission fac-
tors are uscd whenever possible, & large fraction of the in-
ventories in Mexico arc based on emissions fhelurs com-
piled and emissions models constructed In the IS that are
adapted for local conditions {CEC, 2009}, This is an im-
purtant polential source of bias that campaigns such as the
MILAGRO/MCMA-2006 study are poisced to address,

Amhropogenic emissions dominate the total burden of
pollutants in the MCMA emissions inventories I criteria
und loxic compounds, As shown 1n Fig. 6, mobile enlissions
arc a large fraction of the (olal-anthropogenic emissions. In
the MCMA criteria pollutent emission inventory, it is csti-
mated that cmissionts from gascline and diesel powercd ve-
higles each contribute sabstantially to the toral mass emis-
shons bueden for CO {839 sl 16%), VOOs {27% and 1%,
N (34% and 28%} PM (6% and 17%4), and I'Ma 5(12%
and 50%, respoctively) (SMA-GDE, 2008a). Chliel il tant,
soprces of VOUCs are solvents and painting activities (24%4),
industrics {19%), and LT'G leaks (11%0); whercas for NO,,
indusitics and other areg sources coniribute with 11% and
7%, zespectively. The estimatcd emissions of ro-suspended
particles from paved and unpaved roads suggesis that these
gources are also important contributors for Py (519%4) and
P25 (16%4).

Several sources of wncertainly ave unavoidably present
whan using bottom-up techniques for the development of
cmissions inventories, and the MOMA inventorfes estimates
do not escape this issue. These includs the uncertaintics asso-
cinted with the representativeness, precision (random error),
accutacy (systematic coror}, varfability, and completeness of
ihe datdnases vscd Tor esfimaling the activity and emissions
factors (NARSTO, 2005}, Inaddition, the combinetion of' 1o-
cal conditions of meleorology, topography, altitude, oique
goutee characterisitcs {a.g,, fleel sompasition, informal com-
meree activities, cte.), and social prectices in Mexico City
iy mbeoducs {unther woseriainies when cmizsion faciors
are obained by using emission models that were developed
angd validated efsewherc. Tt is, thercfore, very important to
use independent measurement-based (“top-down™) evalua-
tions of the logal cmissions inventories esiimates as much
as possible. Dy implementing top-dovwn approaches for the
cvaluation of cmissions, it is possible fo identify problems
and set prioritics for inventory Improvements,

In the foflowing scetions we summarize the results from
the application of top-down techniques in the MCMA wilh
the analysis of data obtained during MILAGRO, Additional
cmissione messurements arc described under Seet, 6 {(VOCs)
and Secl. § (PM).
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5.2 Moblle cotissigns measuremernts

The vahicle flect in the MCMA 1= diverse in both composi-
tion and age, and has recently shown a notable jpcrease in
ite tornowver cabe. The MOWMA, expeiienced a lnge incivese
it motor vehicle use bobween 1996 and 2006, During this
interval gesoline-powered passenger vehicle wsage increased
fram 0.13 10 0.2 vehicle/person. Over the same period, this
index [n Los Angeles actually decreazed from 0,36 to 0.34
vehicle/porson.  In part, this is due to relatively slow lect
lurnover tates for older vehicle model years, but il is primary
a response to the rapid introduetion of mewer vehicles (Zavala
ctal., 2009t). This is imporianl hecause of the approximately
four million gaselimg-powered vehicles in the MOMA, moro
than 20% ave 1990 modcls or older and do not have emission
control technologics. Abhgut 7% of MCMA gasoline vehi-
cles are 1991-1992 models thal have 2-way catalytic con-
varters designed to reduce €O and ¥OCs but not MOy, and
the rest have three-way catalytic comverters that are designed
to reduce all three pollutants (SMA-GDF, 2008a). In addi-
tion, dicsel vehicles constitute anly arcund 4% of the vehicle
flest, but contribute disproporimmally to WO, PM, and se-
iccted VOCs cmissions.

Turing MILAGROM CMA-2006, direct measurements of
mobile amissions were obtained using the Acradyne mo-
bila labaratory, which confained an extensive set of senui-
tive, fast response (I1-2 5 measurement limes) trace gas and
fine FM instrements (Favala e al, 2009 ‘Thornhill et al,,
2009). These fast time response instruments were vsed dur-
ng mubilc Ydan Transis belween sies o obtain on-road wehi-
cle emissions data {sce Fig. 7). The comparison of the 2006
results to similar on-read measurements condueted during
MOMA-2003 (Zavala et al., 2006} indicates some inlcresting
trends, Wiile the NO emission fuctors have remained within
the measurcd variability tanges, emission factors of aldehyde
g arevnatic ghesian wore voduced in 2006 wolative 1o 2003,
The eomparisen with the 2006 mobile emissions inventoy
indigale an over-prediction of mean cmissions inventory mo-
tor vehicle cutimates on the order of 20-28% for CO and 14—
20% for NO. However, these megsuremetils also suggest that
the emissions inventory underprediets 1otal YOO emissions
from mobile sourees by a factor of 1.4 to 1.9, ¥ar spoei-
ated VOO compounds: the inventory estimates of bonzens
and toliesne cmissions from mobile sources arc within the un-
certainiics of the corresponding measured on-road emissions
eslimates, This is [n contrast to the results for the aldehydes
from mobile emissions. Compared to on-road measurements,
the 2006 invetlory underpredicls formaldehyde (HCHOY and
acetaldebiyde {CHaCHO) by factors of 3 and 2, reapsctively
{Znvala et al., 20091},

Additiona! information on the chemical and physical char-
actetislics of emissions froim mobile sources has been ob-
tzincd from source apportionment analysis of statfonary data
at TQ (Aiken et al,, 2008, 2000; Paredes-Miranda ot al,
2009}, arca-averaged emission fluxes af the SIMAT tower
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Fig. 7. Comparison ameng LDGV on-road mobile cimissions es-
timated during MILAGRC, remote scnsing measuccments in 2006
fSchifter et al., 2004) and the mohils cmissinns investocics (Shid-
GOF, 2008a, b). The uncertainty hars digplayed are standurd crrors
of the means. For clanly, omissions of 0, NO, and Y05 arc di-
vided by Factors af 100, 10 and 10, respectively. The upper-eorner
insel shows a comparison f uia-road YOO Tuel bascd emission Toe-
tors (EFs, wke) measwred in 2003 and 2006 will the Altl mahile
laboratory in Mexico City for 8AG {green), TRA (hlug) and CiRU
{zedh debving corditions (see Faewln ot wl 20092 o defnitdors of
driving conditions), Brror bars ave shown for TRA driving condi-
liohs #nd ropresent one standard deviation of the measured values.
Motes: & N0, (expressed vy NO3}) emissiang in tho inventory were
aszumed 20% MO and 10% NCh inaass. b Tutal VOCs emissions
from the inventory include evaporive omissions. The corespond-
ing on-read ¥OC’s are inferred eather than measursd scaling CO
crmissions by a temote-sensing-based YOCICO rato (Schifter ot al.,
2403). Estimated organic mass of particley in the non-refractory
PM| tunge. The PM mass from the emissions inventory relfers to
IM'ly 5.

wite (Welameo ot al,, 20093, wad aiscraft menserawenta (Karl
et al., 2009; Gilacdoni cl al., 200%; DeCarlo et al., 2010},
Analysis of the data at Tl showed higher hydrocacrbon cmis-
siong relative o OO than in the US, hut similar emission
ratios were found for most oxygenated VOCs and organic
aerosol {de Gouw et al., 2009}, Using eddy covariance tech-
niques coupled with fast response analylical sensors, Velasoo
el al. (2009) showed that a representative residential district
of Mexico Cily is & net source of OOy, alefins, aromatics
and pxygenated YVOCs with substantial contributions fiom
mobile sources {see Fig. 8} Comparisons of the measured
fluxes with the emissions reported in the emissions inventory
for the monitored foolprint fon average 1.13km covering an
arcq of 7.6 knt?} indicate that the tolpene and C2-henzenes
(xylene isomers + eihyl-berzene) emissions from gasoline
vehicles arc oversstimated in the inventory. Tn contrast, it ap-
pears that methanol is cmitted by mobilc sources, bul is not
itcheded in the 2006 cwissions invenlory,

Measuremmenis of organic mass cmizsions ol PM, par-
ticles from gasoline-prwersd wehicles suggested a laepe
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underprediction of PMz 5 cmissions in (be inventory from on-
road sources {(Zavala ol al,, 2008b). This underprediction of
PM crmissions from maobiie sourees is consistent with the re-
sulls of Positive Malrix Factorization (PWMF) analysiz of the
high resolution onganic acrasol (OA) speoira of snbmicron
agrogo] measured af TO fAiken et al, 2009, Components
of organic asrosols derived by PMF analysiz of data from
saverl Asrodyne Acroesl Mass Spectromeion {ARSY insru-
ments deployed both at ground sites and on rerearch aircratt
werg used o cvalyete the WRF-Chem model during MTLA-
GRO (Fast ct al, 2009). Modeled primary QA (POA) was
consistently lower than the ineasurcd OA ar the ground sites
due o lack of an $0A model, whereas o much hetter aprec-
et was found when modeled POA was compared wilh the
sum of primary anthropogenic and biomass buming compo-
nents derived from PME analyses on most days,

5.3 Fixed slie cmissions measurcmelits

Several sludics have reported that the high concentrutions of
propanc, hutane and other low molceufar weighl aikanes are
due ¢ liquefied petraleum gas (LPG) leakages (g.2., Blake
and Rowland, 1995; Bishop i al,, 1997; Mugica et al., 1998,
2003, Velesco ct al,, 2007). LPG {s the main fuel for cook-
ing and water heating in Mexican houscholds. o 2006, GC-
FID and PITMS moeasurements of VOCs at T1 seggested
that high alkane emissions from LPG usage may he tespon-
gible for photochemicel formation of aceione {de Gouw ot
al., 20097, A small fiaction of vehicles, particuladly small
tises nsed as public transport, are powered by LBG and also
conttibule to the emissions of low molecular weight alkanes
{Schifter et al., 2003; Velasco ot al,, 2007).

The Eddy covariance lux megsurements at the SIMAT
tower site durng MILAGROMCMA-2006 showed that
svaporative emisgions trom comumercial and ather anthre-
pogeilic activities were also Important sources of toluene,
C2-benzenes and mcthano! (Velasco ot al., 2009), Within
the monitoring footprint extending several km gronnd the
site, the data show that the cmissions Inventory §s In reason-
able agreement with micasured olefin and OOy fluxes, wiile
C2Z-benzencs and tolucne emissions from pasoline vehicles
and cvaporative sources are overestimated in the [nventory
[or that particular sector of the city, The SIMAT tower site
also Ineluded vsing an Acrodyne Quadrupole Aerosel Mass
Spectromcter aperated in eddy covariance mode (Nomiiz et
al,, 2O0EY to obtpin fuxes of swbwnicron speciated asvosols
by Washingbon State Dniversily, Tlniv, of Colerado, CLH-
Lidinhurgh, and PNNL groups {sce Teble 1)

Ageording o the 2006 cmissions inventory (EI), sbout
239 of the cnengy consumed by the industrial seclor witlin
the MCMA is produced by natural gas. The estimated to-
tal annual emissions af S0: in the 2006 EI are abogt 7 ktons
per year for the MCMA, About 7800 industiies condidered
in the invenory as poinl sources conltibute more than 502
of the 83 cmissions within the MUMA, However, a current
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Fig. 8. 'Totnl daily messured Auxes at the SIMAT site comparcd
to the disagpregated emissions by source vpe in the official 2006
eimissiong inventory, The criission profiles of €03 and 4 VOUs aee
inglwded {provided by E. Velasco, 200400

chellenge is quantification of the contributions of 803 cmis-
sions from the Tula industrial complex, located 60 km noith.
west of the MCMA and not ingluded in the oveniory, (o the
high 803 levels observed in the nurthem part of the city,
especially during the winter season {de Foy et al,, 2009h).
Total vertical colomns ¢f 307 and NO» were measured dur-
ing plume transcets in the neighboriiood of the Tula itdus-
trial complex vsing DOAS instrumeirts (Rivera et al., 2003},
Vertical profiles of wind speed and direction obtained fiom
pilot balloons and tadiosondes were uged to caleulate 505
and WOz fluxes in the plume. Average emissions fluxes for
80k and NO; were estimaied to be 140438 and 91 Y kions
per yeat, rospectively; the standard deviation is due to ac-
tue! veristions in dwe observed emivsions from the refinery
and power plant, as well as the uncertainty in the wind fields
al the time of the measwraments, These values are in goud
apreemant with available datasets obloined during MOMA-
2003 and with simulated trajectory plumes {de Toy ct al.,
2007, 2009h),

Due to ils Iocation {60km south-cast of Mexico Cily),
the Popocatepet]l voleano can comribute substantially to re-
gional levels of 802, a8 well ag suhsequent sulfafe parti-
cle formation and radiative scattering propertics, althongh
the high altitvde of emission injection can also favor long-
range tramsport,  Therefore, it is important to undemstand
the conltibutions from this source to the air quality lovels
at regional scales (de Foy et al, 20090). 807 crissions
frorm the Popocatépet] voleano were measured and imsped
during MILAGRO) gsing stationary scanning TWOAS (Grut-
tor et al., 2008). An aversge emigalon rate of 804 £ 507
ktons per year of 80z was estimated from all he daily
averapges obtained during the menth of March 2006, with
larpe varistions in maximum and minimum daily pverages
of 5.97 and 0.56 Gp/day, rospectively. A acanning imaging
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Infrared spectrometer was used for the first time for plume
visualization of & specilic volcanic gas, confirming observed
B0 emission plumes through 2-D seamming,  In the samg
sludy, A frequency analysis of (he 48-h forsard iryjectories
caleulated fiom the North American Regional Reanalysis
{INARR)} model autpuig from National Centers for Boviron-
mental Prediction (MCEP) suggesiz that the emissions lrem
Popucatepel were transporked Wwards Tugbla/Tlaxcala ap-
proximately 3% of the time during Warch 2004,

Christian ct al, {20107 measured mitial emission ratios and
emission fackors for trace pgas and particle species from live
poteatially important but little-studied combustion sources:
wood cooking fires, garbage burning, brick and charcoal
making kilns, and crop residue buming in central Bex-
ine during the spring of 2007, a5 & complemuniary sthudy
Lo the biomass burning measuremens durng 2006 MILA-
GRO (Yokelson el al, 2007). Thiz study estimated a linc
particle emission factor (EFPMa s} for gubape buming of
~ 10.5-£ 8.8 plegr, and & large HOI emission faclors i the
range 2—10 gkp, Garbage burning PMa s was found to con-
tain lewnplucosan and K in concentratione similar to thoae
for bipmass burning (BB); galectosan was the anlvydrosugar
most closely corrvlated with biomass buming species. Brick
kilns preduced Iow total EFPM3 5 {~1.6 gfked, bul very high
EC/OC eatins (6.72). The dirl charcoal kiln EFEM: 5 was
~1.1 gkg; some PMz s may be scavenged in the walls of dirt
kilns. The fuel consumption and emissions due to industrizl
biofiel use are difficull to charactetize regionally becausc of
the diverse range of fuels used. However, the resulis sug-
gest thal cooking and garbage fives can be a major sourge of
several reactive gases and fing particles with the potential for
severe local impasts an air qualily, Previous study by Mugica
ct al. (2001} in the MOMA foensed on YOCs chatacterized
by GC-1"ID; it has besn docurnenied in other cily thal meat
cooking also produces cartbonyls (Ho et al., 2006) {sze also
Seel. §.2),

54  Aircraft measnromenfs

Adreraft measprements can serve to develop lop-down con-
straints for the validation of emissions inventories, The spa-
liad varigbility of selected VOO emissions within MCMA
was evaluated during the MILAGRO field campaign for the
first time by digjunct eddy covariangs flox measwements
of toluenc and henzene from the NCARMNSF-C-130 air-
cratt (Kaiel et al., 2009). Twelve flights were carried oul
al midday across the northeast section of the oty where
the industifal district and the aitport are locaked, Median
toluens and benzene fluxes of 14.1 £ 4.0mgm—2h~! and
47 +£23mgm—2 h-1, respectively, were measured along
these flights.  For comparizon the 2004 EI adjusied emis-
stun inyentory used by Lei et al. {2007) cstimates toluenc
fluxes of Mmgn 2! along the foetprint of the fight-
track. These flights evidenced the strong contribution of firel
evaporation and indusinal sources to the 1olome emissions.
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Karl et al. (2007) observed peak toluene to bensenc fox re-
tios ranging from 10 to 135, with @ mean mtio of 3.2 £0.5,
The ground flux measurements gt the SIMAT site reported &
mean toluche Lo benzene Aux vatio of 4.2 2005, and v oativ of
7.04:1.2 during the application of 1 paint resin 1o the side-
walks near the tower by the local distrdct ity mainlenance
wotkers (Volaseo et al., 2009). Using the VOO data coltected
during fese Aights and a tracer made], i was found that vehi-
cle cxhaust, industirial and evaporative sources are the major
sources { =874 of the BTEX compounds (benzene, woluenc,
ethylbenzenc and m,po-xylenes) in Mexico City; {n eontrasl
to biomeass buming, which eontribotes between 2% and 13%.

Several previeus studies havo found that many fires occyr
it and arpund (he MCMA, particulazly in the pine forssts
on the mogniaies survonding the city, boih nside and our-
sids ihe basin (Bravo et al., 2002; Johnsen et al., 2006; Sal-
cedo et al., 2006). Many of these fires are of humean ori-
gin and can affect air quality. During MILAGRO, an instry-
mented US Forest Serviee (USFS) Twin Olier aireraft mea-
sured the emissions from 63 fires throughout south-central
Mexnico (Yokelzon ot al,, 2007). The Jdale imdicats tha while
the emissions of NHy are abont average for forest bumding,
the emissions of NO; and HON per unit amonnl of fuel
burned in the pine foresls that dominate the mountaing sur-
tounding the MCMA are about 2 times higher than normally
observed for forest burning. The dala showed that molar
emisgion ratios of HCN/CO for the mountain fires were 2--
O times higher than widely used literature values for biomass
burning. The nitrogen enrichment in the fire emissions may
be duc Lp deposifion of nitrogen comainity polluiants in the
outflow fram the MCMA, suggesting thal this effect may oc-
cur warldwide wherever biomess buming coexists with larpe
urhan area or indusirial pollulion sources. PM cmissions
from biomass burning arc summarized in Secl. 8.3 helow,

MNASA DC-§ flights conducied around Mexico City to
tneasure gas-phase clemental mercury (He) during 2006
showed Tighly cencentraled pollution plomes (with mixing
ratios as large as SO0 ppgv) migialing fium the NMCWA,
fTalbot ¢t al, 2008}, Thesc high concenlrations were
related 1o combustion lacers such as O bot not S0,
{which is emiued mainly from fuel-cil burning, refinerics,
and volcanoes} sugpesting that widesproad multi-souree v~
ban/indusitial emissions may have 1 more imporant infly.
ence o g than specific point sources for this Togion.

6  Organic molecules In the atrmosphere: the complexity
of México City Volatile Organic Compounds

Megacilies, such as the MCMA, prodoce a complex anay
of emissions incleding hundreds of different ¥OCs., Mcea-
surable VOCx considered here consigt primarily of nen-
methane hydrocarbons (NMHBCs) and oxyponated volatile
orpanic conypounds (OVOCs), WMHCs have primary an-
thropogenie emission souress which cor melnde evaporative,
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exhaust, industrial, biogenic, liquchied petroleum gas {1.PG),
and biomass burning emissions. Sources of OVOCs fnclude
primary anthropogenic cmissions, primary biogenic cmis-
sions, biomass burning, and secondary photochemieal for
mation from anthropegenic, biogenic, and hiomass burning
SQNICES,

An excellent summary of the knowledge about V3Cs in
Mexico Cily before MILAGRO is provided by Velasco w1
al. (2007). Dhring the MILAGRQ field campaign, the com-
plexity of VOUCs in the MCMA was investigated using an
impressive attay of state-of-scicnce measurement methods
deployed at 4 number of fixed ground sites and in several air-
borme sampling platforms. To this sectioh, the results from
these varicd inmeasurement efforts are summarized to duoc-
urnent the distribution, magnitude, and reactivity of YOOs
in the photochemical enviranimen within and downwing of
Mexico Ciuy.

6.1 Methads and sites

YVOUC data were obtained from near the oily center at the
SIMAT Lower site, from the TO whan site, the T downwind
site, the Acrodyne mobilc laboratory platform, and will) can-
isters collected at various city locations, VOUs were mea-
sured with vatious real-time and sampling/post analysis tecli-
nigues on the NCAR C-130, DOE G-1, NASA DC-8, and the
USFS Twin Outer airerali,

Al the SIMAT tower site, YOO cotcentrations snd fuxcs
— obtained via eddy covariance methods — were measured us-
mga FTR-MS, a continuous chemiluminescent analyzer cal-
fhrated for olcfin measurements (Fast Olefin Scnsor, FOS)
and canister samples associated with updratts and down-
drafis which were analyzcd off-line by pas chiomatography
{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
siles. Euch sample was analyzed for morc than 50 tracc
pases comprising hydrocarhons, halocarbons, dimethy] sul-
fide (DAS), and alkyl nitrates. At TO, a quadrupelc FTR-
M5 (de Gouw and Wamcke, 2007) measured 3% mass-to-
charge ratios associnted with VOCs including sclect NMIIC
(alkenes and aromatics}, a variety of OVOCs and acetonitrile
{(Foriner ot al., 2009%. Two research grade long-path Differ-
ential Optical Abswiption Spectroscopy (T.T-DOAS) instru-
ments measured numerous aromatic VOC, TICHO and gly-
oxal, following protocols develuped in MCUMA-2003 {Volka-
mer et al., 2005, 2010). In addition, vertical column con-
centrations of IICHO and glyoxal were measured by Multi-
Axis DOAS (MAX-DOAS). At T1, 1« PTR-MS using an ion
trap mass analyzer (PIT-MS) (de Gouw ct al., 2009) made
continuous VO mensuretnents of 3 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 laboratory at varicus locations us-
ing a quadrupole PTR-MS and canister sampling. analvzed
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by the US EPA, and several Mini-MAX DOAS instroments
were deployed within and near the cily at various locations
(see Table ). Formaldehyde was measured continuously at
the TO and T sites ueing 3 commercinl insirument operated
by IFU (Junkermann and Burger, 2006) and witl: & mobile
DOAS insttument to estimate HCHO city pluine mass Aow
rates (Johatnson ct al., 2009). Ambicnt samples of 13 VOCs
were also measyred at CHINICA site {Wohrnschimmel et al,
20100,

Unbaard the £-130, therg were three kechniques for VOO
meesurements: (i) the WCAR Tmoe Organic Ges Ana-
tyzer (TOGA} which is a st GC-MS system {Apel ot al,
2003, 2010y (i) the NCAR guadrupole PTR-MS (Karl
et al, 2009); and (i) UCT canister sampling with post-
flight analyses. Lor the TOGA instrument, 32 Compourds
were targeted including GVOCs (methanol, sthanal, methyt
tertiary butyl ciher, C2-C35 aldchydes, C2C5 ketones),
NMIC (C4-C9), and halogenated ¥OC compound classes
and also acotonitrile. Simultanecus messurements were ob-
tained for all compounds cvery 2.8 min, The PTR-MS ra-
pried OVOCs (mase fo charpe ralios aseocinted with the
detection of methano!, acetaldchyde, (acetone+propanal),
(MEE+butanat), acetonitrile, bonzens, toluene, and C8 and
C9 aromatics for analysiz ax well as the more polar species
acetic acid and hydroxyscetone. The measurcment frequency
was variahle but the suite of specics was typically recorded
vach minute; during some city tuns the instrument recorded
henzene and teluene measurements at 1 Iz in order ta obtain
vertical fux profiling by cddy covariance over the MUMA.
The UCT canisters were analyzed for a full range of VOCs
in the C2—C10 range including NMHCs, halogens, and or-
Banic nifrates. The time resolution was limited by the number
of canisters available for each flight (72). For co-measured
NMIIC specics, the TOGA NMHCs and hatogenated WOCs
showed excellent agreement with the UCT canisters. Agroe-
ment hetween TOGA and the PTR-MS was also gencrally
good (usually within 20%) for co-measured speeics hut with
greater overall differences than with the ecanieler TOGA nen
surements, Formaldehyde was continuously measured on
the C-130 with a dilference frequency goncration absorplion
spectrometer (Weibring et al., 2007).

The DO G-1 was equipped with a quadmpele PTR-MS
that messured sionilar speeies to the NCAR PTR-MS system.
A limited number of canister samples were alsa collected on
the G-1 and analyzed for a suite of NMHCs by York Univer-
sity, The majotity of the DOE G-1 flight houes were carried
out in and around the MCMA at altitudes ranging from 2.2
to Skin. An in-flight comparison 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-
crepaneies ol the order of 30% for other species (Apcl ct al,
200m,

The NASA DC-E was cquipped wilh a canister colleo-
tion system operated by UCI, After lransporting the canis-
ters hack to the tahoratory, these were analyzed for o full
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range of YOOCs in the C2 Cl0 range inchiding WMHCs,
halogens, and organic nitrates, One hundred sixty eight can-
isters were available for each flight. The NASA Ames proup
opcrated PANAK (PAM-Aldchydes-Alcohols-Kelones), an
in-gity three-channcl gas chromatographic instrument used
to measure acclonc, methyletlylkelone, methanod, ethanol,
acelaldehyde, propionaldehyde and alsoe hydrogen cyanide
and acctonitdle, Formaldehyde was continuously measurcd
on the TC-8 atreraft using tunable diode laser speclruscopy
{Fried et al., petz. comm ., 2009), The DC-8 was flown oot of
Houston, TX with a primary ohjective to measure aged out-
Tlow [romn the MOMA although several flights sampled (resh
emigsions from the MCMA basin and the surrounding area.

The USFS Twin Otter was equipped with an airbme
Fourier transform infrarcd spectrometer (AFTIR) with the
primery ohjective of sampling biomass buming smissions
within the region (Yokelson el al,, 2007). Species mea-
sured included hydrogen cyanide, methane, ethene, accty-
lenc, formaldehyde, methanol, acetic acid and (onnic acid,
Canisters wete also collected which were subscquently an-
alyzed by the University of Miami group using GC-FID for
tethanc, cthane, ethene, ethyne, propane, propene, isobu-
lane, n-hutang, t-2 buiene, l-buicne, isobutene, ¢-2-bulenc,
L,3 butadiene, cyelopentane, isepentang, and n-pemtanc, with
deteciion limits in the low ppty range. Other canisters were
filled for analysis by the Forest Serviee Firc Sciences Iabo-
ratory by GCFIDMRGD for CO,, OO, TH., Hs, and several
C2-C3 hydrocarbons.

6.2 VO emissions

Duting the MILAGRO campaign, direct VOO emissions
tcasurcments wele obinined using (i) the Aerodyne inobil:
laboratory during driving traverscs (Zavala et al.,, 2005b);
(i) & fixed site (SIMATY flux measurement study (Velasco
et al,, 2009); and (i) disjunct eddy covariance (DEC) fluxes
anboard the C-130 aircraft (Karl ¢t al, 2009). In addition,
cmission ratios (pply VOO ppby OO were obtained (or a
varigty of compounds al the T¢ and T1 sites (2., de Gonw
et al., 2009). The flux measurements were analyzed in terms
of diurnal patterns and vehicular activily and were compared
with the most recent gridded local cmissions inventory, The
tesulls show that the wrban surface of Mexico City is a net
source of VOCz with substantial contributions [rom wehic-
ular iraffic. The canister samples collected al the STMAT
tower site were ured bo caloulate fluxcs of selected NMICs
by the Digjunct Fddy Accumulation {DEA) technique (see
Table 1) (Velasco et al., 2009). Results from the flux study
ahoard the C-130 aivcrafl indicate high tolueng to benzene
flux ratios above an industrial district (e.g., 10-15 g'g) in-
cluding the Benito Juarez International Airport {e.g., 3-
Sg/g) and & mean flux (concentration) ratic of 3.2:10.5g/g
{3.9£0.3 g/} across Mexico City, which confitm an impor-
tant rale for evaporative fucl and industrial emissions for arp-
matie cotnpounds in the basin (Kazl et al., 2009, Drevious
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indications for solvent sources have been obtained during the
MOMA-2003 field campaign from comparisons between in-
siln PTR-MS and GC-FID canister measuremcnts with LP-
NOAR measirements {Tobson etal |, 2010). While the DOAS
data aprecd within 20% with both point measureinents for
benzene, concentrations measurcd by DOAS were on aver-
agc a factor of 1.7 titnes greater than the I'TRMS data (or
tohuene, C2-alkylbenzenes, napluhalens, and styrenc. The
level of agreement fir the toluenc data was a fimction of
wind dircetion, establishing thet spatial gradients — hotizon-
tal, vertical, or both — in YOC mixing ratios were significant,
and up to & factor of 2 despite the fact that sll measurements
were conducted above ront level. This analysis highlights the
issue of represcntative sampling In an urban cnvironment,

Spetial eoncentration gradients complicats the sampling
ol hydrocarhons and possibly other pollutants in urban ae-
ead fur comparison with photochemical modals (Johson &
al., 2000}, More details on the VOCs measuremenis are pro-
vided in Secl. 4 on emissions,

4.3 VOC distrihutions aud patiorns

At the SIMATN towwr site, and at both the TO and T1 ground
sites, VOU mixing ratios are quite high comparcd fo typ-
ical levels in IS cities, such as New York (Shirley et al.,
2006). Tihe low molecular weight alkanes are prevalent, with
propang heing (he most abundant species with mean daylime
mixing ratios of approximately 30 ppby at TO and approx-
imately & ppbv at T1, which s previously been ativibuted
to widespread use of LPG (e.g., Blake and Rowland, 1995,
Yelusco et al, 2007). The most important seurce of alkenss
is believed to be vehicular emissions (Doskey ef al., 1992;
Allnzar et al,, 2005; Velasco et al, 20083, but LPG and in-
dusirial emissions can also be important.  Aromatics result
from vehicle cmissions but are also widely used in paints, and
industrial cleaners and solvenis. Aldchydes result from los-
sil fuel combustion and arc formed in the atmosphere from
the oxidation of primary NMHCs {Alkinzon, 19903, Volka-
mer &t al. (2005) measured glyoxal for 1he fizst time directly
in the almosphers during MCMA-2003. Glyoxal is mostly
formed from YVOC oxidation, and provides advanteges over
traditional Iracers for VOC oxidation, as it is Jess allected by
primary emissions. Garcia et al. (2006} used these uniqus
trager properlics in a tracer ratio method to discem primary
emissions of HCHO from photochemically produced HCTIO
in the MCMA, They concluded that whilc primaty emissions
dominate in the early moming, secondary IHCHO is respon-
rible for up to B0% of the ambient HCITO (ot thost of the
day.

The two wmost prevalemt keloncs, acetone and
methylethylketone, are believed 1o have sources similar
to (he aromatic compounds. They exhibit strong correlation
with CO. [Towever, there is slso evidence for ketonc con-
tributiona from paints and solvents. Less is known about
the cmissions of the aleohols. Methanol is one of fhe masi
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prevalent YOUs with average mixing ratios of approximately
20ppby at TO, 17 ppbv al the STMAT tower sile, and 4 pphy
at T1, during a scason when hipgenic emissions arc believed
t¢ e low. During the moming rush hour at the T site
impacied by industrial emissions and diesel fucl exhaust,
methanol concentrations averaged = 50 ppby (Foriner of at.,
Z00%) but no more than Z0ppby at e SIMAT wwer site
licated in a residential noighborhood (Velasco ot al, 20099,
The eldehydes wre present in relatively higher amowns at
T1 varsus the TO site. Biomass burning tracers measured
by scvoral imvestigabors sugpesicd that biomass buming is
a minor sgurce of YOCs at T or T1 relative 1o mobilc and
industrial emissions {e.g., dc Gouw et al., 2009).

In terma of enhuncement ratios, many hydrocarbon species
relative to CO were higher in Mexico City than in the TS (de
Gouw cl al, 2009; Apel et al., 2000), and similar enhance-
menl ralios were found {or most oxygenated VOCs (de Gouw
ol al., 2009, “The higher hydvogarbon enhancement ratios in
Mexico City compared to the US are due o the widespread
use of LPG and higher indusirial and evaporative emissiony
of aromatics,
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Henld el al. {200%) compiled all the pax and particle
phase organic measurenients inlo the newly defined “Tolal
Obacrved Drganic Carbon®”, which had a daytime mean of
456 ppCm~? at TO and 17 pgCm~3 for the C-130. The TO
levels are an order-of-mamnitude higher than thosc measirad
in Pittsburgh (28-45 pgC 1), while those mcasured in the
C-151 arc typical of polluted aitmasscs in the US satnpled
from aircraft, The organic actosel PM contribution increased
from ~3% of the TOOGC al TO 1o 9% for the C-130, due to
20A formation and the larger conivibulion of biomass burn-
ing {o repional sirmasses.

The tral daytime average OH reactivily from measured
VOO compounds was found le be 127371 pi T0 and 445!
4l T1 (Apel et al., 20018). The OH reactivity detcrmined at
T is breadly consistent with the resulis from the MCMA-
2003 study al the CENICA supersile located approximately
Tkm 5E of downtown Mexico Cily. During MCMA-2003
Shicley ct at, (2006, uaing the Total OH Losa Measurcment
instrument {TOIILM), reported an average daily OH roactiv-
ity of 33571, and cstimated that 72% of il {(~245~!) was
due o VOC:. NWMHCs provide 1he majority of the mea-
sured daytinie averaged VOO reactivity fbr TO and T1 (75%

Almos, Chem. Plys., 10, BG97-87460, 2010
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Fig. 10. MOZART depictinn of Lbe of the C0O oulllow from the
1% Wiarch 2006 prume. 3uperinposed on the plume ere Lght Iracks
from the G-1 on 18 March and frorm the C130 on 19 March, The
-1 intcrcepted the plume as it was emerging from the eily during
a transect that ocowrred between (he limes of 14:20 and 15:2F lova]
time o the |31k and the C- 1230 which intercepted tha plnmea on (he
aftemmoon of the 19th. The OH rcactivily distrilations in teons of
MNMHCs, (/0Q0s, #nd OO at 09:00 %.m. are showa for the T3 and
T1 sites, the G-1 during the teansect, and the C130 dweng the plume
inlgreephion that oocwrmed at the furthest point from the ity

and 56%, respectivcly), and OVOCs provide the remaining
VOO reactivity with 25% and 44%, respectively. However,
the two most imporient mowsrsd YOUS in torme of OF
reactivity wore Tormaldehyde and acetaldehyde, The dis-
tribution of OH reactivily among VOO classes is shown in
Fig. 9. The third rmost important VOC was ethene which re-
acts relatively quickly to forn formatdehyde {e.g., Wert etal.,
2003) and ix thorefore an important conttibutor to secondaty
formaldehyde fonmation (Garcia et al., 20048). Oprod ve-
hicle emissions of acctaldehyde werc reported by Zavaia et
al. (2006) whe Jound substantial levels of this specivs in ve-
hicle exhaust, although the levels were found (o be lower than
tormaldehyde cmissions by a factor of 510 8.

6.4 In-basin VOC chemistry

Measwrements at Tl (de Gouw ot al,, 2008) show that di-
umel variations of hydrocarbons were dominated by a high
peak io the early morning when local emissions acoumulated
in a shallow botundary tayer, and a minimum in the allemom
when fhe enissiens were dilued in an expanded boundary
layer and, in the case of reactive gases, removed by O
In comparison, divnal variations of species with secondary
sources, such as the aldehydes and ketones, staved relatively
high in the afterioon indicating photochemical formation,
Photochemical formation of acetvne s impottant in Mexico
City due 10 high emissions of alkane precursors, principally
propanc, from e widespread use of LBG. The lnfluence of
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biomess burning was invesligated at T1 using the measure-
mente ol acetonitrile, which was found 1o comclate with lev-
oglocesan in the particle phase. Diumal variations of ace-
lomitrile indicale s rontribution from local burning courcas,
Reatier plots of acetanittile versus €0 suggest (hat the con-
tribition of bipmass turning to the enhancement of moest gad
and serosol species was not dominam and perhaps not dis-
similar from obscrvations in the U8 Measutements of the
biomass buming influence on Mexico City and the surround-
ing area were made on the C-130 (Crounse et al., 2009) and
the US Voscst Service Twin Otter (Wokelson of al, 2007
Dring the measurement periad, fires contributed one third
of the enhancemen! in benzene in the outllow from the Cen-
lral Mexican Platean, and by implication, contributed to the
cnhancement of all VOICs that arc produced in fires,

6.5 Long-range ¥OC tronspert out of the basin

Apcl et gl. {2010) have summarized the overall patlem of
VO measureineots during MILAGRO in terms of a diur-
nal process associated with the daily flushing of the MCh1A
basin: following morning emissions from traffic, nduostry,
cooking, efc., imo a shallow boundary layer, the bound-
ary layer deepens rapidly and air is mixed with cleancr air
aloft and eventually transported downwind of the city by
strong, synoptic winds, Figure 10 jllusirales some features
of the outflow pattern. During the MIRAGE-Mex flight on
19 March, the C-130 intereepted ihee tmes an MCMA out-
llow plume that had heen sampled a day earlier by the G-1
over fhe souree region, This was a typicel N transport event
at aliitudes rmnging from 3-5 km, Ajr wad sampled that had
aged butween 1-2 days. The figure shows the results of a
MOZART (Model for Ozone and Related chemical Tracers)
simulation of the CQ cutflow from the plume. Superimposed
on the plume are Aight trecks from the G-1 on 18 March and
fromm the C-1230 on 19 Blarch. The G-1 hiercepicd the plunie
85 il was emerging lrom the city during a transect that oc-
cucred Between 14:20 and 15220 laeal tiore and the C.I130
which intercepted the plume on the afternoon of ihe 19th,
Also shown in the figure are the OH reactivity distributions
in terms of NMHCs, OVOCs, and CO for the TO and Tl sites
a1 09:00 5.1, the G-1 during the Iranscel, and the C-130 dur-
ing the plume interecption that ocewrred at the furthest point
froam the city. [1 ix intergsting to note the extent of the plume
into the US at 6200F (= 4km altitude). The total VOO
reaclivily ix dominated by NMHCs in the basin in the mom-
ing with €O playing a cclatively minor rele compared 1o the
VOCs The total measured OII+HYOC reactivity 6t 09:00a,m,
at TQ is 508~ and 14577 at T1. A large part of the OH re-
activity is provided by alkencs and aromatics (30% of total
VOUC-OH rcactivity, with 30% from alkencs and 2094 from
aromatics at T, not shown in the figure), species that have
relatively shorl lifctimes under the conditions present in the
basin. It is apparent from the data that rapid photochemistry
ocours, quickly transforming the (1-VO reactivity initially
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from heing dominated by NMHCs (2 being dominated by
OVOCs alofi (G-1) and further downwind (C-130 plumes),
O plays a relatively more itportant role in QH reactivity
compared to VOUs a5 the plumc ages. At the =730 plume
inlerception point, approximately 605 of the CO reactivily
is from the background OO0,

For the C-130 flights conducted over the city, (e most
abundanl specics measired was methanol, followed by
propane ind other NMIIC and OVOC species. Bight of the
lop 20 megsured VOCs were OVOCE. Similar to TO and
T1, the two most imporlant VOCs in terms of reactivity were
Fformaldelyde and acctaldehyde,

7 Urban and regional photachemistry
7.1 Urban photochemisivy

The production of czonc and secondary organic asrosols
{S0A} in the atntoaphere involves chamical reactions of NO,
and YOCs in the presence of sunlight (although dark reac-
tions with o, WOy and O3 can play a role in 30A Runs-
tionh. The suite of measarements. dapigned Lo cxawine the
complex photochemisiry in the MCMA during MILAGRO
expanded upon previous measurements in 2003 (Molina et
al,, 2007). Al T, measuremenls were magde of WO, scveral
WOUCs, O3, OH and HO;, a5 well as scveral radieal precursors
and indicstors for fast WO, and VOO oxidalion processes
such as HONO, HCTIC and glyoxal.

The median of the daily measured maxinum NO, mixing
ratiog at T was approxintately 200 ppby during the morning
rugh hour (Dusanter et al,, 20094), which wag approximately
8 factor of 2 preater than that abserved ai thu CENTCA su-
persite during MCMA-2003 (Molina et al., 2007), and thus
may reflect the influcnce of local sources at this site. During
hoth campaigns, dircct atmospheric measurements of Nik;
were conducted by LP-DOAS (Volkamer el al., 2005), Such
measurcments areé free firom interferences thul are known to
bo izrpes with commercinl MOy inatroments (Gunica ol al.,
2007}, in particular during afternoons. Tn the afternoon, NO,
was approximately 20 pph, similar fo that abserved during
MM A-2003, Median peak VOU concentrations at TQ du-
ing the moming ush hout {1600 ppbC) were similar to that
meusured during MOMA-2003 (1500 ppbC) {Shirley &t al.,
2004, Veloseo ol al., 2007, Dusanter ot al, 20090, -while
plumes of clevated toluens as high as 216 ppbv and clhyl ac-
etale a3 high as 183 ppby were often ghaerved during the late
tighl and early mothing howrs at T0, indicuting the possibil-
ity of significant industeial sources in the region around this
site (Fortner ot al., 2009),

7.1.1 Redical sovrees and budgot

Measured concentrations of OH by Laser-induced Fluo-
rescence (LIFY were similar to that measured in other ur-
han arees, with median midday values of approximately
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4.6 x 10°% e, These OII concentrations are approximately
& faclor of bwo lower than the corrected values mcasured dur-
ing MCMA-2002 (Shirley et al,, 2006; Mao et al., 2009; Du-
santer et al., 200%4). The medion divmol meximum [0,
concentration was 1.9 » 108 em—3, which was lower than the
cotrected values observed during MCMA-2003 (Shirley ct
al., 2006, Mao et al., 2009; Dysanter €l al., 2009a), The
fower measured concentrations of OM and HOs are consis-
tent with the higher obrerved NO, at TO, which would rc-
duce OH and HOz through the OH + MOz and HOz + NOQ
reaclions.

A 0-D box model based on the Regionai Aitmospheric
Chemistry Mechanism {RACM} of the HOy (OH + HO:)
radical conesnlralions constrained by measurements ol rad-
wal zowrees and sinks was used 1o 1est the abiliy of this
mechanism to reproduce the observed radical concentrations
and 1o perfirm a radical budpet analysis {(Dusanter et al,,
2004b). Constraining the simulation to measorcd valves of
glyoxal with additional constrainis on the catimated concen-
tratigns of ungaturated dicarbonyl sperics resulied in mod-
eled T1D, voncontrations in pood agresmeit with meraneed
values during the afternoon. However, consislent with other
uthun measuremetits, HOy concentrations were underpre-
dicted during the moming hours when NOy is high (Dusan-
ler et al, 20095). During the MCMA-20H3 campaign, re-
sults from a constrained 2-D llexible top box moedel based on
the Master Chemical Mechanism found that moedeled HO,
concentrations compared favorally with mewsured concen-
{ralions for mos! of the day (Volkamer ¢l al., 2010, Sheehy ¢l
al., 2010}, However, the model also underpredicied ilic con-
centrations of radicals in the early moming, which could lead
1o an underprediction of the intcgrated amount of ozons pro-
duced by a factor of two (Sheehy et al., 2010). This detailed
testing of chemical modals at the radical level highlights the
Fact that in addition to uncerainlics associated wilh cmis-
sions and metcorology, there arc additional uncetlamiics as-
sociated wath the themical mochanizrg need In vorent Tood-
ele (Shechy et al., 2010; Dusanter at al., 2009h; Hofzamn
haos et al., 2009}, The parameterization associated with the
prediction of mgeone by these models may mask this uncer-
talnty and may cause models to give the right answer for the
Wmﬂg TCHRON,

During MCMA-2008, the modeling analysis predicts that
the gross photolysis of HONG {(33%), photalysis of HCHO
(24%}, Oz-alkene reactions {19%) and photelysis of dicar-
bonyls (8% are the main sources of radicals during the day-
time at T}, while Oy photolysis is predicled o contribute 6%
of the total radical inittation {Dusanter ol al,, 2009b), Dur-
ing MCMA-2003, a similar radical source analysis {ound
that the photolysis of secondary OVOCs other than HCHO
§33%) was the latgest contribution to the tolal radical pro-
duction rate, Followed by Oy photolysis (19%), HCHO pho-
tolysis {1990}, O5-alkene reactions (15%), and HONO pho-
tolysis (1294) (Volkamer et al., 20010). The larger contribu-
tion of HEWND photolyais o radical mdtiation al TO is due to
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the higher median HONO concentrations measared in 2006
as 4 result of the higher NO, concentrations at this sile, Mo-
tably, both studics suggest (hal HCHO js an important radical
soure in the MCIMA thet can have & substanlial impast mm
radival and ozone production, especially during the mem-
ing (Lei et al.,, 2009), while Os-alkenc reactions help jump
start the photochemistry shortly afier sunrise, and indirectly
sustain radical production in the mid- morning by forming
HCIIO and ether OVOCs (Volkamer et al., 2010),

The relative imporlance of TIONO as a radical sounrce
warics by location in the MCMA, and cven at a given location
can vary from day 1o day. Duting # period characlcrized by
elevated daytimec HONO mixing ratios, Li et al. (2010) used
the WRF-Chem model 10 investigate tie relative contribution
of several HONO sources and their impacl on the formation
of photochemical poliutants, The model included homuoge-
neous production of HONO from the gas phase reaction of
OH with MG and four other helerogeneous sources. Hetero-
geneous conversion of NO2 by condenzed scruivolatile o1-
panic compounds was funnd to be the main soorce of [IONO
in the MCMA, aceouating for 75% of the measured ambicni
concentrations. [nclusion of these addiliona] heterogeneous
sources improved the agrecment between the measured and
modeled HONO and [10, concenteations and enhanced the
production of Oy and 5G4 (Li et al,, 2010,

Radica] termination at TO waa dominated by OH + W0,
rcactions, with the formation of HNO3 HONO, and organic
nitrates contributing to 60, 20, and 14% of the 1otal radical
tennination rate respectively {Dusanter et al., 20006, Rad-
ical termination theough the formation of peronyecelyl ni-
trales {PANS) and subsequent reaction with OH was calen-
lated 10 be negligible assuming PAMs are in sieady-stale due
tor the rapid thermal dissoeiation of PAN specics lcading to
the formauion of RO; radicals (Dusanter et al., 2000b), Tow-
aver, 8 modeling analysis of PAN formation using the Come-
prehensive Air Quality Model with extensions (CAMx) sup-
gest that PAN is not in chemical-thormal equilibriom during
photochemically active periods, and could lead 1o significam
outllow of PAN from the urban area (Lei ct al., 2007), Mea-
surements of gaseous HNOj3 reached a peak value of 0.5 Lo
3ppb in the early aftemoon, which was less than Lhat pre-
dicted from the rate of HNO; production based on measured
OH and NO; concentrations (Zheng et al., 2008} However,
the tessured HNO3 mixing ratie was found to anti-cerrelate
with submicron-sized acrosol nilrate, suggesting that G-
parlicle paritioning has & substantizl cffect on the gas phase
concenlration of HNO; in the MUMA (Zheng el al,, 2008),
consistenl with results from MCMA-2003 {Salcedo et al.,
2006; San Martini ¢l al., 2006a, b). Irreversible HNG; up-
take on dust wes alse reported by several proups {e.g., Querol
cl al., 2008) and was an impeoriant sink of HNOs. Gas phase
HNQ; contributed a smaller fraction of oxidized NO, prod-
ucts {MNO; = NO,— NO,), while particulslc nitrate com-
prised a large finction duc to high concenlrations of NTiz and
dust (Cuerol el al., 2008; Wood o al., 2009, Airetafl meg-
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surements of fotal alkyl nitrates in the immediale vicinity of
Muxico City were found to be a substantial fraction (approx-
imately 10%4) of lofal MOy (Petting ot al., 2010},

The ITOz/0H ratic can be uscd 03 s measure of the oft
ficiency of radical propagation. During MCMA-20046, 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 refieet
ihe higher NO, cnviromment at TO resulting in greater rates
of radical termination and lower HO2 concentrations (Shirley
gl al, 2006; Sheehy et al,, 2010; Dusanier ct al., 2009},
Mode! predicted TIO2/0H ratios are in gencrally good apree-
ment with the measuroments duting the aftemmoon when NO
was between 1 and Spph. Ilowever, the model underesti-
mates e measured ratios by approximately a faclor of 2
5 ar higher NO mixing rativs botween 10-100pph ohserved
during the moming (Dusanter et al,, 20095). This beliavior
i+ consistent with that ohserved for MCMA-2003 (Shitley ot
al., 2008, Sheehy ot al., 20100 as well as other ficld cam-
paigns, suggesting that a process converting OH into peroxy
radicals may be misging from the chemical mechanizm,

The net instantangous tule of ozone produclion from 1105
radicals (P{O3) &= kpo, 4o (HO3) (NOY) can provide in-
sight into (he chemical processes thut produce ozone in the
MOMA. ALUTO, £{3) was a2 high as 50 ppb/ in the carly
moming (Dusanter et al., 20091). Thess instantancous val-
ues were lower than during MCMA-2003 (Sheohy et al.,
2010}, where eatly morning valves reuched 120 ppbyhe and
are higher than those reported for other nrban areas (see ref-
crences in Sheehy ot al,, 2010; Klecinman et al., 2005; Mag
et al., 2009). An observed ozuoe production ralc from all
produclion mechanisms {HO:, ROy, ete.) of spproximately
50 pplvh was obscrved al a mountain-lop site (Pico de Tres
Padres) located within and 700m ubove the Mexico Cily
basin (Wood et al, 2009), Thesc values are among Lhe high-
est abserved anywhere in the world and are consistent with
the extremely high WOC rcactivity observed in the MOMA
compared to olher lovations (Shirley ot ul., 2006; Shochy ct
al., 2010; Mao et al., 2009; Wood et al., 2009,

7.1.2  Maodeling urban ozone production and sensitivity

Scveral chemical immnsport models and analysis of measurc-
ments indicale that ozone production in the MCMA is gener-
ally VOC-limited in the wrban avea (Lei et al., 2007, 2008
Song cl al,, 2010; Tic ct al, 2007; Zhang and Dubey,
2009). Measurements of the production of hydrogen perox-
ide, which iz a main radical termination produet under NO,-
iimited conditivns, was found to be negligible in the MCWMA
{Volkemer ot al, 2010; Shechy et al., 2010) and only in-
creased sliphtly just owtside of the urban acca, consistent with
ozanc production being VOC-limited (Nunnemmacker et al.,
2008). A comparison of calculated radical production rates
witls the obscrved production rate of NO; also supggests that
gzone production im the MOMA is VOO Emited, with the
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main radical termination reactions involving MOy axidation
{Wood et al,, 20091 An gnalysia of ratio of radical loss from
the formation of nitrie acid and organic nilrates to the total
radical production for MCMA 2003 also supagcsts that ozone
production s WGC-limiled in the early moming and late af-
ternoon, bl becormes NO,-limited doring the early afterioon
{Meaw ot al., 20093

Sensitivity analyscs of ozone production 1o mrecursor
emissions under different meteorvlogical eonditions during
MCMA-2008, aleng with a chemical indicator analysis using
the chemical praduction tatios of Tl 1w HNO., demon-
strate that the MCMA orban core region s VOC-limited
for all metecrological cpisodes, while the surrounding ar-
eas with relatively low-NO, emissions can be gither MO, - or
VOC-limited regime depending on the episode (Song e al.,
20107 (see Fig 113, Preoumsin emissions wore constrained
oy e comnyr ehensive data from the RCK A 2006 sludy and
the RAMA network, while the simulated plume mixing and
transport were examined by cotnparison wilh aircraft mea-
surgments. The CAMx model was able 1o reproduce the
observed eorcenlrations of omens and precursors and sng-
gest hat controls an VO gmissions would be a mme effec-

www.atmos-chem-phys.ney | O/ECHT 20140/

tive way to reduce ozons levels in the urban area, consistent
wilh previous resulis from MCMA-2003 {Lei et al., 2007,
2008}, However, the degree of YOC-limitation increased for
MUMA-2006 due to lower YOCs, lower YOO reactivity and
moaderataly higher N0, emizzions Furthermore, meteoro-
logical conditions led to large variations in regime for the
relatively low-MN(h, emniuing avea, implying that the eflective.
ness of particular emission control sirategies would depend
on [ocation and metcorology (Song ct al,, 2010},

An analysis of the weckly pattern of surface concentra-
thons of COL WO, puttionlze matter (Phlyy) and O3 berween
1987 and 2007 show a distinet weckend elieel, as morn-
ing conceniralions of 00, NOx and PMp were lower on
Saturdays and Sundays compared to the rest of the weck.
However, aftermoon ozone concentrations showed minimal
changes over the weckend with occasional inereases, provid-
Ing divect entpitical evidence that omone production is W0OC-
limited and NOy-inhibited dering workdays. Trecreases in
the concentrations of GO (and VOCs} over the past decade
have deercased the COMNO, and YOC/MNQ, ratios, ingreas-
ing the VOC-limitation of ezone production in the uthan area
{Stephens ef al., 2008). A 3. CAMx chemical transpont

Almas, Chem. Phys , 10, 8697-8780, 2010
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mode] including the eatimated hislorical chanpes in ozone
precursors was able lo adequatcly reproduce the historical
teends in the ohserved concentrations, and indicated that
azone preduction iz currently VOC-limited,  The modclcd
pgole concentrations were parlicularly sensilive 1o atomat-
ics, higher alkenes, and formaldchyde cmissions (Zavala et
al., 2002a).

Simulalions of ozone and other chemical species {C0, ND,
MOz and MOy} inthe MOCMA using WERI-Chem model com-
pare fayoralxly with surface ineasurements frotn the RAMA
moniloring network with the exeeption of 80; (Zhang et
al., 2009, Xhang and Dubey, 2009). Reductions of the to-
lal emissions rtes of 15%, 25% and 103 for Salurday, Sun-
day and halidays, respectively, also lad to predicied concen-
traliens of the main chemical species thal compared favor-
ably to measurements (Zhang ¢l al., 200%). Tncomorating
3-D variationial data assimilalion inlo mebeorological simula-
Lions of un air quality cpisode during the MCMA-2003 cam-
paign significantly improved the inagnituds of the peak O3
concentration, as well as the timmp of the O3 peak an most
daya of the cpisods, cspecially during the daytime Tsi ot
al., 2008). These results illustrate the importance of applying
this technigue to vzone simulations in the Mexico City Dasin,
Bei el ul. (2010) further investigated the sensitivity of owone
concentration predictions to meteorological inilial uncertain-
ties and PBL parametsrization schemoes on four sclected days
during MCMA-2006 Lhrough cnsembte fiwecasts, Their re-
sults demanstrale that uncerfainties in meteorological initial
conditions have significant impacts on Oy prediciions, in-
cluding the peak O3 concentration, as well as (he horizontal
angd vertical Oy disiributions, and temporl variations, The
ensemble spread of the simulafed peak Q3 concentration av-
eraged over the city™s ambicnt monitoring sites can reach up
to 10 pph. The magnitude of the ensemble spread also varics
with different FRL schetnes and meieorological episodes.

7.2 Regional photochemiséry

The composition of the regional aimosphers was sampled
primarily by aircrall-based insiruments, and (o seme extent
from surface slations ouniside Mexico City. Many of these
measurcments ave still being analyzed, but some peneral fea-
turcs gf the character of the regional atmosphere are begin-
ning to emeree.

Free tropospheric O3 concenlrations in background air
{i.e., air nol obviously imflwenced hy Mexico City) ranged
between 30 and B0 ppb as measured from the C-130 with an
average value of 60 pph (Tie et al., 2009, and ~35-55ppb
over the Gulf of Mexico observed from the DC-§ (region 1,
singh et al,, 2009}, Geone sondes launched from the T site
showed boundaty layer valucs ranping from 30 to 30 pph,
bui {ree iroposphernc values of only 43 60 ppb {one standard
deviation}, likely due to advection of cleaner air from the
Pacific (Thompson et al., 2008). Vertical proliles of O cal-
culated witl the glabad MOZART-1 model show good agres

Atmos, Chem. Phys., 10, 8697-87%60, 2010

ment with measurements obiained from both the DC-§ and
C-130 aircrafl, including a marked peak hatween 2 and 4 km
asl associated with the Mexico City plume outflow (Limmons
et al, 2010}, In the same study, Brunens ot al. used tagged
emissions to identify the contrdbulion of various sourees to
the regional 00 and Oz disiribution. Biomass burning was
[ound 1o have an influcnce an regional chemistry, although
nat a dominant one. Emissicns from Mexico City were im-
partant over Central Mexico but had negligible influence be-
yvond Mexico borders.

Substential enhancementa of O3 above background were
observed in plumes that could be traced back to Mexico City
{Tic i al., 2009; Mena-Carrasco et al., 2009; Bnunons e al.,
20100, This [s particularly evident for the quasi-Lagrangian
episade of 18-193 March, where air was sampled on 18 March
by the G-1 near Mexico Cily, and on 19 March was inler-
cepled and again sampled far downwind by the C-130 {Voss
et al,, 2010}, Apcl ct al. (2000 examined correlations be-
tween CO and omone, acetone, or benzane abserved in the
near-field plume {on I8 March) and in the same plume a day
later {19 March}, Slopos of O v, OO0 were markedly stecper
in the aged plutne, indicaling that considerable 0y produc-
lion occurrcd dwing the transpot time. Some acetone pro-
duclicn was also inferred by slightly higher acetone vs. CO
slopes, while benzene vs. CO slopes were sssentially identi-
cal, consistent with the longer lifetime of both compounds.

Photochemical modeling shows that repional O praduc-
lion 15 scnsitive to NOy, as well as to VOCs and CO (Tie
cl al,, 20093, and also to the reduced availability of UV 1a-
diation because of the heavy aerosol loadings (Bamard cl
al., 2008; Mene-Carrasco et al., 200%). WRF-Chem simu-
lations by Tic el al. indicabe that the repional OH reactiv-
iy iz dominaled by oxygenaled orpanics and €O, and to a
lesser cxitent the hydrocarbons; the high levels of OVOCs
lead to large concenlrations of organic peroxy radicals in the
plume, typically exceeding those of HO;. Simulations wilh
the MOZART-4 model {(Emmons ol al, 2(H0) tend to under-
predicl obsvoved concentrationa of OVOCs, bt even theac
lower values dominate the regional OII reactivily and O
mroduction. Measurenents from the G-1 and £-134 during
the 18-1% March spisode confirm the importance of OVOCs
and CO, with OVOCs being dominant in the near field out-
Mlow (Apel ct al, 2010) and CO increasing in relative impor-
lance for ozene production forther downwind. OH concen-
trations measured from the DC-8 are somewhat higher than
predicted by MOZART-4, while HO; concenirations show
better agreement.

Ozone production efficiencies, defined as the nunber
of O3 molecules mroduced per NO, consumed, and esti-
mated from O3 ve. NOw correlations measored from the
C-130 aircrafl, renged {rom 4.5-4.6 in ai recenlly in-
flusnced by biomass burning or the Tula industrial com-
plex, 5.3 to 5.2 over land influenced by Mexico City, and
8.3 in the marine free troposplers (Shon et al, 2008).
These observolion bosed cstimoles can be conpered with
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model-hased estimates by Moena-Carasco et al. (2009)
(STEM model: 4.9 within 100km of the city, 7.9 outside
thal radiugy and Tie et al. (2009 (WRF-Chemt model: 3.3
ncar the cify, increasing to 3.5 on the regional svalc) A scp-
arate analysis of e C-130 obscrvations, utilizing only data
for which MOy concentrations were in the range 2-6 ppb to
filer cul very aged air and fresh plumes, yielded an average
Ox w5 NGO, slope of 5.920.3, in good agreeinent with the
previously cited regional values but somewhal lover than the
value of, 1 -£0.3 predicted Irom the MOZART-4 maodel (-
mons et al., 2010%, as might be ckpected due to this model’s
lower spulial resolution,

Long-range sxpurl of reactive nitrogen from Mexico City
was discussed by Mena-Carrasco et al. (2009 and found Lo
lakc place primarily via the formation of PAMS, in agroement
with observations from the C-130. PANx can thermally de-
compose o the regional seale providing a source of NO,
and Iherefore contribute 1o regional O formation. The rela-
tively high regional WU, concentrations are consizient with
low or cven negative formation rates for hydrogen poroxide
abserved from the G-1 airerall over mest of the Mexican
platean, with higher values found only in the relatively hw-
mid coasial arcax (Numemacker et al., 2008).

Measuremenis at a surfuce station {Allzomoni) located at
high altitude (401 m a.5.1) 60km W of Mexico Cily were
made by Baumgardner et al. £2009%. Pollulam concenlra-
tions ware elevated not only when the eynoptic flow camea

wiwny simos-chenl-phys net/ 186972010/

ditectly Irorm Mexico City but also from the east, suggest-
ing that other pollotion spurces in Cenlral Mexico and large
scale regirculation of Mexico Ciry pollulaniz may be impact-
ing regional air quality. Recirculation el pollulion to the Gulf
of Mexico and back over Central Mexico was identified in
the moedeling siudy of Emmeons et al, (2010). Influences of
biomass burning and the nearby Popocatepet] voleano were
also ohserved,

§ Amblent particulate matter

Particulate matter (FM) impacts homan health (Bope and
Dockery, 2008) wvisibility {Watson ot al, 20023, climate
{Vorsier el ul., 2007), and ecosystems {Zambrano et al.,
2009}, Nepative impacts of PM on humean health have
been decumented in the MCMA (e.g., Romicu ol al., 1996;
Osomic-Vargas et al, 2003; lvans e al, 2002) as dis-
cussed in more detail in Scction 10 below., MM concen-
ttations obsctved during the MILAGRO-2006 Canpaign
were similar to previous studies that measured PM in the
MCMA during the late winter and carly spring {Chow ot
al, 2002; Vepa ef al., 2002; Salcedo o al., 2006; Maling
et al, 2007), and similar to conceotrations reporied by
the HAMA monitoring nebwork {(hitp:/fvsrssma.df gob.mx/
simat2), Ph g concentrations, as measured lrom lilter sam-
ples, were higher at the urban ziles with 2d-hour averages
ranging between 50 56 pgm—?, and lgwer concentrations at
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rural sites ranging from 22 to 35 ugm—2 (Quercl et al., 2008).
PMz 5 concentrations were in the range of 2446 ygm™
and 13-25 g ot the prban and nnal sites, respeetively
{Querol 21 al., 2008}, This i3 consistent with previons stud-
ies (Chow ot al., 2002, Vega et al,, 2002, 2004 1hat afso
found PMy 5 tiade ap appeoximately 50% of the PMap in the
MCMA, and with mobile lidar measurements that indicats
the PM concenteations in the Mexico Cily basin are about
twice g5 Mgl as cuwtside the basin {Lowandowski el al., 20003,
'™ and MM 5 concentrations were sitilar as the amount of
mass butween Phi; 5 and P was & small fraclion of the {o-
tal Bide s (Quers! of b, 2008; Aflen et 2, 2009, congislent
with results from MCMA-2003 {Salcedo et al., 2006).

The fractional compositions of Phas and PMegumse are -
ivatrated in Fig, 12, Quercl et al. {2008} found thar mineral
malter made yp About 25% of the P at the urban siles
and a Yarper fraction ab the suburban and rueel slics. Mineral
matter was found ta make up & smaller, yel importanr, frac-
1ion uf the Py ¢ at the wban and coral sites acoounting for
15% and 28%, of the 1'0ds 5, respectively. The curent study
found aboat 30% of the PMz 5 ard the PM; was comprised
of organic matter in the city (Querol et al, 2008; Aiken el
al., 200%, which is similar or lavger than reported i other
vilies feg., Zhaag ef o, 2007} Abewt 25% of the PMp s
mass wok due (o secondary Inurganic lons {sulfate, mirate,
amunoniym}, and the remaining Pz s mass was clemental
carbon and mincrs! ntatter {Querel gt al, 2008; Aiken ol al.,
200%), Thest perceniages are consistent with those in provi-
ous studies (Chow et al, 2002; Veua et al., 2004, Salcedo et
al., 2009). A witong “weckand offect™ with higher weekduy
than weekend concentrations has been observed [or PM g
over several years, which is comsistent with the large im-
pacl of wman activities ot PM corcenlrations in the MOKMA
fStephiens et al., 2008} The vorical structure of the PM con-
contrations was charecterized with lidar, aircraft, and a teib-
gred ballpon and found @ be rolatively well-mixed doring
the day, although otten whh subsdantial horizontal grarkents
{Hair et al., 2008; DeCarly et al,, 2008; Lewandowski ol al.,
Z0[{F, Kopers ot al, 200% Lrecnberg et 2., 20083,

Tho PM levels in the MOMA are among the Righest in
Morth America although with substantially lower levels than
the most poffued Asign awegaeities (Quers! e sl 3008
Ilopke w1 al., 2008), e.g. 200 and 330 pgme ¥ annual aver-
age concentrations of PMa s and PMay respectively, in La-
hote, Pakistan, atout five s the levels in Mexico £y
during MILAGRO {Hiong ol al, 20100). As in the case of
mumny Asian megacilics, varbonaceous agrosols are important
copiribulots o Pidy s in Mesico ity An imporkeat scicn-
tific snd air guality management question in many of these
megacities is quaniifying the relative contributions 1o gon-
centrations of PR from different sources stick as mebile, in-
dustrial, biogenic, biomass burning, cle., as well as separat-
ing the contributions o primary emissions va, sceondary
processes, both of which wews an inpentant objoctive of the
MILAGREO Campaign. MILAGRO was nat only able 10 ad-
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vanee the upderskanding of the sources and atmosphetic pra-
vegzing of PM, hal was alse #ble 1o improve the scientific
understanding of the tools that can be used for this purpose.
These advancernents worg madc in part by the usc of new
acrosol nregsdrganant airaments thal had not becn used in
large field campaigns in the past, and through the simulta-
neous application of a diverse sel of measurement and data
anglysis toals that had oot been widely applied i parallel.
The fullowing sections highlighi the new PM measuretnent
instruments deployed durdng MTILAGRO, the key scichiific
rexults about difitrent PM components, and fhe necds for fu-
ure research. Some of the PM findings from MILAGRO
have been described in ofher relevant seclions, zuch as Sect, 5
(Emissions} aboe,

8.1 Tnstruments deplayed to Mexico Cily for the fivef
time

Although a very favge numboer of frsttnents and P sen-
plers wire peed as parl of the MILAGRO Campaign for both
ground-based sl ajversft messurenienls, mawy of thesc in-
sitoments had been used i similar faold stodies fz Meox-
iep Cily in the past, Tables 1—4 suromdrize the PM mca-
suwements and instruments deployed during 1the campaign,
This study was the {irst fime il organic aceasal {OA4) fane-
tional group concentrations by FTIR {Liu et al,, 2009; Gi-
Wardoni ot al., 2009; Baumgardner et al, 20090, particle-
phest organic maleenfar markers (Sone ot al., 2608, 25104},
Scanning Transmizszion X-Ray Microscupy (STXM) spee-
tra of colleeted parlicies (Moffol et al, 20100, and 14
content of carbon Fractions (organie cathon, elementa? o
bon, waisr-solnble OO (WS0C), and walce-imagluble OC
(WIDCY) (Adken < al, 2010) were measured in the MUMA,
Tn addition 1o the new measurements appiied to collected pae-
ticles, seversl real-time measursments of PM were deployed
Lo the MOMA for the first Ume. These instruinents included:

— &n Aerowol-Time-of-Flight  ass
{ATOFMS) (Moffet ¢ al., 2008, b),

Spectrometer

— A Thermal Dexorption Chemical lonization Mass Spee-
trometer [TDCIMS) for mgasuroment of the composi-
ticn of particles s small as 10 am (Smith ot al, 2008},

— A Parlicle-Into-Liguid Sampler followed by Ion Chro-
matography and Water-Soluble Grganic Carbon de-
teetion (PILS-IC mnd PILS-WSO0C) ({lennigan et at,
20053,

— Two High-Besctution Tire-ofFlight Amosol Mass
Specivometers (HR-ToF-AMB) (DeCarle 2t al., 2008;
Adken et gl., 2009; Dunlea et al., 2009), ong of which
sapled beliind an asrasal comcentrator [Khlystov et al.,
2005} during part of the campaign,

— Three rompact Time-of-Flight Aerosol Mass Spec-
tromciers (C-Top-AMS) (Casagaratne et al., 2007,
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L. T. Molina et al.: Mexico City emissions and their transport and transformation 3731

Klcinman et al., 2008; Hemdono et al., 2008; dc Gouw
et al.,, 2009,

A Tirne-of-Flight Acrosol Mass Spectrometer with au
intcmal light scattering mudule (L3-ToF-AMS) (Cross
el al, 2009,

— A thermodenuder-AMS combinastion {Hoffiman et al.,
20094},

~ A photoacoustic spuclrometer (Paredes-Miranda et al.,
2009).

— A T Fust Mobility Particle Sizcr (FMDTS, A, Clarke,
pers. comm,, 2006),

= A hygroscopieily landem differential mobility analyzer
{ITTDMAY} (CGasparini ef al., 2004),

These measuretnenis taken together have helped improve our
understarding, of physical and cheodeal chavecterisiios of
Pid in (he MCMA, a5 well ag their primary and secondary
SOUTCES,

4.2 Primary inorganie aerosols

Dust and metals in PM samples were studied by scveral re-
search groups and were found o be relatively high compared
tor other Megacities in North America {Querol ct al,, 2008;
Moffer et al., 20084, b, Moreno et al., 2008a, b; Gilardoni
et al., 2% Saleedo et al., #UEH. High levels of antheo-
pogenic metals wete observed in the urban gites, including
argcnic, chromium, zhie, copper, lead, tin, anlimony, and bar-
ivm [Quero! et al., 2008), These metals had slronpg termporal
variations in concentration (Moreno e al., 20083, b; Mol
fet el al., 2003a, b; Salcedo et al., 2010) and were lacgely
aasoviatcd with Indusitial and mohile sources. Hg scomed
i have a regional rather than an wban origin {Querol et
al., 2008}, Rutler ot al. (2009) identificd possible industrial
soutce regions of paseous and parliculatc mercury associated
with measurements a1 T and T1. Moreno et al. (2008Y) re-
porl on the sources of lanthanoid elements {Lanthanum to
Lutetivm) in Mexico City, which are related to crustal par-
ticles, bur al2o to some anthropogenie sourecs. Christian &t
al. (2010} repurted cmissions of 17 metals from source mea-
suréments of open trash burning, of which antimony {Sh) vas
the most unique, consistent with a previous repotl al the T5-
Mexico border {Garcia ct al,, 2006]). Fine parliclc Sh may he
a useful tracer for Pivls s from this soures in the MCMA, al-
thowgh this topic requires further rescarch as many other Sb
soutees also exist (Reff et al,, 2009). Christian et al. (2010)
also reported on the emissions frome brick kiles, charcoal
kilnis, and cooking fires. Adachi and Buseck {2010) reported
that nenosized mctal-hearing particles (<50 nm diameter) in
Mexica City aivcraft samples nsing transmission electron mi-
croscopy, Most were attached to larger (several hundreds of
ant) host parricles, und contgingd Fe, £n, Mn, Ph, HE, Xn,
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Cr, Ni, Ti, ¥, and Ag. g nano-particles were especially
prominent, Salcedo et al. (2010) report the first nse of an
HE-ToF-AMS to dewcet Phin Ph;. These authors found that
different chemical forms of Ph had dilferent svurce regions
in the MOMA.

83 [Primary carbonaceous acrosols

Elcmental carbon (EC) 18 an important tracer for combustion
woarces (Schaver, 20033 and s an inporient componeat of
atmospleric PM in terms of climate forcing (Forster et al.,
2007; Ramenathan ot gl., 2007}, The optical properties of
Pid containing EC are strongly dependent en the mixing stule
of ihe different species, and were investigated during MILA-
CGiRO by several dilferent approaches. Moffel ot al. (200343,
20097 ysed ATOFMS measureimants to show thatl fresh EC
particles were obxorved during rush-hour perieds, Howewver,
the majorily of EC particles werc coated with ninate, sul-
fate, and ovganic carbon, which are expected to increase the
{ight absorplion of thege parlicles per unit of L. Aduchi and
Duseck (2008} found stenilar mesulls with laboratory-hased
transimizsion clectron microscope (TEM) measurements of
patficles collected during aireralt overfights of the MUMA.
These results are both consistent wifh those of Johnson ot
al. (2005} using electron mictoscopy during MUMA-2003.
Somewhat surprisingly, however, very liule difference in EC
mass abgorption efficiencies could be obzerved through di-
teet measurcments by Doran et al. (2007) using a pseudo-
lagrangian study compating vbscrvations at the T1 and T2
sites and Svbsmmnanian ol al. (2010) using single parliclc soot
photonteter measorcments in the C-130 aircratt, Adachi et
al. 20107 obtuined 3-T> images of embedded soot particles
and found that many of them kuve open, chain-like shapes
simitar to those of freshly cmitted soot, and are localed in off-
cenker positions within their host materials. The abyorption
by these geomelrics is —20% lower than for the commonly
assumed corc-shell morphology, and may help explain the
lack of a larger Increass In Iitass alsorplion eliciencics re-
pavied by Dioyan ot al, (2007) wed Subeamonian =4 ol (20093,
In contrast with reports at other [ocations, Parcdcs-Miranda
et al. (2009 only found a small positive biss of a filter-based
absorplion measurement due 1o oxyeenated organic aerosols
{ODA).

Polycyclic Aromatic Hydrocarbons (PATT) are a family of
species, soine of which are highly mutagenic and carcine-
genic, that are pencrully associated with EC as their emis-
sions are larpely from combuslion sources. Thornhill et
al. (2008} measured PAIL al six locations across the MCMA
and found similar levels lo those measured during wMOMA-
2003 {Marr et al., 2006, Dzepina et al., 2007}, but with con-
siderable variability in concentrations and PAH distributions
across gitcs. This is consistent with the notion that sources
of PAH vary spatially as a result of the spatial distribution of
combustions sources across the metropolilan arca.
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Significant cfforts have been directed at understanding the
sources of PMz s and PM; organic aerosols and apporlion-
ing the observed orgaic maller into primary organic agrosal
(POA) and secondaty orpanic acrosel [(30A) during MILA-
GRO. Imporlant POA soprees were found to inelude mobile
and other combustion seurges, biomass burning (BB), and a
miner contribution of local (presumably industrial) sonrces
at T {¥okelson et al., 2007; Stone ct &l 2008, DeCarlo et
al., 2008, 23i0; Aiken et al., 2008, 2009, 2010, Gilardoni o
al., 2009, Liu ¢t al., 2009). Stone e al, (2008), using chem-
ical mass balnee of grganic melecular markers {Schaucr
ol al., 1996), estimated POA from mobile sonrcos to ac-
count for approximately 30-40% of the OC concenivgtions in
MCMA. This reaudl appears consistent with results of Aiken
et al. (2009}, using positive matrix {hctorization of high-
resolution AMS spectra (Ulbrich et at., 20093, whe reporied
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 (Mahr
et al,, 2009} and has been reporled as an inyportant contrib-
ulur ol urban PO in some previous siudles slsewhere (oo,
Hildemann ct al,, 1994, Mugica et al. (2009 reporl a contri-
butien of food eeoking to PM; 5 of abont (0% (~5 pgm™),
which would represent about 20% of the OA, although this
study was nol able to scparatcly quantify biomass burning
and the authors supgest that that problem may have inflatcd
the conlribution of other sowrces. Two measurcment-hascd
studies (Zavala et al., 2009k; Aiken ot al., 2000} and one 3-
Ty medeling sdy (Fast el al., 2009) have concluded that the
2000 MCMA cmissions inventory (SMA-GDF, 20082) un-
dereslimates POA and primary PM: s emissions. The cmis-
sion profiles of gas and particle emissions from biafuel use
(biomass used directly as {uel for cg. cooking) and open
trash burning in Mexico Cily have been reported by Christian
et al. (2010} The high cmission factors of cooking wilh bio-
fuels and epen trash burning suggest a potentially important
coniviytien to surface conceniralions which is being further
ivestigated. Open Lrush burning is net included in the 2006
MCMA emissions inventory {(SMA-GDF, 20088},

Wildfires in the hills and mountains near Mexico City were
unusually intense during MILAGRO, with fire counts be-
ing about twice the March climatological aversge of recent
vears. Fmissions fiom these fires made a substantial contri-
bution to OA and other specics, Aiken et al, (2010) report a
good correlation between the different fire tracers (acetoni-
trile, levoglucesan, AMS levoghicosan-equivalent mass, and
tta] K in PM3 1), although total K has a non-wildfire back-
ground of ~2/ of ils averape coneenfration, These guthors
also compared the different cstimates of biomass buming OA
al the surfaec inside the city (Stone et al., 2008; Querol ct
al., 2008, Aiken et gl,, 2009, 2010), which are consistont in
that BB was highly variable in time and scconnted on aver-
age for 1 2-23% (range of (he different estimates) of the OA
during the MILAGRO Campaign inside the city. A similar
culimale was decived G dala oo e IMADA-AVER canl-
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prign {Vega et al., 2009). These resulls are consistent with
those of de Gouw vt al. {2009) at T1 who report that BE was
nel a deminant contributor to OC at thet site, and perhaps
nul dissinlar to previeus observations by the same group in
the Eastern US. The lowest estimale was derived Ty Liu ef
al. (2009, wha report 8 coniribution of biemass burning to
OA in the range 0-8%. Maffet ct al, (2008a) report a levger
itmpact of sbout 40% to particle nuntber at the upper end of
the aceumulation-mode, based on the particles contuining K.

Crounse et nl. {2009 and DeCarlo et sl (2010} concluded
that the relative impact of BB was substantially larger aloft
over the Central Mexican Plateau {up to 243 of QA) than at
the surlace inside the city, This is analogous to the sitation
for 50z, for which urban emissions contribiute & major frac-
tion of the concentrations inside the urban arca, despite be-
ing far smaller than the nearby regional sourees (de Foy et
al., 2009k}, Yokelson ot al (2007 roported an astimate of
a 5034 30% contribution of the wildfires to the total fine PM
oulllow (rather than just the OA) from the Mexico City ro-
gion, whose central valu is higher than the Crounse and Dre-
Carlo estinates. The diserepancy may bo duc to the fact that
this study used the MCMA inventory to quantify urban PM,
which iz known e he substantially underestimated as dis-
cussed in Bect. 5 of this overview, The wildfires near Mexico
Cily were catimated to contribute ~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 the unusual intensity of these
fires during 2006 {Aiken et al., 20100, We do note that the
BB scasen continues through April and peaks in May, g0 that
higher contributions of BB may be expected during those
months in the averape year. BB impacts during the other
9 months are cxpeeted to be much smaller. BDR in the Yu-
calan &5 a lurger repional M seurce {Yokelson ¢t al., 2009),
but its impact in the MChA was very small during MTLA-
GIR0) as these emissions were relatively weak and transperted
elscwhere (Yokelson ol al., 2000; Aiken et al,, 2Q10%, This
conrasts with a larger impact during the later half of e
MCMA-2003 compaign (Salcedo et al., 2008; Molinas ct al.,
200°F). Emmens et al. {2000} conelude from & large-seale
modsling study that open fires made some, but not 8 dom-
inant, impact on the almospheric composition 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 lime trends of biomass bucn-
fng OA (BROA) ai TO and the 130, respectively and the
predictions of a FLEXTART-hased dispersion maodel. Fast ci
al. {2005} and Hodzic et al, (2010a) conclided that BBOA
concentrations arising frorm some lanee fires are substantially
overestimated in their 3-D models when nsing & custom n-
ventory based on satellite fire counts,  Roth model stud-
fes fail w capure the early moming BROA impact which
is better roproduced by the FLEXPART study of Aiken et
al. (20100, presumatdy duc 1o the improved treatment of the
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cvening/mighititme sinoldering emissions, The MODIS zalel-
lite instroment inisses some fires for various reasons (clond
cover, smoke cover, fires that are too small, timing issues)
(Yokelson ci al., 2007; Crounse i al., Z00%), 5o 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 contribute a small
fraction uf the erissions (e.g. because (they tend to be simaller
fires), or that the overestitnation of the emissions fiom 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 aimissions invenlory, which uses a slatic
valucand iz not based on the fire counts {(SMA-GDF, 2008a),
although a substantial fraction of these emissions cocurred
Just outside of the MCMA inventory area.

MC measuremenls have been tepotled by two pronps.
Marley et al. (200%) report that 45-T8% of the total car-
bon ul TO((TC=RCHOC) avises {rom modern sources, Aiken
ol ul, (2010) report T'C modem fractions that range frem 1n
average of 46% duritg the high BE period to 30% during the
low BB period. The reasons far the dilferences of about 15%
i the mudern carban fractions af TO are unclear (Marley et
al., 2008a; Aiken et al., 20100 Marley ct al. (20093) did not
acgount explicitly for the cxira MC stored in forests due 1o
the bomb radiocarbon {~124% moden carbon}, which nccds
to be taken inlo consideration when interpteling Lhat dataset
(for example for a modern carbon measurement of 60%, if
half of it arizes from wood burmning, the contemporary cacbon
fragtion would be 54%4). During the high BB periods both
datasets repotied invreascs of modern carbon of about 15%,
of the total OC (Aiken et al., 20100, which is consistent with
the estimales from several other appotiionment techuiques as
discussed above. A substantial fraction of non-fossil organic
carbon [=37%, (Aiken ct al., 2010} is present during very
low wildlire periods, which suggests the importance of urban
sowrces of mwodvi calion such as food cooking or bigfel
use (Hildemann et nl., 1994; Muopica ct al., 2009: Christian
ct al,, 2010} andfor regional sources such as biogenic S0OA
{e.g., Stone el al., 20010a; Hodzic et al., 2009) and uvihcrs.
Hadzic et al. (2010b} present the first comparizon of modem
carbon measurcments with the predictions of a 3-D model,
and find that the observed concentrations are similar to the
mcasyrements of Aiken et al. (2010} but lower than those of
Marley et al. {200%a). The model explains the observed mod-
ern carbon ag the sum of similar contributions from regional
biogenic S0A, hiomass burning POA and 504, and POA
and S0OA from wban sources of modem carbon (Hildemann
ct al,, 1984), Sources of “hof" aerosol carbon (enriched in
143 in the Mexico Cily arca and/or stored in foresis could
produce a bias in this method and need 1o be further investi-
gated (Vay ot al, 2009,
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84 Sceondary Inorganic Aerosols (STA)

Secondary inorganic specics contribute pbout 144 of the fine
FM In the MCMA {Querol et al., 2008; Aiken el ul., 2009).
Sulfates in PM; are penerally neutralized by ammonium al-
lheugh they can be in more acidic forms in fresh plumnes
an{l have a regional charaeter conristent with the kuge petro-
chemical and voleanic stwrces of 50 (Moya et al., 2003;
DeCarfo et al., 2008; Aiken et al,, 2009), consislent with pre-
vious studics (Salcedo ct al., 2006; San Martioi ¢t al., 2006a,
b}, The uthan area and BB in the Yucatan are also substan-
lial sources of 804, although simaller than the petrechemical
and volcanic sources (de Foy ot al,, 2007, 2009h; DeCarlo
et al., 2008; Yokelson ol al, 2009}, The emizgions and im-
pacts of different SO sources have been sludicd by scveral
groups (Grulter ot al, 2008; Rivera et al, 200%; de Foy etal,,
2009h),

Rapid and intense formation of submicron ammonium ni-
trate is observed during (the moming with important evapo-
ration in the afternoon (Zheng ct al., 2008; Tlennigan et al,,
2008; Alken oL al, 2009], consistent wilh previows studies
{Saleedo ot al., 2006). Thy nilrate also accounts for a high
porlion of the NO,; budget in Mexico Cily, cxcceding 20%
at imes [Wood e al., 2009}, Ammonium nitmite is highly
cerralated with CO and has low corcelation with IICN, indi-
cating that urban sources are dominant and BB sources arc a
small contribulor ko this species (DeCatlo et al., 2008). Evap-
oralion alsa plays an important role as airmasses are adyected
away from Mexico City with the nitrate/ACO ratio dropping
by about a factor of 4 (DeCarle et al., 2008). TINO3 also re-
acts with dust lo form supermicron nilrates, which contribute
about a third of the total nitrate during dry perdods (Querol et
al., 2008; Fountoukis et al.,, 2004; McMaughton et al., 2005},
conxistent with a recent 3-1 modeling study using MCMA-
2003 data (Karydis e1 al, 2010). The suppression of dust
(and thus of this HNO3 sink) by precipitation doring the lat
ter parl of MILAGRO led to an increase of NHyNO; concen-
trations by over 30% afrer March 23" (Aiken et gl., 20097,
Madel-predicted submicron nitrate levels inside Mexico City
are often sensitive to the acrosol physical state (solid vs_ lig-
wid) assumplion during periods with ambient BH less than
30% (Fountoukis et al,, 20092; Karydis cl al., 2010).

Chloride is also a relevant species in Mexizo City although
ils concenivations are generalfy betow | ppm~ and typically
much lowear than these of sullute, nitmate, and ammonium
{Querol et al, 2008; Aiken ot al, 2009}, Duting MChA-
2003 anunonium chleride was the dominant form of chloride
in M) il the CENICA site (Saleedo &t al., 2006; Jolmson et
al., 2008), but during MILAGRO the influence of metal or
refractory chlorides was larger (Moffet et al., 2008a), on the
ovder of one hall of the submicron chloride (TIulfman of al.,
2009g). Open trush and erep residue burning had high chlo-
ride cmission factors and are potentiafly important sources
of this component (Christian ot al., 2010). However soine
of the chlorlde 1s not associated wilh A 85 1 would be the
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casc for burning sourees (Saleedn o al,, 2006), so other non-
combustion urban sources arc also imporiant for chlovide.,
Both forest fircs and the urban area werc important PR
chluoride soorees based on alreran data during MILAGRD
{DcCarlo et al,, 2008). Chlorinc-containing organie specivs
in the particle phase have not been reported to our knowl-
cdpe, despite the delection of substamial concentrations of
chlorinated YOCs in the MCMA (Velasco ct al., 2007).

8.5 Sceondary Organic Acrosols (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 cd al., 2008; de Gonw
et al., 2009; Aiken st &l., 2008, 2009) at levels much higher
than predicted with teaditional 30A models (Kleinman et al.,
2008; de Gouw et al., 2009; Hodzic ef al, 2009, 20104,
b; Fast et al., 2009; Woad et al,, 2000). This is consistent
with previous abscrvations and modeling from MCMA-2003
(Volkamer ot al., 2006, 200%; Dacpina ot al., 2009; Tsim-
pidi et al, 2010} and the emeiging vunsensus fom swdies
at ather polluted locations using a vavicly of apportionment
methids (.. Docherty ot al,, 2008; Iallquist ol al., 2009,
de Gouw and Jimenez, 20097, These results were consis-
temt between the WROC (Tlenvigan ct a1, 2008 and AMS
{echniques {c.g., Kleinman el al., 2008} as has been observed
vlsewhere (Kondo et al., 2007; Docherly <t al., 2008). The
substantial contribution of 80A was reported not only in the
cily, but also sl the Altromoni site located 2 km above basin
level (Bavnmpardner et al., 2009) and from aircraft (DeCarlo
el al,, 2008, 2010, Kleinman ct al,, 2008). It is also sup-
ported by the large underprediction of afternoon OA con-
centrations when only POA (from urban and BB sources)
is considered {Fast et al., 2009, Tlodsie cf al., 2009 Tsim-
pidi &l al., 20100, The combined lotration of 3TA and 304
contrikibes about 75% of the fine PM mass at ‘0 in the af-
temaons during MILAGRO, and has a large impact on (he
acrosol radiative propartiss such as single-scalluing allwdo
{Paredes-Miranda ct al,, 20093, The correlation of SOA with
odu-uxygen (Oy = G4+ WO3) {Hemdon et al., 2008; Wood et
al.,, 20HD0) sugeests that the use of beter-characterized owonc
chemistry may help constrain and provide a targel for mod-
eling of SOA production. Oue group {Yu ¢l al, 2009) ap-
plied the UC-tracer method to estitate S0A in Mexico City,
although it is not possible 1o separate SOA from primary
BEDA with that method oaly, duc to (heiv similar and very
high OC/EC ratios (Hallquist et al., 2009},

The formation of SOA from biogenie precursars within the
Mexnieo Cily basin was small, consistent with previous stud-
ics (Valkamer et al., 2006; Diecpina ct al,, 2009). Most of the
isopreng observed i the urban arca is likely of anthropugenic
origin (Hedzic el al., 2009), consistent with results al other
vrban loeations (Borbon et al, 20013, Other anthropogenic
alkencs add little organic mass to SOA, hut indirectly add
te 50A by reacting w0 puuduce radicals for the processing
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of other S0A precursor YOCs, This indirect 304 contribu-
tion of alkenes, ie., to significantly add o oxidant fields, is
likcly to be much larger then thetr dircel contribution 1a SOA
mass (Yolkamer el al, 2010). A modeling study (Todzle
et al., 2009) and [racer measurements (Stons ot al., 20104)
indicate that biogenic SOA formed over forested arcas on
the coastal moontain ranges and advecied over the Central
Mexican Mateau contribuies ~1-1.5 ppm—* of SOA back-
ground to Mexico City {oul of a lotal 504 background ol
~4 5 pgin, with relatively low temporal variability, The
bicgenic SOA source confributes to, but is insuflicicnt 1o ex-
plain, the high fraction of modern carbon in OA observed in
Mexice City (30 45%, Aiken of al., 2010) during periods in
which BB iz suppressed by rain. Bingenic $0A formation
may be larger in this region during fhe wet season.

The predicied SOA from emissions of icaditional precur-
sars (aromatics, isoprene, berpenes) from BB arc vory small
{Iodzic e al., 2009, 2010a), although these precursor emis-
sivns may be underestimated in cuzrent inventories £, Wied-
inmyor, pers. comim., 2009). There is some variability in the
net effect of S04 on {24 mass observed in (he ficld from
BB emissions {Capes 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 SOA formation in nost cases
that could net be explaincd from the {raditional precursors
and was atiributcd to scmivolatile and imermediale volatil-
ity specics {Gricshop et al., 2009). S3OA formation for the
emissions from the forest fires near Mexico City was esti-
maled o add & net amount of OA equivalent to ~37% of
the primary BBOA, and it makes a contribution o the out-
flow of OA frum the region (DeCarlo et al,, 2010), which
should be largest in the Iate afternoon. Net BOA formation
was also obscrved in BB plumes in the Yucatan where the
nct relative effeet was larger {addilion of SOA equivalent 1o
~=100% of the primary BBOA) (Yokelson ct al., 200%), per-
haps due 1o the nuch lower POA emisgions from the Yu-
calan firés compared to (hose near Moexico Cify. “Lhe impact
of BB 80A al the ground inside Mexico Cily was staller
than for the regional oulllow. This was likely due 10 the fact
that BRBOA concentrations inside the city peaked in the garly
morning from emissions in the previous evening and photo-
chemistty was nof active during most of the transport period.
In contrast, BBOA end acelonilrile Tovels at TO were atl &
minimum during mid-day when QDA was highest (Aiken ct
al, 2003, 201{0). The Hmited impact of BB S0A (o the whan
area is also consistent with the limited net 3OA formation re-
ported by DcCarlo st al. (201{0). An cxception was the period
around 20-22 March , when substantial S0OA from BB emis-
sions was observed at the TO site {Aiken et al., 2010; Stonc
et al., 2010a). The lack of a significant decrease of QDA be-
tween the high BB and iow BB periods confirms that SOA
ftom BB soutces was nol a dominant contributor to O0A
vonceniralions within the cily during most of the campaign
(Afken et al., 2010).
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A recenlly-proposed mechanism postulates the importance
of 804 lormation from primary semivolatile and intermedi-
ate valatility {S/I1VQC) precursors from anthropogenic com-
bustion angd hiomass buming (Robinson ot al., 2007). This
mechanizsm hes been 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%; Tsimpidi ct al., 2010). The Robinson
et al, (2007} version of this mechanism produccs approxi-
mately the right amount of SOA in the near field, but its (0
is to0 low and the 504 formed is too volatile (Hodzic et al.,
2010x; Dzepina el al., 2009}, The Grieshop et al. {20099 up-
datc et this mechanism produces 100 muech S04, especially
in the far figld, although the OYC prediction is much closer to
the observations (Hodzic et al., 2010a; Dzepina ot al., 2009
The anount of S0A from anthropogenic STY0C veaching
T0O and T1 ig predicted (o be much larger than thet from BB
sowrees {Hodeie ¢ al., 2010a). The modern carbon predicted
by the wodel is clover to the observations when S/IVOC
precursors are considered compared with when only S50A
{rotm VO3 15 Implememad (Ilodzle e al, 20100). How-
cver, thers 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 et al.,
2[Ii{]; Dizepina et al, 209}, 5o it is not clear whether these
mechanisms close the SOA budget for the right reasons, Di-
tecl meazurements of printaty and oxidized S/IVOC are crit-
ivally nceded for further progress in this area. The uptake
of glyoxal is an altomative mechanism which can produce
S0A of high OAC ratios {Volkamer et al,, 2009), although it
iz thought to contribute enly the order of ~ 15% o total S0A
in Mexico Cily {Volkamer et al., 2007},

The eument uncerlaintics on the OA budget led 1o the pro-
posal of a now quanfity, Total Obscrved Onganic Carbon
{TOOCY, which groups together the carbon from organic pax
and particle phease species (Ileald et al., 2008). Levels of
TOOC in Mexica Cily are dominated by pas-phase apecies
and arc rueh higher than at other Morth American localiois
(Ileeld et al., 2008), TOOC may be a wscful quantify for
conipatison of measurstients and models. However unmea-
sured speeies are not ineluded in T00C and are poorly con-
straincd st present.

The valatility of PM; OA componenis in Mexico City
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, with POA being a1 [easl a3 volatile as S0A {Tuffinan
et al, 2009b). These rosults arc consistent with sampling
in the Los Angeles area and source tests, and cootradict the
iraditicnal representation of POA a8 non-volatile in models
{(Robinson et al., 2007; Tuflinan et al, 2000ab}.  The re-
sults from Lhe thermodenuder-AMS system have heen used
to produce volatility distrbutions (*hasis scts™) for the to-
tal QA and the OA components (e.g., HOA, O0A, BBOA)
(Cappa and Jimenge, 20100, This aualysis concludss, ws-
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ing two different technigues, that a subziantial faction {30-
80%0} of the OA (especially the aged O0A) ix cxscotially non-
valatile and will not evaporate under any almospheric condi-
tions, Howewet a semivolatile fractlon 15 also present (Cappa
and Jimencz, 2010), and Hennigan et al. {2008) reported that
some of the SOA detected al the T sile wsing WS0C nsa-
surenlents evaporated in the sttornoons, although o 8 lesser
cxlent than animonium nitrats.

The clemental composition of the Ph; OA was charac-
terized with high lime-resolution {down o 10 seconds from
gircrafty and high-sensitivity for the first time using a new
technique based on high-resololion acrosol mass speotrotme-
try {Aiken el al., 2007} The diurnal cycle of the /O atomic
rafiv al T peaked with the afternoon photochemistry (4.3,
OASOC~1 8)and reached the lowest values during the mom-
ing rush hour {~0.3, OA/QC~1.6). H/C was anticorrelared
with O/C. N/AC was low {~0.02) and higher during the mom-
it than the afternoon indicating 2 more important asrocia-
tion wilh POA (Aiken et al., 20058}, although organonitrates
arg not included in the AMS N/C (Farmer e al., 2010). Re-
giongl trends obscrved from the C-130 alrerall were consls-
tent with those it the city, with increasing (WC away from
the ecity {DreCarlo et al., 2008, 201 Aiken et al, 2008).
The chemical aging Irends of OA and 50A observed in Wex-
ica Clity arc consistent with thoss at mwliiple other localions
{limcnez ct al, 2009; Mg ol al., 2010; Heald et al., 2000}
Organic species with higher ¥C were less volatile on aver-
age than those with lower O/C (Huffinan ctal,, 2009a). FTIR
functional group analyses showed that in the vrban area the
malar ralio of oxidized functional group (carboxylic acid) to
saturated hydrocarbon functivoal group (typical of primary
organic aerosol) measurzd with FTIR varicd between 0.04
and (.14, and ratios higher than (.08 were abrerved fur aged
particles {Gilardoni et al. 2009). The corrslation of primary
mctals and carboxylic acid functional groups indicated rel-
atively rapid {less than 12h since cmission} formation of
S0A {Liu et al,, 2009}, The average DADC ralios catimated
(rom FTIE a1 SIWAT and Altzoemond were 1.5 angd 2.0, 1c-
spectively. Gilardoni et al. (2009} obssrved s larger fraction
of exypenated funchional groups in samples collected inside
the urban plume comparcd to background samples, which
contrasts with the findings of Aiken ct al. {2008} and De-
Carlo et al. (2008) who found that urban samples were lcss
oxygenaled. The FTTR technique did not observe organon-
ilratcs or organosulfalcs in the particles above 1he respec-
tive detectipn limits (Gilardoni ¢l al, 2009). Concenlrations
of organosulfites of ~3nmolm™ were, however, detected
from TU and Ti samples vsing 1.C-M3/M8 (Stonc ct al,
2009).

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

(Spracklen el al., 2008}, and freshly nucleated particles could
allect Twalit (Glnaduster ol al, 2005) Vosy iutense NFY
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cvods were observed within the Mexico City hasin during
MILAGRO consistent with a provious study (Duonn et al.,
2004; Molina et al., 2007} in which sulfates and oxyzenated
organics welc vleorved in the goowing purdeles.  Growth
rates of freshly nucleated particles were typically about ten
times higher than could be explained by the condensation
of sulfwic acid alone (lida el al,, 2008). The TDCIMS in-
stannent provided chemical composition measurements for
sinaller patifeles than had been characterized befors (10—
3% nmy), and it demonsirated that the high growih rates werg
dominated by the uptake of nitrogen-containing organic com-
pounds, organic acids, and hydroxy organic acids, whils sul-
fiate was & minor coniribulor to the observed growth {Sinith
¢l ad., 2008).

8.7 Acrosol OCN activity

Wang ol al. (2000) performed a closure study Bolween
the measwed CCN and those caleolated using Kohler the-
vry with (he measured aerosol =ize distribulions and com-
poEiion.  Thel tomlly sugpes fhat the wixing of non-
hygroscopic POA and BC with photochemically produced
biygroscopic specics takes place in a few hours during day-
lirne, which i consistent with the resulls of Moffet ct
al. {2009, 2010). This rapid process suggests that during
daytime, a few tens ol kilomeiers away for POA and BC
sources, Moow may be derived with sufficient accuracy by
assuming an internal mixture, and using bulk chemical com-
position. (nc of the implications is that while physically
unrealistic, external mixmres, which arc used in many global
madels, may also sulliciently predict Nocw for aged serosol,
a5 the cotilribulion of non-hweroscopic POA and IRC 10 over-
all aerosol volume is often substantially reduced due 1o the
candensation of secondary species.

In situ measuremenis made ftom the C-130 aircraft during
MTLAGRO were examined in an attempt to link the asrosol
optical propetlies to cleud condensation nuglei (CCNY ae-
twily (Shinoeaa ot ol 2009, The wovclongth depondence
ol visihle light extinction was found o be nepatively cmre-
lated with the organic leaction of submicron non-—refractory
aerosol mass (OML) over Cenlral Mexico, The OMF was,
i1 ten, anli-currclated with the CON activity of particles for
the urban, industrial and biomass burning aerosols over Cen-
tral Mexice and the US West Coast. The wide range of OMF
megns g stronger impact ol the acrosel chemical composi-
tion in determining the CCN concentration over the regions
wa investipaled compared to fixed-point studizs elsewhers.
These anulyses provide an improvad context lor undetatand-
ing the capabilities and limitations for inferring CCN from
spectral rgmaote sensing.

Further studies of CCN impucls from water soluble frac-
tions of filler samples have been analyzed using Kohler the-
oty (Padro ck al, 20100, This study found that organics
were causing a surface tension depression of 10-15%. Lewer
molar masses (200 MW} wore found for daylins samgples
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wifh approximately iwice that xize being found in nighttime
samples. This bas been interpreted as being due to aging
of the acrosols. The overall changes In surface tension ap-
pear to partlally compensate (or changes in Lhe mcan mo-
lar vohune vielding an vbserved constant hygroscopicity and
lead 0 the consideration that the volumefvolume fraction of
walter-soluble organics is the key compaositional parameter in
predicting CCMN activity,

Ervens et al. (2010) have compared the CON activity of
Mexico City (TO} acrozols 1o those at other polluted and re-
mote lecations, and concluded thal CCN can be predicted
within a [Aelor of two assuming either externally or inter-
nafly mixed soluble OA, although these simplified composi-
livns/mixing states might not represent the aclual propertics
of amhbient acrosol populations., Under typival conditions, a
factor of two uncerlainty in CCN concentration translates to
an uncerlainly of ~15% in cloud drop concentration, which
mighl be adcquate for Jarge-scale models given the much
larger uncertainty in cloudingss.

2 Aerosol optical propertics and raciative influences

Aerpso] radintive forcing has been identified a5 one of
ihe largest uncertniniies in climate change research (1PCC,
2007). Aecosul radiative impacts include direct and indirect
clfects. Dircet offeets include scattering of incoming solar
radiation that ¢an lead to cooling, and gbsorpion of solar ra-
diation that can lead to warming. Inudircet cffect of acresol is
tied ta their ability 1o act as CCN and foro cloud droplets.
Absorption of lungwave radiation can alse lead to forcing by
the aerosols and i another aren of active research aimed al
reducing the uncertaintics in these processes, The amount of
forcing depends on their physical (siwe and shapc) and chem-
fcal properties {surface chemistry, hygroscopicity, ete) and
on their residence times in the {roposphere, As serozol pro-
duction is ticd to energy from combuation of foasil fuels, par-
tioularty in baige tostropolitan areas, U role ol mopacitics as
sources of these asrosols and their fulure cvolution in terms
of aerosal propertics and source strengihs [s an area where
a bener fundamental understanding of aeresols is necded [or
improved regional and global modeling.

Curing MILAGRO, the MAX-Mex componcnl was
specifically focused on making measurements to examine
how variable the chemical and physical propetties of the
megacily acrosvls were and how these properties affecled
the scatlering and absorption by the asrosel related o cli-
mate. Three surface supersites were instrumented to cxaming
the serosal plume evolotion. As desenbed in Scet, 7 above,
the TO and T1 sites were sof up with state-of-the-art asrosol
specttometers and sunaplers for charackerization of chemical
and physival properties including the scanering and absorp-
tion of aerosols, particularly in (he submicrenicter fractions
that are anticipated 1o have the longest lifetimes and have
e ost Dot o vepional and pobsaially globol clinme:
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forcing.  Measurements were also conducted using several
asirbome platforms: the DOE G-! that obtaincd procursor gas
and aerosel measurements; 8 NASA King Air equipped wilh
# High Spectral Resolutlon Lidar {HSRL) to ncasuts pro-
files of aerosol extinction, backscattering, and depolarization
(Hair et al,, 2008; Rogers ot al, 2009); NCAR C-130 and
the MASA 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 under Scct, 8 (Ambient PM).

MILAGRO provided the first-cver deploviment ol an air-
bume HSRI. on B comprchensive field campaign, Unlike
standard backscalter lidars, the HSRL technique enablcs an
accurate end unambiguous measurement of acrosol extine-
tion. Rogers et al. (2009) compared the HSRI. aprosl ex-
linetion meastrements will acrosal extingtion derived Trom
sinultameons measwrements from the NASA Ames Airborne
Sun Flivlmneter (AATS-14) (Redemann e1 al., 2009) and in
situ scattering and absopiion messurements from the Hawail
Group for Envivonmental Aerosol Rescarch (HIGEAR} (Me-
MNanghton ctal., 2009 In sl instruments and found bias dif-
[etenecs hotween HSRL and thesc instrumients to be less than
3% (0.001km—"Y a1 532 nm; root-menn-aquar: (rms) differ-
ences at 532 nm were less than 50% (0.015km™!), These
ditferences arc well within the typical state-of-the-art sys-

“tematic crror of 15 20% at visible wavelengths (Schmid e
al, 2006). Aiborne HSRL measurements of astosol inton-
sive properties were used to identify acrosol types and parti-
tion the measuted extinetion into eumulative Aerosol Optical
Depth (AOD) for cach type (Ferrare cial., 2007}, The aerosol
type consisling of 2 mix of dust and urban aerosols aecounted
for ncarly half of the AOD measured by the HSRL with
urbanfbiomass aetosol types accounting for approximately
35% of the ADD (sce Fig. 13). 1n contrast, during subse-
quent HSRL field missions over the Hovnsron region (Paerlsh
ol al., 2009 and the eastern US, wrban/hiomass actosols ac-
counted for 80-90% ol the AQOD,

While scauteting by asvosols is faitly well onderstoed and
is principally dependent on size and shape of the aerosols,
absorplion of solar radiation by atmospheric asrosols is &
tafor uncertainty in assessing radiative balance on regional
sealcs, Carbonaceous actusols arg of particular concern as
they are among the major light absorbing sperics in the tro-
posphers. [ncomplete combustion of hydrocarbon fuels leads
k¢ the formation of carbon soots or black carbon, wiiich have
been well known 85 4 significant, if not the major, abserb-
ing agrosol species in lhe traposphere (Matley, ot al., 2007;
Marr, ef al, 2006). Fosstl fugl combustion, parlicularly in
diesel engincs, has received signilicant attention as the ma-
jor source of Black carbon acrosels, Other sources of «h-
sorbing carbonaceous aetosols {0z, black carbon and other
V-¥is aclive spocics such as PAH, conjugared ketones and
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wiher partially combusted organics) imclude biomass buming
of agriculiural fields and lorest fires as well as the formation
of potentially light-absorbing absorbing 304 from anthre-
pogenic, biomass burning, and blogenie procosors, Tight
absorption by SOA is an active rescarch fopic (e.g., Andreae
and Ciclencser, 2006, Barard cl al., 2008},

Results from both ground-bascd and nirbornte measure-
ments confirm that Moxico City is & significant source of hath
primary and secondary aerosols at the regional scale (No-
ran, cf al., 2007; 2008, Fast, et al., 2009, Kleinman, et al.,
200%; DeCarlo et al, 2008). Single seattering albedos in the
MOMA and downwind are substantially lower than in other
areas (such as the eastern United States) {Doran ot al, 2007,
2008, Kleinman ct al.,, 2008, Marley &t al., 2009a; Paredes-
Miranda cl al., 2009; Thomhill et al., 2008). These results arc
consistent with the significant amounts of black carbon and
Hght-absorbing PAIT coalings abserved during these studics
s well as during MCMA-2003 (Marr, et al., 2006; Marlcy cl
al., 2007, Sone et al., 2008; Querol et al., 2008). Carbon-14
gnd stable earbun- 13 measurements alse have indicated ihat
& major fracton of the total carbonaceous aerosol [ coming
from voeent carbon sources including biomass and agricul-
tural burning activitics (Marley et al,, 200%a; Aiken ct al,,
2010})  As dizewssed in Sect, 7, modern carbon measure-
ments are abonl 15% higher during the high biomass burn-
ing periods compared to those in which BR is suppressed
by zain {Aiken et gl., 2010). Thus other wban and regional
sources of modetn carbon are important in Cenlral Mexica,
such g5 biogenic S0A (Hodzic et al., 2009), food cooking
{Mugiea ct al., 2009), and other anthropogenic apen bum-
ing aclivitics (e.g., trash burning and biofuel use (Clhristan
cl al,, 20100). Larger relative amounts of biomass buming
gcrosols were noted at the T1 vegional site than the urhan TO
site (Stone ¢t al., 2008; Marley et al., 2009b), consistent with
the megacity having a significant Tossil fuel input, but both
sites were heavily impacted by recent carbon sourced car-
bonaceous rerosols from lucal and regional burning and also
other rgdetn carbon-vonlamimg sources s discussed above,

As noted, light scattering and absorption measurements in
1he UV-visible region found thet the ground-hased TC and T'1
surlace sites single scatlering albedo {SSA) was requently
in the .78 range with some carly morning values having
cven lower 354 {Marley, ot al., 2009, Paredes-Miranda et
al., 2009}, Aircraft resulis from several platforms (NASA
King Air, DOE G-1, and NCAR C- 1300 acrosol instruments
all indicate that there was sipnificant transport of acrosols
and that most of this asrosol 15 in the lower layer of the
atmosphere consistent with the ground sourcing of primary
acrosels and secondary aerosol precursors.  Adrcraft S5A
values were typically found to be higher than ground-based
tneasurements, but still lower than those typieally seen in
the castern US due 1o absorbing aerosols (Kleinman ct al,,
2008). The airerafil moasurements also found that substantial
amounts of acrosols {primary and sceondary) can be trans-
poiied aloft and expotied 1o regional and global scalcs via
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the ftec ropasphere during venting evenis thal were antici-
pated by pre-campalgn modeling sludics (Fast ol al., 2007).
Substantial vertical layering of the acrosol and regional dil-
fereuces in e Valley of Mcexico for aerosol scauering and
extinelion was also found. Enhanced UV absorplion {300
4530 nm) of incoming solar radiation was found to be sub-
slantial and was likely due 1o both 80A formaiion as well a8
from biomass burning sources (Corr et al,, 2009; Marley el
al., 2009b}, cansistent with a previous study during MCMA-
2003 (Bamard <t al., 2008). The wavelength dependence of
absorplion mecasured at 470, 530 and 660 nm on the C-130
was higher with higher organic (raclion of non-refeactory
mass of subinicrometer particles, and this relationship was
more pronouttced under high single scattering albedo, as cx-
pected for the interplay between soot and colored weak ab-
sarbers {same organic speciss and dust} {Shinozuka ct al,,
2009). The slope of S8A speclra also varicd with the sub-
micrgmeter agrosol composition. These observations from
the C130 pirerall arc consistent with, and exiend, the resulis
obtained elsewhore using AERONET geound-based remote
sensing mud gtk relivmeinis lechoigues (Russcll e al,,
2010 I-31 measurements of aesrozol sbamplion over the
broader wavelength range 3530—- 1650w (Bergstrom et al.,
20107 also indicated the combined presence of black carbon,
organic matter and pessibly mimeral dust and theie inllucnce
on the wavelength dependence of absorplion.

A stromg corelation was found botween the absomption
Angsitom exponent (AAE) and the medem carbon content
{radioactive '*C) in serosols. The AAF values were derived
from a simple exponential fit of the broadband acrosol ab-
sorplion spectra ohtained from efther a zeven-channc] wave-
length Acthalometer (5-tnin lime resolution) or from 12-h
integrated subnlicromeler acrosals ssmples by using an ine-
grating spherafapecitometer to obtain complete UV-visible-
MIR spectra (Marley et al., 2009b). Thiz resull showed the
gignificant impact that grass fires had in the region during
the MILAGRD carpaign on the lower atmgspharic sarsal
radiative forcing. Rain cvouts dwing e laller poclivn of
the campaign wore thund to put out the fires and both lower
4 conlent and reduced UV-visible absorption were scen in
the dala (Marley et al,, 2009a; Marley ol al, 2009%; Aiken
et al., 2010). Doth biomess-buming and S0A sources are
likely to add significant absorption in the UV-VIS-NIR re-
gion. These more complete spectral evaluations ol acrosol
absorplion indicate the importance of mulli-wavelength it not
complete speciral chacacierization (or absorbing catbona-
ccous azrosols. Previous work using single wavelengths, par-
ticularly a1 waveleogths longer han 500mn, did not detect
these changes in absorption in the 300 to 5300 mn range that
are primarily dug to oxidized orpanics {boih aged primary
and 30A coatings).

Studies from MILAGRO have reported significant en-
maneed UW-vislble absorption fromn Momass borning, sec-
ondary organics, and aged carbonaceous aerozol compo-
neuts, Tt will be important (o add s spuecbal infaomlion
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t0 direct eflect climate modeling efforts for these classes of
otpanic acrosols, as this enhanced absorption will lead to
warming of the atmosphete. Thig includes improved mod-
cling of 30A produclion from mepacity crvironments {Fast
et al., 2009, Hodzic ot al., 2009, 2010a, b; Dzepina ¢ al.,
2005, The imporlance of absorbing aetosols on reglonal
radiative forcing has also been szen In other major ficld stud-
ics such as INDOEX (Ramanathan ¢l at., 2001} and is an
indication of the increasing polcnlial importamce that SOA
and biomass burming acrosols may have on regional climale
direct forcing, cven in megacity environments. With antici-
paled increases in the prowing sessons, reduced precipiiation
it sumnier months, and wanner elimates, increases in forest
and prass fires are predicted for many regions (IPCC, 2007
The potential increases in agricultoral burming due to future
increaszes in biclucl production constitute land use change
that may add to cathonaceous seroscl impacis. The oon-
neclion between biomass and agricultural burning with en-
hanced U'V-visible absorbing acrosols identified during MI-
LAGRO will need 10 be added to future regional climare
medeling effors.

Inftared forcing of these aercsols, particulatly in the
boundary layer is another area that has been identified as po-
teotially impaortant {Marley ot al., 1993; Gaifhey and Marley,
[993). FTIR and mass speetral studics have been reporied
that indicate that humic-like substances (IIULIS) are con-
itibuting to the carbonacecus aeroscls (Stone ¢ al., 2009)
and that these have strong absorption bands in the mid-TR
replon consistent with their HULIS structures (Marley et
al, 1994, 2009a). The mid-TR absoption of carbonaceous
aeresols will also add to the heating of the lower atmosphere
and mepacity sources of these asrosols along wilh associated
higher grecnhouse gases certainly add to urban heat island
cifcets (Marlsy et al., 1993; Gallncy and MMarley, 1993},

10 INTEX-B flightz over Mexico City and the Gulf

This section presents an overvicw of methods and results
of the Jetslream 31 {J-31) which participated in MILAGRO
as part of the NASA-led TNTEX-B study. As described by
Singh et 4l. (2009), the major INTLX-B aircrall was a DC-8,
which flew in two phases: 1-2i March (focused on Mexico
and the Gulf during MILAGRO), and 17 April-15 May {fo-
cused on trans-Pacific Asian pollution transport). Methods
and resulis of all DC-8 flights in INTEX-B are summarized
by Sinph ot al. {20097,

101 I-31 averview

For INTEX-B/MILAGRO the J-31 was equipped 1o measure
tnany properlics of solar radiant enetpy and how that encrpy
15 affected by aimosphetic consiituents and Earfh®s surfaces.
Tahle 7 gives move information on 1-31 instrinnents and the
pruperlies relticved from thelr mensuremants, 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) serosol depatarization {532 nm), {c) aerosol extinelion {532 nm), {d) matio of acraso] depolacization (5321064 nm), (e} asrosa)
exLinction/backacollcr rarig, (f) backscaltor wavclength dependence {10264/532 nmy, {g) aetosol Wypes infermed] ftom the HSEL measurements,
and () aerosol oplicel thickness {532 nm) vontributed by cach acrosol type. In (I, the total length of the bar represents the total acroscl
vptical thickness, I'he color bar at the bottom denates the varous acrosol lypes. The purple box between 1 7:05-17:25 UT indicates when
the King Air ficw dircctly over the city from noethwest 1o southesst. Prior to that time, the King Adr flew to the nomth and enst of the Mexica
Cily region, Ower the city, Ihe HERL measurenments indicate that nrban {polluted) acrosols had the greatest contribution e ACD: in contrast,
outside the eity, 8 mixture of dust and urban aenoacls had the greatest cantribution to AQTD,

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

hclp= show how changing alinosphetic and sutface propertics acrosol I'M and water vapor advecting from Mexico

can change the climate. City and biomass fires toward and over the Gulf of Mex-
Constituents retrieved from J-3 1 mcasyrements in TINTEX- Ieo, including:

B/MILAGRQ include aerosol particles, waler vapor, and ] . _
clouds, in addition to preperties of a varieiy ol Larth sur- — Acrosol optical depth and extinction spectra (354-

faces. Specific scientific goals of these mcasuremenis were 2138 nm).
to. — Watsr vapor coluinns and profiles.

— Aetosol radiative impacts; in clear sky (direct of-
tecly & vie elouds (Indircet cffcet),
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Fig. I4. {a) Comparison of MODIS-Terra and AATS-14 derived
ADTY Angstrom cxponent for MODIS Collection 4 (0004, blue ir-
eles) and Collection 5 (C005, red circles). (1) Same as (8], but
for the MOMS-Tema derived fine made Mraction, FME, versus he
AATE + in it devived sub-micron fraction of AOLL {e—d) same
as (a-b), bt for MODFS-Aqua. The AATS + in siln derved sub-
nuicron fraction of ADD uses T3C-8 INTRX-B measurciments as de-
seribed by Redemann et al. (20049},

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

— Characterize surlace spectral albedo and bidirectional
rellectance distribution finction (BRDF) to help im-
prove satellite refrigvals.

— {uantify the rclahonshps between Ihe above and
aercsu] amount and type.

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

10,2 Rosults from J-31 flights and related
nmeasuroanents

Coddington et al. (2008) used J-31 Solar Spectral Flux Ra-
digmeter (SSFR) measurements of upward and downward ir-
radiance to deiermine spectral surface albedo at ground sta-
tions and aleng the Hight 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
redlotion balance and are alao boundary conditions that need
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10 be accurately known for azrosol remote sensing, asrosol
radiative forcing, and radiative teansfer calculatioms, Their
approach wolves ileratively adjusting the surface albedo in-
pul ol 4n S5FR-specittc radiative transfier model unidl the
madeled upward iradiance imatches the S8FR measurements
at fiight level. They also compared speciral surlace albe-
dos derived from the 38FR, Multi-Filler Rolaling Shadow-
band Radiometer {MFERSR), and the Modcrate Resolution
Imaging Speciroradiometer (MODIS) instrument cutboard
Lt MASA-EOS Toma and Aqua satellites, obtaining differ-
ences of G-10% and 0.025-0.05 uniis, respectively. Along-
track comparisons between the 35FR aod MODIS show that
two imstruments (airerall and satellile) can capture inhoma-
geneous surlace albedo scene changes,

A related MILAGROMOWMA-2006 study on surface re-
flectance in the Mexico City metropofitan area was con-
ducted iy de Almeida Castanho e al. (2007). Their ap-
proach included veing radignces from the MODIS safellite
sensor af 1.5 km spatial resolution over distingt surfaces in
the arca o detcnnine ratios of visible [VIS) to shortwave
liwred (SWIR) refleciance for thoss surfioes. Thuy also
measured AUD using sunphofometers al 5 different locations
over the urban aven, as well as the CIMEL from the global
ABRONET located at the thice supersites. They found that
use of their derived VIS/SWIR surface reflectance ratios in
the MODIS AQD retvieval algorithm greatly improved agrec-
ment belween AQTY measured from the surlacs and retricved
from MODIS,

1-31 Research Scanning Polarimeter (RSP) measureinents
have been used in studics of both Earth sweface properties and
aerogols. Chowdhary et al. (20100 use RSP measurements
over the open ocean at low and high allitndes, and at az-
imuth angles clese to and away from the solar principal
plang, to show that refleclances are sensitive (g variations in
chlorophyll: concentrations in the ocean, and that they can
be matched using their hydrosel model over the full range of
vicwing gemnetries and observalional heighls and over the
enlire solar spectnmt, In that study avioso] optical (ickoess
values used in radiative bransfer calculations are varied to
match data from the Ames Airbome Tracking Sunphotome-
ter (AATS) on the J-31. Crims et al. {2009} use RSP mca-
surements made over Mexico Cily to demonstrate for the first
time the accurate retrieval of asrosel accumulation mode par-
ticle size, complex refractive index and spectial optical depth
using downward tooking passive measurements above an ul-
bin cnvironment,

Livingstan ot al. (2009) use J-31 AATS measurcments ac-
quired over the Gulf of Mexico and Mexico City to eval-
vate retrievals of AOD {rom measurements by the Ozone
Monitoring Instrument (OMI) aboard ihe Aura satellite and
frem the MODIS aboard the Aqua satellite.  They show
that MODIS and AATS AODs agree 10 within rool nican
square (RMS) differences of 0.00-0.06, depending on wave-
length, but that OMIL and AATS AODs can differ by consider-
ably more. They explore how these OMI-AATS dilfciences
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depend on the OMI relrigval algorithm used {near-1JV ys.
multiwavelength), on the retricved acrosol madel, and on
other factora,

Bedemonin ol ul. (2009) comparc J-31 AATS moasurcs
menks of AUTY and related nerosol properliics to reswits from
MODES-Aqua and MODIS-Terra, wilh cmphasis on differ-
ences belween the older MODIS Collection 4 (C4) and the
new Collection 5 {C5) data set, the latter cepresenting = rc-
processing of the catire MODIS data sel completed during
2006, They find notable differences between MODI3 C4 and
C3 in ACID, Angstrom exponent, and acrasal fine mode frac-
tion (FMF), and they explore how those differences depend
on MODIS insteument {Aqua vs, Terra}, on wavelength, and
oul other [aolors, An example result is shown In Fig. 14, They
conclude that differences in MODIS C4 and C5 in the limited
J-31 INTEX-B/MITLAGRO data 2l can be traced to changes
in the sensor calibration and reconmmend that they be invesii-
gated with a globally more representative data sel,

Schmidi ol al. {201() introduce a method for deriving
aerosal spectral radiative forcing, along wilh single sealter
ing albedo, asymmelry poratneler und surface albedo from
aithome vertical profile messurements of shortwave spee-
tral irtadience and spectral aerosol optical thickness, Us-
ing data colluctcd by the SSFR and the AATS-14 on the I-
31, thoy walidatc an over-ocean speciral acrosol forcing of-
ticiency from the new method by comparing with the tradi-
ttonal method. Reltieved over-land acrosol aptical properties
are compated with in-siln measurements and ABROMNET re-
trigvals, The spoetral forcing efficiencies over ocean and land
arc remarkably similar, and agres with resolts from ofher
field experiments.

Gatebe et al. (20107 wse mcasurements by CAR on the
J-31 and an ACROMET sun-sky photometer on ihe ground
to test a new method for simultencously tettieving aciosol
properties aind surface reflectance proporlics from combined
airbome and ground-based dircel and diffose radiometric
measurements. Resulls are shown from four campaigns at
four eites havinyg Offerent sorface characterislios and agrouo!
lypes. Axs an cxample, for & March 2006 over Mexico City,
they rotvicve an aercsol size distribution that is frimodal
abaye the J-31 and bitmodal below. Although subimicrometer
particles appear 1o dominate in bath layers, there is a signifi-
cant conteibulion o the Loetal optical thickness from particles
wilh r = L pm. Resulis for single seatiering albedo and com.
plex refraclive index above and below the aircratt are also
npresented,

Bergstroni et al. 2010} combine 131 measurements of so-
lar radiation spectra by 85FR and AOQD specira by AATS to
derive spectra of acrosol 55A and aerosol absorplion oplical
depih (A AQTY for two flights over the Gulf of Mexico and
three flights over Mexico Cily for wavelengths from 350 10
~1650nm. They deseribe the resolts in terms of thiee dil-
ferent wavclonglh regions: The 250-500nm region where
the acrosol absaption often [alls off sharply presumably due
te organic ¢arbonaceous maller and windblown dust; the
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500-1000 nm region where the decrease wilh wavelenglh 1s
slivver, presumably due to black carbon; and Ihe ncar in-
frared speciral region (1000 nm Lo 1650 nm) where it is dif-
fioult 1o obiain reliable mesulls s (e gerosal absorplivn is
telalively small and the pas absorption dominales. However,
there is an indication of a simal! and somewhal wavelength in-
dependent absorption in the repion beyond 1000 nm. For one
of the flights over the Gull of Moxico near the coastling it
appears that a cloud/Top formution and evaporation led to an
increass of sbsorption possibly due to A water shell remain-
ing on the parlicles after the clowdffog had dissipated. For
lwo of the Mexico Clty casss, the single scattering albedo is
roughly constant belween 350-500 nin consistent with other
Mexico City resulis. In three of the cases a single absorption
Angstrom exponen! (AAE) fits the gerosol absorption apti-
cal depih over the entire wavelength range of 3500 1650 nm
relalively well (2= 0.86),

Additional results on Mexico City acrosol absoption
wavelength dependence from -130 measurements in MI-
LAGRO are prescnied by Russell et al. (2010), who also
prassl an analysis Do pueyinnes AFROHET wswsuremenis
in Mexivo City and other 1ocations.

1I  Health studies

There is strong evidence from around the world that orhan air
pollution affects human health {Samet and Krewski, 2007).
Health cffects have boen assoviated predominately with at
least one of the sv-called critcvia polhiants that are rou-
linely measored to assess air quality in nost ¢ilies around the
world, Dzong and PM represent a common persistent prab-
lemn in several citiss, wilh important cftcets on public health
{Craig st al.,, 2008). Alhough rceent attention has been
brought towards understanding the role of multipellutanis in-
Letactions in air poflution related health effects (Mauderly
and Samet, 2009}, current methodological spproaches have
fecured on ozene (Samoli of al, 2007} and, more impor-
tantly, in PM as the erileda pollutant with stronger associ-
ations with mest of the described health effects.

Adverse health outcomnes Include:  increascd morlality,
hospital admissions, altered pulinosary funclicn, cancer,
asthma, etc, (Pope and Dockery, 2006}, Howover, TM ef-
fects are heterogensous and vary with PM size, season and
location {Bell et al., 2008; Dominici et al,, 2006; Pang et al.,
2005). Recent cvidence at the experimental and population
level indicates that variations in the PM mixtore chemical
composition could aceount for the heterogeneous health ef-
fects ohserved (Allaro-Morcoo of al., 2000; Dominici & al.,
2007, Lippmann ct al., 2006). For example, Ni and ¥ contenl
have been linked 1o increased cardiovascular disease, Local
condilions, however, can drive stronger associations, a5 in the
casa of New York City where local sources could be respot-
sihle far high Ni cantent, causing bealth effacte boath logally

ond o1 dewnwind locations aa duc to *imporled” pollution
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(Dominiei et al., 2007; Lippmann et al,, 2006). The emerging
issue of the role of PM composition wiil require studics us-
ing mwre commehensive data on air pollution components,
o, EMA's Speciation Trends Notwok (Lipjunann, 2009},
and their chemical “evolution’ during emission, atmospheric
dispersion and iranspert.

The MCMA has boen the subject of previous pollution-
telated health studies, Evidence on mortality and school ab-
senteceism was first published in the 1990s {Borfa-Aburto et
al.,, 1997; Romigu et al,, 1992} More recent cvidence has
Bean focused on childven's. hoalth, g, the partizipation of
penetic polymorphisms (Romiew et al., 2008}, systemic dam-
age [Calderon-Garciduenas ¢ al., 2007), lung prowth reta-
dation {Barraza-Villarreal el al., 2008) and the participation
of ather variables such as cducation {O'Neill et al,, 2008},
Some of the published results from Mexico City deseribe
sitnations relevant to information revealed by MILAGRO,
Amonyg thom are the importance of coarse parlicles on mor-
tality (Castillgjos et al., 2000} or the cxistonce of PM 1oxi-
cological profiles depending on where the samples were ob-
taincd {Osornio-Vargas, ot al,, 2003) and the relative cfeocts
of their compunents (Rosas-Perez et al,, 2007). Scc Scct, 8
fur further information on MCMA PM levels and chavacter-
istics,

Many MILAGRO observalions arc ralevant to human ex-
posure and bealth impact. However, it B diflicult to re-
late them dircetly to health effects due o the short leopth
of the campaign, compared 1o the gpieal length for Twman
health sffects studies. The MILAGRO findings are certainly
useful for the design of futwe health studies, including of-
fects related to long range tansport of polhiants {sce c.g.,
Hashixume ct al., 2010).

Two health-related studies wers carricd out during MILA-
GRO: ong on human exposure and another at the cellular
level, each are described hriefly below:

(13 The humsan caposure siudy done by Tovalin ot
al. (2010} aimed to cvainate the contributivn of egionaliy
trunsported aiv pollutants from the MOMA to the children’s
personel cxposure {age ¥-12) and their parents during the
campaigtl. This study inchuded: collection of personal and
microcnvirnnmental samples of air pollwants {ozone, fing
and ultrafine particles, CO, ¥YOUsY at thres sclected sites In
urban, suburban and mural areas; comparison of the indoor
and outdoor concentralions and personal exposures to air pol-
lutants at the thrae siles; determination of the association be-
tween lhe cxposores and the level of oxidative stress markers
among the study populations; and analysis of the relationship
‘hebween e exposures and their resplratory health, Tesults
indicate that children near TO have decreased levels of res-
pitatory and vlfsctory function as well as enhaneed indica-
1ors Jor oxidative stress and inflammalion. However, the lack
af clear gradient effects between urban, suburban and rural
areas suggests that local suurces arc also playing 8 role on
health effects. Pollulants such as benzene, O3, NG, 80,
PM g shoeved atatisiical associations with biomarkers of ox-
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idative stress. The study design and the duration of the study
did not allow for disetimination bebween acute and cumula-
live effects.

(2) Csormio-Yargas el at. (2008) described e oXidative
potential of PMip collected at TO and T1 using Elcctron
Paramagnetic Resonance {LPR} techninue in the presence
of DMPO ns an OH ap to corcclate wifh in vitro FMjg-
induced memmbrane disruption and degradation of [solaied
DIMNA. Daily samples were pooled and analyzed accondingly
to the influence/maon-influence dispersion patterns of TO on
TL, an defined by de Yoy (2008) during WMILAGRLY wsing
back trajectories. Py samples from TO had a higher oxida-
tive potential than those from Ty, Doring TG -» T1 influence
days, 1he oxidative potential of T1 samples was lower than
fot other days. Additionally, FM,q samples were analyzcd
tor clemental condent and oxidaiive potential corrclated with
P g Cu and Zn levels, However hiological effects did not
correlale with oxidative potential and were different by sile,
probably az a result of local influences such as P g compo-
sition, suggesting that oxidative stress is not the only mech-
anism involved in Ph-toxielly. Qther MILAGRO findings
support these abservations, for cxample: (1} Mexico City's
ait polluting *“fotpoint™ ioflusnces the tacentor site, but st
further than 200km (Klcinman et al., 2008; Mena-Canasco
et al, 200%):; (2) The plume dilutes and ages as i moves
towards the recephor site {Kieinman ct al., 2008); and {3)
MCMA [s photechemically very active and produces latpe
smount of O {from varions radical sources. The highly re-
aciive OH conltols lifctime and fate of most ambient trace
pascs {Dusanter et al, 2009a}. Mugica el al. (2000} alzo de-
seribic the yariability of PM oxidative potential in relation to
composition, sources and meteorolopical conditions.

Several studies on diflferent PM sixe fractions give useful
information on PM composition and its evolution or aging,
as described in Scet, & of this Overview. OF particular in-
terest for health studies ate 1he resulls on metals and FAHS,
many of which have knowi loxic cffcets. Angther impaortant
observatlon 15 that persistent onganic pollutants {(FOPs} eol-
lected wilh passive samples had similar indoot and owtdoor
gotieentrations in Mexico City (Bohlin et al., 2008). These
arc impartant points worth keep in mind when considering
hunian exposures,

12 Summary and conelusions

The MILAGRO Campaign was designed to nvesligale the
extremely vigorous atmospheric photochemistry of Novth
America’s most populous metropolitan arca.  The obser-
vation phase of MILAGROVINTEX-B has provided an ex-
tremely rieh data sel that will likely take years to fully ana-
lyze and evaluate. Muany interesting aspects of aunospheric
chemistry in and near the MCMA are cmerging and have
alrcady added to our undersianding of the chemical and
physical properties of tho cily s reaclive alinosphere and is
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regional impacts. Results from 2006, as well as the car-
lier 2002/2003 studics, have beert prescoted at international
gonlerences and cominumnicated to Mexican governmenl of-
fhielula, Tn this papor wo have reviewed over 120 papens re-
solting from MILAGROMNTEXR-B Campaizn that have been
published or submilted, as well a5 additivnal relevant papers
from MCMA-2003, with the aim of providing a coad mep
for (e scientific communily ipterested in inderstanding the
emissions from a megacity such as the MCMA and their im-
pacts on air quality and ciimatg.

12.1 Summary of key findings

Key findings from the analysis and evaluation of the exten-
give MILAGROD and relevant BMCMA-2003% rexulis obtained
tt date are summarized below,

12.L1  Meteorclogy and dynamics

= The oyemll synoplic conditions and bevwedury layer oiy-
culations were similar Lo these reporled by MCMA pre-
vious studics and consistent wilh privt climatolagy, sug-
gesting thatl vesults from MILAGRO are applicable 1o
gencral conditions [ the MCMA,

— Meteorological mcasurements &t the surface and alaft
coupled wilh measurements of trace gases and aerosols
indicale that the synoptic-scate transport of the Moex-
iro City pollutant plume was npredominantly lowards
the necthesst, althaush regional-scale circulations trans-
ported pollutants o the surmounding vulleys and basing
on gome days.

— On the basin-scale, morning winds from the north trms-
ported the plume lowards the south. On eerlain days,
this wae iranspurted over the begin rim ar threugh the
mounlain pass in the southeast. An afternoon gap flow
{rom the sputh reversed the flow direction in the moun-
tain pare and contributed o fushing the MOMA plume
lewards the northeast.

— Surface and sirkorne lidars, 83 well as airhonie meteo-
tological measurements have shown multiple layers of
particulate matter vesulling from complex mixing pro-
cesses ovel cenlral Mexico.

— Drainage lows al night have & sirong impact an air pol-
luliten transport and accutulation in ihe basin leading
1@ high poliutant concentralions,

— Bacrnass torning plumes were found 10 be transporied
inlo the MCMA from {he surrounding basin and outly-
ing regions.

— The Popocatepet] volcano has very linited impacts on
the air quality it the MCMA because of the clevation of
the emiesione and the vertion] stratification in the wind
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Aows. 1lowever, these impacts can be latger at regional
scales,

— {'MET balloon trajeclories [ound strong layering of the
wrhan plume persisling as far as the Gulf of hMexico,
with very rapid Lrapsport at higl altitde,

— Musoscale meteprological models were found 1o cap-
tiere the main feawres of the basin wind transpan and
were of sufficient acouracy to assist In data analysis and
interprelation.

— "The combination of Radar Wind Profiler analysis and
modcling studies assisted in suggesting possible souree
arcas of heavy mietals, Furlher analysis could be used o
identify these muor: precisely,

12.1.2 MCMA emiszions of gases and fine PM;

- MILAGRC demonstraled the synergy of using multi-
ple bovom-up wed top-down anelysis wohnigues with
deta oblaincd from multiple platforms and mstruments
10 cvaluate emissions inventorics. The combined pro-
cexs helps {o reduce the associated uncertainties in Lthe
emissions cetimales and provides puidance for sctling
priorities lor improving further development and refine-
ment of the cmissions inventories,

— Scveral studies showed that some mobile emissions
from gasoline vehicles in the MOMA decteused in re-
cent years, CO in particular, bul that mobilc cmission
sources arc still the main contribulors of gaseoys pol-
lutants and & major contributor to PM pollution in the

cihy

— The relative contribwtion of diesel vchicles to gverall
MOy levels has ingrensed over lime in the iy, This
is cxpeeted and consistent with observations in the US,
and 75 partially due tu Lhe increases in diesel fucl con-
sumpEion and o the mtroduction of very cffective con
trol rechnolopics for gasoline velicle cmissions, which
have nol been maiched by similarly cffective diesel
cmission control technologics (Harley et al., 2005; Ban-
Weiss et al., 2008),

— The measurcments of mobile emissions during MILA-
GRO identified several discrepancies between the ob-
servaliong and the emissions cstimates in the emissions
imventory. These include slight overpredictions of CO
and NO (<3046 and = 20%, respectively), and g praba-
ble underprediction of YOCs by a factor of 1 4 to 1.Bin
the inventory, Sinilarly, there is modeling and observa-
tivnad cyidence that the current PM emissions estithales
are severely undercslimated,

— The direct flux imeasurements at the SIMAT tower sile
in the city center suggest (hat the local emissions itven-
toy estimates of €07, tleling and selecisd aromatic and
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oxygenated VOCs arc uecurate for emissions front com-
bustion sources, but overestimate the evaporative cinis-
sty trom area sources within several kin footprint of
the measurement slte. In conttast, the aircratt Auy mea-
surements indicate an undercstimation of the toluene
and benzene emizsions reported in the emissions inven-
tory for the northeast industrial sector of the cily.

The surface and airborne flux measurements carried
oul during MCMA-2003 and MILAGRO-2006 demon-
straled that the eddy covariance techniques coupled with
fast response sensors can be wscd to cvaluate directly
entission inventorics in a way that is not possible with
other indircel evaluation methods, making them valu-
gblc tools for improving the air qualily managcment
QrOCass.,

Duc to the uncertainties on the eurrenl cslimates of PR
entissions in the emissions inventory, it is important to
beiter charactetize The P contribotions from (he diesel
and gasoline mobile emissions sources in the MOMA.

Addilional sources from informal commerce and road
sitle food preparation need to be characierized. The re-
sults show that there is potential for sovere iocal impacts
.on air quelity from cocking und garbage fires, as they
can be tnajor sources of several reactive gases and fine
parlicles.

The widespread mlti-source urhandinduatrial emis-
sions may have an importast influence on Hg in the
MUMA. Nevertheless, other specics not addressed in
this review (e.g., NH3, dusl, mckals) warrant firther
gtudy in the MCMA,

12.1.3 MCMA volatlle organic cornpounds

= Evaparative fuel and industrial emissions arc important
sources for aromatic YOCs in the basin.

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

Many hydrocarbon emissions show greater enhance-
ment ratiog 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 City,

Tatal OH reactivity due to ¥OCs in the MCMA rcmaing
largely unchanped {rom the 2003 shudy; however the
speciated alribution is guile different. Formaldelyde
and acctuldehyde were the two most important mea-
sured VOO species in terms of OI1 reactivity in the
WA,

Diurnal variations sugpest that photochomical fonma-
tion of secondary ¥OCs is very imperlant in fhe MCMA
Lrasin,
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— Fircr arc a modest source of YOUs measured at surface

riles,

Rapid photoshemislry unsfbrma the VOO OH reactiv-
ity distribution from NMHCs domination in the morn-
mg hours in (he MCMA basin o OVOCs domination
aloft and downwind.

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

MCMA basin.

12.1.4 Urban and regional phutnchemistiy

~ Measured concentrations of OH and HO; in the SMCMA

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

Photolysis of HONO and HCHD and ozonolysis of
alkenes are imporiant souees of radicals in the MCMA,
whilo phololysia of oxone i3 8 minor contributor to total
radical production, Inclusion of heterogeneous sourecs
of HONC improves substantially the agreement be-
tween measured and modeled HONE and HOy concen-
trations and enhanced ihe production of (g and SOA,

The nel inslantancous mate of ozone production from
HO: radicals as well as the abserved rate of ozonc pro-
doction from all production mechanizms anc umong the
highest observed anywhere.

Several chemical transport models and analyses of men-
surements indicate that ozone prodoction in the MCMA
1% penerally VOC-limited,

On the regional scals, sighificant cohancements of Qg
above background were abserved in plumes that could
b teaced back Lo Mexico City, with indications that sig-
nificunt Oy production accurred during the plume trans-
port time,

Regional O3 produciion appeurs to he sensilive to NQ,
as well a5 to YOCs and 0, with the regional OH 1ad-
fval resctivity dominated by oxygenated organics and
o,

Long-range export of reactive nilropen from Mexico
Cily was found to take place primurily via the forma-
tion of PANS, which can (hermally decompose leading
to tegencrafion of NO, contributing to regional Oy for-
mation,

Bipmass burning was found Lo have 2 significant influ-
ence on regional chemistry, contributing more than half
of the organic acrosol and about one third of the ben-
wenc, reactive nitrogen, and carbon monoxide ta the rc-
gional cutflaw,
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— Growlh rates of new particle formation in Mexico City
were very large and found 1o be impacted by nitrogen
containing organic cempounds, organic acids, and hy-

12.1.5 Ambient particulpte matter

— During the study, Py and P2 5 concentrations in the

urban area weore about double the concontrations i the
rural areas surrounding 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 approximutely 25% of the
PM i and on average 15% and 28% of the Pz in
the urban and rursl arcas, respectively. Approximately
25% of the PMg s was sceondary inorganic ions with
the remaining Th: 5 mass being compriscd of larechy
carbonacecus aerosol,

Exvcpt for smface measurements al the central sam-
phing sites in Mexico City, the elementul curhon mass
absorption efficiency was relatively constant for givoraft
and surface measurcments throughout the studsy,

Although different organie acrowe] szource apportion-
ment melthods had some ditfcrences, there was agres-
meni that the dominant sources of carbonaceous asrosol
were secondary organic asrosol, biomass burning, and
vehicle exbaust emissions.

The impact of biomass burning on the aerosol outlow
trom the region was much larger than on Lhe surface
concentrations inside the city.

SOA formation from primary semivolulile and interme-
diate volatility precursors has the potential to close the
gap in predicied ve. measured S0A . However these pre-
dictions are pootly constrained by the data and more
specitic measurements are nesded in fulure campaigns.

Biogenic S0A advected from the coastal canges
contributes about L pgm™ to concentrations in the
MOCRA,

Anthropogenic alkenss add little organic mass to S0A,
but indirectly add to S0A by reacting to produce radi-
cals for the procesging ol other SOA precursor WOCs,

Additional work is needed 10 fully quantify the sources
of substantial modern carbon in arganic aerosols during
low biomass buming periods. Dhscrepancies between
the two *C datasets deserve further study. A modeling
study suppests that the observed modern OC may be due
to a combinalion ef regional biogenic SOA, bivmass
burning CA, and POA and SOA from urban sources of
imodern carbon,

Primary OA from anthropogenic and hiomass buming
soutees was found to be semivolatile, wiile sccondary
OA wax lcss volatile than POA and aged 50A was es-
sentially non—volatile, In contrast willy cuicin muduls,

www.almos-chom-phys.net! 1 Q360 772010/

droxy! organic acids, with anly a smaller fraclion of sul-
fate agrosol,

—~ CCHN can be predicted well with an internal mixing

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

12.1.6 Optical properties angd remote measuremenis of

acrosol and carth surfaccs

— At the TO and Tl surface sites single seattering albedos

(S8A) were frequently in the 0.7-0.8 range with some
eatly moming values having cven lower 584, This is
eonsistent with high absorbing aerosol concentrations
frum hoth fossil and biomass bumning sources during
MITAGRO.

Arrnsal contribotions from biomass buming soures
containgd both black carbon and oridized organtes thal
yiclded enhanced UV absmplion. This obscrvation in-
dicated biomass buming detivitics can have impaortant
immpacts on ihe absomption or heating by carbonaceous
acresels in megacity (urban) as well as regional scales.

Oxidized organics from primary fires and from sec-
ondary acresol formation were also found to have strong
absorption in the 300400 nm region that leuds to cn-
hniced optical absorplion by these acrosels over that
anticipated Irom black carbon alonc,

Compatisons of The HSRL acrosol cxtinction measure-
menls with acrosol exiinction derived from simuha-
nceus airtbome Sun photometer and in sitn scatleting
and absorption measurements found bias differences
betwesn HISRL and these instrumenls to be less than
3% {0.01 km-1) at 532 nm; root-mean-square ms) dift
ferences at 532nm were less than 50% (0.015km~1).
Thesc differences are well with range of current siate-
of-the-art instrumettation.

Measurements of surface albedo and refloctance in the
Mexico Cily metropolitan area showed thut many urban
sutfaces are more reflective than assumed in common
satellite refricval algorithms, and that wse of larger visi-
ble surlace reflectance in algorithms can produce more
accurate retrieved aerosol opiical depth (A,

Comparisons bebveen AOD fron aitborme sunphotome-
ter (AATS} and from the satellite sensors OMI and
MODIS show that MODIS and AATS AQDs agree to
within rout mean square (RMS) differences of 0.00-
0.06, depending on wavelength, but that OMI and AATS
AOD can diller by considerably more,

Almos, Chem. DMivs., 10, 86378740, 2010
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— Other comperizsons between AATS and MODIS agvosol
properties show notable differences between the older
MODIE Collection 4 and the new Colleclion 3 in 1erms
ul’ ADD, Angslrom exponcat, and gerosal fine moda
fraction, with dilfercnces raceable to changes in sensor
calibration,

13 Future research

As deseribed above, a very large numbcer of instruments were
used in the MUMA duning WILAGRD forboth pround-based
and aireraft measurcments; and some innovalive insfruments
and measurcment techniques were deploycd for the fivst time.
The MLILACGGREO campaign hos shown the synergy of us-
ing mulliple measuring platforms, instrumentation, and data
analysis techniques {or oblaining an improved understanding
of the physicel and chemival characteristics of emissions in
a megacity.

lunhermore, the deployment of & significant number of
advanced tnsiruments, many opcrating with scnsitive, fast
{~ &) roapanse times, slong with a large number of esfab-
lished air quality moniloring instruments deployed on air-
craft and at surface sitcs, as well as onboard several mohile
lnboratories, have provided significant opporiunities to inter-
compare and evaluate @ nuinber of instroments in a highly
pullufed covirgmment, Several papers documenting andfer
cross comparing the performance of instruments have been
published &5 well.

Despite the use of many advanced PM techniques during
MILAGRO, some questions rentain unanswered or sirongly
debated and should be the focus of further research. The
[raction of dust dug to road resuspension vs, nalural sources
is wnclear. There is a necd for characterizing the dust source
regions and the zoil characteristics for those regions, nak only
for the Mexica City Valley, but for the enfire Central Mexican
plalean. The impact of gas-patticle rcactions is important,
tor cuample for niteate uplake into fhe coarse dust nuode, Tt
needs to be furiher investipated to reach s quantitalive under-
standing, including through 3-1 modeling. The identilics of
industirial sources of metals and organic acrosols and of the
urban chloride sources remain vuelear. High time-resolution
guantitative analyses of dust and metals may yield very use-
ful informetion for sourcs identification,

The 2806 MCMA emizzions inventory undersstimales pri-
mary Péas and needs to be updated with the information
arizing feom MILAGRO and other studics, Foreat fire P, 4
appears 1o bo underestimated by an order of magnituds in
the official MCMA inventory {although a fraction of the fires
occur just outside the inventoy area), but perhaps overesti-
mated about 1wo-lold on a custom sarellite-based inventory
used in 3-D modeling. The impact of some POA sources
such as food cooking, biofuel use, and epen trash burning
may be imporiant, but remains poorly charactsrized. Some
differcnces in the apportiomment of biomass borniug PM Lx-
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tween different approaches were observed and noed further
research, as these techniques logether represcat the state off
the art for source appottionment. The differences i the rel-
ative oxidation of GA in urban vs, background samples be-
tween the FTIR and AMS techniques need w be further in-
vestigated,

Further study 15 needed of the reasons for the differences
between the two datasels of modemn carben. The mix of
sources that contribute 1o 30-45%, modern carbon in OC dur-
ing low regional fire periods need to be identified, including
a quantification of the urban sources of modem carbon. The
influcnce of “hot"” sources of radiocarbon in aeresols needs
Lo be further imvestigated as il could bias assessments of fos-
sil vs, modemn carbon. SOA from tradilional precursors such
as aromatice is much smaller than the observed 304 in the
Mexico City uiban arca, but the dominant sources of an-
thropogenic 50A are still poorly charseicrized. 30A from
biomass buming sources, alihough not dominant in the city,
remains poorly chatacterized and appears to be underpre-
dieted by traditional mudels. The velative impects ol MCMA
vE. regional sources for the different components descrve tin-
ther study. The sources and chemical specics leading to the
very intcnse new particle formation cvents observed ave only
starling to bg characterized.

Measurements of serosol optical absorption in Mexico
City and downwind also bengfitted from the varicty of tech-
niques applicd during MILAGRO, leading (o scveral results
summanzed above, However, nol all resplts are in perfect
agreement, and Iack of perfect spatiotemporal coincidence
between differeni messurcments makes it impo3sible do say
whether different results stem from different wehnigues or
from dilferent agresels sampled. Fulure campaigns need in-
ereascd fbeos on spatictemporal coineidence between differ-
cof techniques, to help resolve these questions.  Thete are
alsn narsistant differoooes aooong, different satellite tetriovals
ol gerosols, as well as between resulls from gatellite and sob-
orbital tcchniques, This is an atea that reguirgs continued
sFort, with attentfon nor only w spaliotemporal coincidencs
of different techniques, but also to statistical significance and
peophysical representativencss of comparison dala sets,

In sommary, observations from MILAGR{OINTEX-R
have provided cxtremely comprehensive characterization on
the wrban and regional atmeospheric compoesition and chem-
istry of the Mexico Megacily. All data sets and publications
are available o the seienfific community interested in evalu-
ating the impact of urban emissions on hurman health, coosys-
e viakility, and clitaie change. Wo anticipate new Te-
aulls friom MILAGROINTLEX-B will continue to contribute
to our understanding of megacily air pollution and (12 polen-
tial impacis on buman health, ecosystem viabilily, and cli-
mate change on urban, regional, and even hemispheric scalas,
This informatiom will {inprove significantly the scientific
understanding that decision makers in Mexico will need Lo
craft effective policies as well as provide insights Lo air poi-
lutivn problems in other megachiles around the world.
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Appendix A
List of atrenyms
AAT: Abspmtion Angstrom Expanent
AR Ames Airborme Tracking Sunplhoiommer
ACT Admosplierie Chonlacry srl Fhysics
AERCMIT: Alirsnl BOFratic METwark
AMS: Acroral biass Specirmscier
AML: Argoine Matlorml [abpmiory
AOD: A pmsal Cptienl Repth
Ak Arrosol Polarimelny Senecr
ARl — Acrodyame Besearch, Ing,
ATOFM A Agnsul-Time-of-Flight bass Sprotromeler
BIA; Biomass-Buming Drganic Acrosal
BHML- Broatthaven Metlonal 1.ohimalary
HTEX!: Bensene, Tuluene, Ethytbenzene: and m,p,a-Xylancs
L:AM: Crmtrton Anblened Metapolitana
{Mdetropalilan Envimnmenind Commissien)
CCN: Ciond Cordlensolian Muclei
CEL: Cenier for Ecolegy and 11y dralogy, Cdinghungh
CENICA: Cewi Neionel de festigation 3 Capeltacldn Ambleno!
(Mntlcan] Center for Environnicntal Reacarcly and ‘Lraindrg)
LIME; Chemical Ioniaarian Mess Specirunieler
CMET- Conuredted Metenmlagicnl halloons
COMACy T erria Maricnal de Clancho y Prefinofogia
[Mantoreal Cownell for Scierse anl ]I.'I.:hI'II:I|UK:r'jI
CPC Condaiszolion Faeibcbe Counler
CATC: Consgn Superior de Investigaeianca Cienifleas, Spain
CTh: Chemical Transpor Madel
DEC: Dajuiset Eeldy Crivariance
DiIAS: Difterentinl Optical Absorpion Specirozeopy
TMPS; Taat Mahility Particl: Sizer
FOs: Tast Olefin Seagor
GC-F: Gins Chromniogmphy § Flame Ionization Delectlon
LA Hydrocarbon-like Drganic Accmgol
HE-ToF-Abd5:  Nigh-Kesolution Time-ofFlight Aerasol biess Speciranicier
HEK 12 High Speetrn] Fezalwiion Lider
HTDIMA; Hygroscopicity Tandeow DiMerentlal Mubilily Analyzer
HULIS: Humic-like Sohienges
101 Ion Chromatogrephy - hazs Speetromedny
IGAMA: Inclined Gald dMebillty Analyieer
IMEFLT: Instilely e Meigarolegy end Climate Rescarch,
Atmaspheric Ervironmiental Reacarch,
Karlsrube Inatifube of Teckinbouy.
84T Trxtitinte Mexiomin gel Fedroleo {Mexican Petrolenns Datilobe)
[ ES Jnetitite Noctoue! de Erofogir {Matienal Tustloae of Feolagyd
NTEX-B: Inteccoatinentat Cheosloal Tamsmert Pxperiment-Fhase B
[RCIA: Il Gas Annlyzer
I'TIE%M; Srniltute Teenoddgics o Esticlios Sgreines air Maateesgr (T1C)
LBENL — Lawnhita Herkeluy Notfnnl [.nhamincy
LIa: liyqunlfied Petoaleuns Gos
M K-Mexi Megacity Arcros] Experiment: Mexleao £ily
MCE™ Mallna Ceoter Fe Eueryy and the linyironment
BACRAA: texivo City Medropolilan Arce
MTESE: Bfuldi-Filler Buateting Shadowhand Raliomsier
MILAGRO: Bl lry udtialive:
Loznd find CGlpbal Reseorch Dhscovmtions
MIRAGE-Mex;  Megacity Impaces on Eegiatal
andd Cilukal Bnvignments  Bfexicn
MISRE: Multinngle Imoging Speciraradiometer
MODIS; Moderate Beaolurion Imaghig Speclimadiomeaizr
MOFART Model G (5 nne And Beled chemicn] Trocers
Gl Maninna 3nte Universily ’
WARR: Kol Anericen Begloal Keaailypsls
WASA! Hetiunel Aernanlics ind Spoee Administration
MLAR; tnkiennl Center for Atmospherc Rescarcl
WCEF; twationel Centers for Beorleomrieatal Preciciian
WTDMA: Narpucticle Tendem MYilfenentinl biobilite Anslyzer
O Orponic Aecoaol
ac; Crrpaidc Carlsoo
OBl Creare Munilozing Insioicmesnd
LA hygenaled arganic seroaol
] ] Dpiccal Pedicly Cownter
1% 14 Uxweenoted Yolatile Organic Cheoicals
Filis Palyeydite Aromaie Fydrocarhon
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PANS: Permsyncedy| Mitrntes

PAE; Photgeconsiic Absarption Specleanseter
PEMEX: Iertleny Mewieanos (Mexicnn Pemoleom)
M Pasitive Malrix Factorization

PHL —TPanifie Hemlvresh Hoviona 1 ahariinry
POA: I'drery Clogenle Aerozal

Ios: Persistent Orgonic Pollatanta

FEAT: Baticle Soar Abzorplion Fhalgmerer

PSLT — Pennsylvanin State Dniversity

PTIR-ME; Frodon Transfer Reasion Maoe Spoclransetry

Red Avtomenicer ek Mouriterron At sfirion
{Arnhient Air Qunlley Monilaring Metwork}
RHP; Recearch Scanning Palerimeier

RAMA:

SERLARNAT Sueevturiu de Medio dothicrie p Mecrsos Matienles
[Mextcun Minisity of the Environment
nril Mabie] Resources)

BIMLATY Slatema de Moricrew Aoeers@ricn
{Admospheric Menitecing Syslen)

RS e Soimivolalile and Inlermediate Valatilicy
Orgaenic Compainda

SMA-GDE: Seiroterier de Medio Ambisute
Gablenm el INstrtro Fecfern!
(Erviromuresrrol Seerctariat —
Cimrrament of the Federat Risteled)

SN Fervivlo Metesnsldgloa Noctanal
{tational Wiather Semndec)

ERAPE: Sennning Babilily Particle Sizer

0w Secandary Orgenic Acrazol

S5 Single Scatberingg Abedos

S53FR: Haplar pevital Uiy Eadlomewer

STEM (Mulel) Bullir Transport and Depasiiion Bodel

STEM [Technigue): Seatiing Transmiasion Blycinon Micrescamy
STXM: Hoanning Tosmissien X-Rny bficioscopy
TIC M S: Therme] Deacrpeion Chemics] lanizatlan
Bdasz Specdcamerry
TOMA: Turul=m Diltereniin] Medility Amalyzen
TIFLIF; Thermal Digsociation-Lazee Dsduersd Blusnescence
TEM: Transmisabio Hhectnm Miynscopes
TOOC: Tarnll Ubmerved Qrganic Carban
TR Tatol Suspended Parlicles
TAH: Universily ol Alubamial Hangsyille
LAN-A: Uiniversidad dirdiramn Metopolian — Arsopdizedes
LA hd; Liniversidad Mactanal dinvdirena o Mérico
UTLC: Coordinaced Univeersal Time
YT Virginia Tech
WL Whater-insolubla Cuganie Cachon
WsL: Washinglon Hruwe Unlversity
WHRF-Clenu{Model);  \Wenkher Research and Farecast (WHF)
mnde] coupled with Cheimnisoy
Wa0C: Water Soilwhle §Inganic Lurban
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Comnbustion progesses have tnlerent characteristics that lead b the relrase in tha eonvitonment of bath
gascous and particulare pollulants that bave primary and secondany impacts on air quality, human
heczlth, and <limate, The eccdsslons from the combustlon af fassil Eucls and binfuels and thelr aiawaspheric
impacts are revicwead here with attention glven to Uit cmissions of the currently regolated pallutant
masses, rlmaty aerasols, and secondary Aaerasol precucsors as well as the enlsslons af non-rogulated
ol lakants, Fuels ranging from coal, petredetti, ligueficd petcoleum gas (LPGY, natural gas, as well as the
hiofuets; elhanol, methanal, methyl cectiacy-bulyl ether (MTRR], ethyd tertiarye-bulyl other {ETRE), and
biodiesel, are discussad in terms of the Xoown air quality and climate ityracls af tho cucrently repulated
pollutants. The potential impomtance of the nen-regulated emlsslons of both passcs and zerosels o ait
qualily issues and climate s also diseossed with prineipat forus on Aldchydes and other oxygenardd
orgamics, Pelyerclic argmatic lydrmocarbons [PAHg], and mittawed ocganics. The cannectlon belween aic
quality and clintte change is also addreessed wilh atlenlion given to c2ang and aerosols 45 pobentially
imparctant greenlouss specles.

@ 2008 Elsevier Lid. Al cights resemnved.

1. Introductian

&nee man first discovered thathe could control fire and commbust
fuels for heat and cooking, be bas had co deal with the bypraducts of
the combustion of rganic fuels. These Byproduets include the major
combustlan products ofcarbon dioxfde (005 ] and warer vapor (Ha07],
alang with a variety of trace gasees and aerosol enigsians Lat have
many impacts on ale quality, human health, and climate, When
man's populatlan leyals were at a more or less constant level ofa few
million g the Arst two millian years af his existence on the planct,
and his fuel vsage was lImilted Lo the combustion of waod in simple
campfires, the impacts of the emitted poltutants were limited tothe
near vicinlty «f the combustion. Research has found that continual
expaslre of early man b camplives Used as heat soorces I enclosed
areas contributed bo inereased incidences of nagal canger (Zimmer-
man, 2004). As the human populatian grew and the combuostion of
wood and coal became more widespread, the air paflution Impacls
of cambustion emissions were still genetally limited to the major
cities where the populition and counbustion levels were concen-
trated inta conlined areas.

* Carresponding authac, ‘tel-! +1 501 568 9340; fax: +7 501 569 BEIA.
E-nall address; Jsgatineydualiedn (5 Cafiey].

1352-2910/% - see front mateer @ 2008 Elsewler Lbd Al dghts coserved,
dadr Wb 0] BiLatnozeny 200R05.01%

Afr pullotion bas been reeognized for same time as an urban
prablem. Mases Malmonides, 3 Jewish leader, philosapher, and
physician living [n the middle ages in Calvo, Fgypt From 1165 [0
1204, nated in his weitings (Flnlaysan-Pitts and Picrs, 19R88);

*...Comparing the air of cities to the air of deserts and arld lands
|3 Hket comparing waters that are befouled and turbld to waters
that are fine and pure, In the city, because of the helght of its
buildings, the natrgwness of its sireets, and all that poucs fordh
from Its inbiabitants and their superf|vities,.. the air becomss
stagnant, tucbid, thick, misty, and fogey... [Fthere 5 ne choice in
this matter, fot we have grown up in the cltles aied lave beconte
aceustomed to them, you should. .. select From the cities one of
open harizens... endeavar at teast todwell at the autekin s of the
city..."”

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

During the fourteenth century, coal buming had becomne such
a problem in Landan, that King Edward | passed a law banning coal
burning when the English Parliamnend was in session { Freese, 2003),
This was the Arst dnown legiglation aimed at reduclng human
c¥posurgs to air pollution, in 1661 John Ewvelyn Esgquire was
commmissioned by ¥ing Charles T[ to swrite at assessment of the alv
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quality in Landan due to the combustion of caal (Evelyn, 1651 ) His
ocomments on e affects of air qualiny included:

*...Thiz harrid Smeoake which obscures evr Chorch and makes
our Palaces look old, which foult our Cloth and cormupts the
Waters, 50 as the very Kain, and refreshing Dews whileh fall in
the several seasons, precipitate to impuce vapour, which, with
its Black and tenacious quality, spats and contaminates what-
cveris exposed to it 1t {5 evident to everyone wha looks on (o
yearly Hill of Martality, that near half the children that are horn
in Landon die woclar bwo years of age"

He further noted in his wark, that children bom o 3 Country
Vllage had an cven chance of living 40 years, To combat the
pollution problem, Evelyn proposed moving such industries as
breweres and lime-burmers to locations far autside of London to
prevent the 2aot (o settling in the clty In 2ddition b relocating
. palluting fodustries, Evelyn also encotraged gardens and archards
Lo lae planted on the city's peripheny.

In 1775, English surgeon and physician, Perclval Patt abserved
that young boys crployed as chimney sweeps wore at risk to
develap canger later in life due to their occupational exposures o
chimmey soot containing coal tars, ash, and other combuostion
products (Fiolayson-Pitts and Pitte, 1886). Thiz was the first
soggestnn af the association of “substances™ in the environment
with the cleveloprment of cancer in 2 perticular occupational group.
These early worlks indlcated the severity of the problem of air
paollution In urban centers, aven in pre-industrial times,

During the late 19405 and early 1350s, the ¢ombustion of high-
gulfurcoal led tathe so-called "killer smogs"” in Tronara, Penmsylvania
aril Tondon, England (Finlayson-1%iuts and Pites, 2000), The emlsstons
from coal combustion from industry and domestle heatlng fires
resulted [n high levels of sulfur dioxide {50;} and atmospheric
deragals or parliculate matter [PM). At the same time, meteorological
candilions resulted in thermal Inversions that served ta trap the
pollutnts in a small alr wolume near the surface. This led to
extremely Wgh concenteations of the pollutants and exposure of
inhabltants to wery high levels resulting o the deaths of thousands.
These fatal events ocowrred during low-lying fopsy pericds lnwhich
the smoke from coal combugtion and fogs combined. The term coined
ta describe these events was “smog'™ Untll that fime, air pollution
was viewed a5 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 thte nae of Qicky foels in industry and bane uncostoolled
emlszlons ofblack smole, This groundlirsaking legislation for cleaner
urlén air included the Clgy of Londeon (Various Powers) Act of 1954
and the United States Clean Alr Acts of 1956 and 1968,

AdIfferent fype of smog was observed for the Grst time in 2arly
18950 in the Los Angeles afr basgin in southem California. Fanmiers
began to observe serfous damage to some craps, especially o
romaine lettuce and parsley io the San Gabriel Valley, Rubber
products were found to deteriorate at an acoelerated rate. John
il letan, a professor of plant palhology at the Universloy of €al-
ifornia first noted that, unlike the London smog, S0; was not the
cause of the obeerved damage and that the abmospheric processes
ocodrring invalved oxidation not redugtion (Middleoon et at,, 1850
Middleton, 1961], At the same Hene Arie Hagpen-Schmit was able to
reproduce the observed plant pathology by exposing plants to the
phatochemilgal pracucts of nitcogen dloxile (M0:) and gasoling
exhaust containing hydrocarbens demonstrating that the solar
photolysis could produce e axidant ozore (1 laagen-Smit, 1950;
Haagen-Smit et al. 19523, 1952k} Therefare, the Lok Angeles smog
became kw48 “photochemical sinog” {Stephens, 18871,

with the zdvent of the industrial revolution, the use of fossll and
blomass-derived feels hayve Jed to man's amiity to graw his pop-
ulation through the use of enhanced agriculiurs| practices and the

rapld trangportation of goods. This has Ied ta the development of
fwign: citles and industrizl eenterg weorldwide contributing to
exponentially increasing population densites, and in turs, an
exponential inerease in our combustion of cathonaceaus fuels o
racet an exponentially increasing thirst for energy. [n 1800 anly 3%
af the world's population lived |m ochan areas. This increased to 47%
by the end of the 20t century, This trend has led to the Farmeation
of megaritics, large wrban and suburban centecs whiose populations
euceed ten million inhabitants. Thesc megacities are steadily
incTeasing worldwide with the most rapid growtl 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, 1952). By 2007 there were 468 urban

centers of mare than ane milllon and of these 14 are classifled as
maeagacities, with the largest meiropalitan complexos centered at
Toloyn, [apan, and Mexico City, Mexico (Molina and Maolina, 2002), If
this trend continues, the world's urban populations will doulie
every 38 years and within the aext 1015 ywears it is predicted that
there will be more than 30 reegaciges waorldwide,

These mégacities suffer from high levels of polluton and
degraded air guality due b the high demand faor enecgy and the
associated combustion [ mabile and stationary soorees, They ans
therefore hwge sourees of air pollutants Inbo e swuunding
regional aneas, Mexico Gity is a elassic example of 2 megacity with
a population approaching 30 millon iohabitants. The mass of air
pollution emizsions from the Mexico Clky air basin has been esti-
mated to ylatd 2,000 metric tons of o2o1e and 40,000 metric tons of
particulabe rnatter less than 2.5 mleron (PM-2.5] per day (Gaffney
et al, 1999}, This corresponds to 1) megabons of ozone and
15 megatons of Ph-2.5 per year, In addition, the transpart of readive
species such az nltragen oxides (Moy} and volatlle arganie hydoo-
carbons (WICs) gy lead to the substantial foemation of ozone and
other axidants in the surreunding reglons, Therefore, megacities are
very large sources of pallulants that lead to the degradatlan of air
quality and the modification of climate on regional seales,

The prasent review deals with the ernigsions from combustban
af the various fuels used for energy generation focusing prinelpally
an the emissions from fuels osed for transportatlon and clectrdc
power generatlan, These fuels are compared with respect to their
impacts on ajr quality and climate o an altempt to evaluate them in
liglit of what we have learned over the past 50 years, Attentlon |3
given to the emlsslong of the so-called “criterlz pollutants” or the
currently regolaled pollutant gasses, and aseosals, The criteria
pollulanis are chose thir have been idontified as representing
a direct environmental health visk such as carhon manaxlde (€03
and ozone ar as being strongly connected lndirectly te an envi-
tonmental health risk such as the ozone precursars, MOy, and the
VOCs, For example, because nzone ig associated directy with an
eovironmental health rizk, it is considered ta be a divect pallutant
and its precursars are considered to be indirect poltutants. A1 are
eriterfa pallytants. Although other Important pollutants are asso-
ciatedl with the combustion of fucls, the critecia pollutants ee those
that are subject to regulalion in the US. by the Clean air Act
Amendment of 1940 (CAAA)

The digcussions here alse include hoth primary and secondary
pollutants. The primary pallutants are those that are produced
directly by the ¢ombustion process and are emitted into the
armasphers immediately after combustion, Tle pollutants that are
formed in the atmosphere from the reactiens of primary pollatants
after emission are the sceondary pollotants. Future issues are also
addressed here espectally with respect to the emissions of the
pollutants that are not currently |ncluded as criteria pollutants and
ate therefore not regulated at thix tirme, Discussions also include the
need for developntent of alte matives for these cadanaceous fuels
in order to avoid the occurrence of further ale pollution and cimate
problems associated with their eantlinued use.
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2. Coal

Coal is 3 fossil fuel foomed in swamp ecosystoms where plant
remains were saved frorn oxidization and blodesradation by water
and vwd, Ouning the oozl formation process, e deposited plank
remalos undergo a sequence of pliysical, biochemical, and chemical
changes, which Incfude delydration, loss of gxygen containing
functional groups, alkylation, and ollgamerization (van Krevelen,
1961). This resules in coals of Increasing rank or geolagle maturity
depeading on the degree of gompletion of this secins of chemical
reactions. The general stroctural charaetevistics of coal include:
lused bepzene cings (polyoyclic aromatic stroctures) with associ-
ared Amgtinnal grongs linked fogether by ether, oulfur, or allal
{CHy or CHyCHZ) bridges (rillinan, 19913 As the cgal matunicy
increases, the degree of aromalicity increases and the number af
linkages decreases, The oumber of ntethylate [OCH;) carbosxylle
[(COOHY and lyedrosgy] (O01) fFunctiong] groups alse decreases while
the numlser of carbony] groups (C=0) increases and Fhe nitrogen
containing functional groups change into mone condensed struc-
tures [pyrldings, guinolines, pyroles, and carbazoles) (Oros and
Slmanedl, 2000%

Coal rankings with Indreasing pragression of maturity are peat,
lignite ar hratun ¢oal, sub-bituminous, Bltuminoues, anrhraclte, and
graphite, Peat is considered to be a ¢wal precursar and has cnly
Ul application as a fuel In gome countries such as Ieeland and
Finland. Lignite 5 e lowest rank of coal and vsed almost exclu-
sively as fuel far sleam-electric power generation. Sub-bitwmninaus
coal ltas varfable propertes tanging from thoese of lignite to those of
bitwminows coal and iz also used primarily as fuel for steam-electric
pinwver generation. Bitwminous coal is a dense Back or brown ooal
used in steant-electric power genevation, heat generatlon and
power applications o manufacourng. Ankhracice is a harder slossy
black roal wsed primsarlly for residental and commercial space
hieating, Graphite, techaleally the highest rank of ooal, is difficult to
ignite and therefere nat commondy used as fucl,

Coal uied in space headng is usually burned in an opet lame
under low temperatute combustion conditions, When otal is used
fur electricity generation, it is usoally pulverized and chen burned
in a furnace with a boiler. The furnace bieat converts boiler water to
steam, wiich is then used o gpin lurbines, whiclh torn generators
and ¢raate electriciby. In genoral, thece are three oypes of coal-fired
boiler furnaces used in the electric wtility industoe They are
referred to as dry-hobtom boilers, wet-hatlem boilers, and cyclone
furnaces, The most common type of cadl buming furnace 15 e Jdiy=
bottarn bailer.

The combustlan température determings the molecular alter-
ations and transfarmnations of the organle material within the eoal,
Under facning conditions (=300 2C), the alkyl and ether linkages
are biroken first, This is Immediately followed by loss of functional
sroups, resulting in the release of the non-condensable gasses 00y,
Hy(, 805, MOy, and methane (CH4). Under smiolderng conditlons
(=300 ~C), organic compaunds angd their altered products are
released by a volatilizatlan andl steam stripping effect, The extent of
T'nis prozess s dependent on the ooal moisiune content, whicn is
highet for lest mature coals {Qros and %imaoneit, 2000}

The non-combustible compenents of coal remain behing as
bottom ash. The physical properties of batkor ash are similay to
those of natura] sand with particle si2es ranging fram fine frayel
to fboe sand with low percentages of silt and clay-sl:od particles,
When pulvetized coal s combusted in either a dry-botbom boller
ar a cyclaee furnace, about 0% of all the ash leaves the fumace a5
iy asl, oriTamED M e Tiue gas. Thoa wer-bonoon foreate, 3U% of
thte ash formed leaves the furpaes as fly ash (Mckerall et al., 19321
Elecrmstaric precipitators are wsed for particulate control to
sedtwyes (e By ash from e Nue gasses, Although these sysiems
hawve efficiency rates of nearly 99.9%, considerable amounts of fly

sk are still emitted to the atmosphers due b the laTEE amounts of
onal rrauired for electric power generation. & 1000 MW o
staiion with a normal consuenption of 12,000 tons per day {td ")
of sut-bituminous soal, has 4 mean combustion Ny ash production
of alook 3 4004 1}. Foeeqt Wl A pardeniyie Teimoval eMoency
of 99.9%, almost 500 ons per ear (i yr-') are emitted Lo the
atrousphers as primary PRI (Queral e al, 1998), In 1987, approx-
imately 165,000 tons of PM-2.5 wers emitted from the combus-
tion of coal for electric power generallan {Mizich and Pape, 1998),

The PN that escapes the eledirostatc precipitarers is primarily
in the reparable range of 0.&8-2 micron (Linak et al,, 2000a). Since
these particles are very small they have long atmospheric resi-
dence ey and can therefore waved ong distances DECasd tha
dlffusienal and depositlonal loss rnechanizms are at a minirom in
this size range [Finlayson-ritts and Fics, 1986). The FLAME {Fiy-
Asly and Metals in Europe] project, undertaken to determine the
saurees and special distributlon ef fly ash pollution thraughout
Europe, determined that a largs portion of the fly ash depasition to
lakes was attrlbuted bo long-range transpart (Alliksaar and
Punning, 1988; Rasc ot al., 1998} This acrosal sizo range is alsa very
afferthee in scathering salar rzdiation and thecefore ipacts bogh
visilility and climate.

The compoaition of fy agh is determined by (he wonpositivaeurl
the coal burned, The noroial composiiion of Ay ash from the
combistion of various ranks of ool is given in Table 1 {Meyers et al.,
1978; McKerall et al., 1982), The princpal camponéats of bitumi-
nous coal fy ash are gilica, alumina, iron oxlde, and calcium, with
varying amaunts of carbon. Lignite and sub-bitominous coal My
ashes oontain higher concenteations of calcium and magonesiom
axides and reduced percentiages of silica and Iran exide, as well as
lowrer cathon conteni, compared with Blituminmrs <oal Oy ash.
Lignite and sulx-bituminous coal Iy ashes may Itave a highor
concenteation of sulfate compounds than biturninous coal Ay ashes.
Sinea very little anthracite coal is used in urili bodlers thece is little
data on anthracite coal fly ash.

In addltlan to the major constituents listed in Table 1, fly ash also
cantains a number of patentially toxic Tace materlals. These can
inelude heavy metals and radionuclides. The transition metals are
of particular impartance due ta resulis What show cardiopulmanary
damage associated with the Inhalation of these etements {Dreher
et al,, 199063, In addition, the slemental speciatian may influence
this beicily as some species are significantly more water-soluble
and therefore more hioavailabte than athers (Doeher et al., 19497,
Soue ol the Jmportanc race sPpecies in fy ash generated Ivam the
conbostion of three different ooals are listed in Table 2 (1inak et al.,
2000a) These include e water-saluble fransiiion metals copper,
jtom, nickel, vanadium, and zinc and the toxic metals lzad and
cadmium. Thg contribution of cosl combustion to the tagal atmo-
spheric lead emissions 18 comservatively estimated ai 6% {Block and
Dams, 2004,

Fly ash also eantains increased cancentrations of some natur|
radlonuclides [ONSCEAR, 19482] as indicated by the Latal gamma
radiaactivities listed in Table 2, which range fromm 218 b 283 mBg g1

Tahle 1
Chermieal compasition of fly ash foact €01 cambustion cxpressed 35 2 peresutage by
wielght (Beypers ecal, 197; Mckorall et al, 1583,

Comparent Bituminis.- Sub-batminous Tlgnite
il 20-60. 40-60 1545
Ay 5-35 -z 1025
Faghy 10-40 410 Ay
CaD 1-12 T B 15-40
Mgh -5 -G, "3-10
o0 -4 =3 =1
Nad . l=g O-2 O-G
5] ‘O=3 - O-4 O=4
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Talile 2

‘Irace elerment caventrations in fly ash panticulae matter (P47 ront the conilngs-
Livn all Weesdesn Keulucky RICAMINDWS, MACRTENA Suis=nturminons, and PEan bitumis
naus ooals (Linak et al., 20004, 204Ky, Furr ct al, 1977}

Trace clemént Codcentration [pgiok

T o ‘western Kenlocky hionkana " ah
Amsenle . 0 200 ] 108 129
Cadmlum,, 7. L =1 - el
Chramivm: an L 8 18t
Cpper . ¢ . 2E L - 152 B
Liwell- 51 B 142 52
Rieket & 185 _ 10 148
Vanaddue .. (L] . 196 {18
Zine H ] b 173 1Rd4
Unburmed 20 : | . B |
- Carban {E) . o
Radinactivliy - L ) it IR |

{rPa): o :

af fg ash (Farr et al, 1977) The enrichment Factors for the radio-
nuclides in Ay ash vary frarn a factor of 31 for the most volatile
nuclides such as poloniem-210 and lead-210 to a facbor of 2 for
radiom-228 (Weng and Chw, 1992), The activity concentrations of
radionueclides in fly agh fram 2 coal-fired pawer plant b Kenbuclge
burning high-sulfur amd lowe-sulfur cgals are |isled (o Table 3 (Zie.
linski and Budahm, 19931 The more volatle lead-210 appears in the
Iigtbiest concentration and 1s nearly a factor of owo Hgher in the
high-sulfur fuel. This entichment af the radionuelldes can result in
an elesationaf hackeraund levelzaf radioagtivity by as mwch ae 20%
(Greiner &tal,, 1933, Therefore, [Ehas been hypothesized that fly ash
may e a likely candidate for |he tomic fine pavticulates that play
4 significant role in the demonstrated assoclation af adverse health
effects with atmos|theric fine PM {Linal; et al, 200045

Coal-flved power plants are also major sources of the primary
pollutanls 50 and WOy The prodiucton of 50, occars from the
direct oxidation of sulfur contained in the fuel and is therefore
dependent on the sulfur oontent of the caal. There are twao major
mechanisms of MO, prodoction. It can be formed directly fram
axtdation of nitrozen contained o the coal (fue] M0, 2nd Bom b
themmsl owidation of datonme wikragen i it {hecnal Wiy, in coal
combustion, fuel MO, is the major source, contriboting as much as
80X to the total MOy, emissions, Coal-fired poveer plants are the
largest sourge of S0 emnissions in the United States, contrtbuting
approximately 50% to che total 505 burden. They are seceod eoly to
motor vehicles in emiszlats of MO, accounting for 16% of the total
115, entissions (LI5-ERA, 2003 ).

In addition to primary fly ash M, gas to particle conversion
gives rise o considerable amounts of acidic secondary M from
the atmospheric oxidation of 503 and KO, emissions. Conversion
ratlos of 50; lo sulfuric acid in power plant plunes may reach op
to 40% at conversion rates of 1-65% per hour {Hidey, 19494) while
conversion rates of MOz W0 nitric acid are in the cange 5 3-6% per
lvour depending on atimospheric conditians {1in and Chene, 20077,
Therefore, power plants with hlgh 50 andfor MOz emlssions
result in the formation of secondary PR seveval orders of
magnitude higher than the emissions of e primary fy ash PM

TFanle3

Activity eoiseentrations {mBarg] of redlavuelides in Ay ash from a Keotueky cosk
flred pawer jaknt buming high-sulfurc and lawssulfur coats (Ziellngkl and Ficelabn,
1956]

Radlanucllde . Higls sulfur . ey SplEfyt
Uranium-238 .- LN 11
Radium-326 | 133 143
Lesisi-310 A 173
Radiyry-22 : 06 125

{Higley, 1994; Gillani et al., 1981). Moregver, since these secondary
pattirles are wery <mall (=T micren) they have long atmospheric
residence times and can travel long distances (Finlayson-Ritts and
Pltts, 149186), This aerosol size range Is glso very effective In scat-
iering solar radiation and can impact bath visibifity and climate,
Highly scarrering aerasols, such as sulfates and nitrates, have been
showyr to Trave an overall effect of cooling 1n the lower atmaosphere
b seattering the incoming solar radiation {Charlson and Wigley,
1994), The coaling effect from anthropogenic sulfabe agrosals in
the Morthern Hemisphiens has been estimated to be comparable in
magnftude to the atmospheric warming produced from increases
It 4he majer greenhouse gas, 00 {Kiel and Briegieh, 1993}, In
addition, the presende of more numerpus WErescopic aenosal
particles In the almosphere increases the lifetime of clouds Ly
competing for the available water wapor resulting in moreg
numergus but smaller cloud droplets (Twomey, 1977, 1981), This
fhias the overall effects of vegignal cooling, dee ta scattzeng of solar
radiation by the longer-lived clouds and diminished cainfall from
these clowds. Upan deposition, these secondary acidbe asrosals
pencrated from coal combustion are also the principal cause of
arid rain, which alters (he acidity of lakes and sireams and
promates deterioration of buildings and construction materials,

Anpther boxic cmission from coal-frod power plants that has
received much attentlon lately (s menoury. Corcently, menoury is
a nan-regulated alr pallgtant and coal-fired power plants are nat
required o redluce their emissions of this toxic metal. ITn 1999 the
enisgions of mercury from coal-fired power plants were estimated
tabe 43 vy waleh 2ocoaniod for 420% of tae total \LS, eraissions
inventory [O5-EMA, 1998a) In addition, mercury emissions are
expected to increase based on prajections of increased eneegy
prrefuction and increased coal wsage, Mercury is emitted from
power plants inone of three forms, vapor phase elemental mercuoy,
vapor phaze oxldized] mercury, or adsorbed onto paniculate
surfaces (UNMER/Chemicals, 2002). Each of these three farmiz has
a differpnt atmospheric fate. While elemmental mercury can be
transported over long dislances with residence times of a few
manths up o one year oxidized mercury and partcle bound
mereury hawe mych shovter lifetimes with removal by wet ar dry
depogition Wwithio a few days (U3-E%h, 10050, Due to the patontial
for long-range transpart of elemental mercuty, it has boen esti-
roated that up to 20-808% of all mercury deposited in the .5, comes
from1 non-11.5, gources with the highest non-US. input accurring
west of Minnesota {Levin, 2002),

It adelilivnn L Chie dlr Loxics, electrlc pOWer plants: account tor
over 404 of [otal LTS, 00z emissions, the major contributor to global
warming (U5-[H2E, 2000} Coal has the iighest carbon contenl af all
fossil Mels and therefore bas the highest output cate of 0y per
kilowatt howr (kw b) penerating 2.8 Ths C0; per kw b resulting in
the release of 1.8 = 107 metric tons of O0; i 1998, Alang with the
O emlszions, coal-fired power plands are also malor sourees of
CHy and nitrous oxide (MN20), also greenhouse gaszes,

3. [uel ol?

Approximately 4068 of the world electricity produchon uses caal.
A much smaller fraction uses residoal fuel oil, Only 3% of the 05,
electricity is generated by fuel oil-flrgd power plaots and residual
fue] oils are vsed in sighifcant quanticies i1k only selected regions of
the US, primarily in the northeast and southeast {Linak et al,
2000a; US-00E, 20070 In 1997, 35000 tons of primary PM-2.5
wers gmitted from plants vsing residual fuel oils, In comparison
with 165,000 tons from coal combustion (Nlzich and Pope, 1998).

There are 1wa major types of fuel ai] burned by combustion
sonnees: distillate ails and vesidual oils, These foel oypes are further
distinguished by grade number. Mumbers 1 and 2 are distillate olls
and Mumbers 5 and G are residual oils. Mumber 4 {5 often 2 mixturn
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of distilate and residual oils. Humber G fuel oil 5 somctimes
referced to as Bunker © (Smilly, 1962} Distillate oils are more
walatite and less wiscows tham tesidual alls ey have nephizdie
nitrogen and ash oontent and usoally contain less than 03% sulfur,
Distillate oll$ are mast aften used in domestic applications and
Incude kerssene and dlesel foels. The heavler residoal oils are
praduced from the residus remaining after Uhe lighter fracthons
have been remaved from the crude oll by distillation, They cantain
significant amounts of ash, nltragen, and sulfur (Danlalson, 19735,
Besldigl oils are used mainly in utility, industrial and large
commercial applications, The major boller designs for fuel oll
combustion are water-tube, Are-tube, cast iren, and tubeless, The
tube designs are relatively small and are most aften ugce primarily
In residential and small industrial applications, while the twheless
desipns are most often used Tar pdwer generation {U5-ER4, TO82),
The primary MM emissions from residoal oil combusiion ate
relateel to sulfur content of the [wel. The low-suliur fel exhibits
substantially lower viscosity, reduced azphalting gootent, lower ash
aswell as lasver sulfur content. This resdlts in better atomizatlon af
the fuel anu] more complete comustion {Sigmurd, 19884), Table 4
chiwy the gomposition of PM from combostlen of high-sulfor
Mumber § fuel all 18 2 Gre-tube Dailer and a hybeless contbustor
{(Linak et al, 2000a), The high nietal contant af rhe parfrolates
fram the high temperature combutlor arises Fom vaparization of
the miskals gnder the high combustion temperatures followed by
waceation, (oagulatien and condtTaaton tivo ExistDE paiiches
(Linak et al., 20004 ). The extent of metal vaporization is dependent
on the edtent of carbon combustion, For cases of incomplete
comivistion, 2 substantial fraciion of metals temain trapped in e
urihumed carbon paricles, and never reach the vapor phase. The
PK formed (n the lower temperature frg-tube boiler shown in
Tahle 4 was réported to consist o a significant amount of large
porous carkonaceaus material indicating a substantial amount of
Ineomplete combustion (Linak ec al., 2000a), Parcbcolate matter
formed in the tubeless combustor was about half that focmed [nthe
fire-mule bailer and contained very fow large particles. These small
parteles: conaisted primarlly of teace species that contained copper,
iron, pickel, vanadium, and zinc, along with 3.2% sulfur as sulfzte,
Since the majarity of the tesidual fwel oil used today 1= af high-
sulfur cantent, oil-fired power planis have high 50; emlssions, The
tesidual Myel oils contain appeocimately 2-5 ¥ by weight of sulfur
whereay coal containg Fam 0.5 to 5% (Linak ot al,, 2000a; Sawnyer
et 3], 2000). Due to their small numbers, the total 50z emlssiong
fram nil=firad ower plants are legs Lhan 30% of those produced by
the coal-fired plants {1 [auser, 1986 L Oil-fired power plants are also
large sources of C0z Meacly all the fuel carbon (993 is converted

Tahla 4

Trace edesnient concentratlans In pareicanlate matter {I'M) from 1he gombustlan of
high-zulfur Muanfee & fuel ail In a Are-tule hurner and a refrackacy fined combuostar
{Linak et al., 20, 2000b),

Trace cloment Cancentration {jafg)

Fice-tube turner Rudractery lined
: : combustor

Taral 44 (meg 1 ) 184 a3
LS Y ek k]
Arsenic: A5 .

Cagmluni oA

Cheamivm i (1] |

Copper 1272 . 2346
Iron : 6156 12,593
Lead L0

Magneslom B410 153499
Manganese: 15

Hickel . 10,280 15,418
Vananlnm THEDO, 13.57E8
Zloe 23,M0 4,245

directly ta £0; during the comnbdustion process, The fuel cathon not
canverted bo €Oy (s emitted as primary carhnnacenns Fhd g a result
of monmplete conrlwstion. terseser, tee o tThelt small toriess,
ail-fired plants are responsible for anly 5% of the wotal TRS. OO
emitted by the eleciric utillty seckor,

Anather major user af fuel oil is aircraft. Apout 3% of the fuel
wsed by mahile soureas in the TLS. gos 6o |et alveralt {Sawnser et al.,
2000). Sonte regions lave a higher eonsumption than others. In
Californda, 7% of the mablle fuel use goss to aircraft fet fugl is
a keroscne grade distéllate fuel and therefore has very low-sulfor
content and does not geperate significant §0; emissions. However,
jet engines are high MOy, emitters, especially duting take-off when
ermigslons rmnge from 30 10 45 g MG, per kg of mel, which s 10-20
times that of an autamabile [Banghcum, 19951 However, nommal
Cruise emisslons are a factor of 10 loweer gl the emissions of NOy, In
Harth America [rom jet aireraft are estimated to be less than 1€ of
the total WO, emissions (Sawsyer et al, 20000

Largs ocean-golng vessels, including caren and container shins,
cruise slvips, and oil tankers can utilfze efther diese] or bunloer faels,
However, since thers are no emission controls an mtarlne transpor,
they wsirally choose the less expensive, high Sullur, Number §
residual ail. Therefore, a5 with the all-fired posver plants, they have
high $0; enlscions and are the snly important mebile saures of
S0, It has [ween estimated that large ships generate 16% of the
glabal subfir emissions [Corbett and Fischbeck, 1997Y The 50,
CInEHOTE TToTn Avps ate (espomsioie Jor 54% of 1he il suifate
aerosel calumn burden over the Meditecrapean (Marmer et al,
2007). They are also high WOy cmitters, with aboot 70 g of MOy
praduced per kg of fuel burned.

Commeccial shipping vessels are also large sources of carlana-
ceous particulale matter, o black carbon (BC) fiom Incomplete
combuztlon of the residual fuel, It has been estimated from fual
cansumption data that the global contributlon af tarbonzceous
aergsols from shipphig is 133 Cg yr~! ar about 1.7% of the tota]
global emissions (Lack et al., 2007}, Like the sulfate aerozols, the BC
particles arc in the size ange that has the longest almospheric
lifetiones and can thecefore travel [ong distances fram the emission
source. Carbonaceous sogt particles are alsq ip a size range thal
efficizntly scatiers incoming solar radiation. However, ualike the
sulfaee aerosols, they are algo strong absorbers of incoming solar
vadialim While snlfate accasals ara the domwdnant light scatmedag
species, BC is the deminant light-absarbing gerosol in the atmg-
sphere with a hroadband absarption profile and a 1f4 dependence
over The entire spectral reglon fion UY W the nedr IR (hatley e1 al.,
2061 ), pmosphenie zerosals containing BC can absocl as much as
20-25% of the incarning solar radlation leading to heating of the
particles and local warming of the boundany Jager (Hermann and
Hangl, 19971

vhooh of the owera)) impacts of tThe erissions Trom snipping arc
due ta the fact that they accur over the apen oceans, where there
are i gther sources of pollutants, It has been estmated that it the
aretic shipping lanez should become apen foe lgnger periods due by
global warming and melting of the sea ice, the increased emlssions
of these lght-absorbing aetosols would significantly add to
warming in the arctle (Lacls et al., 2007}

4, Gasoline

Considerable atkenlion has been glven to the impact of mator
vehicle fuels an air gquality specifically as jc relates bo the erferia
pollutants, The primary cribegia pollutants that are curmently
regnizted as direct health-related hazards ars €0 and lead. Lead is
added to gasollne 4% an octane enhancer and s emitted From the
tailpipe 2% inarganic tead halldes {0060 and o A ooy wtent
arganoload compounds (Finlayson=-Fitts and Pikts, 19863, Lead was
banned as gasoline aelditive for on-maad wehicles o the Unlled
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Stares in 1996 due to its extreme todlelby, particularly in chlldeen,
Hewever, it is still allowed For off-road uses including afrerafe,
racing cars, farm equipment and marine englnes, With the
mandated use af unleaded fuels in on-read vehicles, the levels af
airharne Jead particulate matter have been lowered drastlcally in
Lhe United States. However, leaded fuels are stil] In osc in other
areas of the world and ¢an be a substantlal health problem. With
the removdl of lead from gasoline, other gdditives haye been used
tn enhance ockane, such as arematics or branched alkylated
compounds, and these may lead to other atmaspheric problems
especially in vebicles without catalytic comnwertoers,

Carbon mangxide is of concern because it is a dicect bocin. It acts
efflciently to bind with hemoglobin in the blood, forming & very
stalle and frreversible carBexyhemoglobin complex, In this
manner COprevents e hemoglobin from fonclioning in its normal
axygen-bindlng capacity. At levels of low parts per million (ppim),
€0 expasure can lead to stress far many individuals who seffer
ftom respiratory or caronary dysfunctions. The add|tion of catalytic
converters to automabiles bas reduced substantially the emissions
of €0 from the combustion of conwentonal gasoline and dlese]
fucls. Howewver, 0O emisstans during the “cold start of cngines,
wien the catalyet 15 cald and has not veached operating tempera-
ture, can still T substantial, e fee those wehicles that are
equipped with @ralytic converters,

The indirect primary pollutants that are regulated inghude the
VOCs and MOy, In cottrast to coal combustion, MO, Is produced in
gasoline combustion primarily as thermal WO, which is generally
emitted as MO, with smaller amounts of MG and other nitragen
oxlde species. The WICs ave emitled directly from the tailpipe from
incomplete combustion. They are also emitted ta the atmosphers
fram lozs of uitbumes! fiel. This logs of urhemed fuel can occur
through (1) spillage during fueling; (2] diurnal evaparative lInsses
(aceuring as the fuel tank s beated during the day, fllowed by
cooling at might, resulting in “breathing” of air and trapped
hydrocarbons); (3} hot soak evaparative losses (occurring when the
engine i shot off and residual beal is transferred to the Tuel
system); and (4] tunning evaparative losses (Calvert et al,, 1993}
The evaparative losses can be high at high amlient terperatures ar
for vehicles thal run ahooomally hot.

The Nk and VOC emissians react in the presence of sunlight Tay
way of a series of phatochemical reactions invoiving hydrosyl-,
peraxy- and alkaxy vadicals, to form the secondary pollutant ozone
(Finlayson-Pices and Fitts, 20000, Thetefore, the emissions of MO,
and total VCE are currenty regulatedd in vehicle exhanat in ardec to
contral the formation of nzane jn the atmosphere, However, the
atmospherte reactivities of the YOCs vary dramatically. The WOCs
emitted fraun gasoline-fueled vehizles arise from uncombusted ar
pactlally ¢ombusted fuel and Lypically include coyclohexane,
actanes, and aromatics. The most reactive VOIS are the very
reactive olefing 2nd the patural hydracarbons, isoprene and alpha-
pinene. Esthnations are made of the ozong formation potential for
the V0Cs in an urban environment by studying the organic
compounds in smog-chanler systems under varying concentra-
tions of VOCe and MO, followed by using chemical modeling o
predictibe ampunt of ozone formed, The ozone-forming potendials
of dilferent hydrocarbens have been caleulated as reactivity
adjustment factors by using the maxinuim incremental reactivity
(M) scale developed by Carter (Carter and Atkinson, 1985 Caréer,
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 not the only axidant formed fram the reac-
tiens of MOy and the VOCs in the atmosphere, Other atmospheric
oxcidants are also formed such as hydregen pergside (HayOg), which
can react willy 30 o (oo sulfuele acld Recosol, aldehydes, oraanie
acidy, nitric acid, and the permaracyl nitrates {PAMs). Althgugh not

currently regolated, these secondary pollutants are of concem
because af iheir petental tnles in acidie depnsilion, as plant toxins,
and 45 health bazards in theiv own rlght, The PAME are partleularly
interesting because they are knowtl 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
ther PANS (Gaffney et al., 1989)

RC=0-00 + Ny — BC=0—00—-H0; (1}

The mast prevalent of the PAMs is the metly] derivative, per-
oxyacetyl niccate (PANY Thig se¢aondary pollutant is produced along
with ozone in the pracess of urban photachemleal st frmation,

A number of air toxics are also emltied 3% primary pollutants
from gasoline combustion, Air taxles are those compounds that ave
of eoncern at low levels primarily because of theiv patental care-
nogenic propertles The air toeics that have Deen targeted by the
CAAA of 1990 arc benzene, 1,3-butadiens, foomaldehyde, acetal-
delyde, and polycyclic organle malter (POM) [Health Effects
Institute, 1996). Benzene dominates the tatal emissions {G5%-50%)
of aiv toxics in the current fleet of gasaline-fueled vehicles (Gorse
et al,, 1991 ), Renzene is also the anly mabile sovcce air toxic thus far
classified as a known human cacinogen by the Unlted States
Environmental Protectlan Agency {U5-CPA) becanse af [1a abilivy L
cause lepkemia in Bumans at relatively igh exposure levels (LS-
EPA, 1994, Thie US-CPA has added thal henzene may produce
develapmental effects at exposurs levels as low as 1 pprm. o
rosponse to this, the US-EPA has adopted new limits on henzene
emissions, bo take effect bebwesn 2009 and 2011, that woold reduce
toxic emlsslpng of benzene and other pallutants from passenger
vehiclos by up to 80 percent in the noxe twae decades.

Light duty cars and troeks are responsible for 10% of the £04
emissiong globally, The U5, alone is responsgible for 45% of this
total [IEA, 2003), This amounted to 314 millivn metric tons of £,
oc 5.3 Ibs per gallon of fuel burncd in 2004, Small cars (compacts,
Subompacts and 2-seaters) were responsible for 25% of the total
emissions, follawed by SUVs at 21% (DeClees and Fung, 20068).
Since 19711, the W5, has achieved a G0% reduction In primary
enrstions of the critera pollulants due to catalyst based gmission
controls {US-ERA, 2005), However, in that same tme, the emis-
sions of CO; from autoimobiles have Incecased by 708 (FIIWA,
2006} The only 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 dhven through
Lleer uze wl cac-pooling or public [CANSIRITTALIGN, I 1dditon o the
primary CO: emissions, 00 and N0, can also act to trap heat in
the: atmosphere and are therefore greenhouse specles, Mamy of the
secondary pollutanis genecated by the photachamical oxidation of
gasoline enissions, including ozone and PAN are also greenhouse
asses,

5. Diesel fusl

DHexe] fuel is a distillate oll and & such usoally contalag <0,3%
sulfur by weight. The combustion of diese] Fuel is therefore not
a significant spurce of atmosphenic S0z {Smith, 1952). However,
diezel englnes are 2 major <owree of NGy Tunnel studles have
estimated that diesel engines produce five fimes the amount of MO,
per masz of fuel bumed when compared Lo gasoline vehicles
[Kirchstemer ¢t al., 1998]. Although heavy-duty diesel trucks male
up only 1% of all on-road wehicles in California, matae vehicle
ermission inventory indicates that are responsible far 2£% af the MO,
emisgians from gn-road vehicles statewide (CARE, 1955), The same
erisslat inventory estimates thal heayy-duty diesel trucks wers
eesponsible for 75% of the exhavst PM fram an-mad vehicles. These
estimates da not Include oft-road diesel engines, which can alsa be
a major sourge of P {Sawyer et al., 20005
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Ir general, dicsel engines produce more carlbonaceaus particu-
late matber than spark-ignition engines, This is dus o the way the
fuel is infected and ignited In the diesel gngine. The fuel is injected
laterin the compression cycle than in gascline engines and Jznlted
spontateously from pressure. Consequently, the air and fue] do not
have 3 chance to mix thoroughly befare Jgnition, The presence of
fuel dense pockets Lo the mixlute results in incomplete combustlon
of the fuel and the production of carbon soot or BC pacticulate
matrer, The armount and chemical compesitlon of dlese] particulate
rmatter depends on the operational parameters, such as speed,
miotor lead, engine and wvehicls type, tuning and age of the englne,
fuel compasition, amblent air termpecature, and relative humldily
(Segren ot al, 1996; Uowd and Cackette, 200t), The typical
composition of diesel panticulate matter abitained from a mediom-
duty diesel truck Lo a dynasmorngter study was I0.8% elemental
carbon, 19.7% organi¢ carbon, 1% sulfur, 0.7% aluminum, 9,2%
mitrate, angl 0.96% other metals (in order of concentration; silicom,
aluminum, zinc, cadmium, indium, and lead} (Schaver et al., 1998).

Diesel exhaust cantalns hundreds of gas-phase, semi-volatlle,
and partlele phase rganic compounds, Small earbowyls, lnelading
acefaldehyde, formaldehyde, and acetone, make up the largest
fraction, aceounting for more than hall of the organic emissions
(Schauer at al, 10408}, Algg included in diesel exhaust are alv toxles
such az POM compounds, which are detined by the CAAA a5 a class
of prganic compounds having morte than one benzene ring and
a boiling point of 100 or higher. Thiz includes polyoyclic aromatle
hydrocachons (FAHS), substituted MfAHs (8.8, nitro-FAIS and alloyl-
PaHs), and hotecogyclic compounds {e.g., azo-arenes, thios-arenes,
andl lactones)

The particulates assorciabed with diesel exhaust are very small
(=1 micran]. Alang with their small size, these partloulabes have
a very largo surface area onto which other organic contaminants
[aresenit in the diesel exhaust can adsorl. Polyeyelic organic matter
compounds with five ormare membered ings ace usually associated
with the digsel Ph). Mitroarenes, nitnolactones, and axy-polyeyelic
araimaric eampaunds can be produced as primary pollulants asso-
ciaterl with diesel soot or as secondary pollutants produced by
heterggenenus reactlons of gther gas-phase POM on particulate
surfaces in VOO NO - polluted atmospheres (Pitts et al,, T960: P,
1383). Many FIM compounds are mutagenic and some A carci-
nagenic, The best known of these (s benzafe)pyrene, a poveerfuf
human carcicogen [(Phillips, 1933). 1t Tvaz been known for some time
that PAHs are potential carclnog: s and the nitcoare nes show a much
higher mutage nic activity than ether PALs. The combination of PAHs
[in both particulate and vapor phases appears to he responsible for
4 substantial portion of the mutagenic adiviby of the atmaosphere
(Pitts et al., T978], Thus, POM compounds adsorled on the diese] P&
may add to the tolal carcinogenicity of the diezel emisslons to an
extent that (5 cumently undeterniined. Due ta their small size, diesel
T'M tan lodge deep in the resplratory Lract and increase the risk of
lungcancer. There has been 4 consistent causal relationship absetwed
betweenthe arcupational exposure to diese] exhavst andg long canoer
(Lleyed and Cacleetts, 20017,

Emissions of BC partleulate matter from diesel englnes ane
thought to e the largest source of light-absorbing acrosols
worldwide, Some model caleulatlons sugpest (b4t the contribution
to global waming from dlesel $00f aerasols may be as much as 0.3—
0.4 *C, rivallng the contributions ftom atmosphecic meilhans
{facabzom, 2004; Chung and Seinfeld, 2005). The presence of large
arnaunts of BC aerosals such as has been abserved in Mexico City
(Mariey et al. 2007; Raga et a1, 2001} and over the Indian Deean
(Rarnanathan eLal, 2005} can therefore lead to regional waming of
the atmosphere and substantially offset the conling effect of the
light scattering aecosals In ervtain arcas [Jacobson, 20020 1t has
been suggested tat (e most effective and possibiy the qulckast
methad of slowing global warming is to control the emisstons af

particulabe Black carbon from fossil Fael cambustion (Jacobsen,
02,

In additlon to their climate effects, atmaospheric BC pacticles
abgarly UY radiation very efficlently in the wavelength range that
promates phatochemistry. Therefare, in areas where BC emissions
are high, sueh as In megacilies lilke Mexico City, the fotmation rates
of secondary pollutants, such as ozone, may e slowed {(Castro et al,,
2001), In these cases, transpoct of the primary poellutants from the
city into the surrounding aveas where BC aerosals are less dominant
will result o the praduction of secondary pollutants on regional
srales, In contrast, areas that are dominated Ly Bght scattering
aerosals, like sulfate, may have Increased UV radiation due to
multiple scattering effects of the aerosols, which may lead te an
increased fovmatlon of the secondary photochemical pollutants
[Marley ot al, 2008),

6. Alcahal Fuels

Aleahnls, principally methanol and ethanal, along with theit
gasaline blends, have received consideralle attention as alternative
fuels. The principal deawhback of alcohaol fuels, from an air quality
standpolnt, s the produchion of aldehydes during combustion,
Under cald start conditions, aleohala crack to produce aldchydes,
principally formaldelyde [ the case of methanol and acetaldehyde
in the case of ethanal. It is these aldebyde emissions from alcobhiols
that realee their petential impacts oo air quality different fraem the
non-oaygenated fuels. On the positdve slde, the use of alcohols 2od
dlcaholfpetroleum Blends in dlesel engines has been shown to
reduce emlssions of the potentially carcinogenic carbonaceous soot
particles (Galfney et al, 10&0; Wang et al., 19077, Howewver, the MM
eriiissions from alcohol fuel combustion bave nol been well char-
acterized with regard to any changes in chemical, physical, and
heatth-related propertics, as compared with digsel PM,

The use of methanal has been consldered for some thne 33 an
altcrnative to gasoline, This is primnarily bocause methanol can be
produced fairly cheaply by catalytic reduction of CO with ydrogen
using methane or ooal as the feedstock. For reasons of safery and
enging material fie, corrosion and degradatlon of plastic foel
lies), methanalfgasoline blends af up 1o 85% have been studied for
use, The convention has begn to refer to the methanolfgasoline
blends as bAS for 85% methannl, M50 for 50% methanol, and so on
up ba neat gasoline { K05

Comparison studies of gasollne-fueled conventional vehicles
aipd M&3=fueled varlable fuel vehicles (wFys) showed he cotal
arganic emlsslons were 373 lower with M85 than with MQ, (Auts/
Ol Alr Quealily Improvement Research Frogram, 1992}, |8 the same
shudly, €0 weas 313 lower with M25 than with MO, while Ny, was
23% higher. The emissions of the ajr toxics benzene, 1,3-butadiene,
and acetaldehyde, were lower with MES than MO by 84%, 95%, ane]
0%, respectively, The decreases correspanded moghly to the
dilution effect of metitanol in M25, Exhaust methianol emissians
wrere higher with both M0 and W85 a5 expected, and formalda-
yde enlssion: were about 5 dmes higher with M85 when
camnpared with M.

Formaldehyde s a carginogen and an eye ircitant, as well as
eing a photochemically active compound. dMethanel [self has
a lgwer atmospheric teactivity than gasollne., In comparison,
methanel's combustion produet, krrmaldehyde, reacts much mare
rapidly to form azane (Atkutsu et al., 19913 Thus, the ozone-
formdig patential of methanol-fueled emisslons Iz very dependent
upon tie formaldelyde emisslons, which increase with increasing
methanol comtent [Gabele, 18993). If the highly soluble gaseous
farmaldehyde [5 emitted in the presence of agueols acrasals, it can
Be found tu be present o relatively TUglt concontrations io the
aerosal phase in the fomm of the Twdrabed species, methylene glyool
{[Qippel and Warneck, 1980; Finlayson-Fitts and Fias, 19365 In
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addition, tgueous teactions with 50; emlsslons can lead to the
formation of lpdraxyniethane sulfonate ions, while agueous
oxldatlan forms Rrmic acid, both of which are highly toxic {Boyce
and Hoffrmann, 1984; Finlayson-Fitts and Pitts, 1986) These
aguepus-phase reactions of formaldehyde and the resulling
concentrations in inhalable aerosols are an aspect of these air
prllutants that alin muost be considered when evaluating the air
qualiyy impacts of methanal fuels.

OF all of the oxygenated Fuels, ethanol has had the greatest
warldwide application, Ethangl, similar to methanaol, can crack
duning combustion @ form acetaldetyrde in the exhaust emissions.
Dynamaometer studies of the use of gasahal {10¥ ethanol In gaso-
WneY i ToinT VEES Tepot an 0eTARe dtETeest in tolah mydto-
carbon emisslons of 5%, a decrease in CO emissions of 13% with an
inerease in MO, emissions of 5% (Health Effeces institoee, 1996). The
same studies showed a decrease in the emlssions of the alr bxles,
benzene and 13-Dutadiens, of 12% and 6%, while acetaldehiyde
emissions [ncreased by 1549%, Although the atmospheric reactivicy
af ethanol is much lower than that of gasoline, no significant
change was repoeted in the everall atmaspharie reactivity (MIR) of
the exhaust emlsslons From gasahol when the higher reactiviny of
acelaldehyde is included. The evaporative emissions of lydracar-
nns alsn inereased when ethannl was added v the Riel Dlnenal
hydroeatlwin emissions incraased by 30 witlle hot =oak hydro-
carbon emisslans Encreased Ly 0% The atmospheric reactivity of
these evaporative emissions Tepresents an increase of 36 for
divrnal and a decrease of 19% for hat soak when campared bo
gasaline alone. This study also determined that, similar to meth-
anal, most of the emissions in catalysc-equipped cars ooourred
during the cald start,

A number of feld studies hayve examined the air quality impacts
of increased levels of aldehydes caused by the uze af ethanolf
gasoling blends. n Brazll, when 20-30% elhanoljzasoline blends
were uged 1 the matar vehicle Neets with lictle or no vse of cata-
Iyptic converters, studies have found increased atmospherie levels of
acetaldehyde and formaldebyrde (Tanner et al., 1988 Grogjean ot al,,
1980). Field studies m Albuquerque, Mew Mexloo also indicate
elevated apmnspheric aldehyde levels, albeit at a lower level than
wag ghsenved in Brazil, when 10% ethanol)gasoling blends were
used in vehicles with catalytic converters{ Popp et al., 1985; Galfney
et at, 1997} Slmilar studies conducted in Denver, Colarado have
concluded Lhal oxygenated fuel usage has not bad a major effect on
ambient concentrations of acetaldelyds (Andersan et al., 1995,
16874 However, the data show a slgnificant in¢egase in reporked
aretaldehyde ocoitcentratlons sings 1994, when ethanol had
abtalned BO% of the oeyliel market in the Denwver area.

Ay indlivated earlier, aldetydes are quite photochemlcally rearc-
tive and can lead to the formatlon of secomdary atmospheric
pollutants. While primary emigstons of formaldehyde from meth-
anol epmibustion leads to increased production of ozone, M0y
formic acid, and £0, depending upon the atmaospherle levels of Haf
M0y, primary acetaldelyide from ethanol combustion leads to the
formation of these same products, as well as PAN, acetic acid, and
peracelic acid {Athutse et al, 1991 MclNair et al., 19923 The
pbservatinn of elevated levels of PAM has been vged as an indjcator
for primary acetaldelyde emisglong (Tanner et al., 1988; Popp etal,
1995+ Faffacy ot al., 1997 ). The increases in PAN may have impacts
on regional scale ozone production because the PAMNs can acl Lo
transport WO, aver lang distances {Gafmey et al., 19837, The major
pathiway for the thermal decomposition of PAN leads o the
formation of perotyacetyl radical and N0z This decampozitlan
depends upHon the temperature and M0z cancentrations and leads
to the farmation of ozone in he presence of NO. Under low-NO
conditlons, decomposition of PAN leads to the formation of HaO,,
Al Geganic vRidains, such s perdoetic acid and organtc hydno-
peroides (Gaffney et al., 1987: Caffiney and Macley, 1992),

Tahle 5
Encrgy content and £0g emisslons of £lfferent fuels (Gushes, 195223, 982 Chang
BT al, el

Fuel BTLgallan Milesfaallan Lo

. [g mklc™")
Gasollne 115,000 L 34 S AE
Dlesel 102,000-156,000 3448 © - 315=252
Mcthanol Ba.000 .. . rry
Ethanal wsoon - 24 243
hithane 29,000 .- 8 A
Propane wognt . il 4.

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

Theeefore, similar to the case for mathangl, the emissions of
acetaldehyde from the combustion of ethanol{gasoline blends will
strongly affect the ozone-forming potential of the exhaust enls-
sions. A Canadlan assessment of the use of 103 ethanolfeasoline
blengds estimates that usaze will laad to 04— L.GY incredses in 020ME,
1-5% increases (o formaldehyde, approximately 2.7% increase in
acetaldelyde, and 2.59-4 5% locrease In levels of PAN, with an
approdlimate 15% ceducton in ©Q {Singlelon et al, 1998) This
citimate is in fairly good agreement with field data obtained in the
United States (Gaffney et al., 1997k

As with any hydrocarbon fuel, the aleobol fuels release the
greenhouse gas OO0 upan cambustion. The important values to
consider when determining the everall greenhouse impact of any
fuel is the amount of 00, produced per gallan, which will vary with
the carbon content of the fiel, and the fuel ecananiy of the vehicle
(Chang ¢ al, 19917, Although the aleohol fuels have less carbon
conbient than the fossil foels, they have lower energy content (see
Table 5) and therefore require more fuel to travel the same distance
{Cushee, 10024, 19920}, Consequently. thelr resulting OOz produc-
tion per mfle is not slgnlfican 1y different thao for gasoline urdiese,
It i5 fimpportant when comparing C0z emissions from different fuels
to include contributions through the toeal Life cycle (Wang, 2003),
When considening the CO; emissions from the entire ke cycle of
the fuels, those fuels that vge less Tossll carbon than e petraleom
fuels they arg replacing will lead o improvements in the overall
02 budget. The biomass-derived fuels like sthanol are lkely to
reduce these emissions, provdded that sign|ftcant fossll foel is nol
involved in the production process, Therefore, oxygenated fuels
[rom these renswable sounces will lead to reductions in overall 0y
releases. The uze of methanol derived from coal will lead to more
CO: amizsions than the e of methanol dacived [mm blomass,

Olher climate impacts can arise from the primary pollutint
caissions or secondary pollutants farmed from theim The alde-
hydes can act as greenhooge specles o boath the vapor and the
aerpsal phases {Marley &t al, 1993), The acrasals formed lrom these
primary emissions can contribute to atmospheric codling by
increased light scattering. The atmospheric reackions of the paroxy
radicals formed from the aldehyde emlssions will also lkely lead to
increaged acldic aecosol praduction contribating to tlight scattering
acrosal species. Once dissolved in aerosols, the aldehydes are also
strong infrared absorbers, and can contribute to lacal heating of the
atmasphere (GCalfney and Marley, 1992), The averall impact of the
aeroso] farmation on climate will depend on their concentrations,
atmospheric lifetimes and distributions,

7. Branched chain ether addidves

The CAAM of 1990 mandated the use of fuels containing 2-2.7%
oxypen by weight in order ko reduce the emlsslons of the selteria
pollutants £0 and the orone faoming precursors MO, and WOEs in
US. nan-attalnment areas (Calvert et al., 1983) Tn arder to meet
Lhese demands, cxygeitated compounds, such as echanol, nierhyl
tertiary-butyl ether {MTBE), ethyl terilary-hucyl ether (ETEE), and
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tevelaryg-amyl methyl ether [TAME) were bleaded with pasoline,
The resulting fuels were ¢alled "refonmulated gasaline”, Since the
regulations also mandated the reduction of the concentrations of
renzene and other aromatics in the fuels, the branched chain ethers
were papular choleas sines they also sevved te enhanee the actatte
nurmiber Jost by lecreasing the acomatic content of the fuiel. Meither
ETHE or TAME gained as wide-spread use as MTBE due to the higher
cost of praduction

hethy! tetiary-hulyl ether 15 manufactucce feam isobutens and
methanol (IMaxwell and Waber, 1992, Upon combustion, it can crack
ta yield the starting products, which are emitted in tle exibaust
during incamplets combustion, Simflady, ETBE 18 manufaciured
from ethanal and isobutene and TAME is made from methanol and
isopentene, Therefore, similar to the aloohol fuels, MIBE and TAME
can lead to increased ormaldehyde emnisslons and ETBE can lead to
increased emisslons of acetaldetyrde (Kalser oo al, 19691, The addi-
tion of MTBE to California reformulated gasoline resulted in an
inerease of formatd eliyde emissions of 21% inthe current fleet (Aueof
Oil Alr Quality Improverment Research Program, 1992 In tunnel
studles, formaldehyde levels Increased by 13% and Isobutene
increased by 57% during the period when MTEE was in use
compared oo perieds when oxyZenates were nat added to the fuel
(Kirrhetetier ot al, THAAEY Similar hnnel stirdies in the California
Spulh Coast Air Basin have reported a formaldehyde to Isobuote e
molar ratio af 1 in emissions where MTBE was in use indicating
a comman sounce (Gertler et al, 1997; Zielinska et al., 1997}

Field studies in Mexloo Cloy repovcted atmospheric levels of
formaldehyle incesased by approxirmately 3 pplb, after the wse of
MTBEfgasoline blends{Bravo et al., 1991 ). Moceover, the time of peak
concentrations changed from midday {previous o MTBE use) to the
mecning lwowrs, Indlcating a primary saurce of farmaldehyde. Ozane
levels also increassd in marmios and evening hours, wills hizher
levels gooucring more frequently afeer the introduction of MTBE.
‘These field studies indicate that, similar to ethanolfgasoline blends,
MTHE wse will lead to primary emissions of the phatachemically
Teactive Formaldehyde, a3 well as isohutene, thus increasiog the
atmaospheric reactivity of the emissions and increasing secondary
azone fommation.

The malor atmospheric oxidation products from MTBE and ETIRE
arg farmaldebyde and e formates and acetates (Japar of 21, 1990;
Smith et al., 1991; Tuazon et al, 199§; Wallington and Japar, 19491,
The heterogeneous photeoxidation of MTRE adsorbed onta aerazols
leads to the prodoctlon of formaldehyde and acetone (ldriss and
Seebaver, 100G, Liriss ot al, 1907). Both the acetates and the
formates are expected to undergo hydrolysis in wet agrosols and in
precipitation ta form tevtfary-butd aleohel. The reactlan of nitrate
radical (MO welth ETBE is an important mightbme loss mechaniam
and is equivalent to the daytime loss by reaction with byd roxyl
radical (Fmlayson-Pitts and Pites, 19565). Lifetimes for ETBE were
estimated to be approximately 30 v in a maderately polluted urban
area (Langer et al., 1996). Products fromn the reaction initlated lay
MOy ingluded terHary-buty] formate, tertiag-bund acetate, form-
dldehyde, and methyl nitrate (Langer et ak., 1995].

The U5, federal requicement that fuels contzin oxygen was
dropped an May 6, 2006 and MTBE 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
to gagoling were luconclusive, Reductions [n atmaspheric CO levels
reported after the vse of oxygen containing Fuels correlated betber
with the number of cars using catalytic converters than with the
number of cars burning the relarmulated gasolines (Calfoey and
Marley, 20007 The reduction in emissions of the owono preoursors
[rom the use of oxygenated fusls was also unclear, Results of emis-
sian studies of total lydrocarbans and MO, produced varying results
wilh dliferent fuels and Meets §Health Eccrs rastioile, 19980), One
study reporbed a decrease in total hydrocarbon emissions of 208 and

an ingrease it MO, emissions of 28 with the addition of MTEE ta
gasoling (Moocman, 1993), Another sludy reparbed a decrease of 73
for total hydrocarbon emissions and no significant change in MO,
ermlssions with 15% MTEE fuel (Reuter et al., 19923 while studies of
e v ol a 9,5% MTBEEfgazoline blend fnund na geiteral pattern of
reducton of tailpipe cmissions when compared with the onoey-
genated fuel (Smamp et al, 1994 In all cases, formaldehyde emis-
sions wena greater with the fuel containing MTEE. Therefore, similar
tey the case for methanol, the emissions of the phatechemleally
teactive aldehydes from the combustion of ether/gasoline blends
wlll strangly affect the atmospheric reactivity and the ozone-
forming potential af the exhaust emisslons.

8. Matural gas and liquitied peiroleum gas

hAathane (natural gas), prapane, and the butanes all have bheen
proposed as clean altermatives to conventional liquid gasoling ad
diesel fuels, Matural gas is primarily composed of methane but can
cantain small amounts of alkenes. Matural gas is @rpically handled
as a compressed gas and Is usvally referred o as compressed
natural gas (LG Methane is an attractive fuel in many ways, It
has a low atmospheric reactvity and therefore has low ozone-
farming nafential. Propane and the hutanes, az liquefied petralesnm
was (LPG), are alsa of reasonably low atmospherls reactivity and
low ozane-forming potential, Reductions in €0, meactive hydo-
carbon emissions, and nitrogen oxides are all feasible with the use
af these fuels, pacticularly if engines are designed for the fuels and
mogkeer wse af threc-wiay catzlysts far eontssion conteol (Fowler ef al,
1991 ; Stodolsky and Santini, 1993; Tabata et al,, 1595; Chang and
MeCarty, 19396).

Methane, propane, and the butanes have low reactivities with
hydroegy] radical, leading to long atmospherc Bfetimes and low
ozone-forming patential (Finlayson-Pitts and Pitts, 1936, 19493),
However, the associated olefins, such as ethene, propene, and the
butenes are quite reacthve with lydroxyl radical. Ths, these Tighly
meactive alkencs, present in LPG at low pongentrations, can cagse
considerable problems in emissions of unbumed fuel. These
emis5ions can occur in leakage from LPC containers ar during
transfer af the fuel between containers, When uged as a trans-
partation fuel, releates of ungombusted olefing alse result durlng
cald starts or in vehicles without catalytc converters. The wide-
spread use af LPG in Mexica City and other foreign cities far hieating
and caoking has led ta somne concern regarding the poteatlal for the
formatlon of ozone due to the olofin contents of these fucls {Blake
and Rowiland, 1295), Alkenes also can react with ozone leading to
increases [n secondary aldehyde productian and the formatian of
PAMNS, Rary ol these problems can ba resohved bot will requing
refarmulation of the LPG to reduce the alkene content if these fuels
are to be used in vehicles on large scales.

Since €O emission rates are a function of the alif/fuel ratio,
vehleles which utilize saseons fucls Trave 4 potential foc lower C0
emissions beczuse they can operate on a stoichiometric airffuel
ratio during cold start, whety CO emnissions are at their highest.
Studies comparing vehicles using CNG, LG methanal, ethanol, and
wasoline Fiels showed that the PG and CMG wvehicles have, in
general, the lowest emissions af C0, benzene, 1,3-butadiene, and
aldelydes [Gabele, 1985), Total reactive YOO emlszlons were also
reduged with CNEG and PG when campared with gasoline or the
aloohol fuels. Although all CHNG and LPG fuels were =99% alkane,
the olefin content of the lydrocarban emissions varied fram 1.6 to
2% [pe CNG and Trom 2 g 143 For TG, The atmosphers reaclivity
af the organic emissions was decreased by 26-83% for CHG and by
51=78% for LBC when compared to gazoline, This variation in alefin
cottent of the exbaust carcesponded roughly to thelr averall
atmospherlc reactivitles, The major reactive component of the
emissions from these fuels is therefore the alkenes.
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Other issues arise witen cansideriog changing From liquid fuels
to CNG ar LG (Eckholf, 19494), The single bigzest drawhbacle for
methane lleg in its very low reactivity. Its atmaospherle Hietime has
been estimated at approximately 10 years {Senurm and Gaffney,
1985), Methane is a very strong grecn iouie gas with many natural
sources, However, the poteniial Far releases of methane from fossl]
sources wauld 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 use of gasoline or diesel
fuels. In addition, methanc is the major soutce of stratospheric
water vapge, and increases in the roposphere would likely lead to
ingreases in stratospheric clouds and the associated cacalwic
destruction of strataspherle orone,

8. BMadigse]

There has been ennsiderable interest in the use of vegetable pils
as an alternative to diesel fuel (Peterson and Reece, 1996), Animal
{als have also been considered as diessl substitutes (Muniyappa
et al., 1995), However, the high viscasity and high molecular weight
of the raw olls and fats caose poar fuel atomization and fow vola-
tilicy leading Lo incomplete combuostion and severs englhe deposits
{Haplw, 19187}, One way to improve the fuel propertics of the nils
and Fats is through transesterlfleatlon [Pelerson, 1986; Peterson
etal, 1391 ). Transesterificatlon converts the larze molecular weighe
organle acld gsters in the oils and fats to smaller esters of the same
acid using an alcohol in the presence of a catalysl, These so-called
biodizsel Fuels are typicably the methy] esters of rapeseed, soybean,
safflower, peanul, sunfawer, eoconut, cottonseed, or ather vege-
table ails, In Gerroany, the most common biodiesel is rapeseed oil
methyl ester, while in the 108, it Is malnly soy methyl estet [Krahl
et al., 2003a).

Studies of the comparisons of emissions from combustian af
bladlesed ar bigdiesel blends todiesel fuel vary depending on the fusl
and the vehicle, [n general blodlese] has up bo G0% lower CO emis-
500G WLl an Increase b MO, afop to 30% {Chang and McoCarty, 1996;
Dorado et al, 2003; Schumaclher et al., 1993) and an overall ingrease
in the ozone-forming potental of the blodlese]l emisstons {Krahbl
etal., 2001 L Emissions of benzene and aldelydes are also reported to
imcrease with the blodiese] furls (Geyer et al., 1984; Krahl et al,,
20022, 2002h0; Mictlellsach et 41, 1985), Since these fuels are metiyl
egters, cracking of the fuel during incomplete cambustion leads ta
the farmatien of formaldehyde [Tumio-Baldacsarc et al,, 2004),

Frissions of FM fFom bladiersel also vary videly depending on
the fuel and wehicles tested, In general, PM emissions are seen o
increase wilh the uge of bindiesel. However, the biodlesal particu-
lates hawe @ much higher organicatly extraclable fraction [Krahl
et al., 20020), The BC content af the hiodiesal P is therefore lower
The ratal PAH and nitrg-TAH emissions are notb signlBcantly
diffecent with bicdiesel and the overall mutagenicity of the emis-
slons are seen (o be similar for blodiese] and low-sulfur diesel fuels
(Bunger ot al., 2000: Krall 4t al, 2002b; Turfo-Baldassarrl et al,
2004} 1t [s clear [rarn these studies that, similar ta the oxyzenated
altcenative fuels, the potential amlssions of aldelydes and PaHSs,
along with ather non-criterla pollutants, need to be investigated Lo
arder to assess the averall air quality impacts of the use of blafuc]s
In dlesel @ngines,

The bindiesel fuels contain approsimately 10% by weizht of
oxygerl Similar to the case with the alochol fuels, since they hawve
less carbon cantenl, their combustion results in lower O0; £rmis-
slons per gallen of fuel burned (Lin and Lin, 2008, However, more
fuel rust be combusted to travel similar distances as with diesel
fuel. The €0z emlssiong per mile ate similar for Both fuels, When
consldering the: €05 emissions from the entlve e cyele af the fuels,
Lhe Biomass-derdved fusls ace hely toonesult in luwer ovesall O0;
emissions. However, since the methyl esters are produced from

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

10, Future needs

[t is becoming Increasingly more obvisus that we need ta
deerease our fassi| fuel combustion to address the [npacts on Boch
air quality and clienate change. The first attempt ab accomplishing
this has been to artempt to camvert ta the renewable bicfuels, such
as aloohal fuels and Hodigsel, However, studies indicate that while
cambustian of these renewable fuels may, in some cases, kesylt in
4 rechucton in the criteria pallutants, the'enissions may contain
significant amounts of cuerenily unregulated vet equally important
pollutants. T general, the oxygenated fuels and their gasollbhe
blends will lead to increases in oold-start aldebyls sroissions,
which will increase the photoehiemical reactivity of the exhaust gas,
leading to the Increased production of ozone and the PANs. The use
of aleahal fuels may lead o some reductions (o 0 and WC
ermissions, with a coresponding inerease n MO, emigslons, The use
of alcohals and biofuels In dlese] engines may have some advan-
rages in rednicing light-alsorbing BC emissions. Howewer, any
impact ef the resulting toxicity of the PM, panticulacly for the
Bigdiesel fuels, is not necessarily a direet consequence of this
reduction. Since mast of the emissions of €0, aldelydes, and
exhaust hydrocarbons accur during the cold start of the engloe,
when the catalyst is not sufficienty heated to operating bempera-
ires, research aimed at improving eatalyst performance and
incorporating prelieated catalylic system designs will be important
in reducing emissions from hath fossil and biofuels.

The reduction of COy emissions from the renewable biofels is
4lse unclear. Although the emlsslon of £0; per gallon of fuel burned
is lower than for fossl] fuels, {he ©J2 emissions per mile are naot.
Also, care must be lalsen in considering the entire [ife cyele of he
fuel andl other potential greenhouse gas emissiong wlhen deter-
mining the overalf climate Impacte of these alternate fuels. While
the combustion of fossil-derived methane will lead to increaged
COg emissions, the combystion of biomass-derived methane Hily
will leadd b net CQp emission redoctions. Fram a global eoviron-
mental perspective, the biomass-derived frels that act to recycle
COz are attractive as a means of reducing combustion-related OO0
emisslons. However, & complete assessment of the Dlo-devived
fuels ngads bo include the foasil fucla used In thele producton ta
atcirately debermine net C0O5 reductions,

Compressed natural gas s cortainly a cleaner fuel than gasoline.
Itshiggestdrawlacks acc n bandling and distributlng the CNG and in
assaclaled safety issues. Methane veleases will e of concern as
a4 greenhouse gas with a fally long 1ifetime, and so the main use of
natucal gas is Lkely ta be in stationary power plants where the
fugitive emigstons can be better contralied. teomplete combustion
of methane does lead to formaldelyds emissions, but this can be
controlled with use ofcatalylle conventers, Liguefied petrolewm gasfs
not as clean as CNG bt is #asier to handle, although ane of the major
Lague s with bothof these fuels is high MO, emissions. Indeed, all ofthe
internat combustion systems that make use of either spark-ignition
or diesel configurations will lead to the emission of thermal N,

WIith all eansiclered, the use of a fuelcell-powered electric
vehicle would seem to be the langer-teem “best” answer to the air
quality problems facing mnsLmajor urban centers in the wiarld, Fuel
cells convert the gaseons fuels such as hydrogen or natural gas
divectly imlo electricity by an electrachemical process. The key
components of a fuel cell are an anode, to which fuel is supplied,
a cathode, o which the gxidant is supplied, and an elecieplyte,
whilch permiliz the flowr of lons Deoween The anosde and cathode.
Fugl cells operate like battaries but singe the fuel and coddant are
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wot Integral parts of the fuel cell, they do not nesd to be recharged
and will continually produce power when supplied with fue] and
axldant The chemical reaction oocurrlng vlthin the fugl well is
exactly the same as when the Ruel is bumed, but the chemical
CONYATSION Process acours at 3 qwell lower temerature tian In an
Internal combustion engine, so there is no MY, farmation, and since
there are o lubricating olls, there are alsq no hydrocarhons oo &0
emissions, In short, fuel cells can be ysed to operate zero Emitting
vehleles (ZEV)L

The most cfiicient fuel for fuel cells 5 hydrogen. W can be
supplied dircctly from refueling stations, or indivectly from an-
board pereration systcrms. Doe to infrastructure compatibility,
safety considerations, and optimem driving range of the vehicles,
on-board generation of hydrogen from gasoline or metlanol s
more widely favored (Kartha and Grimes, 1994 Kordesch and
Simader, 1955; Holhledn et af, 1896}, Increases in fiel econamy of
dpproximately S0% with very low €O, MOy, and WO emlssions
appear to e feasible with this approach. Tn addition, the increased
projected fuel economy would lead to lower Ok EMissions,
partlcularly if biomass-decived fuels are used as a feedstock,
However, the methanol reactlan deoes produce CO, whicl has to he
removed calalytically {Schride er al, 1954),

Meost of the attention regarding the combustion impacts an air
quality and climale Las centered an motor vehbicles and He trans-
portation fuels, However, enal-fired power plants are a maijor
source of P, S0 and Mk, the toxic metal mercury, and the
Zreenhouse gasses Oy, CHy, and Natd worldwide Clearly, in arder
todecrease the Impact of combustion oo air quality and climate, we
nedd to comwelt b other energy sources far electricity generation,
Solar, hydroclectric and wind can all be used on small scajes in
areas where the souvee of gneray |5 available and refisble, The only
enerpy saurce that has the potenlial for eliminagling the effects of
combustion emlssions and can be used on 2 wide scale s nuclear
power, Currently, nuclear powver provides approximately 17% of the
warid's clectdcity with the ULS., Frange and Japan agcounting for
S7E Must esimates suggest that in order o have a significant
lmpact on carbon emisslons, carbon-free sources of eleetrical
CTLEEER, Such 3% puclear power would have tg expand by Factors of
3-10 by 2050 (Ewing, 2085),

There are many available types of nuclear regebors and nuelear
fuel éycles used in puclear power generatian, The different fusl
cycles represent different sirategies for making use of the nuclear
materials. The open-cyele treats the spent nuclear foel as g waste
without any atternpt at reclaiming it, This cesvlts o the need bo
dlspose of The spent fuel after one pass theough the reactar, The
elised-cycle reprocesses the spent fuel and retreves abogt B5% of
the nuclides for renge in the reactor, The breeder-reactar oyicle
creates more fissile material in the spent fuel than was contaled in
the griginal fuel and involves multiple cycles of fuel rEpPraCessing
and reuse, areatly reducing the amaunt of waste {Ewing, 2005). Tta
1977 nuclear materials reprocessing was halted in the IS, due to
eOnCETOs regarding nuclear proliferation. Today, TEProcessing is not
rwrsued becauss it is more expansive than the stmpler stratepy of
directdlsposal of the spent fuel in 2 nuclear repos!tony (Burnn et al,,
2003}, There are several problems associated with this strategy, The
U5, has not agreed on whete and how to dispose of the spent fuel,
consequently, the waste 1z ourrently stored at some 100 commercial
reaclor sltes, Meanwhile, since the tong delayed Yurca Mountain
Repository is not lilely to accept waste before 2020, the 115, is
already getting close to the ¢ap set for e Yucea Mountaln site of
63,000 metric tons of commercially generated waste [CEE Mews,
2007 The only solution to this problem is re processing the spent
fuel, Since there are currently no financlal incentives to put this
technelogy into practlee, &t will most likely take government
regllation of the waste generation process ta provide the noeded
maivation. )

Overall, nuclear power plants produce Ear less waste than foss!|
fuel based planls, Coal-ficed platils in partienlar £enerate very large
AMOUNTS af toxic and radioactive Gottom azh. This ash ls (ypically
disposed] of in landfills or wsed as All material in roadd construction
where the trace metals and radionuclides can leach inbo around or
surface waters, It has been estimated that these practices result in
mare radisactive waste being refeased into the environment than
fram reuclear power. The populatian cifective dose ¢ruivalent from
radiation from coal-fired power plants is 100 times as much as far
nuclear plants {McBride et al,, 1973; Ren et al,, 1098}

We have been aware for some time that in order to avoid or at
least mminimize the air quality and climate impacts of Fossil fuel
eatnbustion. altermatives must be put in place, Howvever, no matter
how dire the predictions asscelated with Inaction, there has heen
major resistance to change. Even with gasaline prices skyrocketing,
vehlgle Tuel economy has not Been inaeased and the currently
available bybtld vehicles have not been populac The ey to
successful application of new technolegles such as fuel eolls or
electrle vehicles will be the development of the infrastructure and
the carmmercialization and replaceient of the current fleets {Serfazs
ot al., 1994; Appleby, 1996; Chalk et al., T996), After all, the internal
tombustion engines ltave the benefit of 100 years of evglution and
infrasiructurs developroent. Therefore, even with Uie curment envi-
ranmental pressures, the estallishment of alterative vehicles in the
irarket will not eocur avernlpht and will li%ely require government
suppart considering the magnitude of the investmenl required,
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Abstract

Climate forcing has becoms & concern due to the ncreasing
concentrations of g number of well recognizad gresnhouse gases in the
atmosphere, such as carbon dioxide, nitrous oxide, and methana, All
threa of these well-known greenhouse gases have connections to
agriculture, particulady nitrous oxide and methane from rice production.
However, these gases are not the only radiatively important specias, a8
tropospheric ozong and asroscls are also important in efimate change.
Carbonaceous aerosols are increasing in importance, pariculady ag
some incrganic aercospls such as sulfate are being successfully
controlled. The impacts of fhese agriculturally important greenhouse
species are overviewed here, and discussed in light of recent work using
carbon isotopic measurements to examing the potential impacts of
biogenic serosols on glimate. Examplas from Mexico City, Chicago and
Arkaneas are given, which suggest that grees fires and agricultural
burning can be significant sources of carbonacecus serosols.
Spactrascopic characterization of these asrosolz in the UV-NIR-IR
regions has glearly shown that 2 significantly enhanced absorption,
particularly in the UV and IR, can occur fram aerosals preduced in
agricultural and forest buring. The serosol species responsible for this
anfranced abeorphion bas been described = “humictike’ substances
(HULIS). The use of natural carbon isotope vanations {°C and ™*C)
along with optical characterizations can be useful in examining the
impacts of this type of buring practices, especially for carn and sugar
cane {(C4-plants). Combustion of sgriculfural biowaste as & biofuel
gource [fnstead of uncontrolled field burning I8 suggested as an
alternative fo current practices in the .S,
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Introduction

While the emission of the well-knewn gresnhouse gases such as carbon
dicida, nitrous odde, and methane are well defined and have been
identified as being directly tied to specific agriculiural processes, &
number of other greenhouse species produced from agricultural activities
are not, Gzone, whish plays an important role in tropospheric air quality,
is also a climate forcing gresnhouse gas. Agriculiursl practices that
involve standard fisld buming to remove unussd debris is a major
preblem in the Southern, Southesst, and Midwestern U.S. and a large
sourcs of reactive hydrocarbons and nitrogen oxide which react in the
atmosphere to produce slevated ozona lavals on regional scales,

Atmospheric agrosols have been identfied as a major ungertainty in
climate forcing due to their direct and indirect effects on radiative
balance. Both scattering and shsorpiion of radiation by asrosols are of
concern in determining the frpact of the aeroso] direct effect. The abilily
of aercsols to act as cloud condensation nuclei leads to their indirect
effect, a2 the asrosols impact both cloud formation and type. Biogenic
carbonacecus aerosol SoUrces have been found to be major contributors
to both primary and #2condary organic aercsols (80A} on ragional
scalgs. Biogenic SOA are produced from the reaction of reactive
bioganic hydrocarbons emitted by both nstural and  agricultural
vagetation with ozana. These SOA bioganie precursors include isoprahe,
moncterpenes, and sesquiterpenes. Agricultural burning is also a large
gource of primary carbonacecus aerosols as well as reactive bioganic
hydrocarbons which produce SOA,

The direct impacts of the strongly abserbing carbonaceous asrosols on
climate will depand on their wavelength dependent optical properties.
The degree o which atmospheric aerosols and clouds prevent the
transmission of light through the atmosphere is commonly reported ss
the optical thicknsss, also known as optical extinclion or abmospharic
turbidity,. The wavelength dependence of atmospheric extinction is
traditionally described by Angstrom's turbidity formula as 1 = B, where
B, known as thdingstrom t urbidity coefficient, is the valus of « at &
wavelength of 1 um and o, known as the Angstrom exponent, represants
the wavelength dependence of the opfical extinction. Ths total
atmospheric  axtincion is the sum of scatfering, which praduces a
coaling sffect, and absorption, which produces a  local warming
effect, as 1 = Bh% + Barh s, where . is the Angstrom exponent for
gerosol scattering and o, 5 the Angstrom exponent for serosol
absorption. The vslues of the aerosol o, give a measure of their
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wavelength dependent absorption profiles and thair ability to cause iocal
heating of the aimosphare. In addition, since the value of o, is
dependent oh the chemical compeaition of the absorbing asrosel, it can
serve a4 an indication of the typa of absorbing asrosol present (1)

Past work assumed that the dominant light absorking aerosol specias
was carbonaceous soot produced from incomplete combustion of fossil
fuzl. Carbon aoot is & broad band absorthar with an absorption sirenoth
that decreases monatonically with wavalength {1/3) yielding an ¢ of 1 (2,
3). Recently, ofther important light absorbing species have been
chserved in astmospheric asrosels including the water soluble
polycaroxylic acids known as "humic-like" substances, or HULIS (4}
Aerasol HULIS can bs produced directly from biomass burning (5) or by
stnosnheric ayidation of bicganic hvdrocarhons 18 and afe theeiore
biogenic in nature They can comprise up to 50% of tha water solubla
arganic aerpsol gpecies at both urban and rural sites (7). Like the aguatic
humic acids they are named for, HULIS contain polycarboxylic acid
groups along with other uneafurgted sites in an extended conjugation
system. This results in intense absorbances belew 400 nm (g) which
cause the HULMS 1o be yallow to browm in color, l2ading o their haing
referrad to as “brown carbon® {5, 2). This ehhanced shortwave
sheorption gives the aerosols containing HULIS oy values that are
greater than 1. Pure HULIS matenals isolatad from biomass burning
aerosols have very high o, valugg In the renge of & — 7 (5}, Mixed
atmospharic aerpsols preduced from biomass burning have intermediate
values for tha o, values of about 2-3 {5,100,

Atmospheric asrosol oy values measured in Meaxico Cily were observed
to Increase in the afternpon over the values measured in the moming
{11). This was attributed to the photochemical formation of highly
sbsorbing SOA in the aftzracon. The o, values were also cbhaerved to
increase during paricrds of bismass burning, Local grass fires resulted in

ma VEIUEs around 2-3 (12), while aged bipmass buming aerosols
transported [ong distances from the Yucatan regulted in o, values of 1.6
{11). Measurement of aserosal carboxylic acid content by FTIR
spectroscopy coupled with carbon isotopic analysis indicated that the
anhanced o, values observed were dug fo increased HULIS content of
tha aerogolg (13, 14). These resulls clearly indicate that there iz a
significant impact from biomass derived carbonacsous aerosol sources
sven in the large urban area of Mexico City and that these aerosols hava
absorption profiles that aré enhanced in the shortwave ragion over these
derived from fossil fuef combustion. This enhanced sherbwave absorption
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can lead to local heating of the atmosphare and changes in climate and
weather patierns.

Carbon (sotepic Measuraments

The measurement of ragiocarbon ('*C) in atmospheric serosol samples
can give a measure of {he ameountz of asrosol carbon produced from
fossell fuel and non-fossil fuel sources. All biogenic materials are labsled
with & relatively constant initial “C/%C ratio (15). Aerosols produced from
the combustion of this biogenic material will have the same C cantent
&8s the source material. The aeroscls produced from the combustion of
fossil fuels contain no "G bacause the ags of the fuel is much greater
than the 5730-year half-life of the ™C. Therefore, the '*C content in
atmospheric asrosols, reported as the fraction of modern carbon,
provides & direct measure of the relative contributions of carbenaceous
materials derived from foseil fuels and that derived from  modsmn
biomass seurces. The MC content of atmaspheric aerosgls dstermined
in samples collected in a number of areas are shown in Table |

Early measurements made in Barowe, AK (18}, Loz Angales (17 and
Denver (18} previous to the year 2000 showed a lower madsth carbon
content than those mads later reftecting a higher percantape of fossil fusl
detived aeresols during that tims (f7,18). Later measurements have
resulted in largsr modern carbon fractions reflecting a lower percentage
of fogzsil-darived carbon in atmospheric aarosols. This ig possibly a result
of implementing tighter controls on motor vehicle emissions and the
growing uze of biofugls compounded by Wie control of open buming in
many araas (19],

The high levsls of modern carboh reported in Table ! for Launceston,
Tasmania were attributad 1o high levels of résidential wood buming in
tha wintertime (20). The high modarn carbon levels cheserved in Nashville
(21}, Tampa [22), and the park sltes of Yosamite, Brigantine National
Wildlife Refuge {BNA, Mt Rainier, Rocky WMountzin National Park, and
Tonta National Monument (TNM) {23) were attributed to biggsnic 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 1950z resulting in "C/C ratios higher than sesn in
modern biomass,

The fraction of modern carbon measured in the asmsols collected in
Maxico GCity in 2008 was found to ba consistently larger than 0.5 (> 50%)
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suggesting & large biogenic cantribution to the carbonaceous aerogols
even in this large urban area (12, 24). Cther measurements have also
found significant biogenic aarcso! sources in this area particwlarly for the
taw molecular weight and water soluble fractions of the aerosols (25).
The modern carhon gerosol content observed at Tecamac, & suburban,
rural zite located 18 miles north of Mexico City, was higher than that
observed in the city due to impacts from local grass fires, The biogenic
impacts in this areg were observed to be as high as 90%.

Tahle |. The fraction of moderm zarbon In atmospheric aerosalz
reported for some urban areas.

Location Year Modern G Reference
Eanoe Average

Barrow, AK 1582 0.42-0.46 0.4 16
Long lstand, NY 1982 0.37-0.40 0.4 16
Los Angeles, TA 1982 0.20-0.43 0.3 17
Denver, CO 1998-97 0.05-0.69 0.2 18
Mashville, TN 1999 0.58-0.80 0.7 21

Houston, TX 2000 0.27-0.77 0.4 28, 27
Look Rock, TN 2000-01 0.54-0.83 0.7 28
Tampa, FL 2002 0,55-0.95 0.7 22
Zurich,CH 2002 0.60-0.87 0.5 29
Yosemite, CA 2002 0.80-1.05 0.9 an
Tolkyo, JP 2002-D4 0.31-0.52 0.4 M
Aveiro, PT 2002-04 0.77-0.82 0.8 22
Puy de Déme, FR 2002-04 0.72-0.87 0.8 a2
Schauinslend, DE 2002-04 0.75-0.84 0.8 22
Mexico City, MX 2003 0.58-0.86 0.7 12
Laungeston, AU 2003-04 0.28-1.11 0.9 20
Seattle, Wh 2009-05 0.58-0.69 0.8 23
BNW, NJ 2004-05 0.30-0.59 0.8 23
AL Rainier, WA 2004-05 0.75-1.10 0.9 23
Tokyo, JF 2004-05 0.31-0.54 0.4 a3
Fhoenix, AZ 2005-08 0.43-0.75 0.5 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
Mexico City, MX 2008 0.42-0.75 0.5 12
Tesamac, MX 2008 0.55-0.896 0.8 12

BNW = Brigantine National Vifdlife Rafuge; THM = Tonto Mationa!
Manument
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Tha fractlon of modern carbon was determined in the organic carbon
{OC) and elemental carbon (EC) aerosol fractions in Maxico Cily by
using tharmal fracticnation methodologies described previousty (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 modem carbon than the smaller molecular
waight OC frackons while the resulls for the total asrosol carbon ace
generally shown to be midway bawaen the EC and OC values. Similar
results hava bean reportad in studies in Okinawa, Japan where the black
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 asresol component was 0.67 in Mexico City and 0.75
at Tecamac. The corresponding results for tha OC componant weare 0.75
in Mexico city and 0.85 at Tecamac. This is consistent with input from the
|ocal grass fire sources at Tecamac and diesel soot being a major source
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
that the biogenic contributions to carbonaceous aerpzolg are becoming
gignificant world wide and their effects on radiative balance will need fo
be considered,
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Figure 1. Fraction of modern carbon ih organic carbon {red)
elemental carbon (graen), and total carbon {(hlug) fractions of
asrasal samples collected in Mexico City and Tecamac In 2008,
Organle Reactivity and SOA

It is important to recognize that the volatile organice emitted from both
fossll fuel sources and from biogenies have vary diffarent reactivities with
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OH, nitrate radical and ozane. A comparison of the reactivity for some
comman organics and natural hydrecarbons with OH iz given in Tabla Il
In ganeral, the alkenes ara more reactive than the alkanes and aromatic
hydrocarbons. Thig is dus to the ability of OH radicals to agdd to the
olefinic double bond. Another trend is that the presence of functional
groups that denate electrons to the double bohd increases the reachivity.
Thus, larger alkenes react faster 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 alkanes will
react faster. Oxidized organics are typically less reactive with OH, asin

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

Hydrocarbon rate x 10 12 ¢rn® molecule™ &7
Alkenes

Ethens 8.5
Propene 26
1-hutens 3
1-pantene 31
i-hexene a7
cis-2-butena 55
trans-2-butene &7
2-methyl-2-butens a7z
2, 3-dimethyl-2-butens 110
2-methylpropene 3
Cyclohexens 68
1,3-butadiana &7
2-methyl-1,3-butadiene {isoprane} 101
Limengne 171
beta-caryophyllene eollisional
Alkaneos

Ethane ' 0.03
n-Butane 2.5
Cyclohexane 7.4
Othears

Acalylsne 0.08
Benzene 1.3
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most cases they react by abstraction and are therefore their reactivities
are comparable to the small alkanes, The ozone and hitrate radical
reactiviies for these hydrocarbons also follow the same general frend ag
the OH reactivities as they ars all electrophilic reagents.

Since fossil fuel sources have been identified as "anthropogenic”, we
have implemented control strategies for the volatile organics smitted
from both mobile and stationary sources in order to reduce ovzone
formation in wiven aress. One mnporesmd conlrod stiratety is the use of of
catalytic converters for mokile sources. This same reactivity trends listed
in dizcussed sbove also occur in catalytic oxidation. Thus, in catalytic
convarters the more reactive alkenes and larger alkanes are most
affactively removed yielding emissions primarily compasad of the much
less reactive hydrocarbons. With time, thase measures have led to the
reduction of the most reactive anthropogenic volatile organic compounds
{WV0OCs) leading to a reduction in the overall reactivity of the emiszlons.
While the organic reactivity of the emissions from motor vehicles ang
anargy related stetionary sourcesz has been reduced, the nitrogen oxide
emiszions have not been lowsred, Thus, the result of this reduction in
anthropogenic YOU reactivity has led {o a slower production of czone
and g transition from the formation of high czone [eveals in urban areas to
alevated ozong concentrations on regional scales.

Mete in Table 11 that the biogenic hydrocarbons 1soprene, dlimanene and
bela-caryophyllens  are  vary, wvery reactive compared to the
anthropoganic hydrocarbons. The biogenic hydrocarbens, isoprene {Ch
hemiterpens}, the monoterpenas  (C10), and  especially  the
sasguiterpenes {C15) have atmosphearic lifetimes fypically of minutes to
hourg in urkan enviranments and hours to days in regional areas. The
less resctive anthropogenic organic emissions tend to have lifetimes on
the order of hours to days in urban environments, and days to months on
regional scales (38). Unless they are photochemically reactive, the
uxidized organlc hydrocarbons have stmospheric lifetimes that are are
typically much longer. For comparison, at a OH radical concentration of
. 1.0 x 10% molecules 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 biogenic hydrocarbons have lifetimes of minutes to hours.
Indeed, the sesgulterpenes are so reactive with OH and ozone that they
ara typically very difficult to measLire diractly in the stmosphere and have
to be inferred from measgurements of their reaction products.

Thess very reactive biggenic hydrocarbons are emitted from living
vegetation ingluding natural 2s well as anthropogenically managed
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agriculfural areas. The estimsfed fotal emission rate in the U.5. is 30.7
Wt annually with mare than half of these emigslons occurring in summer,
and approximatsly half in the Southeast and Southwestern U.S (37). The
gctual fraction of land uged for agrcultural purposes in the Midwestern,
Southern, and Southeastern LS. is congiderable as compared fo land
left in tha "natural state”. While the percentage of cropland in the U.5.,
excluding Alaska, was approximately 23% in 2002 {38), this fraction
approaches or exceeds 40-50% in many porlions of the midwest and
south.

A% we increase controls oh the VOO emigsions from fossil fuel sources,
and the overall hydrocarbon emission reactivity from thess sources s
lawered, ozone formation refes as well as the SOA formation rates from
these sources are lowered. At the same time the nitrogen oxide
emigsions have hot been contrelled and the atmospharic levels remain
high so that ozone levels are Increasing regionally. This has the effect of
increasing the ozone reactions with the very reactive biogenic
hydracarbons and increasing the formation rates of the biogenic 50A
reaction produsts. This axpected increess in hiogenic S0A iz =
contributing factor to the observed increases In fraction modern carkon
abserved in carbonaceous agrasals over the years.

Primary Combustion Aerosofs

Carbonacesus aerpsols from leaf boming and regional agricultural
huming praciices sre a substantial 2ource of carbonaceous aerosols in
the Southarn LS., with Arkansas, Louisiana, and Flotda contribufing
e irvan T9% of sl agricuitural buming in e souiheas) (39Y. 'n 2004,
results from the Moderate Resclution Imaging Spectroradiometer
{MODIS) satellite data showed that 73% of all the fire activity in Arkansas
was dus to agriculturgl burning with the high=st activities ocourring Ih
June and Qciober — January {39), Az part of an effort tp evaluate the
aerosol optical properties in this region, a number of instruments have
been operated at the Chemistry Depsriment of the University of
Atkaneas at Little Rock (UALR), Little Rock, AR. These included a ¥-
wavelength sethalometer to measure aerosol absorption, aerosal oy, snd
BC aerosol levels, The instrumentalion ang metheds used have been
described previously in detail {11, 12).

Figure 2 shows the BC contentrations measured at UALR from QOctaber
tv December, 2010 compared io measurements made by the same
methods at The University of Chicago (U of C) from Oclober to
December, 2007, During this time period the bioganic WVOC
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srrizsions would Be winimsl in ouin arems decrsasing the input from
S0A farmation. The ochearved BC would therefare be primarily from foesil
fuel or biogenic combustion. The BC levels observed at The U of C were
significantly lower than at UALR by a factor of 2-3. The overall averags in
Chicago during this pariod was 0.4 pgim® compared tn 0.8 Lgim” at
UALR and the maximum levels observed were 2.8 pg/m? in Chicago and
7.9 ugim? in Litle Rock.  The site The U of G was located in Southeide
Chicago and highly impacted by diessl truck traffic from the nearby
expressways aswell as campus traffic, while the sile in Little Rock was
located on the heavily wooded UALR campus in Southwestern Liftle
Rack and not heavily impacted by local traffic. The only source of
biomass combustion in Chicage would be wood burning fireplaces, which
are minirmal in this area. Howaver, there are no opan burning controlg in
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Figura 2. Black carbon [BC) lavels measured at the University of
Arkansas at Little Rock {top) and at The University of Chicago
{hottom) from Qctobar to Decamper 2010 {WALR)Y and 2807 (U of C).
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Arkansas and |saf and trash buming as well as agricuftural burning sre
comman during this time period. The hgher BC lavels observed in Little
Fock would therefore indicete a significantly higher level of combustion
serosols in Little Rock compared to the large wrian area of Chicago.
Mote the population of Little Rock is approximately 190,000 as compared
to Chicago's population of 2.83 million.

It should slao ke noted that in addition to the production of high leveals of
carbonacecus asrasols, these open burning peaclices commeon in the
Southern U.S. also produce regional ozone from nitrogen oxides and
reaclive organic emissions relaaged during combustion. Ozone s a
ragulated atmozpheric pollutant and a regoghized humsan heaith hezard
#s well as a greenhouss gas. In addition, open burning also produces
significant amounts of carhon monoxide and sldshydes. Aldehydes {e.g.
fommaldetyds,  acetaldebyds, acoien, onolonaldehyte, =) ae
considered air toxics and have immediate high lave! eve-irritation or
lachyrmater potential along with long term  carcinogenic exposure
petential to downwind populations.

Natvral Ieciopic Labeling to Assess Agricuffiural Buraing Sources

The natural labsling of vegstation with different refios of stable carbon
isotopes (G °C) due to their different photachemical pathways can also
help to idenfify the biomass aerosol sources. The C-3 plants, which
utilize the Calvin-Benson photosynthetic cycle, have a more selsctive
chemistry and fractionate the heavier carbon isotope {°C} by about 12-
14 parts per thousand as compared fo the less selective G-4 gr Hateh-
Slack photosynthetic pethway. The C-3 and C-4 plants will therefore be
labeled with different '*C/“C ratios. The C-3 plants are most abundant
and comprise most tres speciss, shrubs, and cool temperate grasses
and sedges, while the C-4 Plants consist mostly of warm temperate to
tropical grasses (4Q). The %G ratios ate commanly expreseed as
G'%C values In per-mil (%c), a@nd represent the difference between the
measured ratios and that of a carbon isoctope stendard, tj.fpfcal'lg Cs
prepared from Peedes belemnite carbenate. The measured “CF°0
ratios of organic matter are generally '*C-deplsted compared to thet of
the standard and are theréfore reporled as negative valugs. These
resulting 3°C values can be vaed to estimete the relative contribulions
from G-3 (6%C = -27 + B) and C4 (5'°C = - 13 £ 4} plant sources to the
camonacenus aengsols,

Taken together with "*C measurements these determinations can allow
for the impacts from specific agricultural burning activiliss to be
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Figure 3. Carhion isotonle ratlos of flne asrosols In Mexico City {rad)
and Tecamac (green) In 2006. Results expected from the
combuetion of fossil fuel, sugar cana, and trees and grasses ara
indicated with ovals.

assessed. A companison of the '*C ratios with the fraction of modsrh
carbon is shown in Figure 3 for fine agroscls collectad in Mexica Sity and
Tecamac in 2008 {12, 24). The results of 25 %0 5™C and near the 100 %
fraction modern carbon observed at Tecamac are indicative of
combustion 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 bipmass burning asrasals. Mexico City was impacted both by
gress fires to the nordh and widespread forrest fires in the Yuccatan
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 Southarm US. will lzad o the relgase of
carlbunaseous sout asrosuls any resctive organics enriched in ' and
"C content (-12 %« 6'°C and a 100% fraction modern C). This is
contrastad with that expected from the combustion of wood (3 planty
producing aerosols more depleted in ™G (-25 %« 57°C and 100%
fraction modern carbon) and that from fossil fual combustion yieldin
serosole depleted in both C and ™C (-256 % 5'°C and 0% fraction
modern}. Therefore, messurements of the carbon isctopic content of the
fine aeroscle produced during a burning event of sugarcang debris fram
agricultural fields will give isotopic signitures that are digtinct from that
produced from these other sources, as represented in Figure 3.
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T integrated nature of the carbian isotopic measurstnents alse allows
for the aciual mass fraction of aarosols produced from combustion of
different materials to be assessed during these events. Similarly, the uge
of carbon isotopes can be combined with ather tracers of opportunity
such as fine potaggium or halegsn content to assegs the impacts from
other types of agrcultural burn events. Thase methods have recently
besn applied to aid in source determination for long range transported
asrosols impacting the pasific northwest (43}

Affermative Uses for Blomsss

Agricultural field stubble removal by open combustion proceszes
currahtly 1n use are not necassarily the hest option when conzidaring the
potential impacts on regional ozohe production fram nitrogen oxxide and
reactive organic emisslons a5 well as (he climate impacts from released
greenhouze gazes and carbonacepus aerosols associated with these
burning events, Alternate approaches to disposing of these unused
materials should be considered. One option I8 the potential use of this
agricultural debris as a diract biofuel replacement for coal as a cleaner
energy source. A simple comparizon of the energy content of the
different lypes of agricultural materials and wood debris to coal and ail
used for power plant fuels is given in Table Nl {44}

TABLE iil. Enargy centent in gigajoufes per mettic fone (GANT} of
some blomass and fessii fuels.

Carbona Fuel Sourca En ontent {GT
Bicmass

Ciry Woced 18-22
Wet Waood — (20% moisturs contant} 15

Ag residues — Vet 10-17
Charcoal (from 80-180 GJ orlying] wood content) 30
Ethanal 28.7
Biodiesel 378
Fosasil

Gascline 473
Diggal — 928
Coal - anthracite 2730
Coal = bituminous 27
Lignite 1519
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The agricultural (Ag) residues listed in Table Wl include sugsr cane
bagasse, rice straw, and wheat and corn stover, It should be noted that
the energy content listed for sthanal and hiodiesal is for the final product
and does not teke into account the energy costs to produce the finel
liquid fusl.

The data shown in Table | indicate the potential energy content in these
unuged agricuttural restduss. This is a potentially renewable fusl source
which should not be neglected. Whila the use of this material to produce
alcochols, biodiesel, and other liguid fuels is being explored, the diract,
contralled, high temperature combustion of drigd agricultural carban
residues from crops should be considersd whers open field burning is
common. In this case, controlled combustion of these materisls as an
alternative to open burning could lead to the reduction of greenhouse
zpecies as well as 10 reduce the agriculiural 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 enllected at UALR on the rooftop of the
Seience Lab Building during 200% ang 2010 using an automated wed-try
sample collestar, 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 after filtration through a 0.45 memkbrang filter to remove
suspended particulates.

The DOC levels ware cheerved to increaze beginning in May (day 140)
and continue through August {day 245}, The average DOC chserved
during thiz time period was 4 ppm with a madrmum of 8.5 ppm in Juns,
Mate that this in pgak tima for both bicgenic emissions and agricultural
burning acihiies (34, 3%). Analysls 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
consistent with results found on aercsol HULIS (48). The area near Little
Fock is heavily forested with deciduous (iseprene emilting) and
coniferpus fmonoterpens emitting) trees. A comparizon of the resclion
products of ozone with beta-caryophyllene have found them to be of
similar molacular weight. Theze results suggest that a significant amount
of the dissolved organics in the rainfall may be dus to low moleculsr
weight oxidation products of biogenic hydrocarbons, However, it should
glzo ba noted that the organics produced from apen burning will likely be
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Figura 4. Total amount of rain {mm) and dissolved organic carbon
(DOC} concentration In rainwater samplas collectad at UALR in
2008 {graen] and 2010 (blua).

a mix of oxidizad compounds that will ba of similar structure to thoze
pioduced fromn the 'ow femperelurs almosphenc oxidations Wy OH
radical and other axidants in the froposphere.

There are very few measurements of '°C in DOG in rainwater, However,
the faw that have bean reported in coastal Nerth Caroling have found the
DOC o contain 758-86 % modern carbon (47). This is again consiatent
with & bklomass source for the soluble organic compounds in the
rafnwater. The input of this bicgenic DOC from reinwater inte surface
waters can be important on regional scales. For example, the flux of
these oxfdized organics inte Lake Maumelle, a Little Rock drinking water
source, is estimated to be approximately one ton of carbon per average
rain event,

Climate Bio burning chapter Gafllney Marley Printed 3/23/201%



The BC concentrations and the asrosof o determined from a ¥
wavelength asthalometer as described previously {11) are shown in
Figura 5 along with total rain amounts measured at the UALR site from
August to December 2010. Examination of the data shows that there is
significant amounis of carbon that remain in the atmosphere during rain
events. However, the sercsol o are closer to & value of 1 during and
immediately folfowing significant rain events. An o, of 0.9 to 1.0 s typical
for diesel soot, while e, higher than 1.0 indicate the presence of UV
gbsorbing compounds such as HULIS that are praduced from bicgenic
VOC reactions with OH and ozone or from  biomass burning (12).  This

l
|

]
I
O I
i
H
T

B [g/m*)

E
i
I
!
!

] I
P
] !
ud '. 1 -l' ' " v
=0

Lo z30 Tl 1 LT arn

Figure 5, Black carbon cencentrations, Angstrom exponants for
aaroscl absorption, and total rain amount measurad at FALR during
August-Decamber, 2010,
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indicats that the rain preferentislly removes the water soluble seroscl
components with enhanced shortwave sbaorption, typical of HULIS,
leaving behind the more hydrophokic BC. It is likely this occurs due to
nartitioning of semivrolaties betysan the surfeces of asrosols and wates
droplets thus allowing for the removal of the oxidized crganics through
wet daposition and tha ohserved lowering of the absorption exponents to
the bage diesel values during rain events.

A significant amount of the carbonaceous aerosols in the submicron
region is not removed during the rain events and this will lead to longsr
lifatimes for these more hydrophabic species. [t also indicates that the
remaining BG would be Yransported over much longer distances than tha
oxidized reaclion products which are more readily removed from the
atmosphers by wet deposition.

Climate Impacts of Biogenic Asrosols

Maasurements of the mass absorption coefficient (B,) of the atmospheric
carbonacecus asrosols in Mexice City have been reported as 10.9£2.1
mg at 660 nm (48). The wavelength dependent absorption profiles from
280 to 600 nm for a diase! soot type BC aerosg| with this absorption
gtrength and &n o value of 1 is shown in Figura B compared to the
wavelength dependent absorption profile for a mixed fossil fuel +
bicmass buming typa aerasol with an a, of 1.6, 85 measured in Mexico
City praviously {11},
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Figure §. Absorption strengths (m’/g) for a soot type BC aerpacl
{grasn} and a biomass type BC asroscl (blue],
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In order to esfimate the atmosphsiic heating potential of the BC aerosols
shown in Figure 6, the relative energy absorbed can be caiculated from
the wavelength dependent solsr irradianca at ground level (Figure 7A),
Mote that the frradiance at ground level is reducad from that anticipated
at the top of the atmosphere due o absgrption by atmospheric gases.
For example, absorption by stratosphetic ozone removes a significant
amaunt of shoft-wave radistion in the 280300 nm wavelsngth rangs
preventing it from reaching ground level. It should also be noted that
while the number of photons reaching the ground in the UVB and UVA
regions is significantly lower than that expected at 550 nm, there is
significant enatgy assotisted with these photons andg thus the ground
level irradisnce peaks at around 450 nm. The relatve amounts of
energy sbeorbed by equal amounts of the two types of BC aerosols in
Figure & can be obtained by multiolying tha solar irradiance (Fiqure TA)
by the wavelength dependant B, of tha two bypes of BO serosdls
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Figure 7. A) Solar irradiance at ground lavel {Wicm®-um). B} relative
enargy absorbed by a soot type BC asrpzal (gresn) and a bizmass
type BC asrosol (blug) present in tha lower atmosphare.
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{Figure 8). The result shown in Figure 78 demonstrates that the biomass
type asrosel absorbe approximately 1.5 times more energy than the spot
Lype oeroso! & ihe madiance peak of 450 nm and 1.7 timas more anergy
in the UVA region {350 nm). An integration of the energy curves from
290 to 800 nm yields a total absorption ratio in the UV-visible region of
1.46 to 1 for the biomass to the diese| soot type asrosols indicating that
the biomass typs BC would trap 48 % more energy in the lower
atmosphere than the sama amount of diesgl soot type BC asrosols due
to their enhanced shorhwave absorption. Thig clearly shows the potantial
for biomass burning BC aercscis containfng HULIS as well as similar
oxidized compounds found in bicgenic SOA to impasct energy absarption
in the region of 290-200 wm.

Conc¢lusicna

In mz2sasing the impacts of agricultural practices on climate, the current
focus is on carbon dioxida as the major greenhouse species, although
gome attention i now being given to methane and nitrous oxide,
particulatly in rice production where anasrobic becterial emigsons of
these gases can be significant during flooding, Howewvsr, thers is
currently  significant avidence that agricultural buening practices e
leading fo the uncontrolled raleaseg of significant levels of nitrogan
oxidae, reactive organics, and carbonaceous aerosols {both primary and
secondary), as well a5 oxygenatas such as aldehydes, on large scales.
These emissions haad to ba controlled as they have significant impacts
tn clifnate as well &3 on regionsl &r quality. The relsase of nitrogen
oxide and reactive organics leads to the production of tropospheric
oczone, a regulated ar pollutant and greenhouse gas. Carbonacecus
aerozols  that absorb in the UV — Vigible regions, will add to regicnal
haating and changas in local climate and weather. Thess same organics
are watsr soluble and removed by rainfall events which adds to the
organit leadings 1h surface waters.

in acldition, climate change may |ead to enhanced production of
apgnching cathonacenus aeoenle and bogenic S0A produced from the
oxidafions of isoprens, monoterpengs, and sesquiterpens emissions
from decidupus and pine forests, While forest firez snd bicgenic
kydrocarbon emissions are natural processes, they are likaly to be
impactad Indirectly by anthropogenic factors. These includa increases in
carbon dicxide that act tn "ferilize” plant growth and climate wanming
and precipitation changes that ara known to [ead o enhanced emissions
of biogenic hydrocsrbons, as well as earlier springs and lenger growing
seasons that lesd to increases in brush and forast fires. This &fl serves to

Climate Bio burning chapter Gaflney Marley Frinted 3/23/201%



increase production of both primary and secondary biogenic asrosols
and in-turn these aerosols have UV and IR absorption that may impact
radiation balance on regional scales.

While the currant practices of agriculiiral combustion asre continuing
particularly In tha Southeastern and Midwestern US., 2erious
consideration should be placed on developing alternative uses of these
waskes. o particular, the potential uge of aghculiuwel waste as an
gltarnate fue! for power plant operation should be considered. This wauld
lead o0 a more sustainable snergy source ang would be a means of
contrelling one environmantal problam whils producing a source of
claaner gnargy than tha combustion of coal.
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Abstract. In March 2006, a multigency Reld campaign was
undertaken in Mexico City called the Mepacities Initiative:
Local and Global Rescarch Observations {MILAGRT). Two
of the five lield components of the MILAGRO study focused
a major patl of their efforts on atmospheric pariiculale emis-
sions fiom the Mexico Cily basin and their effocts on radia-
tive balaties as a funclion of time, location and processing
conditions, As patl of these two MILAGRO components,
measurements of acrosol optical properties were ubtained at
a site locaded in the northern port of MMexice Ciy (T and
alsc a1 8 site located 29 km northwest (T1) Lo estimale the
regiondl effects of avrosal emissions from the basin,

Mersurements of aerosol absorption and scattering for fine
made nerosals were obiained al both sites. Acrosel absorp-
tion at 550nm was similar at both sites, ranging from 7-
107 M~ a1 TO and from 3-147 Mm~" at T1. Aerosol scat-
icring measured at 550 nm at TC ranged from 16-344 Mm™!
while the aerosol scattering values at T1 were much lower
than at TO ranging from 2-136 Mm™!. Aetosol single scal-
tering zlbedos (38.A5) were caleulated at 550 nm for the fine
mode aerosela al both sites using these data, The 85As at T{
ranged from 3.47-0.92 whils 8545 at T1 ratged from 0.35-

;TEP,{’ Correspandence to: 1. 8. Gaffhey

i {jegaffney@ualr.cdu)

0.36. 'T'he presence of these hiphly absorbing fine aerosols in
the lower atmugsphere of the Mexico City arca will result ina
positive climale foreing und a logal warming of the boundary
layer in the region.

Broadband UVEB intensity wes found to be higher at site
TO, with an average of 64 uW/em?® at solar noon, than at
site T1, which had an average of 54 uWiem? at solar noon.
Cotnparizons of cleatsky modeled UVE indensities with
the simultaneous UVE measuremenls obtained at sites TO
and T1 for clondless days indicate a larger diifusc radia-
tion field at site TQ than at site T1. The determination of
aerosol Angstrom scattering coellicicnts at TO suggzests that
this is due to the predominance oF acrosols in the sizc range
of {3 micron, which leads to seattering of UVE radiation
peaked in the forward direction and to an enbanced TVD ra-
diation observed at ground level. This cohancement of the
UV diffuse radiation field would explain the enhanced pho-
tochemistry observed in the Mexico City area despite the re-
duction in VB anticipated from light absorbing speciss,

1 Tntroduction

Megacities, [arge urban and subutban centers whose popu-
latians axcaed len willion inhabitants, are steadily nerees-
ing worldwide with the mnst rapid growth in the trepical

Pulilished by Copemicus Publications on behalf of the European Geosciences Uniun,
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areas af South America and Asia. To 1800 only 2% of Lhe
world’s populetion [ived in urban areas. This incrcascd to
47% by the end of the 20f century. In 1950 there were
B3 cities wilh populations exceeding vne million and Mew
York City was the only megavity (IINEPAWIIO, 1992). By
2007 there were 468 urban conters of more than onc million
and of these 14 are classified as megacities with the largest
metropolitan complexes centerad at Tokyo, Tapan, and Mex-
feo Cily, Mexice (Moling and Malina, 2002). If this teend
continges, the wotld's uthan populations will duuble every
38 years and within 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 Amcerica and the second targest megac-
ity worldwide. It ocenpies ~3540km? with a population
of ~19 million (CAM, 2002}, In gencral, megacities suf-
fer from peor air quality due to the cumulative elfects of
rapid population prowlh and industrialization accompanied
with increased traffic densities and tats] energy consump-
tion, llowever, the topography of the MCMA also acts 1o
exacerbale the poor air quality (Fagt et al,, 2007, Fasl nnd
Zhong, 1992; Doran et al., 1998) as Mexico City is located
in a basin on the central Mexican plateau at an altitude of
2240m and Ialitude of 19N, The basin is surounded on
the west, south, and east by mountain ranges that rise up 1o
10003000 m above the basin floor. This topography serves
1o inhibit dispersion of emissions within the basin during the
carly morning hours and the high levels of incoming salar
radiation a this latitude and elevation promotes atmospheric
photocherical reactions that tapidly firm secondary pollu-
tants (Whiteman et al., 2000).

Due to the elevation and topography of Mexico City, the
height of the boundary layer may reach up to 2-4 km above
fhe surfhce (Rapa ct al,, 2001a, de Foy ct al., 2007). There-
fore, poltutants are emitted fkom Lhe basin at altitudes that arc
eonsidered to be free troposphere elsewhers and ate cxpected
to travel long distances affecting the surrounding regions
{{raffiey and Marley, [008; Willlame ot al., 20033, Mod.
eling resulls have indicated that the effects of this exported
pollulice can impact backgtound levels 300k or more from
the urban area (Batth and Church, 1999; Whiteman et al.,
2000). Indeed, past studies have found that the Mexico City
afr pollwants are typically vented during the late aflernoon
on a daily basis (Gaffrey and Marley, 1998; Whitcman et al.,
20007

Past siudics in the Mexico City arca have estimated hat
etnissions from the basin contribute 15 megatons of fine
aerisal (PMa s} per year te the surrounding cogions (Gaffhey
et al., 1999). This fine aerospl was found te be composed
of approximately 32% organic carbun (Q0), 15% elemental
carbon (EC) 105 ammonium nitrate and 20% ammonium
sulfatc by elemental and thermalfoptical methads {Chow et
al., 1993, 01, 2002; Vega et al., 2004). More recently, in
2003 the eompasition of fine acrosals was found 10 be 11%
black carbon (BCY, 32% O, 13% ammonium titrate, god

Atmos. Chern. Phys,, 9, 189208, 2000

14% ammenivm sulfate by aerosol mass spoctromstry and
oplical attenuation methods (Salcedo ot al, 2006; Aiken et
al., 2008}, Thig iz an indivation that although the emissions
of reactive hydrocarbon have been reduced in e vily duw
1o the significant number of newer vehicles with catalytic
converters that have replaced older higher eoission vehicles,
the aerosol composition has not changed significantly likely
due to the lack of contrels on diesel vehicles and biomass
buming in the region (Marley et al., 2007}, Thus, while air
quality and nzong production has improved, Mexieo 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 climate.

Whilz sulfate is well known a8 an important light scat-
lering aerosal species contribuling to atmospherie cooling
{Chatlson et al, 1992), BC and associated OC (including
secondary organic aerosol, S0A) have more recently gained
attention as major light sbsorbing acrosal species exerting
a positive radiative forcing and reinforcing the atmospheric
waTing due to increases in the greenhouse gases (Jacubson,
2002; Ramanalkan ot al,, 2005, Some nwoda] calculutions
suggest thal the confribution of carbon soot zerosols to global
warmning may be as much as 0.3-0.4°C, rivaling the contribu-
tions from atmospheric methance (Jacobsen, 2004; Chung and
Scinfeld, 2005). The ullimate climate effects fram carbon
aerozols will depend on their physical and chemicat proper-
ties, as well as their residence times and distributions in the
altmosphere (Facobson, 20013

The presence of the highly absorbing BC acrosals in Mex-
ige City leads to a reduction in overall solar flux of 17.6%
locally (Raga ct al., 2001b). The mass of these absorh-
ing avroscls exported from Lhis megacity into the surround-
ing region {3 estimated to be 6.000 metric tons per day or
Z2megatons per year of BC {Gaffiey e al, 1999). Since
freshly emiued BC aerosols are hydrophebic, they are ex-
pected (o be more resistant 10 washouot and have longer lifc-
limes than more hyproscapic aprosols such as sulfale and ni-
irabe (Gaffney and Marlcy, 2005; Dua o al., 1999), Ty addi-
tion, since the acrosels emitted from the Mexico City basin
are introduced into the atmosphere at higher altitudes, they
aec assumed ko have longer lifetimes than similar acrosols
rcleased at lower altitudes (Raga et al., 2001b). The MOMA
is therefore & major source of BC aerosols to the surtound-
ing regions and the release of these highly absorbing acrosols
will have an impact on the radiative batance and climate on a
regionel scale.

The influences of aerosols on climate zre much more com-
plex than those of the precnhouse gasses (Schwartz and
Buscck, 20000, Aercsol composition s highly variable, with
different species present within the samc particle, due o the
different gources, production mechanisms and atmospheric
transformatipns (Pésfai et al, 1999, In addition, these difs
ferent aerosol specics can be either internally or externally
mixed within the particle yielding different optieal and mi-
crophysical propertics and diffcivul vadialive sflects (PdsTai
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et al, 199%; Schraiter of al, 2003%. Aerosel diswibutiens
are also variable both spatially and temporally and although
acrosol lifetimes are much shovter than those of the green-
house gases, estitnates of their atmoepheric reeidance times
range from lcss than a day 10 morc than & month resolting
in transport distances from a fow miles bo hemispheric scales
(Marley et al., 2000; Williams et al., 2002). This variability
in eompositian and distributions makes it difficult to guantify
the aerozol impacts on clitnals and 1o represent thees effeots
itt elimate models.

In order to better understand the evolution and transport
of pollutait acrosols and gases from cmissions in the Mex-
ice Cily basin and their resulting impacts on repional cli-
mate, a multiagency ficld campaign was undertaken called
the Mepacities Initiative: Local and Global Rescarch Obser-
vations (MILAGRO). The MILAGRO study was composed
of five collaborative fleld experiments. Two of the compo-
nents of the MILAGRO study focused a major patt of their
cfforts on aerosol emissivns, The Megacity Acrosol Exper-
iment, Mexico Ciyy 2006 (MAX-Mex) wax sponsared by
tha US Department of Energy (DOE) to investignte the d&i-
reet tadiative effect of acrosols m the Mexico Cily plume
as a function of time, localion and processing conditions.
The MCWA-2006 stody, supported by various Mexican in-
slitutions, the TS Natipnal Science Foundation {NSF) and
the DOL, deployed ground based instrumentation 1o cxam-
ine fine particles and secondary aercsal precursar gas emis-
sions within the Mexico City Basin, As part of these bwo
MILAGRO components, asrosol scatlering and absorption
measurements were obtained al a sitc located at the losti-
tuto Mexicano del Petrdleo (IMP- Mexican Peirolewn Ingti-
tulc}, in the northwestern part of the Mexico City conter. This
site, known as TO, was chosen to represent the fresh emis-
sions within the MCMA, Measurements were also obiained
at the Universidad Tecneldgica de Tecamac (Techtological
University of Tecamac), located approximartely 28 km north-
wosl of T(. This aite, known as T1, was expecled to represent
a mixbre of both frech and aged pollulante as they exit the
Drasin.

The evolution of absarbing acrosols downwind of Mcxico
City has been described previously in a comparison of mea-
surements obtained at site T1 with those obtained at site T2
(Rancho La Biznaga), located approximately 35 km north-
noriheast of TT (Thoran et al., 2007, 2008; Doran, 20074 This
study fagused primarily on the changes in the carbonaceous
astosol composition and the resulling cffects on the aerosol
mass spocific absorption cosllicients. Tt was concluded from
this work that emission sources outside the MCMA, inglud-
ing biomass-burning sources, are imporiant confributors o
the tegiona serosel urden. Other acrosol smdies conducted
in the Mexico City area have reported similar conclusions
(Kleitman ct al,, 2008; Moiina ¢t al., 2007; Sionc ct al.,
2008; Yokelson e al., 2007; DeCarlo 2t al., 2008; Salcedo
gtal., 2008),

www.atmos-chem-phys net/ 182009/

Presemied here is o comparison of measeements of neroaol
absorption and acrosal scattering at 550 nm obtrined a1 sitcs
T0 and T during the MILAGRO campaign. In addilion, the
maas specific acrose] absorption cosllicionts were caloulaled
at 550nm by using total carbon (TC) measurements 1aken
from high-volune quatiz fillers. These results are compared
with ghsorption coellicicnts reported previously by Doran et
al, (2007}, Also teported here is a comparison of UVB radi-
atban measueocnts abtained simvllanconsly ot sites TO sad
T1, under cloudless conditions, with clear sky modeled UVE
valucs. These data are dizousscd with regard 1o the light scat-
tering and absorplion measurements obtained at both sites.

1 Experimental methods
2.1 Sample Sites
211 Site T

Memurements were oblained fron1 10 March {day 693 1o 29
March {day B8) 2006 al the Tnstituto Mexicano del Petréleo
{IMF} laboratorics [Mexice, D, F.). This site, known as T0O,
iz located in the north central part of Mexico City at latitude
19229 N, longitude 99704 W, and at an altinde of 2240 m
above sea level. The IMP complex is a campus of 33 byild-
ings logated in an industrial and commercial area of Mexico
City surrounded by streets that arc very heavily traflicked by
light duty vehicles and diesel buscs. The nearest major roads
arc appraximately 300 m away from the measurement site.

Rslative humidity and rain injensity at site TG during the
study atre shown in Fig. 1 {lop). Rain events oceurred during
the last week of the study perdod, 2328 March (days 82-87).
Daily maximum relative humidity ranged from a lew of 35%
during the first week to a high of 89% during the last week of
March 2006, Winds ranged from 4.1 to 9 m/s with an average
of 2 m's from the south, southwest,

212 SiteTl

Measurements were also obtained from 1 March {day 60}
to 2% March {day 88} 2006 at the Technelogical Univeraity
of Tecamas, Stalc of Mexico, 30km north of Mexico City.
Thig site, known gs T1, iz at latitnde 19°43% N and Igngi-
tude 98758 W at an altitude of 2340 m as.l. Tecamag has a
recorded population of 172 410, as of (he 2000 census, and is
primarily commercial with a wolal of 3070 small busincsses,
of which 1923 are food telated, The principal mode of trans-
portation in the area consists of light duly vchicles, and small
diesel buses. The main transporiation route is public road
# 85, which uns south to north from Mexico City (o Pachuea.
The municipalily of Pachoua, which is located 94 km nosth-
cast of Mexico City and 64 km nottheast of Tecamac, is the
capital of the stae of Hidalgo with a recorded population of
267 751 1in 2005,

Atmos, Chem. Phys., 9, 189-206, 2009



192 N. A, Marley et al.: Aerosol absotption and scattering in Mexico City

100 108

RO =30
— 04 1 -
: ¢
s &
T 4p- 0§

101 =20

n L L L L e e e i DL L L) -D

& T o9 73 7 e B 8% 85 g7 £

Dy of Year

100 100

By = L]

3 7 e §
E ) ] =3t é
= =20

\
- La

g TI T 5 T W 81 B3 8% ET ¢
Day af Yair

Fig. L. Relative humidity and rein intensity (hlve) measured at sites
T (top) and T1 (botkam) fram L0 barch {day 6%) to 29 March (day
2y 2006 i the MILAGRO Geld campaign,

Relative humidily and rain infensily at site TO during the
study are shown in Fig. [ (bottorm). Rains evenis accurred at
site T1 on 16, [7, 21, 22, and 24--28 March {days 73, 76, 80,
81, 3327, Relutive humidity ranged from a mid-day low of
40% during the first week to a high of 999 during the last
wrek of March 2006, Winde ranped from 0.1 (o 10 méz with
an average of Z2m/fs from the sonth, southwest,

Aerosol Gplical Properties
213 SiteTO

The acrosel instrumoentation af gile TO was located on
the rocflop of Building No. 32 (Héctor Lara Sosa Build-
ing, IMPF} 15m above pround level. The sample inleis
were designed to collect acrosols in the size range of 0.1
to 2 micronaeredynamic diametet (Hermann et al., 2000,
Acrosol scalteting was measured with a three wavelength in-
tegrating nephclometer (TSI Model 3563) operating at 430,
550, and 700 nm {Anderson and Optren, 1998), Results ob-
tained at 550 nm are reported here.

Altmos. Chem. Phys, 9, 189208, 2009

The instrumerni was calibrated by weing OO aecording
to the manufaclurer’s specifications. An internal high effi-
ciency particulate filter (HEPA) is used to provide a clean air
tnerzvTerient perivdiculy for background sotimction, The
TA! nephelometer was opecated at ambicnt relative humid-
ity. Heavever, two single wavelength {550 nm) nephelome-
ters (Meteorology Research Incorporated) were operated at
low (20%) and high (80%) relative humidity for comparison.

Acrosol absorplion was measured with a multi-angle
absomtion photometer, or MAAP (Thermo Elcctron
Maodel 5012). The aerpsols in the air sample are collected
within the instrument by continuous filtration through a glass
liber Llape strip and the reresol absorplion is deiermined
by measuring ihe attenuation of 670nm light as il passes
through the particle laden filler. As the sample is deposited
on the lilier Lape, the light attenuation steadily increases, Al
Ttigh sample Tordings the Wigh absorplion can cause detee-
tion limits to inerease. To prevenu this, the instrunent autu-
matically advances the tape 1o 8 new saniple spol when light
attenuation rcaches 25% of il initial value. After the tape
advance, a background measnroment is faken to correst fu
varigtions in filler surfaces and source light intensities.

Ths nae af the filter bazed aevosal shearntian methods have
heen mel with some controversy due to anifacts inroduced
by dvpositing the acrosol particles on a filter substrale prior
lo measuremenl {Schmid ef al., 2005; Amaott et al., 2005,
Singe these instruments rely on the measurement of light
tranamitted through a panticle laden quartz fiber filter, scat-
teting from the filter surface cavses a reduction in light inten-
gily nol associnted with absorption, which results in a posi-
tive crrer in the allenuation measurernent. The MAAP repre-
sents & significant improvement over other filter-based meth-
ods in that it uses multiple detectors to simullancously mea-
sure the light intensity both transmitted theough and scatiered
from the filter tape. The instrument then uses a lwo-strean-
sppredimation radiztive enater seheme 10 determime the
aerpsol absorplion. This explicit treatment of Tight scattering
eflecis caueed by tho aeresel and filter mafrix in the radia-
tive transfer selieme improves the detenmination of acrosol
abzurption congiderably over methods that rely on the mea-
surement af transmission alonc {Petzold et al., 20057,

The MAAP automatically calculates the BC content in the
aerosel sumples from the aerosol absorplion measuterncnts
by asswming BC to be the main absorbing acrosol species
in the satnples with a mass specific absorption coeffieient of
6.6 m*g at 670 nm. However, these results se easily recon-
vetted to the initial scrosol sbsotplivn measurement nging
the manulacturer's gbeorplion coefficien.

The aeresol absorplion measurements dbtamed by the
MAAP at 670 nm were conrected bo 550nm for direct com-
parisgu of the aerosol scattering mcasurements. The wave-
length dependence of the extinction of light by fine aerosol
perticles (r} is defined by Angstrom’s wrbidity formula as
t=AL"%; where £, knuwn as the Angstromt turbidity coef-
ficient, 2 the valug of © at & wavelongth of 1 pmw ol o i

wiww. atmos-chem-phys.netfS LEO2009¢



M. A Wariey et 8l Aerosol absorption and scattering in Mexico City 193

the Angstrom exponent. The total aeroso] extinction is the
surn of gerosol scattering and absorption as described in the
expanded turbidity formmula,

L i)

whare o, is the Angsirom exponent for asrosol seattering,
e, is the Angstrom exponent for aerosol absomtion, and f;
and #; arc the conesponding vahees of aerosol scaitering and
absorption at 8 wavelength of 1 gm. The wavelenpth depen-
dence of nerogol absemtion can be determined independently
by

A =g\ and {2}
In(4) = —ef IndA) (3

Once determincd, g, can then be used 1o convert ghsorption
measurements made at ote wavelength to values at another
wavelenpgth,

The nerosel absorption Angstrom coefficients were cal-
culated from Eq. (2) by using acresol absorption mensure-
inents al 7 wavelengthe (370, 450, 520, 590, 660, 880, and
250 nm} made with a 7-channel acthalemeter (Hansen ot al.,
1982). The 7-channcl aethalometer is currently the best
mathed available finthe determinution of gy in the figld. The
asthlometer is the only instrument available that allows lor
the measurcment of aerosal absorption at more than 2 wave-
lengths and includes the TJVE spectral range. Tt is impor-
tant to include the TV measurement in the determination
of ¢, since most enhanced absorption oceurs in this range
{Derpsirom cf al, 2002, Yirchsterer ci al., 2004; Andreac
and Gelencser, 2006; Barnard et al., 2008), Therefore, insfro-
ments that use only visible wavelengihs to determine oy will
greatly underestimale the wavelength dependence of acrosal
absorption.

Por small spherical parlicles with 4 constant refrac-
tve indox aceess the wavelength tange of ineresl, m,=1
{Bergstrom, 1973). This has been determined to be 2 good
approximation for aerosols composed mostly of BC or for
particles containing a significant ftaction of OC over a nar-
tow wavelength range <600nmn (Bergstrom et al., 2002,
Kirchstetter et al., 2004}, Howeycr, the aerosol absorption
Angstrom coefficients of mixed carbon aerosals containing
PC, secondary OC, and primary OO from biomass burning
has been found o be closer to 1.5 (Schmid et al. 2006} Tn
arcas impacted heavily by biomass buming, rr, ean be closer
to 2 to 2.5 (Dubavik et al., 1998; Kirchsteiter cf al., 2004;
Swap et al., 2003). 1t is therofore imporlant to determine e,
al the same time rezolution as the absorption measurcments
to reduce errors in calculating acrosol absorption at different
wavelengths. The aerosol absorption Angstrom coellicients
wete calculated simuitancoosly with the apresol absorption
mcasurements obtaincd at 870 nm by the MAAP and these
values were used ti calculate acrasol absotplion at 350 min.
The resulis obtained for o at site TO varied from Q.54 to 1.52
with an pverall everage of 0,93 (Marley ot al., 20083,

Wy atmos-chem-phys.net™ 18920009/

The analog outputs of the MAAP absorption photome-
ter and the nephelomnelers were monitored continuosly and
anc-minute averages of agrosol absomtion and seaficring
werg recorded by a laptop oomputor operating with Lab-
VIEW software, The data reported here are an hourly mn-
ning average of the one-minute values for acrosol scatter-
ing at 350 nm and aerosol absorption corrgcted (o 550nm by
Eq. {2).

The aerosol scattering measurcmenis mede at 550 nm and
the aeroxal absorption measurements correcied to 530 nm
were vied 1o calolzie fhe fme mode aerosol single scatier-
ig albedo {S3A). The S5A 1= defined as the ratin of agroso]
seattering Lo totai light extinciion (absarption + scattering) as

884 = o/ (5, + o) {4

where oy 15 the aerosol scattering coelficient and i, is aerosol
dbsorphion coeflictent. The 55A is therefore the fraction of
Eortal light extinetion that is due to scattering by asrozols, The
results reported here for acrusal 83As are for the fine mede
aerpsols only, These are expected to be lower than that for
tha 101al aerosol burden doe to the tact that the highily absorh-
ing carbonaceous aerosels exist pringipally in the fine mode.
Hoprereer, the more Wighly seattering coaise mode aerosols
in the size range of 2-10micron aprodynamic diameter have
setiling velogities from 60-1000 cmyh and will not be trans-
potied as far into the surmounding region unless they arc ac-
companied by high winds andfer are lofted (o significant al-
titude (Finlayson-Pitts and Pitts, 2000),

214 SieT!?

The sample [nlet at sitc Tlwas located at a height of i0m
above ground level and collected acrosols [n the size vange
of 0.1 {0 2 micronrerodybamic diameter at 2 fow rate of
16.7 Vmin at ambient tetnporature and pressure. Aeroszol
scAletity was measured at site T1 with a portable inlegrat-
ing nephelometer (Radiancs Research Model 203} uperating
at 5330 nnt, which was calibraled by comparison to a second
nephelomecter (Radiance Research Model 903) located at the
Universidad Nactonal Autdnoma de México {UNAM). The
seattering measurcments were recorded by intetnal data log-
ears at | nin intorvals, The sored date was retricved using a
personal compuoter through an RS232 port, These data are re-
potted here as an hourly running average of these one minute
valucs.

Aerosol ahsoption was obtained by a particle soot absorp-
tion photomcter, or PSAP {Radiance Research), which is also
a filter based measursment techoigue, Tha pacticls laden alr
stream Is [irst passed through a primary filier and the aerosol
abgorption iz detennined by measuring the light attenvalion
at 530 nm, The clean air stream is then passed through a see-
ond filter adjacent to the primary filter, which is used as a
rcferetice in order bo ensure that the observed change in pri-
mary filter transmittanec 15 not due to changes in the intensity
of the Tight souroe.

Atmos. Chom, Phys., 9, 189-206, 2009
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Fig 2. dessurgments of fine {(L1-2 micron} zersol absorption
{red) and scaltering {bluc) obtained at sitex TO {top) and T1 {bot-
tom) from 10 March {day 69) to 29 Merch (day 33) 2006 during the
MILAGRO ficld campaign.

The PSAP i also suscepfible to errors associated with
measuting light iransmission through 3 particle laden filter
substrate, Light scattering from the filter surface ax well as
multiple scatterng within the filter medium resulls in an en-
hancement of the ghsorplion measurements (Amott et al.,
20035). The insttument manofacturer has conpirically deter-
mined calibration factors to cotrect for both the magnifica-
tion of the absorption by the filter medium as well as for non-
linearities in the nstrument response as the filier is loaded
with particulates. The acrosol absorbances (e, ) reported here
for 550 nm were caleulated from the measured nercsol ab-
sorbances {Tmean} by Ea. (5%

T = (mens — Ko /K2 {3

whete o, is the measured acrosol scattering, K,=0.02, and
Kz=1.2 {Bond et al., 1999}, In addition, ransmittance values
below 0.5 have been omitted as invalid due to low particle
loadings on lhe filter,

Atmos. Chem. Phys,, 9, 189206, 2000

2.2 Metearnlogy and TR-B measurements

Broadband ulraviolet-B (UV-I) radiation measurements
were taken af both site T0 and site Tl with Robertson-
Berger (RB) radiometers (Solar Light Co. Model 501}, These
radiomcters record conlinuous measuremesnl of global (direct
+ diffuse) broadband ubtraviolet radiation from 280-320nm.
Since the oulpul of the deteclors vary 1% per degree C, the
Internal temperabnes of the radicmeters are maintaingd at
2541°C with Peltier elements inside the housings and the
intcrnal temperatare 13 monitored Lo assure stability. Both -
diometers were factory calibtated with a 200 W quacle halo-
gen lamp traceable to NIST. After calibration, stability of the
detectors has been shown to be excellent over the life of the
meter (Delwsi er al, 1992; Wenthethead et al., 1997, Xu
and Huang, 2003). The dafeclor hax a speciral responsce that
mirrors the crythemal action spectra (MceKinlay and Diffy,
1987). They are calibrated in units of minithum erythe-
mal dose per hour (MEDYh} where one MED, s defined as
0.0583 Wim2. Results reported here have been converled to
Wi,

Measurcments of wind specd, wind dicection, rain inten-
gily, pressure, temperatore, and relative humidity (RH) were
vhitained at both sitcs with weather multi-sensor packapes
{Vaisala, WXT150), Rain infensily measurements reported
hers were made by the RAINCAP genzor ineluded in the
weather package. The scnsor detecis the impact of individ-
ual raindrops by a piczoelgetric senser. The resulting voll-
age signal is propertional 1o the volume of the dtop and is
converted into total accumulated precipitation. Al measure-
ments were collected at a five-minule time resolution with a
laptop computer operating with LabVIEW software.

2.3 Total Carbon Detcrminations

Samples of fing {=<1.0misron) aerosols were collected in
Mexice City from 128 March 2006 (day o0-day 68) at
sile T and site TL. The Aernsnl samples were eolleeted
on quarls fiber filters by using high vohine samplers (Hi-Q
Environmental, Products, Modol HYP-3200AFC) eouipped
with cascade impaciors (Themo Anderson), The gir satm-
plors were equipped with brushless, three stage centrifugal
fin blowets controlled by an electronic mass flow sensor that
detects changes in pre-set flow rate caused by changes in
temperature, baromeiric pressure, and pressure drop due (o
particulate loading on filker media. The high-volume sam-
pler campensales o these changes by adpaing (e motor
gpecd fo maintain the pro-set flow rate at 1,1 culic m/min or
A0 scfm. Three separate LCIY's, display clapsed time, tolal
volume of ait sempled, and instantaneous flow rate.

The quartz filter samples were taken at 12-h intervals from
05:30 10 I7:30 and from 17:30 to 05:30 local standard time
{LST}. The volume of air sampled during the 12-h tite pe-
rioal avesnged 740 m®, The seroaol samples wett walyzed
for T content by thetmal combustion, Euach sample woa
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scaled under vacunm in & quartz tube with copper oxide,
metallic copper and silver und combusted at 900°C, The CO;
produced from combustion was coyogenically isoluted from
other combustion preducts and its amown measured mMAnn-
metrically {£0.254),

3 Ruesalts and (Hecussion

The results of fing asrosol absooption and scattering al sites
T and T are shown in Fig. 2, Aerosol abserption at sitc
TG ranged from 7-107 Mm~! with an overall average of
37Mm~! and followed a diurnal palicm that reached 2 max-
ivvarm 2t arownd 0639 {range of 05:00 10 03U LET and &
mimimum at 13:00 {range of 12:00 o 14:00) LST. Previous
measurements of agrosol absorption have been reported for
the Centro de Ciencias de la Ammdsphera inside the cam-
pus of UNMAM in the southwest quadrant of the Mexico Clty
basin (Baumgardner et al, 20071 Results averaped weer
14 days between the yeats 2003 and 2005 were fouad o fol-
low a similar divmal patien as obscrved at site TO but results
were much lower than veported here,  Aerosa! ahsorption
ranged from a low of TMm™! in the early moming (01:00}
to a meximum of 33 Mm~! at 0600 LST. A comparison of
the aerosol absorption al TO showed cxcellent agrocnent
will data_obtained {rum co-located asthalomeicr and pho-
oacoustic specirometer instrumentation (Paredcs-Miranda et
al., 2008},

The values ohiained in this study can also be cormparcd
o aer0sol sbsorpiion messorements reported for Santtago,
Chile, which has a similar terrain bur 3 lower altitude. The
major saurces ol absorbing asrosoly in both Mexico City and
Santinge are motor vehicle raffic, especially diesel buses
{Horvath el al, 1997, Molina and Molina, 2002). Acrosol
ahsorplion in Santiogs was fonnd o reach maxinum values
of 100-200Mm™! at araund 09:00 LST and comclated with
peak irafhic hours (Horvath et al., 1997),

Acrosol absorplion measuraments at site TI ranged frorn
3-147 Mm~" with an overall average of 27 M~ !, The same
diurnal pattern observed at T was slso cvident at sile T
{roaximum at 06:30 and minimum at 13:00 LSTY. While the
daily maximum absarption values at Tl exceeded those at
T0 un @ of the days studied, these high levels were of much
sharter duration, lasting only about | 10 2h as comparcd to
7 to 9h of peak levels at site T, In addition, the mininmuim
merosol dosorption observed at site T1 rowtincly fell below
those observed al site TO.

Forty-six minute averapes of acrosol absorption obtlained
from day 74 {15 March} tirough day 35 (26 March) with a
photoscaustic speciromeler nperating at 870 nm have been
repaorted previoualy for site TL {Dorgn 2t el., 2007, A coth-
parison of the daily absorbanee maxime reported at 70 nm
(Troran el al, 2007) with those recorded by the PSAT at
550 nm, assumiing an ety of 1, yields a diffarence bobween the
data sets of —0.1 o +23 Mm~! with an average difference of
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31Mm~!, The major source of etror in this compatison is
prabably due 1o the assumption of ws=1. During nuch of the
WILACRS stody, site T was tmpaied by Yocal prass fires
{Gaffney ct al., 2008; Yuokelson et al., 2008}, which could
have contributed significantly o the oversl! acrosg] loadings
and o a larger oo, (Firchstetter cial., 2004), Carbon-14 anal-
yris of 12-h acrosol sanples collected at sie T1 found thal
70% of the carhon in the acrosols was ftom modern sources
{Gal¥ney et al., 2008}, which confirms that much of the car-
bon acrosol burden in the area atisck from biornass derived
sources. Determinations of o, in areas lnpacled by biomass
Buming have been sliown to be closer 10 2 {Dubovik el &l
1998; Kirchstetter et al., 2004; Swap et al., 2003). 1fo,=2 is
used W convert the values reported at 870 nm to 550 nm, the
difference in the two data sefs becomes | Mm—! £30 Mm—!.
The major source of error in this comparison 15 most likely
due to the ditferences uscd in dats averaging,

Aerosol scaberimp measurements obteined at site TO
yamped from 16384 Mol with mn overall average of
105 Mm~!. Scattering values generally reached a meximum
at 10:30 (range of 07:30 to 13:007 LET. Moasurcments of
acrosol scatiering specics ohinined in Mexico Cit in April
2003 found that both nitrate and soomonium eoncentrations
showed a sharp diumal patlern with a maximuem of 10-
20 pgim?® for nitrate and 4-8 pgim® for ammoniem oceur-
ring from 10:00-12:00 L5T, while sulfate concentrations did
nol vary significantly, remaining at round 2-3 jeg/m® most of
ik time (Balecdn et al., 2006}, The sharp diomnal pattem of
nitrate is due to the photochemical formation of nitde acid
from the reaction of NO2 and OH, and subsequent reaction
with ammonia to {orm the highly scattering aerosol species
amnmonivm hilzate,

Similar rapid photochemica] production of secondaty ar-
ganic aerozols (SOA) hax also been obscrved in the Mexico
City avea (Sobcedo & al, 2006; Hennigan et 2\, 2003; Alken
et al., 2008; Yolkamer et al., 2006). The formation of par-
liculate nitrale and SOA were found to be highly correlated
xnggesting that reaction with QH was alao the primary source
of the meming rise in S0A {Salcedo ot al,, 2006; Hennigan
et al., 2008). The photechemical 50A formation showed an-
proximabely the same enhancement as for ammonium nitrate
and occurred between the hours of 08:00-12:45 (Hennigan
et al,, 2008; Salcedo et al., 2006). This late morning forma-
tion of both amineniun nitrate and 304 in Mexico City con-
tributes to the aerpsol scaltering in the diurmal profile shown
in Fig. 2.

Asroso] scattering measured in Denver during the win-
ter reached @ maxinum of 0-140Mm—! al approximately
14:00- 1900 LET, &h lawet than observed in Mexico City
{Groblicki ct al., 1981). The primary asrosol scattering
spectes o Drerver 13 avrmiomiwm sulfare formed from the at-
maospheric oxidation of SO0z, with significant contributions
from ammonivm nitrate, as well, The photochemical froma-
tion of these secondaty scrosol specics would be expected to
be glower in Denver due to the lower actinis Hox in the winter

Aimas, Chern, Phys., 9, 189206, 2009
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Fig. 3. Acrosol sinple scattering aloedo (S5A) detenmined at sirke
T (top)and T1 (bottony) from 10 March {day 69) to 29 March (day
£B) 2006 during the MILAGRO field coinpaign.

at these higher latiudes, resulting in the later scallering max-
itme than observed in Mexico City. Aerosol sealtering valugs
al T1 were in general nouch lower than at TO, vanging from 2—
136 Mm~! with an overall average of 53Mm~!| and reached
a maximum at 3830 frange of 06:00 10 1330 LST. On elear
days the boundary layer in Mexico City during March—April
grows slowly alice sumise al 06:40 o a height of approxi-
matcly 1000m by 11:00L5ST (Doran ct al,, 1998, 2007, de
Foy et al., 2008; Fast and Zhong, 1998, Fast et al., 2007).
This serves 1o dilule the poltutants already present in the
boundary layer. After 12:00 LST the boundary layer grows
rapdly to 3000 m or greater. The maximum scakering values
at site T occurred 2 h later than the maximum scattering val-
ues seen at T1 and 4 h later than the peak aerosol absorption
values. This sugpests that the high serosol scattering values
measured at T were primatily due to rapid SOA formation
in thecity. Although the overal]l 304 levels at T1 were found
to be similar 1o those at T) (Hennigan et al., 2008, Stone et
al., 2008), the diumnal pattern of acroso] scattering at site T1
appeared {o be contrelled pritnarily by changes in the bound-
ary layer height in the carly moming, and by Ihe prescoce
of photachemically aged aerosols in the altemonn (Caraball,
2008; Stong at gl., 2008; Aiken, el al,, 2008).

Atmus. Chem, Phys,, 9, 189208, 2009

The fine mode serosol 88Ax calculated from the ground
level absorption and scatieritg measurements at 550 nm are
shown in Fig, 3. The lower aerosol scattering observed al sile
T1 translates into lowsr values [or (ne acrosol 58As at Tl
with arange of 0.35-0.86 and an overall average of 0L68, The
very Iow values for S8As at sitc T1 are of very short dura-
tion, indieating a local source of absorbing BC serosol. The
fine zerosol 55As calculated [br site TO ranged from 0.47-
(.92 with an gverall avernge of 0,73, Whilc the total asrosol
S55As recorded over most of the Nerthern Hemisphers are
usually about §.850.95 (JTacobson, 2001), valuea as low as
0.68 have beoen reported over the sowthern Atlantic Ocean
{Clarke, 1989}, The occurrence of lower lotal acrosol S5As
is an indication ol higher levels of more absorbing fine mode
asrogols,

The 58A is a function of aerosol chemical composition
and momphology. For a completely seatlcring acrosol, such
as sulfate, the S5A~1 and for a highly absorbing aerosol,
such as freshly emilled BC, the 35A theoratically would ap-
proach wero. The 55A of freshly emitted diesel soot has boen
reported at 0.2 (Ramanathan et al., 2001; Ban-Weiss et al,,
2008). Therefore, aerogols with an 38A =095 will have a
negative climate forcing and an overall cooling elfect an the
atmosphere, while an 85A =<0.83 will resuli in a positive cli-
mate forcing and an everall warming effect duc to the en-
hanced asrosal absorption (Ramanathan et al., 20003, In ad-
dition, the presence of highly absorhing fine mode asrosals
in the lower atmosphere will vesult in heating of the particles
and sipmificant local warming of the boundary bayer {Her-
myann and Hanel, 1997; Ramanathan and Cammichael, 20087,
This can result in an ierease in Lhe convegtive available po-
tential energy of the boundary layer and a large seale dsing
motion over lime (Chung and Zhang, 2004). This may help
1o explain the rapid increase [n the boundary layver height ob-
served in this area (Shaw el al., 2008; Fast and Zhong, 1998;
Whiterman et al., 2000).

Doran el al. (2007) have caleulated forward and back tra-
Jjeetotics of air masses at 1000 m above ground Tevel (g}
wver site T1 during daylight hoors {05:00-18:00 LST) For a
H-day period during the month of March 2006, The most fa-
vorable condilivns for transport from gite TC o sikg T1 were
zeen Lo uccur on days 69, 70, T4, 78, 79, BI, 33, %5 and
BT (10-11, 1820, 22, 24, 2728 March). On days 71-T6
(12--17 March) and day 82 (23 March) the back (rajectorics
indicate thatl transport would have likely becn from site T
lowards Moexico City and site TO.

The aerosal absorplion, acattering, and S9As oblained at
site TO and T1 have been averaged over the same daylight
hours tepurted by Txoran et al. (2007} for direct compari-
son to their calculated back wajectories. The daily average
aerosel gbsorption al sites T and T1 is shown in Fig. 4
along with the meoasurcment ranges observed during each
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.wetf9f 1 9/ 24000/
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Fig. 4. Daily acroso] absorption averaged from 08:60 13:00 LST
and absorption ronges messured at sites TO (top) and T1 (Baotiom)
from 10 March (day 65] to 29 March (day 285 2006 during the MI-
LAGRO field campaign.

with an overal] average of 28 Mm~! at site T1. The bwve sites
difter pamarily in the tange of aerosol absormption values ob-
served during the day. While the Jower lmits on the ranges
are simila: 4l both siles, indicating a repional backgrovnd of
around 5 Mm—!, the upper limits of the acrosol ahsorpticn
measuremnents Ate more vatriable al sitc T with a range of
21-162Mm~" as compared to site TO with & range of 36—
131 Mm—L. There also appears to be ne clear correlation of
absorplinn valves with transport from the Mexico City area,
again indicating a local source of abzorbing acrosols at sive
T1. Days 77, 86 and 87 (18, 27, 28 March), which were iden-
tifled as likely lransport days from site ‘10 1o siie T, show
high maximem aerosol absorbance, Howevet, high maxima
wore also ebserved on days 72 and 74 {13 and 14 Marcl)
when ransport has bBeen identified as from the north. This
snggesa an (mpact al site T from Pachuca andfor Tieayuca
{an important industrial center), which arc located 10 and
634 km northenst of T1. Coneentrations of TC obtained on
fine mode acroscl samples collected over the daylight hours,
at =ites TO and T1 are shown in Fig. 5. The averall profile
of the daily carbon concentrations during the study period is
similar at both sites with the highest valugs 25-35 pg/m?)

www.atmos-chem-phys net™/ 1 89/2009/
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Flg. 5, Total carbon concentrations measurad an Ging (0, 1—1 micron}
aernsnl satnples collected from 05:30-17:30 at site TO (red) and T1
(blue} fram 10 harch (duy 69) to 20 March (day B8) 2008 doring
the MILAGRO Aeld campaign.

obsctved on the first two days of the swdy petiod and lower
values (5-15 pgim?) during the rest of the study. The mass
absorption coellicients for BC at 550 om were estimated as-
suming that the TC conlenl of (he =1 migron agrosols was
30% BC. This is in goed agresment with past measurements
made in the Mexico City area (Chow ¢t al,, 2002; Vega ctal,,
20047 a5 well a5 for mepsurements iade in other urban aress
(Tarner et al., 1582; Galilney ct al., 1984), The adjusted val-
ues reported [or QOC/BL ratios measured at site T1 are alzo
in this range {Doran, 2007) as well as estimales made from
aviosl mass spectrometry measurements (Aiken ctal,, 2008;
Salcedo et al., 20056). The BC mass absorption coefficients
shown in Pig. 6 range from 3.0-12.2 m¥/g with an average
of 7.7 m?/g a1 T0 and from 2.7-12.3 m?/g with an average of
7.7m g ut T1.

The mass abserption for EC reported for T iy continuous
QC/EC analysis was 5.6 m?/g with a range of 1-18 m%/g al
870 nm and 8.9 m?/g at 550 nin assuming an e, of 1 {Doran,
2007). Other reported estimates of BC mass absomption in
Mexico City vary from 4.8 m?/g (Baumpgardner et al., 2007)
to 8.5 m2g (Scluster cl a1, 2005) at 550 nm. The mass ab-
sorption eocflicient for BC calculated {romm a multi-filter ro-
lating shadow-band radiometer {MFRSR} measurements in
Mexico City was reporled fo be %.2-8.9m4fg at 550 nm as
{Barnard et al., 2007, 2008). However, these estimalions aro
based on assumptions of BC density, BC reltactive index,
and acrosol mixing state and may have a *“worst case™ uncer-
tainty of about 70% (Barnard ct al,, 2608).

While the mass absorption cosllicient of fieshly emit-
ted BC acrosols is estimated to be in the range of 63—
R.7m? /g at 550 wm (Bond snd Berystrom, 20063, OC aerozol
species such as humic-like substances (HULIS) derived from
biomass burnitg or sccondary otganic acrosols pencrated
phutochemically have mass absorption coefficients <1 m?/g

Atmos. Chem, Phys., 9, 189-206, 2009
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Fig. & Daily averape mass wbsorplion cocfficient caleulated for
black carbon at site 10 (red) and T1 (Blued {Tem 10 March (day 69
L 29 March (day 88) 2006 during the MTLAGRO ficld campaign.

at 550mm (Hoffer et al., 2008; Pallicrson and Mehiahon,
1984}, "I'he overall mass absorption coefficients measured
for total carbon (BCHOC) will be dependent on the relative
concetteations of BC and OC as well as their mixing state
{Hitzcnberger and Pauxbaum, 1993; Bonod cf al,, 2006). The
similarity of the mass absorplion for both sites TO and T1
suggests that the asrozol carbon compasition was similar a
both sites. The fine mode asrosol scattering averaged over
the daylight hawrs is shown in Fig. 7 for siles TO and T
along with the messummant tangos for cach day, The daily
averages vary from 60-187 Mm~! with an overall average
of 122Mm~! at TO. The daily average aerosol scattering
was lower and mote consistent at site T1 with a range of
38-105Mm~' and an overall average of 57Mm~). There
alzo does not seem Ko be a general trond of major impacts on
aeroso] scattering at Tl due 1o transport from Mexico Ciy
except for possibly day Bl (22 March). Day 81 was iden-
tificd as having favorable conditions for transport from site
TU to site '1'] [Lroran et al., 2007) und that day showed high
scattering velues for both sifes.

The period from day 82 {23 bMarch) to day 87 (24 March}
was dominatcd by heavy regional raing and an gverall in-
crease in rclative humidity (see Fig. 1) Rain fotals before
day 82 were {mm at site TO and 6.7mm gt site T1, Af
ter day 32 min wials were 192 nom at TO and 3905 mm at
T1. This was accompanied by an increase in the avcrage
daily maximum RH from 59% 0 76% at TO and from 73%
to 39% at TL. The increaszed rains resulted in a decrense in
aernsol scattering a1 both siles by approximately the same
amount, The averspe aerosol scatering al site TO before
the rainy period was 128 Mm~! (range of 62197 Mm—1}
and dunng the rainy period the acrosol scattering dropped
to 118Mm~" (range of 85-157Mm 1} The same vahues
for site T1 were 61 Mm ™! (range ol 30-105 Mm™') before
day B2 and SOMm™! (range of 3866 Mm~1) after day 82.
However, the acrosol absomtion remained the same at sile

Atlmos. Cheom, Phys,, 9, 186-206, 2000
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¥ig. 7. Daily aerosol seotlering averaged from 06:0R-18:00L8T
and scattering satpes measured at sites TO {top) and T1 thottam)
from 10 tarch {day 65) o 29 Mareh (day 33) 2006 during 1he MI-
LAGRO field campaign.

TO with a value before day 82 of 35Mm™' (range of 16—
S0Mm~') and a valug of 35Mm™! (range of 2142 Mm~)
aficr day 82, The aerosol absorption al T decreased slightly
from 30 Mm~! (range of 1941 M~} before the rainy pe-
riod to 26 Mm~! (range of 15-37 MmN during the rainy
period. Xmee g significant fraction of highly scattering noo-
absorbing acrosols are primarily inotganic and hydrophilic, it
is expected that they will wash out more readily during rain
events than the freshly cmitted absorbing BC aercsols that
are more hydrophobic in nature (Marley et al., 2000; Gaffhey
and Marley, 20035; Marley and Galfney, 2007, However, as
the BC aavosals beooae eoated with B0A, they will becoms
more hydrophilic in nature and their washout rafes would he
expected 10 inerease,

The fine mode aerosel S5As averaged over the daylight
hours at site 10 and T1 are shown in Fig. 8. The average fine
nerosol S55A al site TO ranged from 0.72—0.83 with an overall
average of 0,78 while the average fine ssrosol 35A at T1 was
slightly lower and ranged from 0.63-0.73 with an overall av-
erage of (.70, Dorat et al, {2007} reported daily average (olal
column acrosol 55As at T1 at 5000m delermined by wsing
a MFRSE. These results were reporled for days 71, 78 and
86 as 0.34, 0.85 and 0.89 {I2, 19, and 27 March) {Doran ci

wryw Rtmos-chem-phys not/9) [ B9/ 200/
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Fig. 8. Daily acrosol single scailenng albedo (S3A) averaged from
06:00-15:00 LET and B3A ranges measwcd at sites TO (lond and
T1 {botom) [rom 10 March (day 69) to 29 March [day %) 2008
during the MILAGRO field cam paign.

al., 2007}y, The comesponding average fine asrosol 5545 re-
ported here Irom ground-based aerosot ahsmbance and scat-
tering measurements at 550 arc (.69, 0.73, and 0.6%. The
MERSR 584 values are for the total asrosol burden while fhe
values calculaled in this work represent a surface measure-
ment of Tine mode aerosols only. The fine aerosol Traction
measgured Licre (0.1 to 2 micron diameter) containg the morc
highly absorbing carbonaveous aerosols. The much larger
mechamically generated coarse mode acrosuls (=2 micron),
which are included in the MFRSR measurements are very
highly seaticring species. The total aerosol 55As are thore-
forc generally expecied to be higher than the $5As measured
for the fine acrosal fraction alone.

Daily average fine mode asrese] S5As have also been re-
portad for La Merced, located in central Mexica City, and Pe-
dregal, 4 suburban neighberhood in the southwest portion of
Mexico City during March of 1997 (Eidels-Dubaved, 2002},
These 35A values were calculated from ground level aerosol
ghzorption measurcments obigined with a single channel
nethalometer and aerosol scatlering measurements obtained
by an open air mtegraling nephelometer at 530 nm. The 58A
values reported al La Merced varied from 0.63-0.86 with an
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Fig, 5. Broadband UVE mesured at sites TO {top) and T1 (bot-
ton] Tearn D Bdarch fday 697 to 29 March (day 22% 2006 during the
MILAGRO ficld campaigi,

average of 0.72 and thore reported at Pedrepal ranped from
{60-0.84 with an average of 0.68. These tosults compare
well with the fing mode aerosal S5As reported here.

Breadband UVE moeasurements obtained at sites T and
T1 are shown in Fig. 9. The UVB inlensity was higher at
site 'T0, wilh an average of 64 pW/en* and a ranpe of 50—
70 Wiem? at solar noon, than at site T1, which had an av-
erage of 54 £ W/em? and a range of 48-58 pWiem? at solar
noon. In pencral, UVB reached a maximum at both sites
at 1230 L3T, However, the warahility of the daily maxi-
mum was larger at aiie TO (11:30-14:00 LET} than at sitc
TI (12:00-13:00 LST). A comparison of gimullaneous mea-
sutements from site TO and T1 for cloudless days gave a
corrclation coefficient of 0.931 (slope of 1.1%, intercept of
1.07). The measured UVE nradisnces have boen compared
lz that expected for clear sky conditions as determined by
B radiative transfer model developed at The University of
Chicage (Frederick and Lubin, 1988). The input o this
madel ncludes column ozone, detenmined from the Total
Ozone Mapping Spectrometer (TOMS) satellite date, almo-
spheric aptical thickness, UVB surface albeda, site lowation,
day of year and time of day. The resulis of this comparison

Atinos, Chem. Phys., 9, 189205, 2009
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Fig. 10, Broadband UVE measured at sites To {red) and 11 {blee)
compared to calcelated cleat sky UWE an days without 1ain events
during the MILACGRE [i2ld campaign.

gre shown in Fig. 1{) for days without rein events. Both siles
ghoww reduced UVE rodiolion when compared to the cloar sky
modeled values, as expected for sites with significant UV
abxorhing gases and acrosols (Castro et al., 2001; Gaffney et
al., 2002; Barnard ct al., 2008). TIowever, the UVE radiation
fiald oberrved ot site T1 is teduced further than thet ebecved
al gite TO. The measired UVE at beth sites showed good
corrclation with the modeled UVR walves (+2=0.95, 0.96),
However, the slope for site TO was 0.87 whilc (hat for site T1
was 0.72. It should be noted that oxone, an important V3R
absorbing pas was at sitilar or higher levels at TO than T1,
and the difference in observed UVE at the sites was nat due
to higher ozone at T1 fur the clear days examinged,

The ratia of UVE measurcments obtained simultancously
al site TO and site T1 {ur cloudless days arc shown in Fig, 11
as a function of solar zenith angle {(SZA). This ratio of mea-
sured UVE al TO o TUVE at Tl increases dramatically at high
SZAx. At high SZAs, when the sun is close 1o the horizon,
e wplicel puth is suffteientdy bong that the majority of radia-
tion mepsured by the RB meters is from the diffuse radiation
field. The ratio of direet 1o diffuse insolation measurcd by
the RB meter is 1.3 at 2 3ZA of 20deog. and reaches 0.1 at
an 8ZA of 70 deg. {Granger ct al,, 1993). Thercfore, since
magnitude of the ralio of the ITVEB radiation at both sites is so
strongly tied to the SZA, the data shown in Fig, 11 sugpesis
that the diffuse radiation field at site 10 ig much larger then
thal at site TL.

The acrosol scattering valucs measured by the three-
wavslength nephelometer located al sitc T were vsed to
calculaie the average aerosol seattering Angstrom coeflicient
{res). The Anagstrom cocfficient for aerosol scattering s de-
pendert on e particle stec disribation with gher values
(try =1} typieally observed for accumulation mode particles
(0.1-2 micron diameter) and lower valuos (o, =) for coarsc
mode particles (=2 micton) {Hand c al,, 2004). The valucs
calculated for the [ine mode particles al site T ranged from

Atmos. Chem. Phys,, #, 185206, 2009
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Fig. 11. Retio of broadband UVE measored at sites T8 and 11 on
days without rain events as a function of solar zenith angle (S2A}
durimg the WMLLAURO Gebd cammpeign.

0.93 to 1,30 with an average of 1,1] over the entire study pe-
riod. This corresponds o an average effective parlicle radivs
of 0.3 microm. {O"Niell and Royer, 1993; Lenoble and Brog-
niez, 1985). The direction of light scattered by particles is
alsu dependent on the size of the particle. This iz described
'y the pariicie svatieting weymmetry fnclor (). Mic scater-
ing theory predicis that particles that approach (he same size
as that of the wavclongth of the ineorming radiation will seat-
ter the radiation most favorably toward the forward direction.
The dominant particle size of the fine mode particles at site
T, as determined by the Angstrom coeflicient for scattering,
is 0.3 micron {300nm), which is of a similar size as the in-
coming UVB radiation. Therefore the TTIVE spectral eange
will be seattered most cfficiently toward this forward direc-
tion by these fine mode particles, In addition, the Angstrom
scattering eaponent of 1.1 corresponds to a g of 0.7 {Leno-
ble and Brogoicz, 1985), which implics (that the aerosol scat-
tering intcnsity will be peaked 45deg. toward the forward
dircetion. Therefore, the predominance of highty scattering
submicron serozols ut TO resulis in a larger amount of dif-
fusely scatered UVER radintion and & higher UVD intensity
at ground lovel than wes observed al sita T1.

The presence of highly abenrbing fine oade aevessls in
the Mexico City area, a5 indicated by the low 35As, are cx-
pected to reduce the UV flux at ground level and therefore
t reduce the photochemical production of oxidants such as
czone (Dickerson et al., 1997; Castro et al., 2001} How-
ever, as seell in Uigs. 10 and 11, the presence of fine mode
seattering aerosels in the boundary layet that approach the
same size a5 the wavelength of the incoming TV radiation
may also imerense the UV flux at ground level due o their
abiltty to strongly scauer Yght bowards the forward direction
and this ncrease in UVR flux alse leads to an increase in
phetochemical exidant production {Dickerson et al., 1997),
Therefore, the larger UV radiation measored at site T than
al site T1 helps to explain the high levels of photochemical

waw, Rimog-chem-phys.net/9/1 8972000/
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activity obecrved in the Mexico City area during MILAGRO,
despite the reduction in UYB anlicipated from the presence
of light absorbing specics {Thompson et al., 2008; Sicphons
et al., 2008; Shirm ci a1, 2008; Shon et al., 200%; Dusanter et
al., 2008%; Wood <t al., 20083,

4  Conclusions

Measorements of fine mode aerosol absormtion and scattering
were obtained in Mexico City at site TO located in the north-
emn part of Mexico City at the IMP (Instituio Mexicano del
Petrdlen) laboratorics and for site T1 focated at the Technical
University of Tecamae, 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 ranged
[rom 16344 Mm™! with an average of 105 Min~1; while
the aerosol sealteting valucs at T1 were much lower than at
TO ranging from 2 136 Mm~! with an average of 53 M,
The maximum scattering values al site TO accurred 2 h later
than the maximem scattering valucs seen at T1 and 4 h later
than the peak aerosol absorplion values at either site. This
suggests that the high agrosol scattering valucs moasured at
TO were pritnarily due to rapid secondaty acrosel formation
in the city, while the lower acrosol scattering values at T
wore controlled primarily by changes in the boundary layer
height in the early moming,

Fine mode acrosol 35As were caleulated at 550nm for
both siles using these data. The lower acrosol scattering val-
ues result in lower values for acrosol 58A at TL. The 58Ax
al TQ ranged from 0.470.92 with an average of 0.73 whilc
53As5at T ranged from 0.35-0.86 with an average 0.68. The
low S5A determined for the fine mode serosols indicate the
presence of highly absorbing fine mode aerosols in the lower
atmosphere. These fine mode pernsals will have a much
elower getlling velocity {0.2-60 am/h} thay the more highly
scattering coarse mode agrosols (60— 1000 cm/h} and will be
transporied more readily from the Mexico City basin into the
gurrounding regions (Finlayson-Pits 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 the con-
vective available potentinl energy of the boundary layer and a
large scale rising maotion 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., 20083,
Therefore, studies of boundary layer meteorology processes
need to consider absorbing acrosol species when calculating
heating rates {Fast and Zhong, 1998; Whilcrnan ct al., 2000).

wwnyatmos-chem-phys net9/1 8972009/

Comparisons of aerosol absorplion averaged over the day-
light hours with back trajeciorics roported by Doran et
al. (2007} showed no clear correlation with transport from
the Mexico City arca, indicating a local source of gbsorb-
ing acrosels at site T1, as suggested carlier (Doran et al,
20417). Simitar comparizons of scattering measurements av-
eraged over the daylight hours also do not seem w show a
general trend of major effects on aetosol sealtering at T1 dus
to transpert from Mexice City except for possibly day 81 {22
March). Day 81 was identified as having favorable condi-
tions for transport frum site T ko site T1 (Dotan et al., 2007)
and that day showed high scattering values lor both sites.

Broadband UVB intensity was higher at site TO, with an
average of 64 pWiem? and a range of 50-70 L W/em? at so-
lar nuon, than at site T1, which had an average of 54 20 W/ein?
and a range of 4858 x Wem? at solar noon. Compatisons of
modeled UVB intcnsitics with the simultaneous UVB mea-
surements oblaincd at site TO and at site T1 for cloudless
days imply a iarger diffuse radiation field at site TO than al
site T1, The determination of acrosol scattering Angsteom
coellicients at TO suggests the predominance of aerosols at
TO in the size renge of 0.3 micron. This results in aerosol
scatiering peaked 45 deg. Loward the forward direction lead-
ing to the enhanced dilfusc radiation at T0, This enhanced
diffuse UVB radiation would help 1o explain the significant
photochemistry uhserved in the Mexico Cily arca during MI-
LAGRO, despite the reduction in UVE anticipated from the
high levels of light absorbing acrosol 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 eovirgnment hog significant levels of fine mode
absorbing acrosols.  The high loadings of BC serosols
from fossil fuel emissions in the urban environment along
with biomass buming contributions conttibule to significant
acrosol absorplion, which will lead o locul warming in the
boundary Tayer at Botls the urban and regional sites. The pres-
cnce of these high coneenitations of absorbing serosols in the
urban arer will conlribute to the wban head island cffects and
the transport of these absorbing aerosols inte the surounding
areas will result in o positive climate torcing and an overall
warming effect [n the region.
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Abstract. In order to determine the wavelength depen-
dence of ine { < | miceon} atmospheric acrosol absorption in
the Mexico City area, the absorplion Angsirom cxponcnts
(AAER) were calenlated from hourly averages of aesrosol
absotption measured atb seven wavelengths {370, 450, 520,
390, &6, 880, and 950 nm) with an asthalometer doting two
field campaigns, the Mexico City Metrapolitan Arvea study in
April 2003 {MCMA 2003} and the Mepacity Tnitialive: Local
and {lobal Resparch Observations in March 2006 (MILA-
GRO). These results were compared to AAEs deternined in
the lahoeatory feorm RSO—2R0nm {350 paintg) an 12-h fineg
acrosel samples collecled at the samc sitcs. The acrosol
AATEs varicd from 0,76 te 1.5 in 2003 and from 0.63 to 1.4
in 2006, The AAE values determined in the afternoon were
consistently higher then the corresponding moming valucs,
suggesling the pholochemical aging of the aererols leading to
the formation of morc highly UV absorhing organic aerosol
species in the afternoon.

The AAFE values were compared to stgble and radiocarbon
isotopic measuremenia of the 12-h avrosol samples to detor-
mhine the suurees of the agrosol carbon. The fraction of mod-
o carhon (f{} in the asrosof samples, as determined from
Y C analysis, showed that an average of 70% of the carbona-
ceous gerosols in Mexico Cily weore from modem biomass
sources during both field campaigns. The 1C/12C ratios of

the acrosal carbon illustrate the sipnificant impact of Yucalan
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 nerosol AABs suggested that the
wavefength dependence of the aerosol abeorplion was con-
trolled by the biogenically derived acrosel components,

1 Introductlon

Atmospheric scrosols play an important role in global cli-
mate because of their akility to hoth seatter and ebsorb solar
radiation. While aerosol scattering is primarily dependent on
patlicle sixe, acrosol gheorption is lagcly 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 resulting in an overall coaling of-
foct, The conling offect of anthropogenic sulfate asrosols in
the Northern Hemisphere has been estimated to he compara-
ble in magnitude to the atmospheric warming produced from
increases in carbon dioxide (CO7) (Kicl and Bricgleh, 1993),
Ciher acrosol species {g.g. hlack carbon) can both scatter
and absork solar radintion resulting in a cooling of the =sur-
face while simuhaneously warming the almosphere. Black
carbon {BC) acrosuls produced from incomplete combus-
Lticn can reduce the amount of sunlight reaching the Farth's
surface by as much as [0% (Ramanathan and Carmichael,
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2008}, However, they alse increase the solar enerpy abrorbed
in the almosphere by as mueh as 50% in yome areas legding
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 as
much warming in the lower almosphere as the major green-
house pases, thus being a potentially tmportant contributor ta
regional climate forcing (Ramanathan et al., 2007). The pres-
ence of absorbing aerosols in the wroposphere can therefore
resull in & local healing of Lhe air altering stmospheric stabil-
ity and affecling large-seale circulation patterns and hydro-
logic cycles resulting in significant eegional climate effcels
(Kaufinan et al., 2002).

1.1 Aerosol absorption

The dominant light-absorbing acresel specics is thought to
he BC, commonly known as carbon soof, produced by in-
complete combustion of fossil fuels and biemass buming.
One of the largest sources of BC is cmissions fiom diese]
etigines and therefurc urban arcas are thought o be one of
the largest regional sources of absorbing aerosols dominated
by BC. The absorption of solar light by freshly emitied BC
aerpsols is broadband, decreasing monotonically with wave-
lengih owver the entire spectral repion from UV to infrared
{hdarley el al., 2001).

(Hher light absorbing species nre also present in atmo-
spheric aerosols, inchiding polyeyclic and heteroeyelic aro-
maltic hydrocatbons and Lheir nitrated derivatives (JTacobson,
1999), arvino acids such as tryptophan in biclogical parti-
cles {Pinnick et al., 2004), and polycatboxylic acide known
as “humic-like” substances (ITULIS) (Cappicllo ol 4l , 2003).
The polycyelic aromatic hydrocarbons {(PAHs) are preduced
along with BC during combustion of fossil fuels and their ni-
irated derivatives arc formed by atmospheric oxidation in the
presence of Wiz, The HULIS are produced froen biomass
buming {Hoffer et al.,, 2006}, by aimoapheric oxidation of
Bt {Depszard el al, 2002}, or by aimospheric oxidation of
bicgenic hydrocarbons (Limbeck etal., 20033, These organic
carbonacecus aerosol species have an enhanced absotplion at
shorter wavelengths (=400 nm) leading Lo acrosol absorplion
profiles greater than that expected from BC asrosols alone
{Gelencadr of al., 2003).

The wavelength (1) dependence of aerosol absorption (A)
i5 usnally approximated by a power-law cxpression;

A=fgae (1)

where & is the absorplion Angstrom cxponent (AAE) and
£ is the aerosel absorption at 1 pm,  The value of & de-
pends on the chemical composition of the absorbing acrosol
{Bergstrem et al., 2007). Freshly emtued BC particles from
diesel engines have an AAE of | {Berpstrom et al, 2002;
Marley ct al., 2001} while carbonaceous aercsols produced
from biomass burning have much stronger wavelength de-
pendence of ahzorplion, with an AAE of 2 (Kirchstetter et
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al,, 2004}, The water soluble HULTS tsolated from biomass
butning Aerosols have very high AAFEs in the range of 6 10 7
(Hoiler e al., 2006). Finc inorganic dust acrosals have been
asguciated with a wide vanpge of AAEs from values greater
than 2 (Bergstrom et al., 2007) to less than (.53 (Meloni et al.,
2006} depending on their source and chemical compozition.

An understanding of the wavelenglh dependence of
acrosnl absorption is important for scveral applications, An
abrorking asrosal with an AAF of 3 will have an absop-
tion coefficient in the UV that iz 3 times larger than that in
the visible (Bergsirom et al, 2007} This ix nol only im-
portant for the detennination of the aerosol radiative fore-
ing bul also for atmospheric photochenical modeling. The
UV iz the most important spectral range (or the promotion
of atmospheric pholochemical reactions. The prescnee of
UV absarbing aerosols in the [roposphere reduces the actinig
flux threughout the boundary layer, which reduces the pro-
dugtion of photochemical oxidants such as ozone and results
in a buildup of the unreacted precursora in the simosphere
{Wendiach et al,, 1996, Dickerson ot al., 1997). The pres-
cnce of absorhing agrasols in Mexico City leads to s redue-
tion in the actinic flux helow 430 nm by 10-30% {Castro ct
al., 2001). This reduction in UV radiation resolis in less sur-
face level ozone produced in the cily than would be cxpected
from the precursor concentrations. The umeacted precursors
arc then transported out of the basin ultimately contributing
to higher ezone levels in the surrounding region.

Aerosol absorplion measurements have been used to deter-
mine BC acrosol mass concentrations by using the BC mass
absorption efficiencies. Routinely the mass abeorption cffi-
ciency is determined experimentally al one wavelenglh and
an AAE of | iz assumed lo oblain the mass absomption ef
ficicncies al other wavelengths (Hansen et al., 1934), This
assumplion can be a major source of error when comparing
results of agrosol BC concentrations obtained from different
methods. In r recent siudy, it was concluded that & beler
understanding of (he wavelenpth dependence of asrosot ah-
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 tdentfy and classify different aerosol types
{Mcloni ct al.,, 2006; Bergstrom et al., 2007). Remols scns-
ing of aerosols by TOMS (Tolal Owone Mapping Spectrome-
ter) and Ob1 {Owone Monitoring Tnstnument) bype satellites
utilizes the ratio of reflected light at two near-UVB wave-
lengihs (g, 340 and 380 nm) to determine the 1ype of ab-
sothbing aerosols present i the atmospherc (Tomes et al,,
1928). Similar methods have been used to identify aerosols
in pround-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 arv associated with AAFEs around 2, this
can vary depending on the wavelength range nsed. Tn a eecent
study, biomass buming acrosols observed in South Africa

www.atmos-chem-phys net/S 133772004/
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yielded AAEx of 1.1 from 325-1685nm and AAEs of 1.5
fram 325-1000 nm (Bevgsirom o1 al., 2007},

A thorough understanding of the wavelength dependenne
of erosol absorplion is therefore Important fot the estimation
of nerosol radiative forging as well as for the cstimation of
atmaspheric photochemical oxidant production on lacal and
reggional scales. It Is also important to the interpretation of
satellite retrievals and the identification of absorbing acrosol
sources and types, as well as for the compatison of acrosol
BC concenlration measurements made by different measure-
mgnt methods. [n addition, in order to predict serosol ab-
sorption profiles over the atmospherically relevant spoctral
range, the measured acrosol absorption imust be corrclated to
the type of absothing aerosols present.

1.2 Carbon isoiopic tracers

Carhon isotope mensuremenis provide a powerful tool 10
identifr different types of carbonaccous 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, iz taken up as 002 and enters the
carbon cyele labeling all biogenic materials with a eclatively
constant initial '*C/'2C ratio of about 1,53 102 (Currie et
al., 1982). Fossil fuels and the BOC acrosols produced from
their 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 mdioearbon, Therefore, the YO cantent
in atmospheric acrosols, presented ag the feaction of moderm
carbon (fM) provides a direct measore of the relative contri-
butions of carbonaceous materials derived from fossil fuels
and that derived (tom modem hiomass sources,

Stable carbon isotape ratics are also useful for the iden-
tilication of carbonaceous asrosol sources. Dhifferent plants
can ulilize two different photosynthetic pathways, denoted
-3 and C-4 according to the number of carbon sloms fixed
by each pathway {Smith and Epstein, 1971). The differ-
aice in alomic masscs of the three carben isatopes, '4C,
B¢, and C, affects the chemical reactivity and fhe phys-
ical nrocesses sufficiently to canse selective uptake of 2c0;,
aver both *CO3 and 15C0, during photosynthesis. The C-
3 plants, which wilizc the Calvin-Benson pholosynthetic cy-
cle, have a more selective chemistry and fractionate the Leav-
icr carbon isotope (13C) by ahout 12-14 parts per thonsand as
compared 1o the less selective C-4 or Hatch-Slack photosym-
thetic pathway. The C-3 and C-4 plarus will therefore be la-
beled with different3C/12C eatios. The C-3 plants are most
abundant and comprise most froe species, shrubs, and cool
temperale grasses and scdges, while the C-4 plants consist
mostly of warm temperate ta tropical grasscs (Sage, 2001).
The PCA2C ratios { R} are commonly cxpressed as 87C val-
ues in par-mil {%a), and represent the difference between the
menasured i and that of 1 carban izotope standard, typically
C03 preparcd from Peedes belemnite {PDB) carhonate. The
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mcasurcd C/2C ratios of organic matter arc gencrally ¢
depleied compared to the & of the PDE standard and are
therefore reported as negative values. These resulting $130
values are used to cslimate the relative contributions lrom C-
3 (8130=—27+6) and C-4 (31°C=—1344) (Boutton, 1951}
plant sources to atmosphetic carbonaccous agrosols,

1.3 Moexico City field studies

The Mexico City metropolitat arca (MCMA) [s the largest
urban center in Notth America, Due to the high traflic densi-
ties and incrcased cnorgy usage, Mexico City suffers from
high levels of particulate BC pollution. The presence of
highly absorbing asrosols in Mexico City has lead to a re-
duction in solar lux of 17.6% (Raga et al., 2001}, The mass
of absorbing scrosols exported from the MCMA into the sur-
rounding regian i estimated to be 6000 metric tons per day
wr 2mega-tons per yeatr (Callhcy ct al, [999), Since freshly
formed combustion acrosals are hydrophobic, they are cx-
pected to be more resistant to washout and have longer life-
limes than more hygroscopic gerosals such as sulfate and ni-
irate ((affney 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 relcased inte the atmosphere at alitudcs
congidered to be in the fiee troposphere clsewhere, The ab-
sorbing acresels exported from the Mexico City basin are
therefore assumed to have lonper lifctimes than aercsals re-
legsed at lower altitudes (Rapa et al, 20013, Thus, the
MOMA can be a major spurce of carbonaceous acrosols to
the surrounding regions [mpacting the radiative balance and
climatc on a regional scale.

In grder to better understand the sources of absorbing
agrosols 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 part of the US Department of Bo-
ergy s (USTOE) Atmospheric Scicnce Program (ASP). This
study was in collaboration with the Mexicn City Matropinli-
tan Area 2003 (MCKMA 2003) air quality study organized by
M. J. Molina and L. T. Molina of the Massachusatts Tnatitute
of Technology., Aerosol absotplion measurements were obe
tained as a finction of wavclength at the Centro Nacional de
Investipacidn y Capacitacion Anbiental (CENICA), on the
Iztapalapa campus of the Universidad Auténoma Metropali-
tana (UAM]. In addition, fine mode {1 micron) acrosol
samples were collected every 12 h 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 caomposed of four collaborative field exper-
iments, including the Megacity Aerosol Experiment, Mex-
feo City 2000 (MAX-Mex} spotsorcd by the USDOF/ASP,
The MAX-Mex field study was focused on the investigation
of fe ditect radiative cffect of aerosols in the Mexico City
plume ag a fimetion of time, location, and procesging condi-
lions, Aegrosol absorption measurcments were obitained as a
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{unction of wavelengih at the Ingtiluio Mexicano del Petroleo
{IMP), in the northwestern part of the MOMA. This site,
known ar TN, was chosen to represent the fregh emissions
from the urban center. Fine mode aerosol sminples were col-
lected al aite TO and alzo al the Technological Universily of
Tecarnae, lecatcd 18 mi northwest of TG, This scoond sifc,
known as TI, was expected to represent a mixture of fresh
and aged pollutanis az they exil the basin.

Resuliz are presented here for AABx caleulated from
acroxe] sbsurplion measurcments 4t scven wavelenpths ob-
tained by using a seven-channel acthalometer located in
Mexico City during the iwo field campaigns in April 2003
and March 2006, These resnlis are compared 1o AAlis cal-
culated from continuous UTVevisible absorption profiles ol-
tained on the 12-h serosol samples collected in the field. Dur-
ing both smdy periods substentinl biomass burning evenis
were observed, which were foand o affect the aerosol ab-
sorplion.  The AAEx arc compared to hoth stable and m-
digrarhon isotapic measurements made on the 12-h aerosol
samples to evaloate the sources of carbon that give rise to the
observed differences in aerosol absorption properiies.

2  Experimental methods
2.1 Bample siles

Aerosol absorption measurements were obtained from 3
April 2003 (day 93} (o | May 2003 {day 121} an the rouflop
of (he CENICA laboratory building (19721445417 N,
99°04" 16,4257 W, elevation of 2247 mabove sea level)
on the Iztapalepa campus of the Universidad Autondina
Metropolitana (IJAM). The UAM consistz of 30 buildings on
a campus of restricted traffic Aow, Tt ig located in the north-
castern scetion of the MCMA o an area dominated by low
cost housing and small industries.

Measurements of aerosol absorption were also obiained in
2006 lrom 10 March {day 69 10 29 March (day 88) at the [n-
sliluio Mexicano de Petraleo Laboralorics (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 16km {10 mi) north-nartheas!
of the CEMICA site. The IMP complex is a restricted came-
pus of 33 buildings located in an industrial and commercial
area of exico City surrounded by sireets thal are very heav-
ily wavelled by light duty wehicles and dicsel husses. The
nearcst major roads are approximately M0 m away fTom the
meazurement site.

Aerosol samples were collected at both CENICA and [MP
efles as well as af the Teehnelogival University of Tecamac,
State of Mexica, (latitude (9°43 N, longitude 98° 58" W, alti-
tude 2340 ma.s.l} from 1 March 2006 (day 607 to 29 March
2006 {day 88). This site, known as T1, was approximatcly
Akm (1R miY narth of Mexion Cily. The roain Itansprria-
tion route through Tegamae is public road Mo, 83, which runs
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north-south from Mexico City bo Pachuea. The municipaiity
of Pachuca, located 94 km (58 mi} northeast of Mexico Cily
and a4 km (40 mi) northeasl of Tecameas, 15 aleo a potential
source of emnissions at site T1.

22 Aerosol sampling

Samples of finc mode (< 1.0 micron) aerosals were collected
ul cach site by using high volume samplers {Hi-Q) Envi-
ronmental Products, Modal HVP-3300AFC) cquipped with
cascade impactors (Thermo Anderson}. The samplers were
equipped with brushless, three stage cenirifugal fan blow-
ers contralled by an electronic mass flow scnsor that detects
changes in the operator’s pre-set flow mte caused by changes -
in temperature, barometric pressurs, and pressure drop due
Lo parliculate loading on filter media. The high-volume sam-
pler compensgates for these changes by adjusting 1he motor
speed to maintain the pre-set flow rate at 40 standard cubic
feet per minute [5cfim). Three separate LCDs display elapsed
ume, tolal volume ol ait sampled, and nslaniznecus flow
tate, which are recorded al Lhe beginning and end of each
sample imterval,

The aerosol samples were collected on 8 in » 10 in glass
fiber Mlers {Whatman) in 2003 and & in x 10 in quartz hiber
filters (Pall Life Seicnces) in 2006, The samples were taken
at 12-h intcrvals from 0530 te 17:30 and fiom 17:30 to
05:30 local standard timg (L3T}. The volume of aiv sampled
during the 12-h time period averaged 740 i with an aver-
age aerosol loading of 13 mg total carban content {18 pwefm®;
=5 fugfm’ ).

23 Aecrosol absorplion measurements

The absorplion of fine serosols was measured in the field by
using a T-wavctenglh acthalometer {Therme-Andersen) with
a sample inlet designed to colfect aerosols in the size range
of 0.1-2 st {Hermann et al.,, 20013 The sethalometer is
currently the best method available for the measurement of
aerosal AAEx inthe figld. This is the only instryment that al-
Towys for the measurement of asrosol absorption at more than
2 wavelengths and includes the UV spectral range. Since
maost of the enhanced ghsomlion oceuts in the UVE runge,
insbruments that only use visible wavelengths will undergs-
titnate the AAEs, However, the use of the aethalometer has
been mel with some controversy duc to the inherent difficul-
lies aszociated wilh (he measurcment of light attenoation by
solid samiples (Schimid et al., 2005; Amott et al., 2008).

The aerosols in the sample air are collecled within the
acthalometer by continupus filtration through 3 paper tape
strip. The optical attenuation of light transmitted through the
patriicle laden filter iz measured sequentially al seven wave-
lengths {370, 450, 324, 580, 660, 880, and 250 nm) by chang-
ing the LED sources. At low sample loadings, light scat-
tering from the filker sinface causes m redvction 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 scatiering arlifacts, (he ingltoment
collects some sample onto the filter hefore laking measure-
menis. As the sumple is deposited on the paper tape strip,
light atberuation increases steadily. At kigh sample loadings,
high absorpricn values canse the inslrument sensitivity [o do-
crease. Thersfore, the instrument aulomatically advanccs the
lape 1o a1 now sample spet when light attenuation becomes
BCYIOTE,

IInder normal operating conditions, Lhe instrument calcu-
lates the BC comeeniration {|BC)} of the sample from the
mncasurcd aptical aftenmation (ATN) by Eq. (21

ATN = ¢*[BC] (2)

The values for BC mass sbsorption efficlency () are deter-
mined from a previeus comparison of agrozol light transmis-
sion measurements with thermeal evolution methods, assum-
ing a wavelength dependence of A~" over the acthalometer's
spectral range (Gundel ot al., 1984, Hansen et al., 1982).
Cquation (2} also asswnss that DO is the main absorbing
asrosol species inthe sanples and that the satnple path leapgth
is negligible and constanl. Mulliple scattering of light within
the sample and filter substrate can cause an increase in path
length, which changes as the filrer becomes more heavily
loadsd with particles. In order 10 oblain guantitalive mca-
surentents of asrosol BC concentralions from the light at-
tenuation measurements, corrections must be made for these
light scallering crrors (Amott et al., 2005), However, as long
as these errors are not wavelength dependent, they will nat
be important in the celoulation of aerosol AAEs,

The aethalomeler resolls fur BC acrosol concentrations
{ttg/m*) were converled o acrosol optical absorption (m™ 1)
al cach wavelength by using the manufacturer’s values for the
mass absarption efficiencies. The caloulated acrosol ahsorp-
tion measurements were recorded at five-minute intervals for
each of the seven wavclengths, Measurernents obtained just
pricr to and immediately after the filter tape advance woic
discarded ss ootliers {Arnott et al., 2005). The AAEs wore
caleulated frotn onc-hour averapes of the five minute optical
absorption messurcments al the seven wavelengths by a least
squares fit to Eg. (3).

ln{A)= —&Ind +Inf (3

The correlation coefficient (r%) obtained from the least
squares fit serves as a measurc of the assumption that the
wavelength dependence of the acresol absorption follows the
exponcniial relationship in Bg, (1% The corcelation coef
ficlents from these caleulalions varied from 0.9999 to 0046
with & standard deviation of 0.004 in 2003 and fram 0.9997
16 0.95 with a slandard deviation of 0,006 in 2006, indicating
that the A AE is a goed representation of the wavelength de-
pendence of the aerosol absorption for the majorily of mea-
Furements.
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Aerosol absorpiion profiles were also obtained in the lab-
oratory on the [2-h acrosol samples collected at each site
(Marley et al, 2001, Spectra were recarded from B50 o
280nm al 8 spectral resolution of L.6nm with a research
prade UVavisible-MIR spectromicter (Porkin BElmgr, Lambida
1050} equipped with an integration sphere reflectance acces-
sory (Labsphere) developed specilically (or the analysis of
solid samples. Aerosol AAla were calonlaicd from the dif-
fuse refiectance specira by 3 least squares fit to Eg. (3) using
all 350 points,

The integraticn sphere is designed to collect all the light
scaltered by the surface of the sample and dircet it back to
the deteetor (Marley et al., 2001). Therefore, all Ught seal-
tered from the sampls surface is menrsured by the detector
and any reduction in intensity is due to sample absorpiion
only. The [nterior of the sphere is coated with a perfectly dil-
fuse reflectance coating {Spootralon®) and the detector view
is limiled (o incident flux that has undergone at least two re-
flections fiom the sphere surface. This assures that the in-
cirdent heam nndergoes multipla reflectinns in (he interiar of
the sphere incressing the sensilivity of Lhe fechnique.

The relationship between absorbance and the diffuse re-
flectance is described by the Kubelka-Munk funciion, F{#)
RS

F(R) = {1 — RY)/2R = ks {4)

where R is the intensity of light reflected from the sample, &
is the Kubelka-Munk absorplion cocflicient and » is the sam-
ple scallering coellicient. The sample scattering coefficient
iz related to Lhe real refractive index (a1} of the bulk material,
which is not significantly wavelength dependent (Marley et
al,, 2001). The wavelength dependence of #7{ R} iz therelore
a direct measure of the wavelength dependence ol the sample
absorption. In addition, F{&) iz not dependent on the san-
ple path length ax in bansmission spectvoscopy, Therefore,
multiple reflections within the filter do not present & souree
of errat in reflection spectragseopy and can be neplected.
The AALs caleulated [rom the 7 wavelengths measured by
the aethalometer in the field were averaged over the samne 12-
h time peried used for the sample collection. A comparison
hetween the AAEs caleutated from the 7 wavclenpths of the
aethalometler and those caleulafed from the full diffuse re-
flectance spectrum {350 points) obtained in the laboratory on
the filter samples is shown in Fig. 1. This comparison gives
a corretation coefficlent of 0.62 with a zlope of 0.67 and an
intercept of 0.3, A major source of crigr in this compari-
son iz thal the acthalomeler values are avernged overa 12h
period wheteas the diffuse reflectance it oblained on a 12-h
composite sample. Sineo the sanmplos deposited on the filters
are oplically thick, the spectra obtained from them will be
heavily weightad hy the sample deposited in the last howrs
of sampling and will not represent n true averape of the 12-h
titne period. The lincar fit shown in Fig, 1 15 deterimined fram
compating the AFAg calenlated from all 350 points in the
full diffuse reflectance spectrum with the AAEs caloulaied
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Fip. [. Compatizon belween aetosa] absoiplion Angstrom ox-
ponents caleulaled from aerosg] absorption measured ab 7 owave-
lengths with an zethalometer and absorption measured by diffuse
reflectance at 3504 wavelengths between 280-850 nm. The reparied
lingar fit is for diffusc reflectance caleulated from the seme wave-
lengihs used by the acthalomeler

using only the & wavelenglhs thal correspond to those used
by the aethalometer (370, 450, 520, 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 represents the er-
rors infroduced in (he calculation of the AAEs by uxing a
small a8l of wavelengihs.

2.4 Carbon measuremends

The acrosol samples collected in 2003 were oxidized to COg
by using a low-temperature oxygen plazma (Rowe and Siecl-
man, 2002} A custom-buill plasma oxidation apparatus al-
lowed for colleetion of COp in a plass sample tube, A plow
discharge was produced by radio frequency (RF) capacitive
coupling with two externel copper electrodes on either end
of a 12crx4.6cm glass sample chamber. Vacuum condi-
tions were maintained with a turbomolecular pume and a
diaphragm forc pump, Succcssive oxygen plasmas (1 torr;
LO0 W) were used ko clean the empty seraple chamber until
less then 1 pg of carbon remained. Approximately 60 cm? of
the aerozol filter sample was inserted info the sample cham-
ber under a pesitive pressure to prevent the introduction of
atmospheric CO; or perticulates. A one-hour argon plasma
(1 torr; 40 W) was used 10 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 oxygen plasma wes performed to ensure
quantitative transfer of catbon Mrom the Mlter.

The samples collecled in 20068 were converted to COo by
therma! combustion. Each sample was sealed under vacuum
in a quartz lube with copper oxide, metallic copper and ail-
ver and combusted at 900°C. The CO; produced from the
combusliun wes cryogenically isolated from other combus-
tion prodocts and the amount was measured manometricnlly.

Atmos, Chem. Phys., 9, 1537-1549, 2005
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The Cf collected from the agrosol samples was con-
verted to graphire by hydrogen reduction using an iron cat-
alyst. The resobing graphitic: carhon war then poomeded inin
an Al target and the "*CF2C ratios were measured by ac-
cclerator mass spectromety {AMS) at the Center for Aceel-
erator Mass Jpectrometry (CAMS) at Lawrence Livermore
Mational Laberatory (LLNL). The results ars reported as the
fraction of modem ecarbon () in the total carbon of (he
acrasnl sample (Stuiver and Polach, 1977).

Samples of CO» were alzo isclated by thermal combus-
tion of the aeroscl samples for the determination of '3C con-
tent by stable isotope ratic mass spectromeby, Tsotope ratio
measurements of CO; were made using an Elemental Anns-
lyzer (Carlo Erba NCS 25007 coupled to a triple-collector gas
gouree mags spectrameter { Therma Finnipan Delia Plus XL,
Two l-glulamic acid reforences (USGS-40; 5'%C=—26.30
and USGS-41; &13%C=+37.63) were analyzed concurrently
with the semples. All references were matrix matched to
the actosol samples by the addition of hlank quartz filters,
Vanadinm pemioxicde was added to sl referenees and sam-
ples to ensure complete combustion in e elementsl ane-
lyzer. Masses 44, 45, and 46 (COa+ions} were measured
in the samples and standard gases. Isotope ratios were cal-
culated by comparison wilh those in the referenee CO;p sam-
ples calibrated to the Bolenhofen Limestone standard (NBS-
20y, which had a 13CA2C ratio of 0.0112253 (Craig, 1957).
The results are reported in conventional delia {8) notation de-
geribed by

513C = [(Ruample/ Retandara) ~ 1] x 1000 ()

where R is the atom ratio 1C/'2C expressed in units of per-
il (M) deviation relative to the isctopic 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 AMerosel absorption

The aerosol AAlLs caleafated from the acthalometer ahsmp-
Lion measurements made in Mexice City in April 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 of (.63 fo 1.4 and an average of .94, Figure 3 shows
the AAHs averaged over the morning {06:00-12:00L3T)
and aftermoon {12:00-18:00 LST) hours for April 2003 and
March 2006, For the majority of days during both studies, the
aftcrnoon AAEs worg higher then the moming values. The
difference between moming and afternoon AAEa in 2003
ranged from 0.08 to 0.29 with an average of 0.14, excluding
dlay 9. The aflcrnoon of day 99 was dominated by a pa-
ticularly turbulent thunderstorm {see Fig. 4) that lofled fine
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Flg, 2, Aerosol absorption Angstrom exparents calculated Feom
aerasal absomtion measured at 7 wavclongths in Mexico City due-
ing April 2003 {top) and March 2006 (bottom),

dust, accompanied by heavy cloud cover that significantly
reduced solar radiation in Mexico Cily during the duy. Finc
dust aerosols have been associaled with low AAEs {Moloni
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 than the meming average AAE for day 99,

The last weck of March 2006 (after day 82) was apain
duminated by heavy thunderstorms accompanicd by lange
amounts af dust lofting and heavy cloud cover (see Fig, 4).
This resulted in AAEs during this period that were lower than
the rest of the study peried in 2006 and were also essentially
the same for both moming and aflernoon hours. During the
remaining study period {excluding the days 32 through 88)
the difference belween moming and aftermoon AAEs ranged
from 0.06 to .22 with an average of 0.13, rezembling the
results ohtained in 2003.

A rapid photochemical production of secondary organic
aerosols {S0A) has heen ohaerved in the Mexico Cliny aren
primarily in the moming hours beginning al 08:00 {Salccdo
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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, the
incrense in aerosol AABEs in lhe aflcrooons cannot be ex-
plained by the formation of SOA alonc, This increase in
AAEs in the afternoon hours is therefore most likely due 1o
the photochemical aging of preexisting nerosols leading 1o
more highly UV absorbing oxidized organic spoeics such as
ITULIS, resulting in higher AAEs than observed from either
the fresh primary crmissions or SOA formation in the mom-
ing (Mang et al., 2008; Walser et al., 2007; Decosari o1 al.,
2002).

The values of the AAEs averaped over fhe nighttime hours
(12000600 LST) were consistently intermediale between
morning and alternoon values during both field studies. This
is due ko a combination of the venting of the aged pollutants
in the basin at night (de Foy et al., 2006) and fresh evening
crissions replacing them. The resulting nightlime acrosols
remaining in the basin are a mixwre of some photocheni-
cally aged actosols from the previcus aftermoon end freshly
emitted acraxals at night yielding AAEs that fall between
those typical of fresh emissions observed in the mominps
and those of pholochemically aged acrosols obseryed in the
aflernoons.

Atmos, Chem, Phys, 9, 15371549, 2009
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Fig. 4. Rain intensity {mm/hr) messurcd at CENICA in April 2003
{A) and at sites TCH{OY and T1 (C) in March 2006,

The highest AAF: weres obeerved 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 (rom widcsproad
Yucatan fies in 2003 heavily impacted the Valley of Mexico
duting the entire month of April, The maost direct impacts on
Mexico City ocoumed during the ast week of April {Massie
et al., 2006). Although boih deforesiation and crop residue
fires are common in the Yucatan (Yokelson, 2009), the emis-
sinns from fires in 2003 were particulacly 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 (Massiu cb al., 2006), These results agres with previ-
vus studies that show aerosols associnted with biomass burn-
ing typically have higher AAlia than acrasols produced by
the combuslion of fossl fucls (Hottor et al,, 2006; Kirchstet-
ter el al., 2004).
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Fig. 5 Fraction of modern carbon in fine zerozol semplas collected
M CENTCA in Mexico City in April 2003 (top) and at sites 10 ()
atdl T1 in (o) Murch 2006 (bottom).

1.2 Carbon-14 measuremenis

The th values measured in the fine aerozo! samplos colleoted
in Mexico City are shown in Fig. 5. At the CENICA siic in
April 2003, the M eanped from 0.56 to 0.86 with an aver-
age of 0.70. The M in samples. collected in March 2006
rangcd from (1,42 to 0.75 with an avernge of 0.60 at site TO
and from (.35 to 0.96 with an averape of 0.78 at site TI.
Owverall, the carbonaccous acrosols produced in the Mexico
Cily basin consisted of approximately 70% biogenic materi-
als. These bingenic agrosol components can be derived either
from biomass burning or from S0A formation from biogenis
Drecutsors.

Cither shadies conducted in the Mexico Clity aren during
either MCWAZ003 or MILAGRO have found cvidence of
large impacts (rom biomass baming during both campaigns
{Yokeluon el al., 2007, 2000; Tohnson et al., 2006; Moffer et
al., 2008; TieCarlo et al., 2008; Stone €1 al,, 2008). Airerafi
studies in the Yucatan astimated (hal approximaltcly 44 T of
biomass wes burned in the Yueatan in the spring of 2006 from
toth furest and crop clearing (Yokelson et al., 20097, Mea-
surcmnents of particulate to CO0) reting sngeasied that sz rmneh
a3 79-92% of the primary fine particulate mass in the Mexico
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Gite Sample  Season Year M Averapge (Mange) Heferanpe
Los Angeles, o PMyg 5 52 0.1 Hildemann
Los Angeles, Ca Py W 82 .41 Tlildgmann
Long Beach, Ca Pl 5 82 0.4 Hildemann
Long Beach, Ca PMpy w a2 0.47 Hildemann
Denver, Co MMy g 3 Be 0.44 (0,090 Klinadinst
Dunver, Co I'vly 5 W o607 0,27 (0.13-0.72) Klinedinst
Mashville, Tn Phdz 5 o a9 0,69 {0.56-4.80) Lewiz
Houston, Tx, Phdz 5 8 (0 .54 (0. 274.77) Allen
Tarnpa, Fl P 5 a a2 0,75 {0.55-0.95) Lewis and Stiles
Zurich, Ch Fida 5 8 a2 0.83 {0.60-0.67) Sxidut
Launceston, Au PM g W 03-04 0.95 {0.86-1.1) Towrdan
Scattle, Wa Mg 5 b 04 0.55 (0.38-0.04) Hench
Scattle, Wa FM3 5 w N4~ 0.58 {(46-0.09) Bench
Tokyo, Ip M 5 04 038 (0310500 “Iakahashi
Tokyo, Ip BMz,) w D05 0.47 (0.41-0.59) Takahashi
Phoenix, Az PMs ¢ 5 03 0.60 (0.49-40.75) Bench
Phoenix, Az By s W ns-0a 051 (0494} 57 Banch

1545

Mote: PMz s pattieulate matter less than 2.1 microns, Phd; 5 iy particulate matter less than 2.5 microns, P, is particulate malter less

than 10microns, 5 is yummer, W is winter.

City arga conld be produced by ping forest fires in the sur-
rounding mountain areas {Yokelzon et al,, 2007). Stodies of
marker compounds cstimated that the biomass burning con-
tribulion to organic aerosol components varicd from 5-26%
at T and from 7-39% at T1 during the study period (Stone
ct al,, 2008), while studies using acrosol mass spectrometry
found indications that acrosels from biotass burning com-
priged 40% of the submicron agrosols at TO.

The repotled valucs of M for some other urban arcas arc
listed in Table 1. Early measurements made in Los Ange-
les und Denver previous to the year 2000 resulted m lower
i wvalues reflecting a higher percentage of fossil fiel de-
rived inoteriala (Hildewmean ot wl | 1994: Flinedingt aad Cuie,
1999}, The major sources in the Los Angeles area at this time
were estimated o be meat cooking opetations (172, diesel
vehicles { 14%), paved road dust {14943, fireplaces (12%), and
nem-catplyst equipped gazoline wehicles (11%), It is also in-
teresting to note that fM valucs fir arctic haze carbonaceons
acrosols in Lhe carly 1980s were found o be in the range of
0.3 10 0.4 (taffney et al., [984). More recent measurements
in the US have resulted in larger M values reflecting a lower
percentage of (osgil-derived absorbing earhon. This is possi-
bly a result of implenienting tighter comtrols on motor vehi-
clc emissions and the addition of bicfucls throughout the US
{Gaffmey and Matley, 2000} compeunded by little conwrol of
open buthing,

The very high M values repmted fir Lavnceston, Tasma-
nia in Table 1 were attributed to residential wood buming in
the winlertime with 143 of households using wood healers or
open fireplaces (Jordan et al., 2006), The high 4 valuss ob-

wwwatmos-chen-phys.net/S/ 1 53 720004

served in Nashville and Tampa during the summetlime were
aliribubed to secondary organic aerosol Formation {Lowis and
Stiles, 2006; Lewis et al., 2004},

The M values measured at site TC in 2006 (average of 0.6}
were genetally lower than those measured in Mexica City in
2003 (average of 0.7) and thix also comrelates well with the
highet AAEs obtained for 2003, This iz likely duc to e
larger itnpact of biomass burning in 2003 from the Yucatan
fires, In mddition, the M values measured at site T1 in 2006
{average of (.76} was pencrally higher than fhat measured at
either site TU in 2006 wr at CENICA in 2003, Site Tl was
heavily impacted by local grass fires during most of the study
prried coninibeting to e Dighet MM vatucs im The astosol
samples. The M values measured at site T1 during the last
few days ol 2006 were lower than those during the rest of Lhe
study perind doe to heavy rains that extinguished the local
fires thus reducing the biomass inpul Lo the agroscl carbaon.

The AAEs obtained by diffuse reflectance on the asroso)
samples were compared to the M value on cach sample, The
corralation between the M values and the AATRs of the hex-
ico City aerosols i shown in Fig, 6. In general, those samples
that have high fM values also show higher AAEs. The results
obtained at site TU in 2006 arc most consistent with fresh
carbon emission: {AAE closcst to 13, Those for 2003 arc
somewhat higher and consistent with a mixwre of fresh urhan
emissions und gged hiomass emissions. The three highest
points shown in Fig. 6 for 2003 were ubtained during the last
week of the study perivd when Mexico City wag impacted
minat ihincetly by aped biomass burning aerosals from the fires
in the Yucatan {Massic et al., 2006}, The results for site T1

Atmos. Chem, Plys., 8, 15371549, 2009
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in 2006 are highest and more typical of a larger impact of the
low temperatute prass fires in the arca.

3.3 P Rados

The 41°C values of the asrosol samples coblected in Mexico
City in 2003 ranged from —22 to —30%e with an average of
—26%0; while those measurcd at site TO in 2006 were simi-
lar, ranging from —23 to —28%0 with an average of —25%.
{sce Fig. 7} These values are in the range of biogenic ma-
terial from trees, shrubs and other C-3 planis. The §3C of
the fing aerosal samples collected at T1 in 2006 were some-
what higher, ranging from —15 to —27%0 with an average
of —23%s indicating 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 sheown in TFig. 8. The samples fram site T1
in 2006 are generally higher in both $'*C 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
values of the aerosol samples collected in 2003 are closer 1o
those fromm site T than those from site T1 in 2006, the 513C
values were lower a1 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 resulls of this study clearly indicate that there can be
substantial differences in the AAEs of atmoapheric carbona-
ceous aerosols and that these differchees can be comrelated
10 the sourees of the carhbon, While carbonaceous aerosols
produccd from the combustion of fossil fuels have Angatrom
coefficients near 1 {Bergsirom ot al, 2002), this work
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clearly demonsiraies signilicant vatiations in the absorplion
ol UVB-Vigible radiation [or carbonaceous asrosels derived
trom bieEenig spurces such ax bigmass burning cvents. This
18 consistent with the fact that the crganic aerosol compo-
nenis derived [rom these sources have signilicant amounis of
patiially oxidized (unctional provps present in the molecules.
These include chromoephores xoch as conjugaied carbonyls,
oxidized and nitrated PAH derivatives, and other molecular
sthuchires that serve to enliance absorption in the UVE lead-
ing 1o changos in the obecrved AAEs from the expected value
of about 1 to valucs ranging from 0.75 to 2,8, This variation
Tns been found to correlate with biomass burning es indi-
cated from both stable earbon sotope ratios and radiocarbon
activilics.

The radiccarbon resulis clearly indicate m significant im-
pact from modern carbon seresol sources, even in the urban
areq, and these aerosols have absorpiion properties much dif-
ferent than those derived [rom lozsil (uel combusiion. These
biomass spurces could include both grass and forest fires
as well a5 trash-buming in the mepacity environmenl, Two
types of biomess burning events that occurred during the
2003 and 2006 studies allowed for the impact of biomass
burming on acrosol AAEs 10 be examined. These resulis show
that low temperature grassfires, such as those that cooured
near site T1 in 2006, will resalt in aerosols with significantly
higher AAFs than the high temperature and more remote for-
esl [ires that impacted Mexico City in 2003.

The varisnce observed in the AAEs clearly needs to be
taken into account in argas whete significant biomass burning
occurs as well g3 in arsas where photochemical asrosol aging
occurs, such a3 in mepgeity environments and downwind of
these areas. Thiz is important nol only for the determination
of acrosol mdiative impacts bot also for the inferpretation of
remote senging of absorbing acrosols by satelliles such as
TOMS or OMI as well as in reconciling the results of BC
mass measutements obtained by different methods.
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Absrract, Simulaied primary Grganic serosols (PUA), as
well as other particulates and irace gascs, in the vicinity
of Mexico City are evaluated weing measurements collected
during the 2006 Megacity Tnitiative: Local and Global Re-
search Ohservations (MILAGRD) field campaigns. Since the
emission inventories, transpory, and turbulent mixing will di-
rectly affect prediclions of total organic matter and conse-
quently kolal particulate matter, our objective is (0 assess the
ungertainties in predicted POA belore testing and cvaluating
the performance of secondary organic acrosol (S0A) freat-
ments. Carbon monoxide (COY is well simulated on most
ays both aver the city and downwind, indicating that trans-
peort and mixing processes were wsually consistent with the
meteorological condilions observed during MILAGRO, Pre-

Correspondence for 11D, Fagt
{1erome. fasti@pil. gov)

dicted and observed elemental carbon (ECY in the city was
similar, but larger crrors occutred at remipte locations since
the overall COYEC cmission ratios in the national emission
itventury were lower than in the metropolitan emission in-
ventory. Components of organie aerosols derived fram Pos-
itive Matrix Factotization of data from several Asrodyine
Actosol Mass Spectrometer instruments deploved both at
ground sites and on research aircrall ace wsed to cvaluate
the model. Modeled POA was consistently Jower than the
measured organic malker at the gronmd sites, which is con-
sislent with the cxpectation that S04 should be a large frac-
tion of the total oyganic matter mazs. A much belter agree-
ment was found when modeled POA was compared with
the sum of “primary anfuopogenic” and “biomass burn-
ing™ components derived from Positive Matrix Factorization
(PMFY on most deys, especially at the surface sites, sug-
gesting that the overall magnitude of primary organic par-
ticulates releascd was reasonable. However, sitnulated POA
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from anthtopogenic sources was often lower than “primury
anthropapenic™ componends derived from PMF, consistont
with two recent repotts that hese crnissions are underesti-
mated. The modeled POA was greater than the total observed
otganic matter when the aircraft flew divectly downwind of
large fires, suggesting that biomass burning emission esti-
mates from sonme large fires may be too high,

1 Infroduoction

Most predictions of organic matter made by  three-
dimensiongl particulate models are cutrently significantly
o0 luw because the processes contributing (o sceundary or-
ganic aerosel (SOA) lormation and Lransformation are not
well understond. One objective of the Megacity Initiative:
Local and Global Research Observations {MILAGRO) field
campaign (Mulina ¢ al,, 2008) conducied during March
2006 was to obtaln measurements of organic acrosols and
precursors of secondaty otganic aceosols (SOA) Measure-
ments doring MILAGRO {e.p. Kleinman et al.,, 2008; dc
Gouw et al., 200%) and other field campaigns worldwide (de
Guouw et al., 2005; Simpson el al., 2007; Hod=ic et al., 2004,
Zhang et &l., 2007) have indicated that, as a result of sec-
ondary orgenic acrascl (S0A) formation processes, organic
aerosol mass is much higher than one would expecl from pri-
mary croissions and dispersion, [lowever, the understanding
of how anthropogenic and biogenic precursors contribute 10
S80A formetion i3 far from complete. Tt is therefore not aur-
prising that simulated vrganic agrosol mass from recent mod-
eling zludics have been shown 1o be a factor of five or more
fower than observed (e.g. Yolkamer et al., 2006).

Meany 3-1 chemical transport madels employ 8OA formu-
lations based on Koo et al. (2003) and Odum ot al, {1995).
Additional S0A precursors that were previously ignored
hawve been proposed (v.g. Robinson ef al., 2007) that can pro-
duce significantly mors S0A mass (Deepina et al, 2009)
than traditional approaches, but the newer approachss have
their gwn g2t of Bssumptions that aweit additional testing and
cvaluetion. Improving predictions of organic aerasols is im-
portanl in erms of both aiv quality and climate applications,
For elimate applications, the current undes-prediction of ar-
gamic agrosol mass will subsequently affect predictions of di-
rect radiative forcing by affecting scattering and ahsorption
of radiation in the stmopsphere. Predictions of indivect radia-
tive forcing witl be affected s well because the size distri-
bution and chemical composition will affect acresol hyero-
seopic properties, aclivation of cloud condensation nucled,
ice nueclei, and cloud chemistry,

The goal of (his study is to determine whether regional
3-D models operated in a rensonable configuration can ad-
equately predict concentrations of primury organic aerosals
(POA). Accurate predictions of POA are needed since it con-
tributes to the total panticulate mass and infleences the inter-
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pretation of tolal organic mailer (OM). Faclor analysis meth-
ads, such as Posilive Malrix Factorization (PME), combined
with mass spectrsy from the Asrodyne Aerosol Mass Spoc-
iromeler (AME} have recently been applied 1o derive com-
penents of orpanic aerosolz including: hydrocarbon-Tike or-
ganic asrozol (HOA), oxidived organic gerosol (QO0OA), and
bipmass burning organic acrosols (AROA) fe.g. Zhang el
al., 2005, 2007, Lanz et al,, 2007; Ulbrich el al,, 2009),
The temporal variation of IOA has been shown to be sim-
ilar to that of primary cmissions of other species In urban
arens, wheteas QDA is hetter conelated 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 resuhs
in better separation of the components due to the larger dil-
ferences in the spoetra, especially between IT0A and BBOA
which have more similar unit-reselution spectra bul vory difs
ferent high-resolution spectra (Aiken et al., 2009a; Ulbrich et
al., 2009), The BBOA reinicved from PMF {5 gssumed to be
composed mainly of pomary biomass burning nerozels; the
spectra of sceondary organic nerosols Trorm biomass buming
precursors are more similar 1o O0A {Gricshop, 2000),

In this study, the WRF-chem madel is used with trace gas
and particulate release rates derived from gridded versions of
the 1909 Nulional Emissions Tnventory and the 2002 Mexico
City Metropolitan Area (MCMA) ax adjusted by Lei et al.
(2007) to predict POA and other tracers in the vicinity of
Mexico City during the 2006 Megacity Initiative: Local and
Global Research Observations (MILAGRO) ficld campaigns.
Unccrtainties in both the primary emission estimates and the
simulated meteorological processes will affool predictions of
total organic matter and consequently total particulate mat-
ter; therefore, aur objective is to mssess the unceriaintics in
predicted POA before testing and evaluating the petformance
of S0A treatments. In contrast (o muny larpe cities, Mexico
City 15 a challenging location tu cvaluate particulate mod-
els becanze of the multiple anthropogenic, biomass hum-
ityz, voleunic, and dust sources of pritnary particulstes and
particulate precursors. SOA in the vicinity of Mexico Cly
originating from biogenic precursors are expected 1o be low
in concentealion during the dry season, although biogenic
S04 formed from emissions on the coastal ranges may make
a contribution to background organic acrosols over Central
Mexico {Hodzic e al,, 2009). A wide range of continu-
ous surface measurements and intermittent aircrafl measurc-
ments is used e evaluate the model. Organic acrosol predic-
livos arc cvaluated using data from AMS instruments (e.g.
Canageratng et al., 2007} deployed at four ground sites and
onboard two tescarch airgraft, Estimates of POA from PIWF
analysis are cunvently available for three of the ground sites
and for some aireeafl flights.

We first briefly discuss the performance of simulated me-
teorology and carbon monoxide (COY 10 show that fransport
atd mixing is reasonably represemted on most davs during
the simulation period over Mexico and that CO emission
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Table 1. Seleci.ed WRF-Chem conligucalion options for iz sludy.

Atmosphetic Progess  WHL-Chom Option

Adveclion Posilive Dicfinite
Longwave radistion  RRTM

Shortave tadintion Godderd

Surface layer MMS similarity 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 orgnnic meatter are evaluated with the available massure-
mentz made during MILAGRO. Modcled POA was consis-
1enily lower than the mcaswed organic matter at the ground
sites, which is consistent with the expectation that S0A is
typically a large fraction of the total organic aerczol masa. A
much hetter agreemen was found when modeled POA was
comparcd with the sum of measured HOA and BROA, sug-
gosting that the cmission rates were reasonable overall. A
similar conclusion was obtained using the AMS inzttuments
on the aircraft on days with relatively low biomass buming.
On days with a significant number of fives, the predicted POA
was grealer than the total observed orzanic matter as the air-
craft flew directly downmwind of the biomass burning sourcos.
One or mere factors may contribuie to thiz error including
biomasa buming emissions thal were foo high, the validity of
agsutnplions empleyed to derived biomass buming estimates
from satellile remote sensing, and errars in way the model
treatad plume rise or horizontal mixing of point sourees,

2 Model deseription

Version 3 of the Weather Research and Forecasting (WERF)
comnunity model that simulates wrace pascs and patficulales
sitnullaneously with metcutological fields (Greli et al,, 2005)
18 wsed in this study. The chemistry version of WRT, known
asx WHF-Chem, contains several treatments for photochem-
istry and aerosols developed by the user community.

Table 1 lists the specilic treatmenis emnployed for mefen-
rolopy, lraee gas, and particulale processes wsed in this study
that arc deseribed clsewhere (Skamarock et al, 2008). At
muospheric chemisity is simulated using the CBM-Z photo-
chemical mechanism (Zaveri and Peters, 1999, the Fast-
J photalysis scheme (Wild ot al., 2000), and the MOSAIC
acrown] madel (Faver, et al, 2008). MOSAIC amploys
the sectional approach for the aerogol size distribution in

www, atmios-chem-phys net/S/a1 212009/

which both mass and number are predicied for cach size bin
Eight sizc bins arc uxed ranging from 0,039 {[lower Bound)
to 13 pem {Qupper bound). An internal mixture assumption is
used so that all particles within a bin have the same chemi-
cal composition. Thers are no scparale hydrophilic and hy-
drophotie speeics of orpanic matter and clemental carbon,
The hygroscopic proportics for all particles within a size
bin are computed assuming internal mixing as the volume-
weighted bulk hygroscopicity for each chemical composi-
tion. MOSAIC includes tecalments for nucleafion {Wexler
ct ab, 1994), coapulation (Jacobson ot al, 19943, and dry
depaosition {Binkowski and Shankar, 1995}, Aerosolz infllu-
ence the scattering and absorption of solar radiation (i.e. the
acroxat dircet cffcet} and photelysis rales through the use
of gxtingtion, single-scatlening albedo, and asvmmetry facter
parameters. These pavameters are computed as a function of
wavelength using refractive indices based on predicted par-
ticulale tass, composition, and wet radivs for cach size bin
{Fast cl al., 2006), Treatments for aqueous chemistry, ¢loud-
aernzol interactions, serasal 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 un 23 March (Fast et al,, 2007) singg mostly
sunny congditions werg observed and simulated over the cen-
tral Mexican plateau.

It i3 important 1o note that MOSAILC does not 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 SOA similar lo the approsch osed
by the MADESORGAM acrosol model (Ackermann ¢t al,,
1998; Schell et at,, 20017, neveriheless, a test simulation us-
ing MADE/SORGAM in WRF-Chem produced SOA con-
centrations less than 1 z2g m—7 that were considerably lower
than observed S0A duting MILAGRO {c.g. Hemndon cf al.,
2008; Kleinman ct al., 2008; Aiken ot al, 2009), Under-
standing the specific gas-to-particle partitioning procecees
responsible for SOA formation and ranslating these findings
into weatnents suitable for models i3 the subject of gn-going
research,

Thersfore, the purpose of this study iz to evaluale predic-
tions of POA zo that B0A treatmenls can be evaluated later
fe.c. Hodxic et al, 2009% using the current asscssment of (he
uncertaintics in dispersion and the emission inventories. If
one assumes POA is non-volatile, then errors in POA pre-
cictions will resnlts fromn uncertainties in the cmission in-
ventories, Iransport and mixing processes, and depesition,
Sume studics {inchrding these for Mexico City) have recently
shown that FOA is semi-volatile (lobinson el al., 2007;
TTuffman et al., 2008, 2005, b}, but thiz tssoc and its imple-
mentation into models have not been fully resolved. The im-
plications of assuming non-volatile POA are described later,

Atmes. Chem. Phys., 9, 6191-62 15, 2009
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Table 2, List of MILAGRD instumentation and measurements employed in this study, A parliculate gencentrations in this paper arc for
ambient conditions, rother than el signdand temperature and pressure (STE).

Insirument or Platform Location(s) Megyurements

RAMA sir quality monitoring network Mexico City winds, O3, FMy 5, FM g
Radar wind profiler T1 and Veracrue winds. FBL dcpih
Redigsundes Tl PBL depth

Micropulse Lidar T1 POL depth

Thermo Enviranmental Sysiems, Model 430C T1 0

apered Element Oseillating Microbalanes [TEOM) Tl M5 ¢ tess
Acthelometer T0 block cavlron

Particle Soot Aerasol Photometer & Payo de Cortos black carlron

Photoacoustic Acrosol Spectrometer
Sunset Loboratory QC/EC Carbon Aerosol Analyzer
Acrodyne Asrasol Mass Spectrometer (AMS)

Cras ehromalograph with {lame-ionization (GC-FIDY
Proton-transfer Ion Trap Mass Specirometry (PIT-MS)
G-1 mircraft

C-130 ajvcraft

DC-8 aircratk

TI,T?
T0*, T1, Paso de Cores,

urganic and blagk carbon (Phia 5]
organic makter (Fi)

Pico Tres Padres

11

ilkunes, alkenss, scotylenc

T1 mromatics., Dxygenaled YOCs
variable wingds, CO), organic malter
variablo winds, (), orEanic mittet
yarble winds, £

* AMS instriments deployed at T0 and on the C- 120 were high-resolution versions (DeCarlo et al., 2006), while the rest werg wnit resolution

viersions (Canagaratng ct al., 2007}

3  Experimental method

3.1 MILAGRO measurements

MILAGRO was composed of five collaborative fiefd experi-
ments comducted during March 2006 {(Molina et al., 2008).
Tie MCMA-2006 field experiment, supported by various
Mexican institations and the US National Scicnce Founda-
tion (NSF) and Department of Enetpy {DOE), obtained mea-
surermetla al several surfhce sites over the city. Measure-
menig over the city and up ko a hundred kilometers downwind
of (he city were ohitained from six research aircraft associ-
ated with e Megeacities Acrasol Experiment (MAX-Mex)
supported by the DOE, the Mcgacitics Tmpact on Regional
and Global Environments — Mexico (MIRAGE-Mex) ficld
cxperiment, supported by the NSF and Mexican apencies, the
Intercantinental Transport Bxpetimenl B (INTEX-B), sup-
ported by the National Aeronaulical and Space Administra-
tion (NASAY, and a biomass huming effort supporied by Lhe
USDA Farest Service and the MSE. MILAGRO is the Targest
of a series of inlernational campaigns in and around Mexico
City, which also includes TMADA-AVER in 1997 {Edgeron
el ul., 1999) and MCMA-2003 (Molina et al., 2007).

One objective of MILAGRO was to coliect ineasurements
over 4 wide ranpe of spatinl sceles to deseribe the cvelution
of the Maxico Cily pollutan. plume Gom s souce and up
to several hundred kilometers downwind, The flight paths
for three of Lhe research aireraft are shown in Fig, la and b,
The -1 aircraft flew primarily aver and northeast ofthe ity
to obtain information on the loeal processing of pollutants

Almos, Chem. Phys,, %, 6191-62135, 2000

(Rleinmean et al., 2008). Reglonal-scale measurcments over
Mexico City, the central Mexican platcaw, and the Gulf of
Mexico were obtained from the C-130 aircraft (e.g. DeCarlo
¢l al., 2008; Shon ot al,, 2008). The DC-8 aivcraft oblained
mezsurements over the largest spatial seales belween Mex-
ice City and Ilouston (Maolina ¢t al,, 2008). Extensive sun-
face chemistry and meteorclogical prefiling measurements
wete made at throe “supersites” denoted by TO, T1, and T2
in Fix. 1¢ {o.g. Doran et al., 2007; Shaw et al., 2007} A
more limited set of measurements was obtaingd at several
other sites in the vicinity of Mexico City,

The apecific incasurcments used in this study, listed in
Table 2, are discussed later in more detail when compared
againat model prediciions.

3.2 Model eonliguration

A simulation period between 08:00UTC (midnighi local
standare time) & March and 06:00 UTC 30 March was chosen
that included inost of he anhomme and surface measuremanls
that were operalivnal during MILAGRO. Two computational
domains were employed. The outer domain {Fig. la) encom-
passes Mexico east of Baja Califunia, southern Texas, and a
pertion of Central Amecrica using 8 12-km grid spacing. The
exieil of the inner domain (Fig. 1b), encompassing cenirat
Mlgxica and o large portion of G Gulf of Mexico vsing a
3-km grid spacing, was chosen to inglode a large fraction of
the aircraft fight paths,

The initial and boundary sonditions at f.h inlervals for
the meteorological variables were obtained from the National

www.almos-chern-phys.net/946 £91,/2009/
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Fig. 1. WRF-chem modeling domains that depict topographic vara-
tions over the (a) outer domain (Ax =12 Jan) encompassing Mexico
and (b} inncr demain {Ax=3km) cncompassing the central Mexi-
can plateau and portons of the Gulf of Mexico. Lincs denote local,
regional, and synoplic-seale Mighl pathy mades by the G-1, C-130
end DC-R sircrafi, The logations of the three snpersites, other ng-
search sites, and operational monilating network in the viginity 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 cmissions inventory is shown in (), where green dots de-
node the Toealions 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 occan temperatures, soil temper-
atures, and soil moisture were also obtained from the GFS
model, In addition to constraining the boundary conditions to
the large-scale analyzed meteorology, four-dimensional dala
assimilation was used to nudge {Lin o al., 2006; Doran ct al.,
200%) the predicted wind, temperature, and specific humid-
ity to the obeervations cbtrined from the radar wind profilers
and the radiosendes at the TO, T1, 12 sites {(Fig. 1e) and the
operational radiosondes in Mexico.

The inftial and bonndary conditions at 6-h infcrvals 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 spevics, such as 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-range
tranxpert. For cxample, ambient background particulate con-
centrations i the lower to middle froposphere over the Pa-
eific Oeean were typically between 1 and 5 g m ™. Most of

www, gtmos-chem-phys.netf8/61 9172009/
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this mass was composcd primarily of 50y, N0y, NHy, and
dust. Elemental carbon (ECY and ovganic matter (OM) was
usually much less than 0.1 and 0.5 ;zgin—3, respectively, and
conscquently conteibuted livle to the overall concentration of
carbonaceous particulaics over contral Mexico,

3.3 Emission Inventorles

Emissions of trace gases and particulates were obtained fiom
two inventories: the 2002 Mexico City Metropolitan Arca
{MCMA} inventory as adjusied by Lei et al. (2007) and the
1999 Walional Emissions Tnvenlory (NET),

The original 2002 MCOMA inventory was developed by the
Comision Ambiental Metropolitana (CAM, 2004). Lei et
al. {2007 describe how the annual emissions were mapped
inio prid cells with a resolution of 2.25 km encompassing the
Mexico City Valley, Previous studics bave sugpested (hat
volatile organic compounds (VOC) emission estimates were
too Llow when compared with measurements made during re-
cenl iicld campaisos (e.g Moling and Molina, 2002). Con-
gequently, Lei et al. (2007) increased the total mass of ¥OC
releascd by 65%, although their adjustment faciors varied
among the specific hydrocarbon species. The resulting Lei et
al. {2007) gridded inventory contains diurmally-varying mo-
bile, area, and point source emission raice for 26 lmce-gas
and 13 particulaic speeics reprexcntative of a Wypical week-
day, As in Lei etal, {2007}, typical weekday emizsions from
maobile sources in our investigation were reduced by 10%
on Samrdeys and 30% on Sundays and holidays o capilore
weekdaysfweekend variations. The PM; 5 cmissions were
composcd of four components: primary organic matter, ele-
mental carbon, other inorganic material, and crustal material.
The ratio of the mass emiued by each component Lo the 1olal
BM3 5 mass varied over the Moxico Clly basin, Total PMa 5
and Plp emissions in this study were not adjusted from the
origingl inventory,

The 1999 WEI nventory was developed by Mexico’s See-
retariat of the Environment and NWational Resources, the
US DEnvironmental Prolcelion Apency, and several other
proups C(hitp:/faww,opa,povitindchisfmet/mexico. him. An-
twal emission estimates of CO, WO, 503, total ¥YOCs, NMH;,
PMa 5, and P were developed for point, area, and mo-
bile sources. This inventory was converled 1o a ~2 5 km grid
that is morc useful o modelers by using population and road
proxigs. Fmissions of CQ, NO,, 5C., VOC, NII;, PM; 5,
and PM g are available [or point, atea, and mobile sources,
Due 1o the shscnee of speciation recommendations from in-
ventory developers, total VOCs were divided by mass into
13 hydrocarbons using a mean specialion profile derved by
averaging over all the grid cells in the Led ot al. (2007) mod-
ified 2002 MCMA inventory, Similarly, 1999 NEI wentory
estimates of fine and corrse particulate matker was divided
into primary erganic, black carbon, and {norganic species by
computing an average ratio oMhese species (o the total Pha 5
emiticd wver all the grid calls in the 2002 MCMA inventony.

Aimos. Chem. Phys., 9, 61916215, 2009
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Talyle 3. Aonual particulate and race gas emission ratcs (tonsfyear) over the MCMA and at the Tula industrial complex, logated ~45km
notth of the MCMA. Also included are the emission cstimates from biomass burning and voleanic sources for March 2006.

Inventory M PM2 g 80 co Ny wOoC My
HIPMCMA 10341 6033 10004 2035425 193451 429755 15445
2002 MCM&J 23 542 6777 RSBF 104] 503 188262 400100 16933
004 MOMA 20636 6662 BB46 1792081  [79996 532168 17514
2006 MOMA 22951 608D 6013 1u00336 191262 576616 19936
1559 NER 3LE90 25150 3B195 1392665  LTTED9 477137 47451
Tuka? 17227 1237 382919 ST6% i34 2303 -
Biomass? 12670 11635 770 86 SR8 G178 5945 gon
Volcenic® - — 52508 - - - -

1 Batimates fram the original MM A emissions inverory; YOO omissions were increased by 65% in this study as in Lei et ad. (2007},

2 Omly for area encompassing the MCMA inventory
3 Includes multiple siack information

* Encompassing the MCMA and swrounding valleys between 100-98% W and 13.5-20.5° N fo March 2006
3 Only from Papocatepetl, located ~60km soulheast of Mexica City, for March 2006

‘This ratic is adjusted slightly 10 Includs a senall amount of
804 {2%) and WOz (0.2%) coissions based on typical ur-
ban emissions in the US While PMs 5 emission rales vary
over Mexico, the relative amount of organie, black carbon,
inorganic, 504, and MOy s constanl, Sipcc the inventory
cuntains amual estimates for cach prid cell, we assumed that
the howrly and weekendfweckday variations were the same
as employed [or the 2002 MCMA inventory and Led o at,
2007

Ciridded versions of the 2006 MCMA inventory were nol
yet available at the time of this study, but the annual emis-
sions estimetes for (he 2002 and 2006 inventlorics were sim-
ilar ag indicated in Table 3. Also lised in Table 3 are values
for the subset of the 1999 NEI inventory obtained by sum-
ming gver the saws ares covoood hy the MOCMA invenlooy,
The MEL values over Mexico City are all significantly differ-
ent than those reported by the local invenwory for 2000, es-
pecially tor PR, 502 and NHa. In this study, 2002 MCMA
emissions with ¥OCs adjosted as in Tei et al. (2007 arc
used in the Mexico Valley and the 1999 MUI cmissions are
used elsewhere. Fipure 1d shows the resulting yoarly emis-
sion of parficulate matter in the vicinity of Mexico City for
the 3-km grid in relation 10 (he MILAGRO primary surface
sampling sites. TO iz locsted close to the highest emixsion
rates in the city while T s located at the cdpe of (he city,
The emizsion rates in the immediate vicinity of the remote
T2 =il are low,

In addition lo anthropogenic sources within Mexice City,
there are alsn other large einission sources gver central Mex-
ico, While moest of the point sources within the Mexico
City valley are relatively small, the Tuln industrial complex
located ~~45km merth of the MCMWA (Fig. 1d) emits large
amounts af WOy, 8303, and PM, aceording to the 13949 NEQ
crmission inveantory (Table 33 MO, and PA annval emissions
are about the samc order of magnitude as in Mexico City,

Aumos, Chem. Phys., 9, 61916215, 2009

while 302 is ~30 fhnes higher than Mexico City, Fmis-
sions of CO and VOCs are much lower than Mexico City.
When the winds are from (be north, emissions from. Tola can
he transported over Mexico City (e.g. de Foy et al,, 2007).
When the winds are southerly to southwesterly, it is possi-
ble that the Maxico City and Tula pollutant plumes merge as
they are fransported noriheastvard,

Biomass butting is also & significant source of lrace gas
and particulates vver Mexico {Yokelson et al., 2007, Maling
el al., 2007, DeCatle et al, 2008; Atken ot al, 200%), Daily
estimates of trace gas and particulate emissions from fires
were obtained using the MODIS thermal anomalies product
on the Tetra and Aqua satellites and land cover information
g described by Wiedimmyer et al. (2006). A dipmal vari-
alion in the emission rates, with a peak value at 20000 UTC
{14:00 LTy and a minimum value at sunrise, was applicd fo
distribute the daily catimates over time. The emissions wers
dixtribuled uniformly witin ~300m of the ground, because
insufficient information was available to perform plume rise
calculations. The MODIS thermal anomaly methodalogy
can underestimate the number of lires for two reasons: clouds
that obscure fives from the measurcments gnd hwice-daily
overpass Lmes that do not provide coough temporal infor-
mation on short-lived fires. For example, many fires sampled
by aircraft were small shrub and agricullaral cleming fires
that were not detected by satellite {Yokelsom cf al., 2007).
The MODIS thermal anomaly methodology may alse asaume
most of & pixel area is burning even when a fire occupies a
small portion of the pixel. Flaming versus smoldering coni-
bustion that varies during the coarse of a five is not taken into
account as well. While biomass burming estimates detived
from MODIS are the most readily available infornation for
models, their vneertainties must be taken mte acoount when
asgessing smoke plumes predicled by models,

www.almos-chenl-pilys. net'd/6 1 91/2005¢
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Fig 2. Scaftcr plois of POA and EC emissions versus those for
C0 over the contral Moxican plateau whers red and blue dois de-
nate grd cells that employ the 2002 MCMA inventory and 1992
Mational Tmissions Inventory, respectively. Grecn lines denote
biomass buming ratios derived Tram the MODIS “hotypot” inven-
tory during Wareh 2006 and red line denotes best fit of fhe MOMA
grid cells.

The saucllie themrnal anomaly data indicated many latge
fires nocurred close to Mexice City during March 2006, Most
of those fires were located along the mountain ridpe just cast
of Mexico Cily (Fig. 1d}. As indicated by Table 3, BM from
biomass burning during thiz month is exfimated (o be larger
than the annual cmissions in Mexico City, This comparison,
however, docs nol account for S0A formation, which i3 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 also by Aiken ct al, (2009,

Scatter plots of POA and EC emissions versus (hosg of
CO over central Mexico for both anthropopenic and binmass-
buring sources are shown in Fig. 2. Over Mexico City, CO
emission raies are woll correlated with emission rates of PFOA
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 areas (Zhang ct al., 20035,
Docherty ¢ al., 2008), but 1= 30-75% lower than the values
of 4.3-5.7% 107 observed in ambient rir at TO during 2006
and at CENICA during 2003 {Dzepina el al., 2007, Aiken ot
al., 2008, Outside of Mexico City, cmissions of POA and
EC are relatively higher when compared with CO and there
is maore scatter. The differences between the two inventories
are consistent with the {otal emissions lisied in Tahle 3. The
implications of the diferences in the cmissign imventories on
C0, BEC, and POA predictions will be described later,

Reeently Christian et al. (2009) suggested that trash barn-
ing at municipal landfi(ls could be rosponsible for ahout 29%
of the PMy s present in the urban Mexico City area. How-
gver, lheir cstimale has a high uncertainty, since it is based
o cxtrapolating measurements from four short-term wrash
burning events and the use of aniimony (chemical symbol
Sh) a3 a tracer (or trash burning, Queral et al. (2008 alsa
atlttibuted their measurements of 8b in Mexico Cily partic-
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ulates o a road traffic source, specifically alrasion of mo-
lor vehicle brake pads, conzisient with a large liferalure on
this sourge (e.q. Thope and Hamison, 2008: Amato et al.,
2009). Insufficient activity information (e.g., frequency, du-
ration, lacation, timing, ete.) is available to modify exisling
emiszions inventories 10 include trash burning as a potential
souree of Bl 5.

4  Resulfs

BEven though a wide range of Irace pascs and parficulates 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 (i.e. S04,
N, NIy, dust) will be described in a subsequent study. The
predicied POA will provide information needed o assess the
vverall mapnilnde of organic matter emission estimates (the
largest componsnt of toral particulate matter emizsions) from
anthropogenic and biomass burning sources,

We first describe the performance of the model in simu-
laling 1he circulations and bonndary layer depth over central
Mexico, since transport and mixing processes will directly
affect the predicted spatinl distribution of pariculaies. Pre-
dictions of OO are then evaluated (o further assess simuolated
Itansport and mixing. The rcactions associated with CO are
vory slow, (hus CO ¢an be treated as a passive scalar for the
time scales In this study. Another passive scalar, EC, is evalu-
ated becnuse the sources of BC are simiiar o those of orpanic
matlet. Finally, predictions of primary organic acrosols age
evaluaicd wsing components of arganic matter derived from
WF analysis at the surface and aloft. All particulale concen-
trations in this paper are for ambient conditions, rather than
at standard lemperature and pressore {STE).

4.1 Winds and boundary layer depth

The overall meteorclogical conditions during MILAGRO are
described in Fast e al. {2007} and dc Foy ct al. {2008).
Near-surlaee winds over the confral Mexican plateau are in-
flusnced by internctions hetween 1he heating and cooling ax-
sociabed with terrain variations and the larper-acale synoplic
flow. Because Mexico City iz located in a basin, the complex-
ity of the local melemology affcets the transport and mixing
of trace gascs and particulates directly over their emission
sources befere they nre iransporied downwind.

Several studies have assessed the performance of
tnesoscale models in simmulating near-surfage winds and
boundary layer struchure over Mexico City (e.g. de Foy etal,,
2006; Fast and Zhong, 1998; lawcilevich, ol al., 2003). While
thers are difficulties simulating the details of the near-surface
winds at specific locations and times, mesoscale models nau-
ally capture the primary therimally-driven circulations and
their interactions thal are observed, such as divmally-varving
upslope and dewnslope flows, northerly daytime flow into

Aunos. 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 intervals dur-

ing MILAGRO between 6 and 30 March for selected RAMA si-
tipns, Black lines denote reerain contours wt 250 m intervals.

the basin, altcmoon southerly gap winds through the south-
eastern cnd of the basin, and propagating density currents
that bring in cool moist air from the coastal plain e the
basin lnte in the aficrnoon,

Wind roses arc cmployed in Fig. 3 (o summarize the ob-
served and predicted winds between 6 and 30 March at select
PANA vperatonal moniioting satons, Tnspstiion of indi-
vidual lime seties of wind speed and divection {nol shown)
indicated that the simulatcd circulations were ofien gualita-
tively congistent with the observationa, ¥or example, the sim-
ulated norlh to northeasterly allernoon winds were simfilar
ler the observations (Tig. 3a). During the late afternoon, Lhe
made] 1ended to over-predict the exiant of the gap flow to the
XAL and VIF stationg as it propagated over the basin, While
the winds were predicted reagonably well over the easiern
side of the basin al the CHA station, the nodel propapated
this southerly flow over the XLA and VIF stations that usu-
ally had northerly winds during the late sftemeon. At nighl,
the made! produced dowmiope weaterly fiows that wers oo-
served at CUA,; however, the simulated downslope fiows did
not propagale a few kilometers frther into (e basin as ob-
served after midnight at BAC, TAC, PLA, PED, and TPN.
The simulated wind speeds woere frcquently lacger than ob-
served over the city center boocause 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 maore complex urban canopy
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parameterization is required o create additional drag and that
would reduce the simulated near-siface wind speeds. ' WRF
does have an urban canopy, but databases that employ Mex-
ieo City huildings are still being developed. Surface wind
migasurements [N an urban arca arc not likely to be repre-
sentative over 4 large anca, so some caution is needed when
compearing observed and simulated quantitics at specific lo-
calions.

Simulating the details of near-surface winds in areas of
complex tarrain and urhan areas is still challenging for
mesoseals models; however, model performance is mugh
beiler aloft, An example of the simulaicd winds gt the T1 and
Yeracruz sites comparcd with radar wind profiler measurc-
ments is shown in Fig. 4, Since the model employs the radar
wind profiler measurements in tie data assimilation scheme,
it is nol surprising thet the simulaled multi-day variations [n
the winds are very similar to the ohservations. For exam-
ple, the winds 81 T between 9 and 11 March and 18 and
20 March are associated southwesterly flow ahead oftronghs
lecated over western Mexico that are sitong cnough to sup-
press local divmnl variability, Al Veracruz, the most promi-
nent feature is the passage of celd surges on 14, 22, and 23
March that bring strong northetly flows over the coast of the
Gulf of Mexico, These flows occur below the height of the
plateau and have a small impact on the winds gver central
Mexico,

Figure 5 is an example of an mdependent evalnation of the
large-soale wind fields in which the predictions are compared
with measurcments from three aiecrafl on March 19 that are
not employed by the dala assimilation scheme. The aireraft
flew at various altitudes: 0--5.5 ken MSL for the G-1 and C-
130, and 0-11 km ML for the DC-8, The simulated winds
are consiglent with the measurements over the largest spatial
geales axsuciated with the £-130 and DC-8 aircraft. Some-
what Yarger differences belween fhe observed and simudaled
southwesterly winds eccuned along the G-1 flight path just
downwind of Mexico City, The wind specd correlation enef-
fivicnts for the G-1, C-130, and DC-3 flights are 0.45, 0.70,
and {189, respectively. Thesc results suggest that the model
captures the overall synoptic scale Mows well, but some un-
certainties in the simulated local variability of the winds over
the central Mexican plaleau arc asseciated with the interac-
tion of the synoptic and thermally driven flows.

The continuous measurenmenta of boundary layer (BL)
depth at the Ti, T, and T2 sites can be used to assess the
simulated depth of vertical mixing that will affect the dis-
mersiom of prirnary trice pas and pariculate emisslons. An
sxample of the variation in the observed and predicted BL
depth al T1 botween March 17 and 23 is shown in Fig. 6a,
Ohserved BL depths were obtained from radar wind profiler
and lidar mensurements as described by Shaw ot al. {2007}
and there may be uncertainties in the obscrved BL depth as
imuch as a fow hindred meters. The simulated magnitude and
multi-day variations in BL depth were similar to the mea-
surements. Obsetved and simulated BL depths an 17 March

www.almos-chem-phys.net/9/6191/2000/
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were as high a5 4.3 and 2.8 km AGL, respectively, while ob-
served and simulated BL depths on 19 March were as high
as 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 LTy, The YSU scheme in version
3 of WRF also had » tendency to collapse the afternoon BL
too quickly, such ss on 18 March. The typical differences
betwsen the observed and simulatcd BL depth can alsa 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, reapectively. The simulated BL growih
15 similar to the observations until about 23:00-2 1:00UTC

www.atmis-chem=phys. net9619 172006/

(14:00-16:00LT), but the tendency to collapse the BL too
quickly ocenmed at all sites. Tt must be noted Lhat radar wing
profilers and lidars have difficulty detecting shallow stable
layers that devetop around sunset; therefore, the reported BL
depths arc really the vertical extent of mixing in a decaying
rcsidual layer during the tranaition between day and night,

4.2 Carhan monoxide

We next examinc variations in carbon monoxide (OO to
evaluate the impact of simulated winds and BL depth dur-
ing MILAGRO on the iranzport and mixing of trace gases in
s region.

Atmos, Chem. Phys., 9, 6191-6215, 2009
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The observed and sitnulaled divmal variation in the aver-
age 0 computed amnong the RAMA operational monitors in
Mexico City ix shown in Fig. 7a. The model reproduced the
magnilude and tming of CO reasonably well with a comela-
tion coefficlent ol 0.79. Observed and simulated peak values
occurred just alter sunrise and are associated with the morn-
ing rush-howr teaffic and shallow BL depths. Simulated CO
wis somowhat too high at night that iz likely (he result of
an underestimation of BL mixing during some nights. While
there were po dircel continuous measurements of BL depth
at night over the city, we suspect that the healing and raugh-
ness clements associated with buildings would crhance ver-
tical mixing {e.g. Sarrat et al., 20063 not prosently accounted
for In e model, Inspection of potential tempetattee pro-
files ebtained from radiosondes launched several kilometers
southwest of TO at 06 UTC (midnight} indicate that the noc-
twmal heundary layer could be as high ax 500m AGL on &
few nights {not shown); however, a 200 m minimwin noctur-
nal boundaty layer depth was employed by the tnodel based
on lidar backseauer data at T1 {Fig. 7a). Therefore, the
cifeel of vertical mixing in the city could be about a fac-
tor of two too low at 1imes 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 pericds between
LL:00 and 16:00 {05:00-10:00 LT) and alletnoon periods be-
tween D60 and 00:00 UTC {10:0-18:00 LT), Simulated CO
was ~20% higher thal obsetved when averaged mnong all
the nighttime periods. The simulated ecrars in CO were less
during the day, with moming values being ~7% highcr (han
obscrved,

The consistency of the monitoring data and sinulated CO
suggests that the overall emission estimates of CO over the
city are remsonable. However, there is evidence (o suggest
that the diurnally varying emission rates may be off somc-
wht begause CO was somewhat lower han observed during
the aftemoon. The tendency of the maodel to collapse the
boundary layer 1-2h before sunset should have produced a
positive tias in COL

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 magnilude and terporal variations in the ob-
served CO, errors in simulated CO are somewhat larger (han
over the city as indicated by the [ower correlation cosfficient
of 0.46, When the resulis are averaged over the three time pe-
riods, it is evident that most of the erors are associated with
the under-prediclions during the morning period belween 11
and 16 UTC {05:00-10:00 LT). This would suggcst that BL
depths would be over-predicied, bul this is not supported by
Fig. 6. We suspeet that uncertainties in the emission invento-
ties contribube to uncertainties in predicted CO al this loca-
tiem, Rapid chenges in urban prowih at the edge of the city
and/or traflic along e highway just to the south of T1 during
the morning rush hour period may not be represented well.

A1 the Paso de Cortes site (Bawngarder cf al., 20093, 1p-
catcd ~1.8km above the basin, the model captured much

www.almos-chem-phys not/ /61 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 twelve days between 6
and 24 March, bui simulated CO cxeceded 0.4 ppm only on
one day. The abscrved and simulated peaks occurted dur-
ing buth daytite 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
lowrer COYEC anthropogenic emission ratios outside of Mex-
tco City (Fig. 23 Hikely contributed to the negative bias in the
predicted CO, Additionally, the 3 km horizental prid spacing
imay be insufficient 1o represent logal 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 cvaluated
using data averaged over -2 inlervals fron 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 city, the simulated C0
was siimilar to the measurements along most of the G-1 Right
path (Fig. 8u) with a comelation coefficient of .63, Sim-
ulated CO wax higher than observed during four periods in
which the gircraft passed over the east side of the Mexico
City valley whers a [arge number of fires occourred., Sev-
eral factors could have conlribufed to the over-prediction in
C0O al this location including estirnates for biomass burning
that were oo high, estimates of the peak burning rate thal is
assumed to occur 8t 200U TC (14:00 LT) cvery afternoon,
and the simulated verlicai mixing Lhal may not loft the CO
plume to the correct altitudes. Observed and simulated BL
height aver the city at the tme of the G-1 flight was ~4 km
WEL {Fig. fa) and the alrerall was Hying just below this al-
titude, Measurements of polential temperature also suggest
the aircraft was within the BL at Lhis time, While the simu-
lated BL depth ks reasonable, the model does not account for
enhanced vertical mixing associated with the higher temper-
atures associgted with fircs that could account for a portion
of the aver-prediction in CO close to the location of the fires,

Furthet dewnwind along the €-130 flight path (Fig. 3b) the
simulated varialivns in CO between the plateau and the Gulf
of Mexico qualitatively similar 1o (he measurements, with
a cotrelation coeflicicnt of 0.58 that was higher than along
the G-1 path. The differences are associated primatily wilh
the background mixing ratios and spesific bigmass buming
plumes. The simulated background valucs of ~&0 ppb were
about 20ppb higher than obscrved, and are likely doe 1o
background values vbtaingd from the MOZART madel. The
peak in simulated CO of ~600pph a1 0100 UTE (19:00LT)
was also associated with biomass burning plumes just north-
enst of Mexieo Cily and wags 350 ppb higher than obeerved.
Along the DC-3 flight path (I'ig. ¢} the abserved and sim-
ulated CO increased between L7:00 and 1900 UTC (11:00
and 1300 LT) as the aiterafl approached Mexico City, Peak
values wete observed dircetly over Mexico City, but the sim-
ulated values were higher than observed for a short period of

Atmas, Chem. Phys,, 9, 61916215, 2009
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time. Both the observed and sirulated OO 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
sitnulated CO was lower than observed closer 1o the surface
over Texas whet the aireralt was flying back to Houston.

A sunmary of the statistical performance of the simulated
CO using percentiles, correlation coefficient (), and mean
bias (&) fir all -1, C-130 and DC-8 flights is shown in
Fig. 9. A minch 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 madel overestimated the measured range of CO
on seme days and underestimated the range of CO on others,
Both the observed and simulaled pereentiles were lower for
the C-130 aiteraft since a large fraction of the flight time was
gpent downwind of Mexico City, and the simulaied range of
CO was higher and lower than observed depending on the
day. In contrast, the simulatcd range of CO along the DC-8
flight paths was usually less than observed. When averaped
among all the aircraft, the percentiles were very similar 1o the
measurcments, mean values somewhal lower than observed
with a correlation coeflicient of 0.61, The cotrelation coel
ficients that measure the skilf in predicting the magnitude of
CO in space and time ranged from 0.20 10 0.89 among the
aircraft lights. 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
pceasional corors in space and time for the exact position of
€20 plunes 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 TO, T1, T2, and Paso de Corles sitcs 15 shown
in Fig. 10. The model perlotmed the best at T, the whan
site located closest (o the highest emission rates. The magni-
tude and temporal varistion of the simulated BEC was similar
to the measurements with a cotrelation coefficient of 0,56,
The average values during nightlime periods botween Q0:00
and 1 L:O0UTC (1%:00-03:00 LT) and aftermoon periods be-
tween 16:00 and GO:00UTC (10:00--13:00 LT} periods were
predicted quite well vver the period, However, simulated EC
duting the moming between 1100 and 16:00TITC (05:00—
[0:00 LT} was significantly underestimated i contrast with
CC prediviions over the city (Fig, Ta). Shnce étrors In BL
depth will affieet OO and BC similatly, one must conclude
that differences are likely the resull of preaber uncertainties
in EC emissions over the eity. One factor could be the rela-
live 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 1mgh 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 correlation of .45 indicates that
the simulated divrnal variation in EC was somewhat sitnilar
1o the obscrvations, As with CO at this sile {Fig. Th), the
lavgrest errors oceured during the maming howrs and emis-
sion rates of BC may be more problematic at this location
than in the vily.

Both the observed and simulatcd EC were usually below
2 ppgm— further downwind at the remote T2 site. Since the

wwrw, almos-chom-phys.net/0/6 19 12000/
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Flg. 9. Comparison of ¢bsenved and simufated CO along the ai-
craft flipht paths, where hodzontal lings denote the median, boxes
denate 25th and 75th pergentiles, and vedtival lines denote 10th and
S0th percentilas. Coreelation coellicient (r) and mean bias (b) for
cach Right are included along the top. G-1 and C-130 valucs were
obtaincd owver domain 2 and DC-8 walues obtained over domain 1.
(&) sod (b} denotc motning and afternoo ight periods Tor the G-1
airgrafl,

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 impacted by Mexico Cily cmissions when
the regional winds are southwesterly (e g, higher EC concen-
trations betwoen March 18 and 22), tanaport from Mexico
City 10 T2 does not occur every day (Doran ¢l al., 2008). In-
stead, BC observed at T2 is rom dilulc plumes griginating
from memny urban and biomass buming sources. While simu-
lating the exacl timing of dilute plumes transported over T2
is challenging, the similarity of the observed and simulaicd
average EC concentrations is neverlheless encouraging,

At the Paso de Cortes remole site, (he model reasonably
situlaied the magnitude and temporal variations in O prior
1o 23 March (Fig. 7c). The observed and simulated peaks in
EC dunng the late fterncon on many days (cg. 16 and 17
March] indicates that soma time i requircd to transport dex-
ico City EC wo this site and that the BL nust be sufliciently
high singe e site locastcd ~ 1.8 km above the basin (loor. Af-
ter 23 March, the simulated EC [5 significantly higher than
obrerved, Tncreased comvective activity after the third cold
surge o 23 March (Fazt et al., 2007) likcly led to increased
vertical mixing and removal by wet deposition. While the
maodel did produce more cloudiness over the region aficr 23
March, vertical mixing asszociated with comvection and wet
removal were undersstimaied.

The lower CO/EC anthropogenic emission ratios oatside
of Mcxico City (Fig. 2) likely contributed to the negative bias
in the predicted CO at the remote Paso de Cories site, Both of
these sitea would he impacicd by cmissions from cities other
than Mcexico City during the field campaign, and changing
the slope of the regional CO/EC emissions rates o be more
like the WICMA inventory {Fig. 2) would improve predictions
of both C0 and EC at theses locations.

wanwatmos-chem-phys not/D/61 91720094

4.4 Orgoanic matter

As described previously, the cumrent version of MOSAIC in-
cludes only primary organic serosols and does not treat 80A,
Consequently, predictions of organic matier should b sig-
nilicantly underestimated when compared with the availahle
measurcments of total organic matter in the vicinity of Wex-
ico City, If predicted organic matter is higher than observed,
then one would conclude that the sstimates of primary comis-
sions of organic aerosals are oo high beeause we have shown
that transport and mixing is simulated ressonably 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 remole locations,

Examples of how PMF analysis can be uzed to evaluale
POA are shown in Fig, 11, in which the time series of ob-
served total organic matter, 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 bazed
on the sum of the mass in the first four model size bina (from
0.39 10 0.625 pm), since the number of particles with an
estimated volume-cquivalent diameter, dy. (DeCatlo 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 to 125 pun) did not increase the simulated POA
shown in Fig. 11 significantly.

The diurnal variation in HOA on 15 March (Fig. L1} is
gimilar 1o primary cmissions (e.g. CO) with the highest con-
centrations shortly after sunrisc af the time of peak traffic ac-
tivity and within a shallew boundary layver. HOA 1= reduced
by verlical mixing as the convective boundary layer grows
during the moming after £4:00 UTC (0B:00LT); however,
concontrations are quite variable between 14 and 18:00 UTS
(03:00 -12:00LT) as a result of light and varisble winds that
likely transport primary cmissions over TR rom different
parts of the surtounding urban area. HOA subsequently in-
creases somewhal just before sunset as primary emissions
build up within the shallow nocturnal boundary layer. Tn
contrast, GOA increases during Lhe lalc moming despite in-
creased boundary layer vertical mixing, suggesting that a
photochemical sceandary process is responsible for the pro-
duction of 00A, BBOA has the same lemporal variation
as HOA. There was only one fire reported in the vicinity
al Mexico City on this day; therefore, DROA likely repre-
senls dilate smoke from multi-day regional scale transport
and many small-scale burning events within the city thal can-
not be detected by the MODIS hot-spot data,

The diumal variation of simulated POA on this day was
moare consistent wilh HOA, although POA concentrations
were higher than HOA concentrations moat of the day. Emis-
slun rates that were too high, simulated ventilation of the
basin that was too weak, and vertical mixing within the noe-
turnal boundary kayer tat was too weak could all explain the
positive bias in organic aerasols. While the sirmelated honnd-
ary layer depth was similar 10 estimates fron the radar wind

Atmos. Chem. Phys., 9, 619162135, 2008
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profiler at TO during the day, the simuolated nociurnal bound-
ary layer depth was 200 m while the sounding launched sev-
cral kilometers southwest of TG at 06:00 UTC (midnight) 16
March indicated a neutral lager up to 500 m AGTL. Thus, the
model likely underestimated the amount of mechanical mix-
ing associated with the urban canopy and/or the basin circu-
lations. This would alze explain why simulated CO mixing
ratigs that werc alzo higher than abscrved that night (Fig. Fa)

In contrast with 15 March, obzerved organic nercsol con-
centrations during the afiernoon of 20 March (Fig. 11k} wete
neh 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-
tants onl 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—! wilhin the shallew boundary
layer {not shown] that likely permitted the build-up of pri-
mary emissions, but concentrations dropped 1apidly as the

Atmos, Cherm. Phys., 9, 6191-62135, 2009

boundary layer grew and near-surface winds became coupled
with the sironger winds aloft. BBOA increases around sunset
as a result of & smoke plume transported from a fire on the
mountzin ridpe south of the city.

Simulated POA was similar to the sum of HOA+BBOA
most of the day, excent for a brief peried sharfly after sumise,
While the model captured the increase in organic asrosol
associaled with a smoke plume late in the dey, it failed to
caplure the peak in anfhropogenic orpanic acrosols between
12:00 and 14:00UTC (06:00-08:00LT), At this time ncar-
surface sinulated wind speeds were between 2 and 3 ms™!
and conzequenily simulated POA concentralions as high as
G g m— werg transported nertheast of TG,

Prodictions of POA have boen compared with organde mat-
ter measurements from the availabie AMS and OC/EC data
made at the T, Pico Tres Padres, T1, T2, and Paso de Cortes
sites ax shown in Fig 12, Instead of showing the entire lime
series, mean diurnal variations of organic components arc
computed for fhe measuremnent period at each site. The diur-
nal variation of erpanic components aver the cotire field camn-
palpn noriod at TO (Fig 12a) 15 similar Lo the 15 March Hme
series shown in Fig, 11a. Predicted TOA has & magnitude

warw almos-chem-phys net/9/6 19 L2009
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and diumal variation that is more consisien with HOA or
HOA +BBOA, depending on the time of day, than with total
organic matter. The simulated peak in POA occurred one or
two howrs enrlier than the peaks in HOA +BBOA and 1104,
respeetively. The consistent over-prediction of POA at night
may be atiributed to insullicient vertival mixing within the
noctumal oundary layer in the gily.

PMF analysiz was also available from the AMS insitu-
ments al the Pico Tres Padres (Fig. 12b) and T {Fig. 12c)
sites. As with TO, the dnily averaped predicted POA was
between daily averaged HOA and HOA+BBOA concentra-
tions. Whils the predicted diumal varietions in POA are
congistenl with variations in HOA at TO, the divenal vari-
atign m predicied POA and measurad HOA differ more at
Picg Tres Padres and T1. AL Pico Tree Padres, the most
likely explanation for the discicpancy is that the 3-km grid
spacing in lhe model cannot adequately resolve the local
slope flows and boundary layer evolution at the meuntgin-
top sampling site. The observations show a dramatic -
crease in organics at 15:00 UTC {09:00LT), which occurs
when the convective boundary layer grows above the altilude
of the mounlain {Hemdon et al., 2008}, Smoothing of the
topography associated with the 3-km prid 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 (700 LT) similar o the measurements of HOA
snd HOA--BROA, B3ui the subsequent decrease in sinmulated
POA reversed sl 17:000TC {11:00LT instead of continu-
ing Lo decrease for four move howrs dueing the aflermoon, As
dizcussed previcusly with CO and EC, Lhere are likely uncer-
tainties in the local emissions that may contvibute to erors on
POA at this site, including brick kilns (Christian et al., 2009}
and other local sources,

Compavisens of predicted POA and lotal organic matier
from the OC/EC instrumenl at the T2 site and the AMS in-
stument at the Pase de Corles site s shown in Fig. 12a and
b, respectively. Predicted POA concentrations were usually
less than half the observed tolal orpanic maller at hoth sites,
Mcreases In observed allemoon total organic matter is likely
the result of SOA formation as anthropogenic particulates are
franaported over both of these sites, The incrense in observed
aflernonn total organic matter i3 more dramatic at Paso de
Cortes than at T2 because the Pazo de Cortes site is located
at a mwch higher elevation. Mcasurements at Paso de Cortes
during the night arc likely to be more representative of the
free atmosphers. As the convective boundary layer prows
during the moming the sile is entraincd into the convective
boundary layer thal containg much higher concentrations of
anthropogenic particulates,

The range of total observed organic acrosol, HOA,
HOA+BBOA, and predicicd POA at the TO, Pico Tres Padres
and T1 sites is depivted in terms of percentiles, biases, and
corrglation coeffictents in Fig. 14. The median and range

Atmos. Chem. Phys, 9, 8191-6215, 2009
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of predicted TOA at ench of these sites i= more consistent
with concenirations 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 variations are nol well comelated with
{I0A + BBOA. A correlation coefficient of .41 was obtaincd
in the eity a1 the TO site, but at the edge of the ity the cor-
rclation was only 0.21. The correlalion of ximulated anthro-
nogenic 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 ki grid spacing poorly
representing fhe small-acole wopography. The correlation he-
tween simutlated biomass burning POA and BROA was low

wany atmos-che m-phys. oct/3/6 19 1,/2009¢



1. Fast et al.: Gyaluating simulated prirmary anthropogenic and biomass burning organic asrosols

6207

T ==k L . L L 3 1 La g
E dir | obetevved e w51 "
21 E e e O 4] ’
153 E L. L
= = i -y
3 E 2 Lt
o 10 E B -
E B e,
LEE E E , .5 '_d’
an 3 -E . z:‘:';:t.u
1a.F al LA
i, 20 o o
F ] a g
13 -
6; E oty (panma)
g 1un E - L VT
X F i aun = 7 R -
E E #E' il EMn=2m ¢
b E 169 .
] B ¢
¥ T T ﬁ El
185 i 173 0] o .
B . L F g
PRF HOW, : ] £ cen |
T o] ol ariepoqens: R x & " 1
a2 3 Lokt @ M. o :
g 9 J‘r" " E LU R T - i
T ; dltdaanmad 11 fug | I . !
] F - T
" - oS maan 4 [ - W iy
IEL RE ) 175 mi -l-; s e 2 . B .,r__.':- -y
[e=1] a1 1 1 | A
T ¥ Rxmary G 4327 MT
- oo, . ks " Az
£ 9 cemulzied o g § Big s Ao 3T
2,] z
g Fl
" 5
A | ciaseess

I

153 1ed

Tma |LMCh

1 1 20

-] n B
FME HOL i g ]
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24 2l sites becwous the ermissions did oot Welude all typos of
fires and narrow simoke plumcs could easily miss the surface
sampling sites even with small transport errors. While there
are large emrors in the timing of predicted POA, the results
indicate thet the overail simulated POA mass based on the
emission {nventorics from anthropogenic and biomass bum.-
ing sources is consistent wilh primary components of ob-
served mrpanic agrosols. Both the simulated biornass buming
POA and RBOA are a lager fraction of the total ovganic mat-
ter mass at the edyge of the city at T1 than downtown at TO,
indicating that triomass burning somces become refatively
more important farther away from anthropogenic sources,
AMS instuments werg also deployed aboard the G-1
{Klginman et al., 2008) and C-130 {CeCarlo et al., 20087 air-
craft and PMF analysis was perlormed for a select number of
flights. The infarmation on grganic compancots enables pre-
dictions of FOA to be cvalvated further dowowind of Mex-
igo City, An example of the observed and predicted CO and
organics for the morning fipht of the G-1 on 15 March s
shown in Fig. 15, Overall, spatial variations of predicted CO
were qualitatively similar to the measurernents along nirceaft
flight patt (Fig. 138). The simulated peak of 2.3 pprm just af-
ter 1 7:00 UTC (1 1:00 LT} was 0.7 ppn higher than observed
as the aircraft passed over the T site, AS the atceraft retuned
over the city the simulated peak of 1.0ppm was 0.9 ppm
lower than observed, The larpesat seatter in the obacrved and
simulated 00 gccurred over the city since timing and loca-

v atmos-chem-phys net/S461 91/2009/

tion of 1he simulated promne was not exactly tight. As with
the analysis of surface orpanic acrosols, predicted POA was
wsually less than the concentration of obaetved total organic
acrosils a5 szen in the time series and scaticr plot in Fig, 15,
Mean predicted PQA was 2.3 ppm—, while the mean ob-
served total organic matter was 7.7 pgm ™. A somcwhat
belter agreoment is reached fior the scatier plol of prediced
FOA with HOA+ BBOA {mean value of 4.7 pgm™?), but
Fig. 15¢c gnd d show that maost of the differences result from
an underestimation of anthropogenic POA just south and
west of the city,

Simulated spatial variations in anthropogenic POA were
similar to HOA cblained over the northwestern part of the
city as the aireraft passed over T, although the magnilode of
POA was somewhat lower than HOA (Fig. 156). However,
fhe simulated amtbropogenic POA wes signtficanily lower
than HOA along the flight lops over the mountaing to the
south and west of the city. Simulated biomneszs bumning POA
and BBOA, within the boundary layer along the aircraft fTight
path aver T1 and the city was usually around { p2g 3, with
no significant peaks to sugeest the presence ol larpe fives,
Over the city, peak valucs of hiomass burning POA and
BBOA were hoth s high as 2 3 ug m—3. The distribution of
predicted biomass buming POA (hot shown) suggested that
multi-day accomulation of smoke centribuied to the hound-
ary layer concentrations, rather than the Gres surrounding the
ity on this day. Note hat simualated biontass burning BOA

Atmos, Chem, Thys., 9, 61916215, 2009
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dacs nat inglude grass fire and other byrning sources in the
cily thal may be [mportani.

In contrast 1o 15 March, 19 March was a day with a many
large firgs in the vicinity of Mexico City,. ©O was pre-
dicted reasonably well along the G-1 flight path, as shawn
in Fig. 14, and C0 originating from biomass buming was
a signifigant fraction of the total CO (not shown). Unlike
15 March, predicted POA on (his day was equal 1o or higher
than the observed lotal organic matter over muny portions
of the Might path (Big. V00 Vhe wverage predicied POA
aver the central platcau was 3.9 g m—3, while the observed
tolal otganic matter was 4.2 ggm—> and HOA+DBBOA was
2.6 ppm—, Figure 16¢ indicates that the simulated anthro-
pogenic POA was much higher than ITOA in the wiginity of
T0, but was 1oo low in the vieinity of T2 beeause the simu-
Fated wind were too westerly and transpert the Mexico City
plumc just southeast of T2. Simulated biomass burning POA
was almost always kigher than BBOA (Fig. 16d), except di-
rectly north of the mountain ridge cast of the city. Por ex-
ample, predicted biomass burning POA over the fire near T
was 15 ggm™ even thaugh there was no evidenee of smoke
from the BBOA lire scries at that time.

Percentiles arc used to summarize the range of observed
total organic matter, HOA, [IOA+BBOA, and simulated
POA algng all of the available G-1 and C- 130 aireraft Aight
paths, gs shown in Fig. 17. In contrast with the percentiles
obtained over many days from the surface siics shown in
Fig. 14, the range of simulated POA did not consistently
agree beller with HOA+BEOA (han with ohserved total or-
ganic matter.  On some days simulated POA i similar to

Atmos. Chem. Phys,, 9, 6191-6215, 2009

HOATBBOA, such as the G-1 fiights on March 15. On ather
days predicted POA wax lower than the observed lotal or-
ganic aecosols but still higher than the range of HOA+BBOA
{e.g. 29 Warch C-130 flight). For the G-1 flights on I8
and 20 March, the simulaled POA was frequently less than
HOA+BBOA. On 18 March, the predicted OM plume was
transporbed several kilometers norh of the aivcraft flight path.
While the location of the observed and predicled O plnne
was sinilar on 20 March, errots in the simulated boundary
Vayer groweth nenr-suefaee winds may have diuored the Mex-
ico City plume too fast. When all the Nights are considered
together, the simulated POA was closest o the HOATBEOA
as with (he analysis of the surface AMS inshument sites.
Scatter plois that rclate primary organic acrosel concen-
trations and CO mixing ratios for four poographic regions
arc shown in Fig. 18 including: {#) at the TO site and G-1
transects over Mexico City, (b) at the Pico Ties Padres site,
fc) at the Tl sile and G-1 tansects in the vicindty of TI,
and G-I trunsscts in the vicinity of T2 and between hdex-
ico City and Veracrmz. Al the surface, howly averages arc
used and the simulated quantities correspond 1o the men-
surement peried at sach site.  Seatller plots for the simu-
lated quaniities are qualitatively similar to the observalions
both at the surface and aloft for all four regions, with some
gxceptions. Modcled POA. rarely exceeded 15ugm™ In
the city (Fig. 18a), although the number of hours observed
TIOA+BBOA exceeded 15 g m~ was a small percentage of
the measurement period. Most of the observed peak primary
organic aerosols were composed primartily of HOA during
the morning, indicating that the modeled POA was too low

www.atmos-chem-phys. net/0/s 19 L2009/
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when traffic emissions are the groatest. At Pico Tres Padros
{Fig. 18b) and T1 {Fig. 18c), both the ebserved and simulated
scatter plots had points clustered around 1wo slopes, Those
with high primary organic aerosol concentrations and low
CO mixing ratios originated mostly from biomess burning
saurces, while those with higher CO mixing retios originated
mostly from anthropogenic sources. The modeled POAACO
for biomass buming exhibited less scaticr than the observa-
Lions, supgesting that there (s morc variability in the biomass
burming POAACD ratios iar iodicated in b eroission foven-

www.atmos-chemn-physnet/8/6151/2009/

tory (Fig. 2}. Turtber downwind in the vicinity of the T2
site (Fig, 18d}, biomass buming sources contributed a larger
fraction of both fhe observed and simulated total primary or-
panic aerosols. As with Fig. 138c, the modeled POAS/CO for
hiomass burning acrosols exhibited less varighility and ap-
peared to represent the wpper limit of (he ohservations.

Atmos, Chem, Fhys., 9, 61916215, 2009
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Tredictions of POA depend upon the anthropogenic and
blomasy burning cstimates as well as the represcolalion 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 1race gas and particulate plumes ot times, These errors
arg usually associated with details of the lecal circulations,
ratier than the large-scale synoplic circulations ag shown in
Fig. 5. Bulbased on the evaluation of predicted scalars using
data vollected at 8 number of surface siles and from airerail
wver a fhree-week period, we belicve that overall magnitude
of POA can be assessed using the present model configura-
tion. For lhe purposes of evaluating smission inveotories, it
would have been vseful to bring the meteorelogical quanti-
tics into even closer agrecment with observations, especially
near the surface in the vieinity of Mexico City. Dala assimi-
lation cannot solve all these issucs, however, even fur sophis-
tiented vuriational techniques {c.g. Dei ot al., 20081,

In genernl, CO wax better simulated than BC and POA.
All three of these quantities were better simulated in the city
at the T silc than at other localions. This is not surprising
since particylate emission cstimates are likely ( be Tess un-
derstoad and more uncerkain than emission sources of CO.
While the localion of T1 at the edge of the city is uselil for
understanding chemical evolution vver u few hours as polly-
tante are transpavted out of the city, the spatial and tempo-
ral variations of local emissions will affect local-scale varia-
lions in predicted Irace gases and particulates in the vicinily
TI. The diwnal variations in €O and EC was simulated rea-
sonably well at T1, hut the BC congentrations were much
lower than observed during the moming between 11:00 and
16:00UTC (05:00-10:00 LT). Although the overall magni-
tude of modeled POA and the sum of HOA and DBOA al
T1 was similar, the simulated temporal variations of these
quantilies wore not corrclated as well as modelud @ jpea-
sured CO or EC. Two faclors contributing the uncertainties
in particulate prediction= at T1 could b the characterization
of the relative numbcr of gasoline and diesel vehicles along
the neatby highway that veries during the day and changes in
urban growlh at the ity edge not accounied for in e emis-
sitrms inventory.

Atremote sites, such as T2 and Pasuo de Cortes, the simula-
tion results suppest that there would be some improvements
in predicted CO and EC if the slope of the regional COEC
emission rates were eloscr 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 lead 1o lowering of simu-
lated POA owside of the city at (he remote sampling sitcs
and along the aircraft transects (hat are not the Mexice City
plume.

Atmos. Chem. Phys,, 9, 6191-6215, 2009
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At remote siles, biumass burning is alsov cxpected to con-
tribute a relatively larger fraction of the observed carbona-
ceous acroxals, However, biomass buming in this study orig-
inatcs only from large fires and it is not currently possible for
models to account fer numerous simaller fires that occurred in
the region (Yokelzon ct al,, 2007). As with the measurements
shown in Fig. 14, numerous small burning sources in the city
nol accounted by metropolitan cmission inventory, may also
conlribute to observed earbunaceous aerosals. For example,
grass fires conld be imporiant in this region on some days
and have significantly lawer PM emission facters (.. Sinha
el al., 2004} even though tmust of the airorafl measurcments
focused on pine forest fires {Yokelsan el al., 2007,

The horizonal prid spacing employed in this study alse
affects the conclusiens regarding smoke plumes. The grid
spacing artificially spreads 4 smoke plume at the source over
a 9km? area; therefore, downwingd simulated smoke plunes
are likely wider than in rcality,. While ccsolution primarily
affects the comparisons of model predictions along aircraft
flight paths that intersect smoke plumes just dowmwind of
their suurce {e.g. Fig. 15), uncertainties in the fucl loading for
the vegetation types located on the mountaing surrounding
Mexico City may also contribule (o the over-sstimations in
tle emizzion of particulates for some fires,

Another issue contributing Lo uncertainties in the POA pre-
diclions is volatilily. Since emitted organic particulates are
gemi-volatile (Robinson et al., 2007, Huffman et al,, 2008,
2009, b), then they can evaporate and possibly re-condense
further downwind to form SOA. The degree of POA gvapo-
tation iz unclesr. Ambicnt measurements suggest a volatil-
ity somewhat lower (han that in the Robinson et al. £2007)
maodel at ambicnt concentrations (Decpina et al., 2009), hut
the volatilily under higher concentrations which arc most rel-
evant for Lhe cvaparation of fresh emissions remains poorly
characterized. To the cxtent that it occurs, cvaporation of
anthropogenic POA cmigsions would incroaze their underes-
timation, since we assume POA to be non-volatile and pre-
dicted POA was similar to HOA +RBRBOA in the city, On the
other hand, the over-prediction of POA downwind of large
fires would be improved if 4 portion of the biomass bumn-
ing particulates were assumed Lo be semi-volatile or if Tower
emisaion factors were usad,

The AMS instriment is now being used widely to ob-
tain information on the composition and size distribution of
uerosols {e.g. Zhang et al., 2007). Nevertheless, somc cau-
tion iz warranted when comparing model predictions and
AMS mecasmuremnents. The size cut of the particles that can
be measured by the AMS is reported to be | jan in vacuum
asrodynamic diameter (PM, in 4,,) (e.g. Canagaratna et al.,
2007). This size et corresponds to slightly smaller particles
than the 1 gm cnt in transition-regime acrodynamic diameter
(g dthat i typically used (o define PMy ambient mcasore-
ments using cyclone or impactar inlets operated at ambient
preggure, with the exact comespondence being dependent on
ambient pressure and on particle density and shape and thus

www. almes-chem-phys.nct/9/6 19172006/
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composition {DcCarlo ¢t al, 2004). For example, for the
average density of E.4gem™ calculated from the chemieal
composition measuremetts at TO or CENICA {Aiken ot 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 some variation in individual aerodynamic lenses as
well, which in soine cases lead to smaller size cuts (Liu ot al.,
2007). The PM,| out in d,; coresponds to 0.7 ym physical
diameter for spherical parlicles under the average conditions
in Mexico City, Therefore, only predicted oreanic aerosols
trom the four size bins below (.7 jim were (o compare with
the AMS measurements,

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-comparizan: for dry non-
highly-geidic 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 ot al., 2007}, Thiz valuc of CE
has been vertfied with extensive infer-comparisons for Mex-
ico City (Saleedo el al., 2006, 2007; Johwson et al,, 2008;
DeCarlo et al., 2008; Dunlea et al., 2008; Aiken ct al., 2009,
Kleinman et al., 2008}, Howewver, some uncertainly cxisis
in this value wlhich reanlts in an uncerfainly 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 lotal OM arises from the PMF separation (Ulbrich ol
al., 2002}, which is hipher for the unii-resolution data {Aiken
et al.,, 2009). Estimates of the temporal variations and rela-
tive conteibution of primary anthropogenie, primary bicmass
burning, and sceondary organic aerosols seem qualitatively
reasonable, but uncertainiies in AMS quantification and FMF
output need to be reduced for o more precisc evaluation of
mode] predictions of organic acrosols.

Tinally, compuaring modeled POA in the city using data
derived frum the AMS instrument at the TO site to draw
conclusions regarding whether estimates of atganic acrosol
emissions are reasonable must be pul inle perspective, Waore
fitm conclusions over the wrban area could be drawn onece
the AMS data from the *‘flux tower site (Fig. 1c) becomes
available and another simulation i3 performed using a much
smaller grid spacing to resolve the terrain of Pico Tres Padres
and the pradients in emissions around the Tigo Tres Padres
and T1 sitcs. Tn contrast, there are 25 CO monitoring siles
located across the metropolitan area, While mescscate mod-
els may not sinulate temporal variations in CO at each site
perfectly, the spatially averaped observed and sinulated val-
ucx apree teasonably well (Fig. 7) becanze amall errom in
transport that move pollutants from one part of the basin to
another (Faat and Zhong, 1958) are gveraged out.

These issucs stress the complexity of modeling organic
acrogals and evaluating the predictions of POA using the
available measurements. This docs not yot consider the ad-
ditionel complexily of ondestanding 504 processes, such
as hydroecatbon precursor photochemistey and gas-to-parlicle

woww.atmos-chem-phys nel/46 1912008/

patlitioning, und Jdeveloping schemes that represent those
processes in muodels, Coupling the extensive mace Zas hy-
drocarbon and paviiculate organic matter measuremanta o
compute the total observed orpanic catbon {TOQOC) in the
atmosphere, & concept introduced by Heald ot al, (2008),
is necded o understand how ovganic carbon moves between
the gas and particle phases. An analysis of TOOC has al-
rendy been performed nsing measurements at the T1 site (de
Goww et al., 2009%, and comparisans of simulated TOOC
with TOOC derived at all the sites that have both hydrocar-
bon and grganic matter dats [s needed to evalunte reatments
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 simuolating 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, our ohjeclive is
10 assess Lhe uncerlainlivs in predicted POA before testing
and evalualing the perfirmance of secendary crganic aerosol
{S0A] treatments in Tuture studies.

The predicted meteorclogy was constrained by wind, lem-
perature, and humidity profiles obtained from radar wind
profilers and radiosondes by uwsing data assimilation. Inde-
pendent measurements, such ax those from research aircraft,
indicate that the model captured the overall local, regional,
and synoptic scale circulations. Tlowewer, etrors in the tm-
ing and interaction of varions thermally drven circulations
associated with complex lerrain wers produced at times near
the surfaee wilthin the Mexico City basin. The growth of
the boundary tayer depth was predicted rensonably well on
imost days, except that the aflctnoon convective boundary
leyer usually collapzed Loa quickly around synset, The model
did not include a detailed urban canopy parameterization that
would influence local heating and vertical 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 itt the region, CO was well simudated on most days
both over the city and downwind, mdicating that transport
and mixing processes wete uwsually conxistent with the oh-
setvid metcorological conditions.  Predicted and abserved
diumal variations of EC in the city wete similar, except Lhat
simulated EC cencenlrations during the moming weic half
of the observed concentrations. Larger emors in EC occurred
at remate locations.  TF the slope of the COYEC emission
ratcs in the national emission inventory were changed to be
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more consistent with the metropolitan emission inventory,
then predictions of both CO and BC would likely improve
al remole locations.

In contrast with many previous field campaigns, AMS
measurements during MILAGROQ were available hoth at
ground sites and on research aircraft so that components
of organic aerosols derived from PMF at many locations
could be uweed 1o evaluale the model. Predicled POA was
consistently lower than the measoved grganic matter at the
ground sites, which is consistent with the expectation that
S0A should be a large fraction of the tolal organic mat-
ler mass. A much beller agreemenl was found when the
overall predicted POA was comparcd with the sum of “pri-
mmary anthropogenic” (HOA) and *primary biomass buming™
{BBOA), sugpesting that the averall magnitude of primary
organie parliculales released was reasonable. The predicied
POA was preater than the Lolal observed orpanic maller for
short periods when the mircraft flew directly downwind of
large fires, suggesiing that biomass burning emission esti-
mates from some larae fircs may be too high.,

Uneerlaintics in the prediclions of orgunic acrosols will
affect extimates of acrosol dircct radiative forcing, Glabal
models with their coarse spatial grid spacing cannot resolve
strong gradients in particulates, such as those originating
from emissions in the vieinity of inegacitics, so it is problem-
alic o cvaluate plobal model predictions of arganie acrosols
using point observations. Regienal models, however, should
be able to resolve most of the spatially and temporally vary-
ing processes respongible for the emission, iransport, mix-
ing, and removal of POA in (he atmosphere. In this sludy,
thc magnitude and dimmal variation of POA was predicted
reasonahly well in the city, but ermors increased downwind of
Mexico City. While time-averaged obscrved and predicted
magnitude of POA was similar downwind, errors in the pre-
dicled diumal variability produced differecnecs up to a factlor
of two. These crrors in diomal vaviability would likely af-
fect the magnitude of asrosol direct radintive forcing during
the day as well as influence the amount secondary species
condensing on pre-exisling particulates. These {zaues will be
cxamincd in subscquent studics that enmploy WRE-Chem and
new fregtiments of SOA.
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Ahstraet. Submicron aerosol was analyzed during the MI-
LLAGRO field campaign in March 2006 at the TO urban super-
gite in Metico City with a High-Resoletion Time-ol-Flight
Aerosol Mass Spechrometer (HR-ToF-AMS) and comple-
meniary insiramentation. Mass concentrations, diomal cy-
eles, and size distributions of inorpanic and organic species
arg similar to results from the CENICA supersite in April
2002 with organic asrosol {OA) comprising about half of the
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fing PM mass. Positive Malrix Factorization (PMF) analy-
sis of the high resclution OA speetra identified three major
components: chemically-reduced whun primary emissions
{hydrocarbon-like OA, HOA), oxygenated DA {D0A, mostly
seeondary OA or SOA), and biomass burning QA (BBOA)
that corrclates with levaglucoszan and aceteniirile. BBOA
includes several very large plumes from regional fircs and
likely also some refuse burning, A fourth OA component
i o small loeal nitrogen-containing reduced OA component
fLOAY which accounts for 9% of the OA mass but one third
of the arganic nitogen, likely as amings. OO0A accounts for
almost half of the DA on averags, consistent with previous
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observations., QA apportionment results from PMF-AMS arc
compared to the PMa s chemical mass balance of organic
muHecular markers (CMB-OMM, from GO/MS analysis of
filters), Results from both methods are overall consistent.
Both assign the major components of QA to primary urban,
biomass buming/woodsmoke, and secondary sources at sim-
ilar magnitudes. The 2006 Mexico City emissions Dnwventory
underestimates the urban primary Phiz s cmiszions by a fac-
tor of ~4, and it is ~ 16 times lower than aftermoon concen-
trations when secondary species are inchided. Additionally,
the forest fire contribution is at leagt an order-of-magnitnde
larger than m the inventory.

1 Introductlon

Ambient acrosols are of interest due to their effects on hu-
man health, regional visibility, and climare (Watson, 2002;
Pope and Deckery, 2006; 1PCC, 2007}, Ag the number and
fraction of the global population living in mecgacitivs {de-
noed as having =10 million people) are increasing, the ef-
[ects of mepacity serosols on human health, in addition to
dowmwind chemistry and radialion {Madreonich, 2006}, are
becoming more important. Most megacitics are logated in
Lhe tropies, while most atmospheric chemistry field research
haz been conducted In the mid-lntitudes. The MILAGRO
project (Megacily Initiative: Loeal and Glohal Research Ch-
servations) is the first large-scale field campaign that fo-
cuses on @ fropical megacity (Malina et al., 2008) and fol-
lows smaller cempaigns carried cut 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
largest 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
unevan levels of emission control, which can be further ex.
acerbated by the topography and metzorology of the basin
{Moline and Molina, 2002). The tropical location {19° N}
and high altitude (2240 m ahove sca level) resull in high UV
fiuxes and intense photochemistry. The bagin is surrounded
by mountains on three sides, reducing ventilation of pollu-
lants, ezpecially at night and in the early morning. However,
the boundany layer grows to several km ghowe pround, where
wind speeds tend to be larger, resulting in significant daily
ventilation and limited overnight accumulation or pollutant
recircolation {Faat and Zhonp, 1998; de Foy of al., 2006h,
20093, Basin ventilation patterns arve strongly influenced by
a gzap flow which forms a convergence line over the MCKMA
{ Whiteman et al., 2000; de Foy et al., 20068}, A classification
of weather patiems bazed on the wind shili and convergance
ling found threg charaeteristic cpisode Bypes during MCMA-
2003 (de Foy et al, 2005, which was expanded to six for
MILAGRO {de Foy et al., 2008).
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The MCMA-2006 campaign, a component of MILA-
GRO, focused on measurements within the basin to better
quantify emission sources, photochemistry, and air cireula-
ticn in the basin, Figure 5-1 in the Supptemental Tnfor-
migtion {scc hitpfwwew. atmog-chem- pliys. net//6633/ 2009/
acp-9-6633-200%-supplement. pdf) shows the location of the
major measurement sites during the campaign. The T So-
persite was located 9 km WNE of the city center and 16km
MNW of the CENICA (Cenfro Macional de Investigacidn
¥ Capacitacion Ambicntal) Supersite nzed during MCRA-
2003, Besides providing a local charaeterizalion ite for ur-
ban poltation, TO was also designed to provide initial condi-
tiens for repional evolution studies of the urban plume (s.g.
TreCarle et al., 2008; Klcinman ¢l al., 2008},

Fine particulate mattor [PM) is onc of (he most serious air
quality prohlems in Mexico City (Maolina et al,, 2007), Pre-
vious campaipgn: have concluded that about half of the fine
M s organic acresol (OA) {Chow el al, 2002; Saleedo et
al., 2006}, OA has numerous sources and can be classificd as
either primary QA {POA), material dircetly emitted as par-
ticles, or secondary OA (SOA), species formed in the atmo-
sphere via chemieal reactions (Hallquist et al., 2009} Data
from MCKA-2003 indicated the imporlance of secondary in-
organic (l.e. ammonium niteate} and erganic (SOA) produc-
tion within the city and their resultant large centributions te
the fine FM concentrations {Salocedo et al., 20068; Volkamer et
al., 2006, 2007; Dzcpina et al., 2009). These resulis are con-
sistent with those from giher locations (Zhang ct al., 2005¢;
Lonati 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; Herndon 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 example, ¥leinman et al. (2008) and de Gouw et
al, {2009 report a growih m the OASACO{p) ratio with phe-
tochemical age due to SOA formation that is consistent with
previous ohservations in the US {e.g. de Gouw st al., 2003).
Parcdex-Miranda cl al. (20097 report that on nverage 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 & strong correlation betwsen the ohserved growth
of S04 and Oy, {Oz{gHNCa(g)). DeCarlo et al. (2008} re-
port 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 photochemical age, both indicating strong SOA for-
malion from MCMA emiszions. Based on comparizons with
water-saluble OC, Stone ct al, (2008) attribute the unappor-
tioned OC from CMB-OMM as secondary OC for MCWA,
resulling in 39% on average ol the OC (and thus & larger
fraction of the OA} being sccondary at TO. Fasl el al, (20059
and Hodzig et al, (2008} reporl a large underestimation of the
measured OA when only POA sources are considered, sup-
porting the imporiance of 304,
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The MCMA is alse impacicd by biomass burning (BB)
emissions during the dry season (March-Tune, Bravo e al.,
20032, Baleodo st al, 2000, Molina et al., 2007 Durmg the
later portion of the MCRA-2005 campaign, an wmportant re-
gional itnpact from fires in the Yucatan was reported (Sal-
cedo et al., 2006; Muoling et al., 2007). During patt of MI-
LAGRO, forest fires from pine savannas in the nearby moun-
tains surrounding the city wers very intense and resulted ina
significant contribution to the ouiflow of pollutans from the
Mexion City region (Yokelson et al., 2007; TreCarlo ot al.,
2008; Crounsg gt al., 2009}, The relative impact of BE to
ground receptor sites in the eily appcars i have been highly
variable and lower than was observed aloft from several after-
noon fights (Querel et al.,, 2008; Stone e al., 2008; de Gouw
ot al., 2009). The mountain fires tended to start araund noon
{Yokelson et al., 2007) and were oflen caricd away from the
city by the prevailing winds (Yokelson et al., 2007; DeCarlo
et al., 2008; Crounsc ct al., 2009). Stone et al. (2008) report
that an average of 12% (range 5-26%) of the arpanic carbon
(OC) i Pz 5 6t TO originated rom BB souwrces, and that
this impact was highly varnahle trom day to day. Querol et
al. (2008) estimate that the BB contribution to total Pz s at
T was ~3—1 5%, Mofiet et al. (20084} report that 40% of the
singlc-particles at the upper end of the accunulation mode
showed signatures characletistic of binmass/biofusl buming
but da not quantily the fraction of OA due to these patticles,
Fast et gl. (2009} reports a large overestimation of OA dovn-
wind of same large wildfires by a model which only includes
POA, suggesting that the POA emissions of af least some
fires are overestimated, Ton summary, significant uncertain-
ties still exist in delermining the sources and contribinion of
BB wilhin thc MCMA basin.

In this paper, we present resulia from ground-based niea-
surements inside the MCMA at the T Supersite, including:
{13 an overview of the spocics contributing to submicron PM,
their divrtial cycles, size distibutions, and comparison with
MCMA-2003 and TMADA-AVBR results; (2} a delerming-
g of 13h coTnponeris tsmyg Positive Matix Factorization
{PMF) of high-rezolution AME data (PMP-AMS); (3) a com-
parison of PMF-AMSE rcsulls with source apportionment re-
sultz from the chemical mass balance of orpanic molecular
markers {CMB-OMM); and {4} a comparizon of our resulis
with the MCMA PMz s croissions inventory. The impact of
biomass buming at T is analyzed in detail in the conpanion
papcr (Aiken et al., 2009}

2 Methods

2.1 General

Data wete collected at the TO Supersite, located at the Tnsti-
e Mexicane del Petroleo (IMPE, 19929'23% N, 09°08'55" W,

2240 m altitude, ~780 mbar ambicot pressure), 9 km WNE of
the city cénler, ncar a combmnation of residential, cotnmer-
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cial and light industial areas. The closest sréel with xig-
nificant road weaffic was 200 m from the sile. Aerosol data
were colecled from the top of woiding 32, ~28 mabove
ground level, from 10 1o 31 March 2006, wnless otherwise
stated. All aerosol data are reported in pg m—> al local ambi-
cnt pressure and temperature conditions, To aveid confusion
with concentrations repoticed in ather sindips that use stan-
dard conditions (STP), we use the units symbol of pgamn™
to make it clear that the measurements are reporled under an-
bient cenditions. To convert to STP {1 aim, 273K, £ sm™),
the particle concenteations reporied here need to be mulki-
plied by ~1.42. Naote that some studiss use different slan-
dard conditions from those mentioned above, e.g. Kleinman
gt al. (2008) reported concenirations under 1 atm and 293 K
and that volume mixing catios (ppbv, ppty, etc.) are invariant
and do net depend on (he pressure or temperature. All mea-
surcments are reported in local standard time {LST, cquiva-
lent to US CST and UTC tninus &1, and the same as local
time duting the campaipn}. All regression lines are [t by
orthogonal distance rogrossion,

2,2 AMS sampling awd analysis

A TTigh Resolution Time-of-Flight Aerosol Mass Specirome-
ter {HR-ToF-AMBS, Acrodyne Research Inc., Billerica, MA)
sampled from a common inlet using a PMz s cyelonc (LURG-
2000-30EN, URG, Chape] Hill, NC) at 3 flowrate of ~ 1 (Hpm
through a ~3 n insulaled copper inlet ling (1/2 incho.d.) lo-
cated ~5m above the roof and ~2 m above the roof struc-
lure where the instruments whete housed. The total inlet
residence time was 165 under laminar flow, A nafion drier
{Perme-Pure, Toms River, NI} was used to dry the air priot
to sampling with the AMS, The HR-ToF-AMS {abbrovi-
aled as AMS hercafter) has been described in detail pre-
viously {(DeCarle et al., 2006, Canagaratma ct al., 2007).
AMBE data were saved every 2.5 min, combining total non-
refractory (WR) PMy concentrations from the mass speclrum
{Wi3) mode and size distributions from the pariicle lme-of-
flight (PToF) mode (Jimencz i al., 2003), The main ad-
vantage of the HR-ToF-AMS over previous AMS versions
(Jayne ei al., 2000; Drewnick et al,, 20035} is the abilily to
regolve the elemental composition of most mass fragments,
especially for the low iz { < 1007 jons. The increased chem-
ical information enables more direct chemical characietiza-
tion of organic and inorganic species in addition to improved
differentiation of organic components with trager ions and
factor analysis. The V™ and “W™ ion paths of the AMS (De-
Carlo et al., 2006} were altemated overy 5 minutes, and this
was the firsl campaign in which such alternation was per
formed autommatically due to the newly developad abilily to
remately control the TOF mass specirometer power supply
{TP3). Size disteibulivns were acquired only in Y-made as
their sighal-fo-noise in W-mode is limited. During differ-
enl periods of the campaign, the AMS also intermittently
sampled through a thermal denoder {Huffman et al., 2008,

Atmos. Chem. Phys, Y, 663365633, 2009
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20094, b}, acrosol concentrator {Khlystov et al., 2005) or
CCN selector (Oshom et al., 2008). The analysis here only
includes the ambient dala as the more specialized altemating
data will be presented elsewhere. All data were analyzed us-
ing standard AMS data 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 bascd on the observed compoai-
tion and the cormposition-CE relationships observed in pre-
vious campaigns {Canagaratun et al., 2007), consistent with
other recent studies In Mexico Cily and during MILAGRO
{Salcedo et al., 2006, 2007; DcCarlo et al., 2008; Klein-
man et al., 2008), and alse consistent with the intercompar-
tsoms presented below.  Elemental analysis of the OA was
carricd out with the methods deseribed previonsly (Aiken et
al., 2007, 2003). Poaitive matrix factorization {FMF, Pratero
and Tapper, 19%4; Lanx ct al,, 2007; Ulbrich et al., 2009)
wa3 conducted on uoit mass-resolution (UMR) spectra and
on the combined high mass resolution (HR, for sefz= [00)
and TIMR {#/2= 1007 OA spectra as has been done previ-
ously (Lrocherty el al., 2008} Hesulis trom both analyses
were similar, but the HR data showed improved separation,
as cxpeeted given the increased differentiation of HR spec-
tra for the different sources (Ulbrich ot al,, 2009}, There-
fore, only results of the PMF analysis inclhuding HR data are
presented here. The identification of OA compenents from
the AMS dala provides high time resolution data and diurnat
eycles not nossible with source appoctionment methods that
require off-line analysis of Glters.

2.3 Co-located measurements used In this study

Additional measurements were collected at TO and are used
in this analysis. A Scanning Mobility Particle Sizer (SMPS,
Whang end Flagan, 1989} measured number distribuions be-
tween 15 and 436nm in diameter, Apparent volume dis-
tributions were calculated while assurming sphericity, which
could lead W an overestimalion of the actual volume in the
presence of fracial particles from combustion processes {De-
Carlo et al, 2004). Black carbon (BCY abssiplion mca-
surcments werg made with an aethalometer (Marley et al.,
2009, Hourly PRy, FM25 and PMp mass concentrations
wele acquired with an optical particle counter {OPC/laser
speciromeler (Grimm} corrected by gravimetrie measurc-
ments (Queral ot al., 2008). Addilional oplical measure-
ments, including light scatiering and absorption, wers made
with r nephelometer (Marley ct al, 2009 at 530 nm (scat-
tering al 450 mm, 550 nm, 700nm and absorption at 670 nm
shown in Supp. Tnfo.: http:fwww.atmos-chem- phys net/®/
G632/200%0p-2- 0633 -2009-supplement.pdf) and & plotoa-
coustic spectrometer (PAS) fin- light absorption and recip-
rocal nephelometor light scattering measurements al 532 nm
(Paredes-Mirandn et al., 2009). Two sets of filters and im-
pactor samples were collected and analyzed:; (13 elementsl
concenlralions with 6-h Uime resolution using proton-indonced
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X-ray smission (PIXE; (Johnson el al., 2006, 2008); (2) ar-
ganic molecular matkers using pas-chromatography mass-
specttometry (GC-MS) from PMa s filter samples at 24-h
resolulion (Stone et al., 2008). The chemical mass balance
of organic molecular matkera {CMB-OWM) identified and
quantified by GC-ME 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 converted
to OW using previously published OM/AOC values for the dif-
ferent sources (Turpin and Lim, 2001; Aiken et al., 2008).
(as-phase measuremenis include Ny, Os, and aromat-
ics by Differential Opilical Absorption Spectroscopy (DOAS,
Volkamer ot al, T998, 2005), and acetonitrile from two
proton-transfer reaction mass spectrometers (PFTR-MS, Zhao
and Zheng, 2004; Knighion et al, 2007; Forincr et al,
2009). OO waa oblained from the Mexico City ambient
air monituring network (RAMA, Red Automatica de Mon-
ineo Atmosferico, httpsdfwwiw.sma,df gobmx/fsimatthome_
basc.php) station at IMP ar one minute lime resolution
and compared well with infermiltent data acquived by bwo
other groupz, D Blake (UC-Trvine, personal commumica-
ticn, 2008) and M, Dubey (LANL; personal communication,
2003). Meteorological date, including temperaturc, relative
humidity, precipitation, wind speed and divection, pressure,
and precipilation were colleeted by Marley et al, {2009,

3 Raesults

3.I Tatal submicron uerpsol — mass concentraticns,
time serics, and size distrlbutlons

First, we compare the sum of the chemically-specinted mass
concentralions with co-located total fine PM instrumentation
to estahlish the consisteney of the different measurements al
TO. The noneftactory (NR) 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-
aured by lhe AMS (“AMS+Refractory™) due 1o their nog-
ligitle vapor pressure at 600°C (Canagaraina ot al., 20071,
Boil mass i5 estimated from (he PIXE mcasutements by the
method of Malm ci al. {Malm et al,, 1994; Salcedo et al.,
2006). Metal concentrations in fine P are cstimated us-
ing averaged chemical compositions reporied by Moffet et
al, (2008b) for those with high concentrations (from highest
to lowest cation concentrations Zn: ZnCly, ZnfNO1); and
Zn0; Ph: PbCly and FH{NO: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
PTXE data are sumrmed for stages B and C {0.07-1.15 jam)
of the DRUM immpactor used to collest these samples, in-
cluding some particles beyond the PMy cut. Similarly, the
BC concentrations are approximately PMa g {Marley et al,,
20097, resulting in an upper ligit for their mass contrbu-
lion as all othor megsurements are ~PM;. The total fine
PM measurements used (or comparison include the Grimm

warwatmos-clliem-phya.net/6633/2000/
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OPL P, the mase eslimaled from (he SMD'S data, and the
light scattering al 332 nm from the PAS and 330 nm from the
nephelomeler, Note that none of these measuzements is a tryg
Fivi| mass messurement, The Grimm inswumenl is based on
an oplical particle countet, which docs not detect particles
beline ~30mm in diameter not use an aerodynamic size
cut qurve. It attempts 1o aceound for these effects by using
cotreclions fhom gravimetric measurements. The apparent
volume calealated from the SMPS number distributions s
converted to mass (assuming sphericity) with a composition-
dependent denaity estimated from the AMS+refractory mea-
surements (Fig. 3-2:  hitp:fwww.atinos-chem-phys net9/
8633/2009%2cp-9-6633-2009-supplemcnt.pdf) and only in-
vludes particles from 15-436nm 4y, (mobility diameter).
Figure 5-3 shows the limc scries, divmal cyeles, and scat-
ter plats of the differenl measwemenis. The differcnt mea-
surements arc highly correlated and have similar divmal oy-
cles. The SMPS peaks a few hours carlicr in the day, possi-
bly due to an overestimation of the yvolume from fractal zool
particles in the rush hour and to particle growth in the af-
lermnoun incrcasing he fraction of the mass boyond its size
range. The OPC PM; data have a slightly tater peak than the
other measurements, likely duc o a similar effect of parti-
cle growth increasing the fraction of particles abowe its min-
imum size range. Tn Fig, 83-3, we show that the AMS CE
of 0.5 estimated from the measured compuosition results in
comsistent comparisons with all ether ~PM| measuremerts.
The largest discrepancy is with the SMPS and is mos! likely
due to the lower size cut of that instument, a8 1& mentioned
above. Figurc 8-4 shows the compatisun of the measured
gize distribulions from the AMS and SMP5. To explore the
possible causss of the obscrved differences, differem CEx
wore applied sequentially for cach arganic PMF-AMS com-
ponent end alse the inorganic components. There was not
& clear improvement in the comparison with the other co-
located ~PM| measwrements {or the varions perhurbations
of CE. The sum of speciated {AMS | Refractory) fine PM is
sitnilur o e OPC PR catimate and higher than the SMPS
estimaies. 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 duc to the use of 6-h averages for
the dust {p.k.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 ot al., 2008; Dunlea ¢l al., 2008, and we conclade
that the AMS and the ciker instruments discussed performed
well during MILAGRO, Table 5-1 and Fig. 5-3{h} show the
£ values between all the mentioned total fine PM measure-
menls, 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 expeeicd, This comparison indieates that the limitations
in accuracy and precision cvidenced by these comparisans
are distribuled amonyg the different instruments and not dom-
inaled by the ANS,

wanw.atmos-chem-phys oot/ 0663 372006/

Figure | shows the time series of (he different species,
while Fig, 2 includes the averupe mess fractions, size dis-
tributions, and diurnal cycles of the different species. On
average, Lhe non-retractory species quantitied 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 doring the majority of (he campaign, consis-
tent with previous studics (Chow et al., 2002; Salceda et al.,
2006, DeCatlo ¢t al., 2008). Most species have a clear dior-
nal cycle {Fig. 2d}, with the exception of soil and a weak cy-
cle for sulfizte. The divmnal cycle of sulamicron niteate is con-
trolled by HMNO; produgtion from OH+N03, gas-1o-parlicle
partitioning Lo form ammontum nitrate with abondant pas-
phasc NH;, reaction of ITNO 3 with dust, and HNG; dry de-
position, which have been dizcussed in detail before for Mex-
ica City (Saleedo et al., 2006; DeCarlo et al., 2008; Ilennigan
et al., 2008; Queral et al,, 2008; Zheng ot 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 precipilalion during thus period (Fast el al., 2007, rcxuli-
ing in reduced irreversible reactions off HNOz with dost 1o
foom supenicron nitrates (Querel ct al,, 2008; Zheng et al.,
2008; Fountoukis et al., 20093, Figure 5-5 shows the in-
creased precipitation and decreased coarse PM during this
latter peried thal coincides with increased nitrate. Addition-
ally, the slightly lower temperature and increased RH during
tis period may alse favor the partitioning of HNOy to fine
aerosole, but are insufficient to explain the ohserved change,

Sulfate is present in a similar raction to nitrafe, yet with
a much weaker diumal cycle and a lareer background, con-
sisfent 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
follows those of nitrete and sulfalc, ax expected for nearly
fully neutralized acids as described in previous studies (Sal-
ceda el al., 2006; DeCarlo et al., 2008). Noie that Lhe pH of
these acrosols when they are liquid will still be well below 7
{San Martini et al,, 2006; Zhang ot ai,, 2007b), The ammo-
nium balance (Fig, 5-6) determined from the high resolution
fons is consistenl with noulralized aerosols within the accu-
tacy of this determination. It also shows a elear reduction in
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. (200) which used the [ruerference-subiracied
UMK ions from a quadrupole-AMS. The reduction in noise
duc to the use of the directly-measured HR NHY ions instead
of the estimation ol the same ions with the fragmentation ta-
ble {Allan ¢t al., 2004} is minow in this casc, althaugh it meay
b morc impotant at lower NH;" concentrations, In terms of
the prganic nitrates (ONs), al present we are cnly able (o sate
that their contribution to iotal nitrate and 1o1al OA ix minor
basad on the ammonium balance. If the AMS nitrale signal
was dormingted by ONs here would be g lmge “ammonium

Atmos. Chem. Phys., 9, 66336633, 2000



G633 A, C, Aiken ot al.; Fine particle composilion and organic source apportionment

Wachand ] ] Pty [Hefidhy

— Orpanles  ATEE + Refraciary, | Weakand (&)
£ 100 3 AME Tatar i :
[ I ;
8 @J o
S g = o
o 20 |
T

a
_ 10
5 5

1

ingBec

20
H 140

a
E 4
T 2

1
500
£ oy
% a0
% 40
- 2
F oo

Iz M4 3 318 afzn a2 ar24 a2 Hag dk)
Marsh 2008

Fig, 1. Time series of mass concentrations as sampled by the AMS in jop am—: (a) DA, AMS total, and AMSHrefrctary; (0) smmonium,
nilrate, and sulfatc; (£) chlocids; () BC; {e) metals and soil. Panel () shows all species in the some colors the seme es panels (r-e)as a
percenlags of e folal mass CAMSHRCHmetaisHsail), Holidays and weekends are indicated wirh hoxes.

{a) TO (IMP3, March 2008

Total By = 357 pg m?®
s, T4,
:m

B, 4.8, 42
——8af, 1T, 55

__Ammorium,
20,65

{ LB Bl ng Bt e ARcalPy ‘eIueEiou)

3 4 E&TE o
im 1200 4246 8

d\g {nm) Haur of the Day

(d} Be Ehl-1n§

2K Metals NH, e

E 3ol oy 2

§rﬁé‘zu B0, E
o

- 1]

= Zv '
m g

% Ew "B

~ & =

¥ 5 2§

E

|

M

Fig. 2. MMy aenesol mess concentralions, size disteiborions, and divenal profiles. AMS species plos refractory species (o) averape mass
moncantratinns, (h) sive disteibnrinng, (1) NR-PAIy size disteiimtione by pareent maze, and (d) diyenal profilee

Atmos. Chem. Phys., 9, 66336633, 2000 waw. Bt os-chem-phys. net/9/'6 633/2000/



A.C. Alken et al.: Fine particle composition and crganic source apportionment

deficit” and large scatter when the ammnonium halance anal-
vsis i5 performed assuming that all of the AMS nitrate signal
is ammonium nitrate. Neither effect is observed in Fig. 8-5,
which indicales that ammonivm nitrale is the dowminant forin
of nitrate in Mexice City, consistent with the aircraft meu-
surements (DeCarlo ef al., 2008}, PTLS measurements at T1
(Hennigan et al., 2008), and previous studies (Salcedo et al.,
2008}, This iz also consislent with Gilardoni €1 al. {2009),
wha report Lhe confribution of ONs and arganosolfales 1o be
stnall based on FTIR measurements on MILAGRL) saniples
at several sites. In Mexico City ONs should make a similar
Iraclional contribution 1o submicron OA {when the mass of
all OA molecules that bave a nitrate group {3 sommed) than
to submicron nitrate. For example, if 5% of the nitrate signal
was due to ONEe and we assume a MW of 250 s for these
gpecies, the contribution of ONs to OA mass wounld be 4%.
Addilional laboratory calibrations in the HR-ToF-AMS wilh
organonitrate standards are necded hofore 2 detailed assoss-
meit of their contribution to ambisnt OA can be performed.
Cwr greup and several other 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 TG, as it was during MCMA-2003, but does not
shew the very numerous and large {up to 40 ggam™") late
night/early moming spikes of MI1sCl observed during that
campaign [Saleedo el al, 2008). Thernal denoder analy-
sis (Huffman ct ab., 20084} 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 1o more
refractory species such as PhCla, which were identified with
the ATOFMS (Moffol ot al., 2008H). BC represcnts a signif-
igant fraction, 12% on average, of the aerosol and has a time
series indicative of the interaction between primary emis-
gions that peak during the moming tallic hovrs {~06:00-
08:00 am. LST) and the boondary layer dilution peaking in
the afternoon, as has heen reported previously for the arca
{Salcedo ef al,, 2006; Marley et al., 20093, The soil fraction,
5%, is similar to that determined during MCMA-2002 and
ey be dug o both urban seurecs, ¢z dost re-suspension
by vehicles, and non-urban sources. The mebal congeniration
represents g small fraction of the fine M mass with an av-
erage of 3%. The range in species fractional composition of
the fine PM daocs not show major deviations from the gverape
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-
ried.) OA mnges from 20-80% of the fine PM mass with the
WR inarganic speeics cormprising 5-50% of the PM mass and
BC rarely exceeding 3% of the fine PM.

The campaign-average mass concentralions 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. S5-8. {The
locations of the three ground sikes within the basin 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 1ime-
frame of the campaigns, 19972006, The data frem 1997
have ~~15% more mass than the later studies, a larger refrac-
lory Imaction, and a slightly lower OA fraction. The MCMA-
2003 data have both the larpest QA maszs coneenlration atd
fraction, likely duc to the large impact of BB cmissions from
the Yucatan during the latter part of that campaign {Salcedo
el al., 2006; Molina et al., 2007). However, it is not clear
that any interannual frends can be derived from these com-
parisons due to the different locations and timcs of the nca-
surements in addition te the short duration of all the cam-
paigng. The aireralt data have less non-reltactory mass (19
vg, 25 g am— under TO conditions} than measurements on
the ground. The organic concontration 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
airgraft than at TO, likely 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 1o the lower temperatures and higher humidities
alofl {Neuman e al., 2003; Morino et al., 2006). Specias di-
umal ¢yeles from MILAGRO arc coniparcd with thoxe from
MCMA-2003 in Fig. 8-9 and arg everall similar. Averape
AMSE mass spectra from the entire MCHA-2003 and 2006
campaigns (Fig. 5-9} are alzo similar

Species size distibutions 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 1o the BC masa (Zhang el al., 2005¢; Cubizon et al.,
2008a). The distributions peak at 300400 om (g, ), and he-
low 100 nm they are overwhelmingly dominated by OA and
BC, presumably due to combustion emissions (Slowik et al.,
2004). Thesze disiributions and masa fractions are very simi-
lar to the MCAA-2003 resulls (Salcedo 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 mass delected by the AMS under 200 nm o,y
1% likely due 10 different sizing of fractal particles belween
the two instruments [(DeCarlo et al,, 2004; Slowik =t al.,
2004},

32 TInvesiigating OA components/sources with Positlve
Matrix Factorication (PMF)

Four OA components were identified from AMS spectra
wiing PMF: chemically-redueed urban primary cmissions
(hydrocarhon-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-k-carben tatic four times higher than for
the other factors {(NAC~0.06). Figure 8-12 inclides PME
diapnostic ploiz {Ulbrich e al., 2009). In this xcction we
describe gach component, identify tracer ions, snd compare

Almos. Chem. Phys., 9, 6633-6653, 2009
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the component mass spectra (MS) and ambient ratics with
components from previous campaigns and the component
time scrics with fracer species frotn eo-localed measurc-
mcnts,

321 [Hdentification of PMF components using MS
prafiles and comparison with tracer time series

PMF commponents are identified by their M3 signatures and
the correlation of their lime scrics with tracers, nnd then con-
fitmed with additional information such as diurmal 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 arc similar to those reported in several previous
studics {c,pr. 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
components wilh co-locatcd measurements, while the lime
serics and fractional mass compoaition of the four PMF fag-
tors are shown in Flg. 5-13. The clemental compositions
of these components are similar to those reported previously
{Atken et al., 2008). The average contribution of each PMF-
AMS curpoment 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 nieogen. OFf the onganic oxygen, 2/3 of it is
found within the ODA conponent, while 173 of the crganic
niteogen is within the LOA component. Compared with a
PWF salotion using only the UMR speciry, the ingreased in-
formatian from the HR icns allows for a more direct sep-
aration of the components, cspecially of IIQA and BEOA,
as BBOA has some hydrocarbon-like strueture in its MR
M8 profile. The differences in the mass spectral signatures
of HOA and BBOA are enhanced in hiph-resolution in com-
parison to unit mass resolution singe BBOA hns an increased
oxygen-conlenl (Aiken ot al., 2008), as shown in Fig. 3 and
with 3 scaner plot of the M5 profiles in Fig. 5- 14, (R1=0.38
in TIWR; 0.64 in TIR).

The HOA mass speclrum is similar to that determined in
Pittsburgh (Zhang ot al., 2005a, ¢}, as compared in Fig, 5-
15, s OX i3 (.16£0.05, which iz higher than the val-
ues of 0.3-0.0 determined for molor vehicle exhaust and
mare similsr to the 0.11-0.14 determined for meat cook-
ing nerosolz and 0.08 for plastic burning, all of which have
hydracarbon-like mass spectra in UMR (Mokr ct al,, 2003),
This may indicate that the HOA identified here containg some
masg from olher combustion-related urban sources such as
food cooking and trash buming, and possibly alse spme
lightly pxidized S0A formed from ¢z large alkanes (Kol
ct al., 2007}, Also, it iz possible that the HOA still contains
some residual BBOA Lhat is not completely separated even
itt the HR analysis. An upper limit for this ellect is that up to
15% of the HOA during the high fire periods may arise from
B sources (Aiken et al., 2009}, with thus interference being

Almos. Chem, Mhys, 9, 66336653, 2009
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nepgligible during the low fire periods as is discussed in more
detail in the companion paper. The FHOA mass concentra-
tion shows a high correlation in time with BC (R?=0.65} and
CU{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 (&g
Zhang et nl., 2003c; Yolkamer et al,, 20068). Lastly, the av-
erage ratio of HOA/BC i similar to previgus US campaigns,
while the ratio of HOAA O] is somewhat higher.

The OOA mass spectruin 15 also similar to what was found
in Bittsburgh (Zhang et al., 20054, ¢}, compated in Fig, 8-16.
A recent study showed that (he AMS mass spectra of sev-
eral primary sources (meat-cooking, trash-burning, and vehi-
cle emissions; Mohr et al., 2009) were very different from
that of Q0A and more similar to TIOA (and o BBOA in
the case of paper burning). OOA has been ssszocigted with
S04 in muliple previous studics {Zhang et al, 2005, ¢;
Takegawa ct al., 2006; Volkamer et al,, 2006; Kondo e al,,
2007, Herndon et al., 2008) and S04 is formed very effi-
ciently from urban emissions in Mexico City {Volkamer et
al., 2006; Klethman ct al., 20058; de Gouw et al., 2009).
Thetefore, the time scries of O0A is compared with thoss of
two rocondary fracers, submicron particulate nitrate and Oy
(NOQ2(z1+Os021). Oy has been shown 10 comrelate with S0A
production in Mexien City (Vellkamer ct al., 2006} and else-
where (Zhang ¢t al., 2005e), but Oy is a better tracer of photo-
chemical cxidant production because it eliminates the edfect
of the titration of 04 by frash WO(g) emiseions (Homdon et
al., 2008). Particulate nitrale is formed due to photochem-
istry starting &l sunrisc and partially evaporates in the afier-
noons (Salecdo ct al,, 2006; Hennigan et al., 2008; Zheng ct
al., 2008}, The correlation of OOA with particulate nitrate
(R2—0.71, Fig. 5¢) is slightly better than with Oy { R2=0.53,
Fig. 5d}, yet both show vory similar temporal changes with
DOA in the time series comparison {Fig. 4b). This comrcla-
ticn is especially clear during periods with low background
concentrations, such as 24 March which follows a cold surge
event that brought clcan air to the Mexico Ciky area, similar
1o a casc stody from MCMA-2003 which has been studicd
in sume detail {Yolkamer et al., 2006, 2007; Dwcpina ot al.,
2009, The observed ratio of O0A/D, 1= similar to fat deter-
mined by Herndon L al. {2008) at the T'ico Tres Padres site
above Mexico Cily fur periods dominated by 30A produc-
tion for less-apod airmasses, consistent with the relative loca-
tivns of the two sites {Fig. 3d). All of these picces of svidence
strongly suggest that DOA 1= dominated by SOA. A fraction
of the background QOA, of the order of 1-15 pgam— is duc
to regional biogenic SOA formed over the coastal ranges and
advected over the Central Moxican Plateau, according to both
3-D modeling and tracer-derived estimates (Hodeic ct al,
2009). Sume of the S0A may be formed from BB emissions
{Grigshap st al, 2009}, although field studies report a wide
variation of the relative importance of net BB S0A formarion
from negligible lo comparable to the BB POA (Capes cl al,
2008; Cubison et al., 2008b; Yokelson ¢l al., 2009}, For this
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dataszt, severn] pieces of evidence such as the low levels of
the BB wracer acetonitrile during the afternoons when O0A
is highest (Fig. 10}, and a lack of change of OOA levels be-
tween high and low lire periods (Aiken of al., 2009 suggests
that the contribution of S50A arizsing from BB cmissions Lo
total DOA al TG is not major, with the exception of ane pe-
riodd deseribed below., This may be due 1o the fact that the
highcr BBOA impacts are observed in Lhe eatly moming (sco
below), olten fram plumes emitted from fires burning during
the evening atul night, and for which photochemistry has not
yot acted on 1€ emissions (Alken el al., 2009},

Atmos. Chem. Fhys., 9, 66336653, 2009

The background [owel of QDA at nipht avernges
4.6 pug am— during the campaign {defined as the average
frem 03:0{p.m.—04:00a.m.}, part of which iz likely due
to some carryover {rom the previous day, which would
be expected (o be higher for QDA than particulate nitrate
due to the much lower volatility of O0A, resulting in less
evaporation {Huffman et al., 2009a). Some of the back-
ground OO0A is also likely due 10 regional mare aped acrose!
from pollinion, biomass buming, and bingenic SOA sources,
Thiz ODA backyround docs not show majer variation across
periods of higher and lower BBOA Impact (Atken ol al,,
2009, One exception occurs during the nights of 20 and 21
March, which [ollows a period of intense fire impact and has
& higher O0A concenfration, probably due to S04 formed
ftotn BB emissions. Further evidence of this S0A is de-
seribed 1 the paper by Stone et al. (2008) where clovated
pinonic acid and maximum OC fraciions from S0A seurces
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 photochemical oxidation
of te-pinene in chamber studies {Yu et al,, 1999), x-pinene is
emitled during pine buming (Grisshop et al., 2009}, and the
cormrclations in Stong et al. {2008) support the hypothesis that
the mereased O0A during thiz period ig due 1o SOA frmed
from biomags burming cmissions,

The BBOA mass spectrum, which is well constrrined due
to perindz of large BB impact at TO, iz similar 1o & source
spectrum from a combination of ymoldering and flaming pine
burning OA (Aiken ct al.,, 2008) as shewn in Fig. 7. It is
also very similar to the spectrum of paper burning (Mahr ¢
al., 2009) and to spectra from eefuse butning sampled at a
rural site near Mexico Clty during MCMA-2003 {not shown,
T. Onasch, pergonal communication, 2009), The BBOA time
serics is compared with levoplucosan measurements from

wwry ahnes-chem-physned 96633/ 2000/
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GC-MB analysis (Figs. 4¢ and e, Stone et al., 2008). BROA
was averaged onta the filter timescales resulting in an &2
of 0.73. The slope of the repression indicates that fevoglu-
cogan is present al §.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 of
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 encompnsses the value deter-
mined here.

waw. almos-chem-phys net/3/663 32000/

Additionally, the AMS signal al UME m% 60 has been used
previovsly as a tracer for BBOA {c.g, AHama ot al, 2007)
and can be wsed to derive a levoglucosan-equivalent con-
centration from AMS measurements. First, s/z 60 is almost
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-
oghucosan standards in the AMS (Aiken et al., 2007 Tt has
been shown to be a clear marker ion for BBOA that is el-
evared during periods ol high smoke impact (Alfarm ot al,,
2007y and persists despile sgome redoction with aging in BB
plumss measored thousands of km away from ihe lre lo-
cations {Cubison et al.,, 2008b). This ion iz also produced
in smealler amounts from some other sowrees (such as car-
boxylic acids from S0A formation and alse meat copking,
Mohr et al., 2009}, and urhan arcas typically have & level of
itz GO/OA of ~0.3% in the absence of biomass burning im-
pacis (DeCarle et al., 2008; Docherty e al., 2008, Ulbrich
el al., 2009, We refer to the xignal al w60 afler sub-
traclion of 0.3% of the OA as “cxcess m/g a0, and define
the “levoglucosan-equivalent” (“levog.-eq.”) concentration
as the concentration of [evoglucosan that would be needed to
produce the obaerved level of sxcess s/ 60, Figore 9 shows
the comparison of levoglucosan from filter-GCMS 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 hat of
levaplucasan, Sullivan et al. (2008) [dentified other carbohy-
drate anhydrides similar to levoglucosan such a3 mannosan
and galactosan in woodsmoke WSO for multiple fucl bpes,
Although AMS mags spectra of these species are not avail-
able 1o our knowledge, it is cxpected that such species also
praduce #2680 in the AMS as they do in other eleciron ion-
ization instruments, resulting in an “excess m& 60" signal.
Therefore, “excess ssz 60 in the AMS i= still 3 pood primary
BEOA tracer, but represents a mass that exceeds that of ley-
oglucosan alone. 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
nscd 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 nitrogen-conlaining tons (Cy T
al m/z58 and CsHiaNT al m/286), which are often large
neake i aliphetic amine spogtra {Melaffeuty snd Turecck,
1993, showing that their spiky signals are correlated in time,
The higlly vaidble linw serics (Fig. 4d) and a dlurnal cy-
e¢le enhanced in the morning (Fig. 100) stongly sugpesl a
primary origin for this source, Further support ig provided
by the lower aulocorretation values for LOA (eompared to
other componenis: PMF-AMS factors, AMS inorganics, gas-
phase sperics) shown in Fig. 8-17, which indicates a smaller
spatialtemporal extent for this acrosol,  Additionally, he
LOA time series corrclates with the co-located ATOFMS
nitrogen-coniaining organic carbon (NOC) particle type that
was “hypothesized to be amings from local industrial amis-
sions based on the Lime scries profile and back trajectory
analysis™ (Moflet ol al., 2008z). Beyond the unusually high
nitrogen fraction for the T.OA component, of nolc are the
high signals a1 m/z’s 91 (C;H ) and 105 that distinguish its
mass spectral profile from the more common primary compo-
nent, HOA, The LOA componcent also comprises a high frac-
tion of (he OA (~20%) on the night of 23 March and the carly
moming of 24 Maich {Fig, 3-13¢) when the ATOFMS PbZn
number eount is high and s low during the weekend period
of 26 March, where the ATOFMS also roports low concenira-
tion of these industrial particles. The source of LOA may or
may hol be the same as the PbZn source identified by the
ATOFMS, and thelr correlation may reflect instead indus-
weial cmissions from the same localized aren. Note that the
LOA thne series docs nol comslate with AMS MR chloride
(R2=0.04).

The average mass fraction of the PMF OA componcnts
is shown in ¥ig. 10, which is alinost hall {46%) OOA and
a third {29%) HOA. The diurnal profiles in Fig. 10k point 1o
the formation of DOAMSCA dus 1o photochemistry beginning
#% carly as 07:00-08:00 a.m. and peaking from 09:00am,--
03:00pan. at ~I12.7pgam— . HOA shows a peak in the
morning censistent with the rush hout and the effects of the
low boundary layer height in e moming, BBOA and ace-
wilrile have similar digmal prafiles (Fig, 10c} which ate
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similat to the rush hour profile bul with an earfier start, as
wasg alzo observed at the T1 sike for CHsCN {de Gouw ol
al, 2009, There is a sccond weaker peak in the BBOA
diumal cycle (reaching 2.3 pgam—> at 06:00p.m.) in the
afternoon Lo carly evening that [llows the aflemoon peak
in fire counts from 02000900 p.m.  as detected by the
GOES satellite (hitp:/farvnyv. goes. noan.gov’) using FLAMBE
(hitp:awew.nolmry. navy .l lilambe/ index.himl), also shown
in Fig. 10c. Figure 10d shows the divmal cycle for the [our
components as B fraction of the total OA, indicating that the
HOA mass iz ~35% dining the night and begins fo rise at
4a.m, unil 08:00a.m,, when it reaches its fractional peak
al 52% of the OA, The 00A mass s = 70% of the OA rom
11:00 a.m. to 05:00 p.ino., when 504 production would be ex-
pected to penk and when acetonitrile is lowesl. BBOA com-
prises 16% of UA (dwrnal range: 8%—23%) on average.
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3.2.2 High resolution ion signals — orpante and
inorgamic

The increascd maass spectral information contont oblained
with the HR-ToF-AMS allows for improved scparation of
OA factors with PMF and increased chemical information of
the total and faclor DA, e g, atomic ratios (Aiken et al., 2007,
2008} and ion families (Fig. 3}, due 1o the increased mass
resolving power (DeCarla ol al., 2006). Since this is one
of the first reports of urban acrosol analysis using the HR-
ToF-AMS, the contributions of different ions to some kay
mfz's of the AMS (which are often uaed as lracees in AMS
shidies) nre shown in Fig. § {or periods during the campaign
when the OA was dominated by one of the three main PMF
sources: HOA (which was 62% of the OA during the se-
lzeted high-HOA period), OOA (879 during the high-O0A
period}, BROA (52% during the high-BBOA peripd), Sig-
nals are in arbitrary units, bul all have been scaled to the same
air signal al m/z 28 ['Ni" =100, height). Similar data has been
presented previously for aireraft measuraments and sooree
profiles (Dunfca <l al., 2008; Mchr ct al., 2009 and firther
inforimation on characteristic ions and their contributions to
different OA types ix discussed by Mohr et al. (2009} and
Huffman et al. (2009a) (Fig. 5-18% includes all m/2’s from
10 100 dwing the same periods as a reference for this and
future studies). As expecled, reduced inns snch as CaHY
{mfz 43} and C.;Hj (/2 57} are highsr during periods dom-
inated by HOA while CaH3Ob {n/z243) and COF (m/izdd)
arc highor during OOA-dominated periods. Both types of
ions, and also especially (}31-1405" (/2 60), ure high during
BBOA-domineted periods. The BBOA marker ion at s 60
is an unusual case in which the UMR signal is dominated by a
gingle HR ion, which would allow the correlations discuasad
above (hased on #ez 600 to be conducted for UMR data with-
out adding increased unceriainly. CD‘{ duminates the signal
within w44, most markedly during high OO0A periods, with
the largest fraction of nun-CDi" signel occurring during high
BB QA noriads, consistent wim source observarfons (Mohr ¢l
al,, 2007}, When comparing the main organic jvny from the
factor-dominated periods (Fig. 8) to the factor mass specten
(Fig. 3) some differences are apparent, such as the high-TIOA
perind has an eohanced fraction of CaIlO (w433 due Lo
the presence of 25% O0A during thal period, The main -
arganic fragment ions from nitrate and sulfate dominate the
UMR signal at their respective #/’s almoat completely when
they age present (Fig. 8c—h and Fig. 8-18). The main cxcep-
tions are the organic ions al mdz 30 {CHOF and CH4NY
that oceur in both the HOA and BBOA-dominated petiods,
and C;;H;" al m/z 64 during the BRBOA-dominated periods.
Additionally, the chloride iong at sz 35 and 36 dominate
their respeclive 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.almos-chem-phys net @663 372 0094

6645

113 Observed ratiy nf QA to excess gas-phase carbon

monoxide

The 1al Oa/ACh, whare ACO is the gas-phasc CO mca-
surcment minus a regional boundary layer background of
~ 120 ppb (Hemdon ¢t al., 2008), has been reported during
multiple campaigns, e.g. {de Gouw el al., 2005, 200%; Klcin-
man el al., 2008; de Gouw and Jimencz, 2009). The ratio
can yield information about the sources and secondary for-
mation of OA in wrban airmesses since POASACO 3 low
for urban emissions {~3 pg sm— ppb-1, Zhang ci al,, 2005:)
and the ralio increases greaily wilh 530DA formation, c.p. de
Gouw ol al. (2009). Biomass buming can often have high
POA/ACD tatios, reaching 200 zg sm™ ppb~! (Knighton et
al., 2007; DeCarlo et al., 2008; Yokelson et al., 2004), al-
though mid and low ratios have also been reported for some
biomusses (Sinha ct al., 2004; Knighton ef al., 2007), Thus,
when urban and biomass emissions mix, the inlerpretation of
OASACO date is very complex. To decument the variation
obaerved here and [o allow comparison with other sites and
gludics, Fig, 11 shows OAMACO ghserved at TO along with
ralips from previous studies, The TO data are bounded at the
lower end by the low primary emissions ratic for urban HOA
{Zhang et al.,, 2005¢; Docherty et al., 2008; this stody}, The
poinig near the HOA/ACO lincs are thus ikely dominated
by urban POA cmissions, At the upper end the TO data are
hounded by values observed in both aged urban airmasses
dominated by S0A (Volkamer el al., 2006; de Gouw ct al.,
2009; Kleinman el al., 2008; Dzepina ct gl,, 2009} and for-
est fire emissions near Mexico City (Yokelsen et al., 2007,
DreCarlo 2t al., 2008). TO is an urban setting and is heav-
ily impacted by HOA emissions, bul the dominanl presence
of higher OA/ACO ratios indicates imporlant impacts from
S0A formation andior blomass buming sources. However,
since both SOA formation and forest fire emissions can pro-
duge the higher OA/ACO ratios, theit relalive confributions
cannot be separated with the OASACO analysis glone, This
comeases with the use of the OAYACO technique in areas
where vnly POA and 30A from wban pollution are thoughi
to be making g major contribution, az under those circumn-
stances the SOA contribution can be catimated 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 ct al., 2006;
Docherty el al., 2008}, Similarly, the contribution of forest
{irex cannct be relighly estimated n our case with a similar
mcthod, since the mban OA/ACO i3 notl well-chatacterized
and varies with photochemical ape duc to B30A finmation,

3.3 Comparison of OA apportionment from PME-AMS
amnd CMB-OMM

PMF-AMS and CMB-OMM results have been compared

once previously, and they produced similar resulis for the
fraction of 30AMA during the summer in Riverside, UA,

Almos, Chem. Phys., 9, 6633-6653, 2009
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Fig. 11, Scatter plol of AME Orpanie hfass [OA) ve. CO(E) for
the entive campaign at TO, showing the wide variation in this ra-
tio, Slopes derived from the litcrature and from this study ave also
ahown (s wxt), The highest and lowsat slopes in the likerature
are froun the study of Knighton et al, {2007) who sampled labora-
tory BBCA from many dilTerent biomayses, the slopos shown are
the extrentes of their detaset, The BROA x4/ ACO tutio is that sam-
pled by Knighton et al. (2007) for a fire detected gt the Sante Ana
pernipheral site during MILACGRO.

although, with a less pronpunced divmal cycle in CMDB-
OiAM than PMF-AMS {Docherty et al., 2008}, CMB-OMM
sources are detived as organic cathon mass {OC}, which docs
not nelude other elements in the organic specics such as O,
H, N, while PMF-AMS rcsulls de imelude those elements in
their OA mags. For comparison, CMB-0MM sources were
cotwverted from OC o OA using OM/QC values bazed on
Aiken et al. [2008) (Vegerative Detrituz and Woodsmake,
1.60; Vehicle, 1.20}, which arc consistent with other meth-
ods and the PMF sowrces found here. The “Other cate-
gory ol CMB=-OMM is caloulaled Lere as the dillerence be-
twcen the AMS QA mensurement and the OA apportioned
to primary sources with CMB-OMM o minimize noise in
the compatison, The primary CMB-0OMM sources ware ap-
pottioncd from PMa s 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 FMa 5 is
small (Fig. 5-5d) and has an increased fraction of dust and »
reduced fraction of OA (Fig. 2e) so this biss (s cxpected to
be small.

A comparison of the daily average OA apportionment of
the nwa methods and (he average composition from the pe-
riod 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 boelh methods are similar and have similar magni-
Ludes: HOWYehicle, BEBOA Woodsmoke, and OO0 Hher

Atmos. Chem. Phys., 9, 6633-6653, 2009
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As diveussed ghove, the PME-AME 0OO0A is thought ta be
dominated by 50A, while Stone et gl. (2Q08) associntes
the “Other” CMB-OMM component with 30A based on its
cotrelation with WS0C al (e peat-urbin sie during ™I-
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
BROA/Woodsmoke on most other days during the overlap-
ping peried. Ooe difference is that CMB-OMM resolves a
small vegetntive detritus source {~2%} while PMF-AMS re-
solves a LOA companent {9%) which appears (o be more ticd
Lo indusirial ernissions as dixcussed carlicr. TUis not sumpris-
ing that PMF-AMS cannol rgsolve a source which accounts
for omly 2% of the mass based on previous method charac-
terization (Ulbrich et al., 2009 and which, since it is likely
formed by mechanical processes, may be prescol mostly in
the Phdy 5-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 Lhe aver-
age LOA fiaction (9%) is sublracted from the "Other” ChB-
MM fraclion {38%), we ohtain a better estimate of 30A
fraction from CMB-OMM {49%} which improves Lhe com-
parison with the PME-AMS O0A (46%).

Figure 12 shows scalier plots between the three main com-
pencals from cach method, as well as & hybrid plot show-
ing CMB-OMM Other minus PMF-AMS LOA ve. PMF-
AMS O0A to account for the likely atribution of LOA a5
“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 most cases,
with Woodsmoke/BBOA showing a lower slope {(with PhF-
AMS=CMB-OMM az 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 OA from CWMB-00M may ke due o the usg
of levoglucosan as a tracer based on spurce measurements,
elnce some depradation of this tracer is observed in ambient
studics (Cubison et al,, 2008b). The PMF-AMS method con-
ceptually determines the lavoplucosan level in BBEOA from
the ambient meazurements and thus 15 less prone to such un-
derestimation. The luwest B2 is found for the HOA/Vehicle
POA comparisun, which may be dug to the lower dynamic
range of this source which iz always present in the urban
area and perhaps 1o the influence of non-vehicle sources of
ITOA. Addiional possible reasons for differences for the
daily source contributions include variations in the OMAOC
ratigs w5, the constant walues azsumed here for the con-
version of CMD sources 1o A, ungortainties and noise in
both the tracer measurements and AMS spectra, and imper-
fections in the CMB-OMM and PME-AMS source attribu-
tion algorithms and their application 1o rcal data {e.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 (HLEs), andfor bounce-related

wwrw.atmos-chem-phys.ned/ 966332009/
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collection efficiencies (Ep) 1o the catent that they are present
in extemally mixed particles, Both of these effects would
lead 1o a posilive bias of the chemieally-reduged and more
volatile components (HOA, BBOA, LOA) and a negative
bias against O0A (Fimenez el al., 2003; Hoffman et al., 2005,
200%a; Zhang er al., 2005b). We cxperimented with different
Ey*RIE for the different QA components retrieved by PME,
bul the comparisons with ofher measurements {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
arganic specics arc cstimated to be stnall and not the main
teason for the differences observed in some of the intercome
parisans, This is consistent with the analysis by Docherty
ct al. {2009} for an AMS dataset in Riverside, CA, who esti-
mate that the biases in OA component quantification due te
the dillerences in E,*RIE between different PME-AMS OA
componcnls arc less than 5%, Owerall the agrecment be-
tween hoth technigues for such a complex wrban area given
all the rermaining uncertainlics 1= very cncouraging.

3.4 Comparisons with Mexico City cmissions inventory

YW can use the PMF-AMS OA rosults fo 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 at consistent ratios at differant times
during the campaign, and show similar fragtions and ratios
to the data rom MCMA-2003 from a different location in
the cily, we conclude that cur obsesrvations at TO arc gener-
ally representative for Mexico City. The 2006 MCMA emis-
sions inventory atiribuies 62% of the PM5 ¢ emissions o 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
soil, menls, and BC mass concentrailons areé summed dur-
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ing the morning tush hour period {06:00 -08:00 a.umn.), which
is most strongly influenced by direct emissions, we obtain a
PM/ACU ratip of 1.5 pgam™ ppm—! (13 g'ke). The 2006
cmissions imventory has a pritary PMa oFACO emission ra-
tio of 3.1 g/kg (equivalent to 2.7 pgam™ ppm— LY. Sinee the
CO emissions inventory [s thought 1o be aceurate (de Foy et
al., 2007, this implies that the primary PM is undersstimated
by about a factor of [owr in the 2006 emissions Inventory.,
Since several of the species included in tils sum arc submi-
cron ot (such as BC) do not extend 1o 2.5 um, the calculated
underestitnation of the emission ioventory is a lower limil,
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s addifional small amounts of those species in the PM; 1o
Tz, ¢ range would increase the mensured-to-inveniory ratio.
Thiz underssiimale ig consistent with the results of Zavala et
al. f2009) 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,
ammonium nitcate and ammoniutn chlorids concentrations
{PM/ACO rativ of 44 jzgam ™ ppm—! for those species), the
MCMA PM in the afternoon exceeds the amount that would
be predicted with the 2006 emissions inventory by a laclor of
~16. Additionally, the forest Gre source in the 2006 MCMA
emissions invenlory is small (2% of the primary Phs 53 and
ig much smaller (hy at least an order-ofomagnitude) than our
observations, which iz gquantified further in the companion
paper (Atken et al., 2009).

3.5 Rapid cstimatlon of PMF-AMS components from
UMR tracer sy

Zhang et al, (20058) provided o eimple approximation to
eglimale the HOA and O0A concenirations based on the
tine serics of UMR w44 and 57 {O0A—7.6xmvz 44 and
HOA=12.2x 2 37, when sz 44 and 57 are in units of org.-
eq. pgm=, Zhang et al., 2005a}. Since this is the first study
i which PME has becn applicd to high-rerelution data and
alsw one of the firsts in which BROA has been explicitly iden-
tified in urban mir, it is of interest 1o update the sstimation
procedme using the results of this study. Figure lda— show
scatter plots vsed to derive relationships to catimate OO,
DBOOA, and HOA based on lincar combinations of w44,
57, und 60, which are qualitatively consistent with the re-
sults of Zhang st al. (2005a, b} although the coelficients arc
different in this case. O0A is estimaled as proportional to
MR mfz 44, with an oifzel likely duc fo ioos other than
COY at this m?z {Fig. 14:). BBOA is crtimated as propoi-
tional ta mdé 60, after subtracting a background of 0.3% of
the OA for thiz ion, mainly due to S04 {Docherty et al.,
2008) (Fig. 14h). HOA iz estimated ag proportional to the
C4Hi;l' ion at sz 57 (Fig. 14d), which is catimated as the tg-
tal UMR siznal at s 57 minus 10% of UME m/z 44 (as an
crtimate of the C3Hs O ion at iz 57, Fig. 14c).

Figure 14e compares Lhe time serics of O0A, BROA, and
HOA estimated in this way to those derived with the full
PWF analysis of the HR data. It is clear that the racer-based
method with the castheients determined here {5 capable of
providing a good first-mrder estimate of the OA compoenents
based on the UMR data which can be very useful during field
studies and enrly analyzes before the full {and very time-
consuming) HR and PMF analyses have been performed.
However, the cosflicients are not known a priori. Due Lo
the difference in the actual coefficients determined here vs.
those determined by Zhang et al. {2005a} for Pittsbungh, it is
of great interest to ceport the results of this analysis for other
locations in order to establish the range of varlatlon of the
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Fig, 14. Relationships between PMF-AMS components and tracer
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the influence of QOA in UMR s 57 (@) HOA w5, QDA-corpected
UMR mdz 57, {e) comparison of the time series of the 1IR PMF-
AMS factors {presented in this paper) versus e factors predicied
from the VMR tracer we%’s with the relalionships derived here.

coefficients, as well as dependences on photochemical age,
1ype of FOA and BBOA sourees, cle,

4 Conclusions

Continuous ambient aerosol measurements were made dor-
ing MILAGRO at the T supersite within Mexivo City
during March 2006. Tntercomparisons confirm that the AMS
perfurmed well at TO, and that the scatter of the AMS ver-
sur 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 diur-
nal prafiles were similar to those measured during MCMA-
2003 at CENICA, with OA secounting for about half of the
submicron tass (Saleedo ot al, 20063, PMF-AMS analysis
of the high-resolution mass spectra was used to separate
four organic components, which are consistent wilh previ-
ous studies in Mexice Cily and clsewhere, The assignments
of the four components are supported by their mass specira,
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time series correlations with teacers, and other cvidenee such
a3 tracer ratios. HOA (primary hydrocarbon-like), OOA
{oxygcnated, mostly secondary), BBOA (bicmass burning,
which likely ineludes bualh forest fires and some refusc bum-
ing), and a small local nitrogen-containing QA (LOA) pri-
mary seurce wers identified. T.OA likely conrains amines and
accounts for 143 of the detected nitrogen in the OA. Primary
emissions and secondary OA lormation are both important
for 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 averagos 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 un-
derestimated by a factor of ~4 for primary ine PM and lower
than the afternoon eoncentrations by ~16 when sceondany
species are included. Additional sceondary spocies forma-
tion over longer time scales (e.g. Dizepina et al., 2009) will
likely incrense this ratio. The forast fire PM lrorm the MCWA
invenlory is al leasl an order-of-mugnilude lewer than that cs-
timated from our observations. A simple cstimation method
based an UMR tracer s can provide a first-order approx-
imation of the PMF components and should be explored for
other locations,
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