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Abstract. As part of the Megacities Initiative: Local and single regional-scale value. The relationships between PAHs
Global Research Observations (MILAGRO) study in the and other pollutants suggest that a variety of sources and ages
Mexico City Metropolitan Area in March 2006, we mea- of particles are present. Among carbon monoxide, nitrogen
sured particulate polycyclic aromatic hydrocarbons (PAHs)oxides (NQ), and carbon dioxide, particulate PAHs are most
and other gaseous species and particulate properties, inclugtrongly correlated with N@ Mexico City’'s PAH/BC mass

ing light absorbing carbon or effective black carbon (BC), ratio of 0.01 is similar to that found on a freeway loop in the
at six locations throughout the city. The measurements werdé.os Angeles area and approximately 8—-30 times higher than
intended to support the following objectives: to describe spathat found in other cities. Evidence also suggests that pri-
tial and temporal patterns in PAH concentrations, to gainmary combustion particles are rapidly coated by secondary
insight into sources and transformations of PAHs and BC,aerosol in Mexico City. If so, their optical properties may
and to quantify the relationships between PAHs and otheichange, and the lifetime of PAHs may be prolonged if the
pollutants. Total particulate PAHs at the Instituto Mexi- coating protects them against photodegradation or heteroge-
cano del Pebileo (TO supersite) located near downtown av- neous reactions.

eraged 50 ng m®, and aerosol active surface area averaged
80 mn? m~3. PAHs were also measured on board the Aero-
dyne Mobile Laboratory, which visited six sites encompass-1  |ntroduction

ing a mixture of different land uses and a range of ages of

air parcels transported from the city core. A combination The Mexico City Metropolitan Area (MCMA) is home to

of analyses of time series, back trajectories, concentratiosome of the highest measured concentrations of particulate
fields, pollutant ratios, and correlation coefficients supportspolycyclic aromatic hydrocarbons (PAHSs) in the world (Marr
the concept of TO as an urban source site, T1 as a receptet al., 2004; Velasco et al., 2004). PAHs are a class of
site with strong local sources, Pedregal and PEMEX as intersemi-volatile compounds that are formed during combustion.
mediate sites, Pico Tres Padres as a vertical receptor site, amglany are known or suspected carcinogens. In their con-
Santa Ana as a downwind receptor site. Weak intersite corredensed form, they are associated mainly with fine particles
lations suggest that local sources are important and variabl¢Eiguren-Fernandez et al., 2004; Miguel et al., 1998). PAH
and that exposure to PAHs and BC cannot be represented bygxposure has been associated with low birth weights (Choi
et al., 2006; Tang et al., 2006) and respiratory symptoms in
infants (Jedrychowski et al., 2005). Thus, the extremely high
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their spatial and temporal patterns, sources, and transformaalso traveled to five other suburban, exurban, and rural sites
tions in the atmosphere. (Fig. 1) that encompassed residential, industrial, commercial,

Like PAHs, light absorbing carbon, also known as black undeveloped, and mixed settings.
carbon (BC) or elemental carbon depending on the measure- The objective of this study is to describe the temporal
ment technique, originates from combustion sources (Bondnd spatial variations in PAH, BC, and AS concentrations
and Bergstrom, 2006). BC is important because of its susin Mexico City. Furthermore, we investigate the relation-
pected toxicity, at least in the form of diesel exhaust par-ships between ambient PAHs and other pollutants to gain
ticulate matter, and its role in radiative forcing. Coating of new knowledge about combustion particles’ sources and evo-
BC by condensation of non light-absorbing material changesgution as they are transported throughout the megacity atmo-
throughout the day in Mexico City and alters the particles’ sphere. Transformations are important because they could af-
optical properties, typically enhancing absorption (Baum-fect the particles’ toxicity, optical properties, and long-range
gardner et al., 2007). transport impacts. We compare and contrast concentrations

Aerosol surface area has also been implicated as an inin fresh, mixed, and aged emissions by considering a busy
dicator of the health impacts of particulate pollution. Toxi- downtown location, suburban areas, the city outskirts, and a
cology studies suggest that the dose-response relationship faountaintop location at the edge of the city. The knowledge
more closely tied to surface area than to mass, number, ogained from the study will provide the scientific basis for the
size (Brown et al., 2001; Oberdorster, 2000; Stoeger et al.development of risk assessments for exposure to these pollu-
2006; Tran et al., 2005). Especially for low-solubility par- tants in Mexico City and the crafting of control strategies to
ticles, surface area may be a more appropriate measure ¢éduce their emissions and health impacts.
exposure (Maynard, 2003). Tandem measurements of both
PAHs and surface area in laboratory and field experiments
have been shown to discriminate between different types o Experimental
combustion sources and to indicate the degree of particle ag-
ing (Bukowiecki et al., 2002; Burtscher et al., 1993; Marr et 2.1  Particle surface characterization
al., 2004; Ott and Siegmann, 2006; Siegmann et al., 1999).

In April 2003, a multi-national team of scientists con- PAHs were measured using real-time sensors (EcoChem PAS
ducted an intensive five-week field campaign in the Mexico2000 CE) that photoionize particle-bound PAHs by expos-
City Metropolitan Area (MCMA-2003) to contribute to the ing the aerosol to ultraviolet light at a wavelength of 254 nm,
understanding of air quality problems in megacities (Molina which is specific to condensed-phase PAHs. The current gen-
et al., 2007). Measurements of PAHs by three different tech-erated by the flow of charged particles is then measured. The
niques suggested that PAH concentrations on the surfaces @nalyzer produces a semi-quantitative estimate of total PAHs
particles diminish rapidly during the mid-morning hours due adsorbed on particles’ surfaces at 10-s resolution with a de-
to coating by secondary aerosol in the highly photochem-tection limit of 1 ng nt3. Although the technique does not
ically active environment of Mexico City (Dzepina et al., provide speciation information, its strengths are its sensitiv-
2007; Marr et al., 2006). However, detailed PAH measure-ity and high time resolution, both of which are limitations
ments in 2003 were limited to a single site, so the spatialof traditional filter-based methods. Our previous work has
and temporal variations in their concentrations, which areshown that the method is sensitive only to PAHs on the sur-
important from a standpoint of exposure and control, are nofaces of particles and not those buried under other aerosol
known. components (Marr et al., 2006), so measurements reported by

In March 2006, an even larger field campaign in Mex- the PAS are henceforth referred to as surface PAHs (SPAHS).
ico City took place to study air pollution in megacities not In the Results section, we describe an approach for identify-
only at the local scale, but also at the regional and globaling measurements from the PAS that are not confounded by
scales. The Megacity Initiative: Local and Global Researchcoating of the particles.

Observations (MILAGRO) campaign consisted of four com-  Aerosol active surface area, or Fuchs surface, is defined
ponents whose goals ranged from providing the scientific baas that which is accessible to a molecule that might diffuse
sis for policies that would reduce pollutant levels in Mexico to a particle’s surface. It was measured by diffusion charg-
City itself to describing the long-range transport of pollution ing (EcoChem DC 2000 CE). The DC analyzer generates a
emitted by a megacity. As part of the MCMA-2006 ground- corona discharge which produces a cascade of electrons and
based component focusing on local impacts, we measurebns that can attach to particles. As with the photoemission
particulate PAHs, aerosol active surface area (AS), and othesierosol sensor for PAHs, a sensitive electrometer is then used
gaseous, particulate, and meteorological parameters at sto measure the current generated by the flow of charged
locations throughout Mexico City. Measurements were sit-particles. The analyzer reports active surface area of parti-
uated at the Instituto Mexicano del R##&o supersite near cles smaller tham-100 nm at 10-s resolution with a detec-
the city center and on board the Aerodyne Mobile Labora-tion limit of 1mm?m=3. The simultaneous measurement
tory (AML). In addition to visiting the supersite, the AML of particle surface properties with the PAS and DC sensors
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Table 1. Mobile-laboratory-based SPAH statistics at different sites. v

Site (Dates in March) SPAH (ng %)
Averagé  MaximunP
Pedregal (4th—6th) #16 143
Pico Tres Padres (7th-19th) 42 18
T1 (19th—22nd) 2633 229
Santa Ana (22nd—25th) 14 29
PEMEX (25th—27th) 1314 80
TO (27th—31st) 114121 604

2 Mean+ one standard deviation of 1-min concentrations.
b Maximum of 1-min concentrations.

types of combustion particles (Bukowiecki et al., 2002).

All the PAH and AS analyzers were factory calibrated
three months prior to the field campaign. At the beginning
of the field campaign, we co-located and cross-calibrated the
instruments against each other while measuring ambient ai
in Mexico City and then applied the resulting correction fac-
tors to all data. To facilitate analysis using diagnostic ratiosFig 1. Supersites (squares) and mobile laboratory measurement
e e . oo (daond)n e CHA Gt ho ILAGRD e o

. ) L . ' paign. The numbers in white are the linear correlation coefficients
e_ratlonally defined as the Ilg_ht_-absorblng _component of Paetween SPAH measurements by the mobile laboratory and contin-
ticles, was measured at 2-min intervals using an aethalometg[, s measurements at TO.

(Magee Scientific AE-3) at a wavelength of 880 nm.

2.2 Measurement sites )
gle Absorption Photometer (Thermo Electron Model 5012).

During the month-long MCMA field campaign in March Durin.g the field campaign, the AML drove to s_;ix sites and
2006, we conducted measurements at the Instituto Mexicangemained parked for 2-12 days at each location (Table 1).
del Petbleo (TO supersite) and on board the Aerodyne Mo- 1hese sites encompassed varying environments, including
bile Laboratory (AML), which visited six sites including the residential, commercial, industrial, undeveloped, and mixed
TO supersite (Fig. 1). The supersite is located 10 km nortH@nd use areas.
of downtown Mexico City in the midst of a residential, com-  The AML visited the TO and T1 supersites, Pedregal, Pico
mercial, and services area. Itis surrounded by streets that affres Padres, Santa Ana, and PEMEX (Fig. 1). Intended to
heavily traveled by light-duty vehicles and modern heavy-represent a mixture of fresh emissions and the partially aged
duty diesel buses. The PAH and AS analyzers were situMexico City plume as it drifts downwind under certain mete-
ated on a building rooftop, approximately 15 m above groundorological conditions, the T1 supersite is located at the Uni-
level. The nearest major roads were 40 m away. To fulfill theversidad Technélgica de Teamac~30 km northeast of TO.
objective of observing aged plumes, we selected the locatiofecamac is a suburb in the State of Mexico and has a mix-
and timing of the AML visits (Table 1) on the basis of me- ture of commercial and residential areas. The supersite is
teorological analyses that identified sites that were generallwithin 2 km of the town center, and the nearest road is sev-
downwind of the urban plume on certain days (de Foy et al.,eral hundred meters away. Pedregal is locat28 km south-
2008). west of downtown Mexico City in a suburban residential area
The AML was designed and built by Aerodyne Researchwhose roads are lightly traveled. The sampling site was the
Inc. (Kolb et al., 2004). It was equipped with a comprehen- JFK Elementary School, which is also one of the routine air
sive suite of gas and particle analyzers that measure carboguality monitoring sites for the environmental agency of the
monoxide (CO), carbon dioxide (G nitric oxide (NO),  Mexico City Federal District Government. Pico Tres Padres,
nitrogen dioxide (NQ), total nitrogen oxides (N@), speci-  the site of the main television transmitters for the MCMA,
ated volatile organic compounds (VOCSs), SPAHs, AS, andis an isolated mountain-15 km north-northeast of TO and
BC, among others. The AML's PAH analyzer was identi- 3000 m above sea-level, e¥800 m above the valley floor.
cal to that used at TO. BC was measured using a Multi An-A single, mostly unused road runs up the mountain, and the
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400 et al., 1994). Residence time analysis, calculated by sum-

S :gzzz:; Gonvecton ming back trajectories over a grid, produces a time exposure
image of the back trajectories for a site, i.e. where the wind

was coming from, over multiple hours. Concentration field

200 analysis is the product of residence time analysis and pollu-
tant concentrations at the receptor site each hour. The result-

100 ing concentration fields indicate the source areas or transport
paths associated with high pollutant levels at a receptor site.
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Figure 2 displays time series of AS and total particulate
SPAH concentrations at the TO supersite. The raw 1-min
measurements are shown by colored lines, whose color in-
dicates the wind transport episode defined for each day. The
black lines represent 1-h averages and are intended to high-
light diurnal patterns in the measurements. The highest AS
concentrations occurred org@lorth and Convection days,
while the highest average SPAH concentrations occurred on

0T N T T T T T Convection days, which are defined by weak winds aloft (de
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 Foy et a.l 2008)
Date in March 2006 " .

300 —

200 —

SPAH (ngm™)

100 —

Strong diurnal patterns are evident in both AS and SPAHSs.
Fig. 2. AS and SPAH concentrations at TO during the entire field AS concentrations at TO averaged 80 fmt> during the
campaign. Raw 1-min measurements are shown by the colore¢ampaign, with a maximum 10-s value of 760 Awmr 3
lines, where color indicates the wind transport episode, and 1-h avon 30 March at 09:58. Typically, concentrations rose
erages are shown in black. above 100 mrAim~3 between 06:30-08:30 and then de-
creased throughout the remainder of the morning and af-
ternoon to~50mn? m~3. SPAH concentrations averaged
surrounding area is not well traveled. Santa Anais located ir60 ng n3 throughout the campaign with a maximum value
arural area at the southern tip of the city40 km southeast of 3660 ngnT3 on 30 March at 10:02, within minutes of
of TO. Its roads are lightly traveled. Under certain meteoro-the maximum AS observation. During the morning rush
logical conditions, Santa Ana represents an outflow receptohour, SPAH concentrations generally rose to a maximum
for air pollution coming from the city center. Located ap- of ~250ngm 3 between 06:30-08:30 and then decreased
proximately 40 km north of the city, the PEMEX site isin a throughout the remainder of the morning and afternoon to
highly industrialized area closely situated to a major oil re- ~20ngnt3. The daily minima in AS were more variable
finery (5km away), cement plants, chemical factories, agri-than in SPAHs. Overnight concentrations rose as high as
cultural activities, and a power plant. 75ngn¥. The daily maxima were nearly twice as high as
During the MCMA-2006 field campaign, air flow trajec- observed at a site 17 km to the southeast in 2003 (Marr et
tories within the Mexico City basin and the fate of the ur- al., 2006) and 1.5 times as high as observed at a site 13km
ban plume were simulated, and five types of wind circulationto the southwest in 2003 and 2005 (Baumgardner et al.,
patterns were identified (de Foy et al., 2005; de Foy et al.2007). In all three studies, the SPAH concentration mea-
2008): Cold Surge, South Ventingz@lorth, G;-South, and  sured by aerosol photoionization falls off more rapidly be-
Convection (North and South). During the 31 days of thetween 08:00-10:00 than do concentrations of other primary
MCMA-2006 field campaign, three were Cold Surge (14, 21, pollutants.
23 March), eight were South Venting (1-7, 13 March), five  Table 1 summarizes SPAH concentrations at each site vis-
were G-South (8, 12, 15-17 March), seven werg-Rorth  jted by the AML in chronological order. The highest average
(9-11, 18-20, 22 March), and eight were Convection (24-SPAH concentration was observed at TO and the lowest at
31 March). The prevailing meteorological conditions can Pico Tres Padres and Santa Ana, the mountaintop and south-
strongly influence ambient pollutant concentrations for givenern outflow sites, respectively. The maximum SPAH con-
emission levels and also determine the regional impacts otentration occurred at TO. Figure 3 shows SPAH time series
the urban plume (de Foy et al., 2006). at each site. At Pedregal, SPAH concentrations were high-
To evaluate transport to sites and identify source areas, west between 06:00-08:00 on Monday 6 March. They were
carried out residence time analysis and concentration fielglightly elevated in the hours before midnight on the evening
analysis (Ashbaugh et al., 1985; de Foy et al., 2007; Seiberof Saturday 4 March. These periods probably correspond
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Fig. 3. SPAH concentrations (10-min averages) at sites visited by the AML. The y-axis maximum is larger in the TO panel.

to the times of heaviest traffic and lowest boundary layer The simultaneous measurement of SPAHs at TO and other
height. At Pico Tres Padres, SPAH concentrations remainegites allows examination of their spatial variability in the
below 10 ng m3, even though fine particulate mass concen-MCMA. Figure 1 presents the Pearson correlation coeffi-
trations (PM5), not shown, routinely rose at approximately cients of 10-min SPAH concentrations at various sites vis-
10:00 each day, as the boundary layer lifted up past the sitdted by the AML against those measured continuously at the
At T1, SPAH concentrations increased to 100—200 ng n TO supersite during periods of simultaneous measurements.
the morning hours, well before 06:00. A correlation factor could not be calculated for Pedregal be-
) ) cause monitoring at TO had not yet begun. Of course, the
Santa Ana lies at the southern edge of the basin, and hergy re|ation was strongest when the AML was parked at TO.
SPAH concentrations were always less than 30ngr€old | \yas moderate at T1 and poor at all other sites. Correla-
Surge conditions, in which the wind flushes from the CeN-tions of BC between TO and other sites were similaf.01

ter of the basin toward the south and past the site late intQ;; pico Tres Padres. 0.70 at T40.06 at Santa Ana, 0.31 at
the evening (de Foy et al., 2008), prevailed on 23 March andEpmEX and 0.95 at TO. '

may have contributed to the increase in SPAH concentrations

centered around midnight of the 24th. At PEMEX, concen- Next, we examine transport within the basin. Figure 4
trations did not exceed 80 ngthand the temporal patterns shows the residence time and BC concentration field anal-
were irregular. The AML's observation period at TO coin- yses for TO during 27—-31 March, which were all Convection
cided with the highest observed concentrations of the fielddays, and T1 during 19—22 March, which werg-Rorth and
campaign. Cold Surge days. We chose to use BC as a proxy for PAHs

www.atmos-chem-phys.net/8/3093/2008/ Atmos. Chem. Phys., 8, 30032008
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Fig. 4. Residence time (top) and BC concentration field (bottom) analyses at TO on 27-31 March (left) and T1 on 19-22 March (right).
Topography is indicated by black lines and the MCMA border by the pink line.

because SPAHSs can be diminished by coating of the aerosoMCMA. For T1, the residence time analysis shows three pre-
as described later in the text. In the residence time analysiderred directions: northwest, east and south (gap flow). How-
the magnitude in each grid cell represents the probability ofever, the concentration field analysis shows that high BC is
a back trajectory passing through the cell relative to the to-not associated with transport from the gap flow, but rather
tal time interval of the trajectory. In the concentration field with transport from the northeast, where the highway to the
analysis, areas with high values are the result of back traMCMA is located. The gap flow is strong and clean. For
jectories associated with high concentrations at the receptaPedregal, PEMEX, and Santa Ana, the residence time anal-
site, whereas low values result from back trajectories associyses agree with the wind transport episodes on those days;
ated with low concentrations. For both analyses, the valuesnd the concentration field analyses all show that high BC is
are normalized, with the maximum color value correspond-associated with transport from the central urban area of the
ing to the 90th percentile for that grid. The residence timeMCMA. The results for Pico Tres Padres—transport from all
analyses are plotted on a log scale, as they decrease rapiddirections and high BC associated with the urban area—are
away from the receptor site; and the concentration field analmore uncertain because of the challenges in obtaining accu-
yses are plotted on a linear scale. rate trajectories on this hilltop site.

While the residence time analysis shows that air parcels The relationship between SPAHs and AS has been shown
arriving at TO are coming from all directions but less from to be related to the source type and aging of the particles
the east, the concentration field analysis shows that high BGBukowiecki et al., 2002; Marr et al., 2004; Siegmann et al.,
is associated with transport from the south, the center of thet999). Figure 5 illustrates the relationship between SPAH
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Fig. 5. SPAH v. AS and SPAH v. BC concentrations at TO colored by hour. The dark solid line is the linear regression for all times, and
the lighter solid line is the regression for uncoated particles. The dotted lines labeled 05:00-07:00 and 12:00-14:00 are the regressions for
subset of data specific to these time periods. The equations of these lines are given in the text.

and AS (10-min averages) at TO. The color indicates the timdicles that have not been coated by secondary aerosol (de-
of day of each measurement. There is considerable scattexcribed below) falls between the lines for all data and the
in the data; the correlation involving all data is fair, with subset between 05:00-07:00; of the four lines shown, it has
R?=0.45. For the subset of data between 05:00-07:00, justhe highestR2. There is no clear relationship between the
before sunrise, the equation of the line is SPAH=kAB— ratio and wind transport episode.
3.20 with R2:0'58.' For the s.ubs'et of data between 12:00- Figure 5 also shows SPAHs versus BC at TO, classified
14:00, the equation of the line is SPAH=0:085+16.33 |\ .0 " ¢ o0 PAHs and BC are expected to be corre-
with R?=0.01. Figure 5 shows that higher SPAH/AS ratios, y . y. AT P
i.e. those points falling above the regression line, and thos Igted since both or_|g|nate from combustion sources. For all
V'vit‘h high absolute SPAH and AS values. tend to ’occur dur- imes, the correlation between SPAHs and BC is stronger
ing thegearly morning hours. The slope o% the regression lin (R%=0.77) than between SPAHs and AS, and the slope of
is 39 times higher in the mo.rning compared to the af’[ernoonethe line, 11'-&0'1”9“9._1’ indicates th_at SPAHS are 1%
The regression line for the subset of data representing paEf BC by mass. As Wl.th SPAH/AS,_h|gher SPAH/BC ra
tios tend to occur during the morning rush hour period.

www.atmos-chem-phys.net/8/3093/2008/ Atmos. Chem. Phys., 8, 30032008
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100 / BC>11ngug! to identify data points representing un-
L o coated particles.
L 80 Table 2 shows the slope and standard error of the least-
squares linear regression and correlation coefficiRA} be-
tween SPAHs and carbon monoxide (CO), total nitrogen ox-
ides (NQ)), carbon dioxide (C@), and BC measured by the
AML. The table presents results calculated using all SPAH
40 data and only uncoated SPAH data, screened using the cri-
L L e e terion previously described. In most cases, except for Pico
00:00 06:00 12:00 18:00 Tres Padres, focusing on fresh SPAH produces higher slopes
and stronger correlations. Measurements at Pedregal took
place over a weekend, so results from this site may not be
representative.
As the day progresses, SPAH/BC ratios tend to_decrease At the remaining sites (T1, Santa Ana, PEMEX, and TO0),
and are lowest between 12:00-18:00. The equation of thgne srongest correlations and highest slopes tend to be ob-
regression line between 05:00-07:00 is SPAH=%8&—  geryed at the more urbanized locations, TO and T1. The dif-
13.8 with R2:0-823 where SPAH is in ngm¥ and BC s  ferent slopes are likely to be indicative of a different mix of
In g mfs- Later in the afternoon, between 12:00-14:00, goyrces at each site. Fresh SPAHs are reasonably well cor-
the relationship is SPAH=0.%8BC+16.2 withR2=0.02. The related with CO, with a2 of 0.72 to 0.93. The SPAH/CO
slope is 19 times higher in the morning. The regression "neslope is similar at T1, PEMEX, and TO and an order of mag-
for the subset of data representing particles that have not begilyde lower at Santa Ana. Fresh SPAHs are even more
coated by secondary aerqsol is similar to that for Fhe hours Ofstrongly correlated with NQ R? values range from 0.86 to
05:00-07:00; of the four lines shown, it has the hight o g6 at the last four sites shown in Table 2. The SPAH/NO
Figure 6 shows average weekday diurnal patterns of theynd SPAH/CG slopes are highest at T1 and TO, moderate at
ratios SPAH/AS and BC/AS. The latter is an indicator of the PEMEX, and lowest at Santa Ana. The regressions between
fraction of particles that are of combustion origin at any time SpaHs and true NQ are not significantly different from
(Burtscher et al., 1993), as BC is expected to be minimallythose with NG, so henceforth, we will refer to the relation-
reactive. The BC/AS ratio peaks around the morning rushship as with NQ. This notation will facilitate comparison
hour and then falls off steadily throughout the late morning with other studies, the majority of which use chemilumines-
and early afternoon. During this period, growth of secondarycence and report results as NONhen all data are consid-
aerosol in Mexico City is considerable (Molina et al., 2007; ered, SPAH/BC ratios are highest, approximately 10gg*
Salcedo et al., 2006; Volkamer et al., 2006) and contributesgt pPedregal, T1, and TO; and the correlations are strongest at
to AS but not BC. Even though both PAHs and BC are of these three sites and PEMEX. The correlations improve con-
combustion origin, their ratios to AS diverge between 07:00—sjderably for uncoated particles.
12:00, with SPAH/AS falling off more rapidly than BC/AS.  Taple 3 contrasts SPAH/BC ratios at TO in Mexico City
This observation is probably due to physical coating of theéyith those measured in three other cities, where the same
particles by secondary aerosol, which shields the PAHS fromperosol photoionization method was used to measure SPAHS.
detection by the photoemission method (Marr et al., 2006). The mass ratio of SPAHs to BC in Mexico City is similar to
Pollutant ratios can provide insight into sources of emis-that measured along a freeway loop in the Los Angeles area
sions, chemical transformations, and spatial and temporaind approximately 8-30 times higher than in diluted vehicle
variability in concentrations. Because of the measuremengxhaust in Ogden, Utah and ambient air in Fresno, Califor-
artifact associated with the photoemission method, i.e. thahia. The correlation factors between SPAHs and BC are sim-
it does not detect PAHs that are buried under other aerosdlar in all cities. Limiting the analysis to uncoated PAHSs in
components, we must screen out such measurements whefexico City does not have a large effect on the ratio.
calculating ratios. To do so, we assume that the ratio of to-
tal PAHs to BC should be approximately constant. Based
on the regression results shown in Fig. 5, we examine the; Discussion
time series of (SPAH + 10) / BC, with SPAH in ngthand
BC in ugm~3. Excluding the period corresponding to the 4.1 PAH and AS concentrations, sources, and aging
most active photochemistry between 08:00-13:00 when pri-
mary combustion particles are most likely to be coated byPAH concentrations may vary considerably between cities
secondary aerosol, the diurnal average is 48.6 ngug 1. due to differences in emission sources and meteorological
The coefficient of variation is only 4.4%. Between 08:00- conditions. Mexico City's SPAH concentrations, a lower
13:00, the value is significantly lower, ranging from 7.2 to limit of total particulate PAHs, are substantially higher than
10.2ngug~!. We therefore apply the criterion (SPAH+10) those measured in other large cities. Eiguren-Fernandez

1.2+
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— 70
0.8 =
T — 60

(. ww Bu) Sv/0g
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Fig. 6. Weekday average diurnal patterns in SPAH/AS and BC/AS.
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Table 2. Least-squares linear regression shaptandard error an@? between SPAHs and gaseous pollutants for all SPAH data (top set of
numbers) and uncoated particles only (bottom set of numbers).

Site SPAH/COslope R? SPAHINGslope R? SPAH/CGyslope R?  SPAH/BCslope R?
(ng m3ppb~1) (ng m3ppb~1) (ng m—3pp1) (ngug~3)

Pedregal 0.02080.0009  0.69 0.120.02 0.18 0.630.04 0.51 10.40.5 0.59
0.0285:0.0005 0.98 0.20.1 0.15 0.94-0.04 0.88 15.20.3 0.09
Pico Tres Padres  0.0020.0002 0.17  0.0680.002  0.26  0.1240.007  0.16  0.0720.008  0.06
0.003t0.007  0.04 0.040.01 0.03 0.03:0.01 0.02 0.60.1 0.04
T1 0.09G:0.003  0.77 1.180.02 0.87 1.40.2 0.38 10.80.2 0.88
0.087:0.005  0.93 1.280.04 0.96 42 0.72  11.320.09  1.00
Santa Ana 0.01220.0007 0.44 0.220.02 0.34 0.29:0.02 0.33 1.80.2 0.17
0.01710.0007  0.80 0.340.01 0.86 0.46:0.02 0.68 8.20.3 0.87
PEMEX 0.042:0.004  0.34 0.620.02 0.86 1.320.1 0.37 6.3:0.2 0.77
0.13+0.01 0.75 0.72:0.02 0.95 3.40.2 0.87 11.20.3 0.96
TO 0.066:0.004  0.47 1.120.03 0.77 3.30.1 0.70 10.80.2 0.85
0.096£0.005  0.72 1.4%0.03 0.95 4.30.1 0.87 11.50.2 0.97

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

etal. (2004)3measured tOISaI_ particulate PAH Concen'[r"’lt'onsl'able 3. Total particulate SPAH/BC mass ratios in Mexico City
of 0.5ngnT> and 2ngm* in rural and urban areas of compared to other locations.

Los Angeles, respectively. In contrast, concentrations in ru-
ral and urban areas of Mexico City are nearly 25 times higher.

In Hong Kong, particulate PAH concentrations ranged from Location SPAH/BC R?  Reference
0.41ngnT3 to 48 ng N3 in rural to urban areas (Zheng and (mass ratio)

Fang, 2000). These values compare more closely with Mex- Mexico City (T0)

ico City; however, PAH concentrations in Mexico City are All data l-2><10‘§ 0.77  This study

still higher. PAHs have also been measured in different en- ogden UL;‘;O""tEd SPAH 112‘;2120—3 8'32 (TAhr': Osttt”:tyal 2005)
v_|ronments of Gregce (Mantis et al., 2005), where total par- Fresno” CA (Winter) 12103 078 (Amottet al_: 2005)
ticulate concentrations ranged from 2ngfrto 52 ngnr3 Fresno, CA (Summer)  3:810% 075 (Arnott et al., 2005)

in rural to urban areas. Again, these values compare more Los Angeles, CA X102 0.82 (Westerdahl et al., 2005)
closely with the results seen in Mexico City, but the values

for Mexico City are higher yet. a Diluted vehicle exhaust, not ambient air.

The database of measurements of ambient AS in other
cities is considerably smaller. Mexico City's mean AS
concentration of 80 mAm~3 at TO is comparable to that est PAH and AS values in Zurich to occur during rush hour
found in Los Angeles, where mean concentrations of 69 andand ascribed them to motor vehicles.
53 mn? m~2 were recorded at two ambient locations (Ntzi- At some locations, including Pedregal, T1, and PEMEX,
achristos et al., 2007). AS in a residential area of Redwoodncreases in SPAH concentrations occur at nighttime between
City ranged between 40-300 Mm—3, with the higher con-  23:00 and 04:00 (Fig. 3). The increase in SPAHs may be due
centrations attributed to wood burning and fireplaces in theto transport of particles emitted earlier in the evening during
neighborhood (Ott and Siegmann, 2006). It appears thatimes of high traffic density, or it may indicate the presence
while particulate PAH loading in Mexico City is higher than of other nighttime sources. Speciation measurements in 2003
in many other cities, its aerosol surface area loading is nosuggest that wood and trash burning contribute to PAHs ob-
comparatively extraordinary. served at night (Marr et al., 2006). The impact of emissions

Vehicular traffic has been recognized as the major contrib-at nighttime can be magnified because of stable atmospheric
utor to PAH emissions in urban areas (Kittleson et al., 2004;conditions. Some industries are thought to switch to using
Lee et al., 1995), and therefore it is not surprising that thedirtier fuels and processes at night, when enforcement of reg-
highest average SPAH and AS concentrations are found atlations is less likely. Furthermore, at T1 during the first two
TO, where traffic is heaviest. The timing of SPAH and AS weeks of the field campaign, Doran et al. (2007) observed in-
peaks at the more urban locations corresponds to periods afreased organic and elemental carbon during nighttime hours
rush hour traffic. Burtscher et al. (1993) also found the high-with peak values attained in the morning hours near sunrise.
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A similar pattern occurred at T1 on 21 March. The tempo-location on the mountain. Particle surface PAH concentra-
ral variations imply that at night a buildup of pollution from tions, however, do not rise concomitantly, further support-
nearby urban sources is occurring, followed by a subsequerihg the proposition that initially fresh combustion emissions
dilution during the next morning as the boundary layer ex-from the valley below have undergone transformations that
pands. inhibit the detection of surface-bound PAHSs.

Spatial and temporal patterns in concentrations indicate The rapid coating of primary combustion particles in the
not only potential sources of PAHs but also the degree ofmegacity environment could have important implications for
atmospheric processing the particles undergo. As emissionBAH longevity in the atmosphere. Experiments have shown
are transported, they are subject to dilution and other transthat particulate PAHs can decay in the presence of sunlight
formations. This behavior is supported by Fig. 3, which (Kamens et al., 1988) and can undergo heterogeneous re-
shows that in general, higher SPAH concentrations occur ahctions with the hydroxyl radical, ozone, and N(Esteve
TO and PEMEX, which are dominated by fresh emissions.et al., 2006; Kwamena et al., 2007; Molina et al., 2004).
Lower concentrations occur at Pico Tres Padres and SantHowever, if the PAHs are coated by secondary aerosol, they
Ana, which are receptor sites where emissions have undemay be less susceptible to degradation and may persist long
gone dilution and aging by the time they arrive. Intermediateenough to be transported to remote areas.
concentrations occur at T1 and Pedregal, which lie between
the two extremes. 4.2 Intersite correlations of SPAH and BC

SPAHSs as detected by the surface-specific photoemission
method may diminish due to coating by secondary aerosolFigure 1 shows that SPAH intersite correlation coefficients
and Figs. 4 and 5 support this hypothesis. PAH loss by pho€alculated for other sites versus TO are quite weak, except
todegradation, heterogeneous reactions, or volatilization igor T1. It is possible that the spatial correlations for aged
less likely because measurements in 2003 showed that evedPAHs might be stronger, but the intersite correlations for
when surface-bound PAHSs diminish, PAHs are still detectedBC, which serves as a proxy for total particulate PAHS,
by aerosol mass spectrometry, a method that is able to deare similar to those for SPAH. While strong intersite cor-
tect them anywhere in the particles, not just on the surfaceelations would indicate spatially uniform emission patterns
(Marr et al., 2006). An increase in secondary aerosol in theand sources and regional-scale mixing of pollutants, the re-
mid-morning hours contributes to aerosol surface area and isults for Mexico City suggest that PAHs vary considerably
expected to cause a reduction in both SPAH/AS and BC/ASn space. Concentrations at individual sites are largely inde-
ratios, but it does not explain the decrease in SPAH/BC ratigpendent of one another and are instead dominated by local
(Fig. 5) or the divergence between the two (Fig. 6). Stud-sources, and/or fresh combustion particles have been suffi-
ies using a variety of techniques have shown that primaryciently transformed that surface-bound PAHs are no longer
combustion particles are rapidly coated by secondary aerosgiresent by the time the particles reach other sites. This con-
within a few hours in Mexico City (Baumgardner et al., 2007; clusion is further supported by the lack of a consistent re-
Dzepina et al., 2007; Johnson et al., 2005; Marr et al., 2006]ationship between SPAH and AS concentrations and wind
Salcedo et al., 2006). This finding could explain the tem-transport episodes (Fig. 2); regional-scale meteorological
poral patterns observed in SPAH/AS and SPAH/BC ratiospatterns do not have a strong effect on concentrations.
because secondary aerosol formation would not increase the Mantis et al. (2005) and Siegmann et al. (1999) report gen-
total mass of PAHs but could contribute to it being coated.erally higher correlation coefficients for their intersite com-
After condensation of secondary aerosol on primary com-parisons during studies of PAHs in Greece and Switzerland,
bustion particles, the PAHs on the surfaces of primary parrespectively. The study in the Greater Athens area of Greece
ticles would no longer be detectable by the photoionizationfound an intersite correlation @t=0.61 between two urban
method, but BC would remain detectable by the light ab-locations,»=0.76 between an urban location and a back-
sorption method. In contrast, the ratios of SPAH/AS andground location, and=0.57 between an urban location and
SPAH/BC were found to be much more constant through-a mixed-urban industrial location. An important implication
out the day at a port south of Los Angeles (Polidori et al., for risk assessment studies is that a single monitoring site in
2008). The difference may be due to the upwind location ofMexico City will not adequately represent the population’s
this site, which experiences relatively clean inflow from the exposure.

Pacific Ocean and thus less secondary aerosol formation.

Pico Tres Padres is of special interest because it sits 800 m.3 Correlation of SPAHs with AS, NQ CO,, CO, and
above the valley floor, and during the morning hours, it is BC
above the mixing (boundary) layer that contains freshly emit-
ted pollutants. Its diurnal patterns of particulate mass loadingrhe ratio of SPAH to AS concentrations has been described
differ from those at sites on the valley floor. B¥iconcentra-  as a fingerprint for different types of combustion particles
tions increase around 10:00 each day, coinciding with the ris{Bukowiecki et al., 2002; Matter et al., 1999; Siegmann et al.,
ing of the boundary layer, verified visually, up to the AML's 1999). The relationship between these parameters provides
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a qualitative means of identifying different sources and de-in fresh emissions in Mexico City is actually higher than in
scribing the physical and chemical properties of particles. InLos Angeles. The ambient ratio in Mexico City is nearly 10
contrast to previous studies which have shown tighter relatimes higher than in Fresno. Direct measurements of exhaust
tionships between SPAHs and AS for specific sources suclare needed to determine whether particulate emissions from
as diesel exhaust, roadway vehicle emissions, candles, firedexico City’s vehicles contain higher amounts of PAHs than
and cigarettes (Bukowiecki et al., 2002; Marr et al., 2004;in the U.S. If so, PAH emissions could be minimized by re-
Siegmann et al., 1999), the relationship shown in Fig. 5 con-ducing the PAH content of fuels (Marr et al., 1999).

tains significantly more scatter. For a single source, the rela-

tionship between SPAHs and AS is expected to be linear with

a characteristic slope. The spread of the data indicates that

the aerosql represents a mlxt_ure of different sources and PaE  ~onclusions

ticles of different ages. Ambient measurements in complex

environments are expected to produce such results.

The stronger correlation of SPAHs with N@nd BC, ver- It is apparent that PAH pollution is a major problem in the
sus with CO and C@(Table 2), likely reflects the importance more heavily trafficked areas of the MCMA. SPAH concen-
of diesel engines as sources of both PAH and@issions  trations near downtown exhibit a consistent diurnal pattern
(Harley et al., 2005; Marr et al., 1999). CO is emitted mainly and routinely exceed 200 ngth during the morning rush
by gasoline-powered vehicles, which emit far lower particu- hour. Weak correlations between SPAHs and AS are in-
late PAHs than do diesel engines (Marr et al., 2002). Wealdicative of the wide variety of sources and ages of particles
positive correlations between PAHs and Nitave also been  presentin Mexico City. SPAH concentrations are poorly cor-
reported in Brisbane, Australia (Muller et al., 1998). related in space, and therefore PAHs should not be treated as

The ratios should be higher and correlations stronger ina regional-scale pollutant. An important implication of this
source areas and receptor sites with a large impact of localesult is that for risk assessment studies, a single monitoring
sources, and the results shown in Table 2 support this hypottsite will not adequately represent an individual's exposure.
esis. The highest ratios of SPAH to the four other pollutantsThe stronger correlation of SPAHs with NQOrather than
and strongest correlations occur at T1 and TO. In MILAGRO, with CO and CQ, probably reflects the importance of diesel
T1 is generally considered a receptor site, but concentratio®ngines as sources of both PAH and,\&missions. Mexico
field analysis (Fig. 4) shows that it has strong local sourcesCity’s SPAH/BC ratio is similar to that found along freeways
and TO is the closest site to the center of the MCMA. Valuesin Los Angeles and 8-30 times higher than that found in two
are intermediate at Pedregal and PEMEX, both of which aredther cities. Aging of primary combustion particles by coat-
located toward the outskirts of the MCMA. Values are low- ing with secondary aerosol appears to result in a decrease
est at Pico Tres Padres and Santa Ana, the first of which caift surface SPAH/AS and SPAH/BC ratios over the course
be thought of as a vertically downwind receptor site and theof the day and may prolong the lifetime of PAHs in the at-
second of which is an outflow point of the MCMA basin.  mosphere. The photoemission method used in this study to

Pollutant ratios can be useful for estimating emissionsmeasure PAHs detects only those on particles’ surfaces. This
and for describing the evolution of source strengths overspecificity can be considered a strength if PAHS’ toxicity is
decadal time scales (Marr et al., 2002). The mass ratignediated via interactions with only the outer surfaces of par-
of particulate SPAH/NQ measured along roads during the ticles but a weakness if one is attempting to characterize total
MCMA-2003 field campaign was 4475.9x10~4 (Jiang et  particulate PAH concentrations. Measurements using other
al., 2005). During the MCMA-2006 field campaign, this ra- techniques such as aerosol mass spectrometry may be more
tio was 1.090.05ngnT3ppb 1, or 7.740.4x10*inmass  representative of the total, although photoemission is a more
terms, at TO (and similar at the other urbanized sites T1 angensitive technique at present.

PEMEX). The ratio in 2006 has not changed significantly
from that measured in 2003, within the precision of the meth-
ods used. AcknowledgementsiVe thank C. Mazzoleni, E. Deustua, X. Yao,

While the mass ratio of SPAH/BC at TO (Table 3) is sim- M. Cubison, and M. Alexander for their support; the managers
ilar to that observed along a freeway loop in the Los Ange-Of the supersites (TO and T1) for the use of their facilities; apd
les area (Westerdahl et al., 2005), lower ratios were found™- Kolbtfor the US‘?dOfdth; Atﬁroognse '\lillof?”e Llago_ratory. FFma(rj\chl
: : P . : : : _support was provide y the U.5. Nationha clence rounaation
If:]aag:ti):legtgzlérlln LIJ:traef? ?X}n%?tllfec:rglla zag(C)iS()lel#tﬁ: svi(ranr;ll;lr(i-:‘tyei);] (ATM-0528227) gnd the U.S. Department of Energy (DE-FGOZ-

! N ’ . 05ER63980). This study was also supported by the Molina Center
S.PAH/BC between TO and the LoslAr\geI.es freeway maY Ntor Strategic Studies in Energy and the Environment. D. Thornhill
dicate that vehicular sources are similar in the two locationss sypported by a Fulbright Fellowship.
and dominate measurements at TO or alternatively, if parti-
cles have aged slightly by the time they reach the elevateddited by: S. Madronich
TO measurement site, may indicate that the SPAH/BC ratio

www.atmos-chem-phys.net/8/3093/2008/ Atmos. Chem. Phys., 8, 30032008



3104 D. A. Thornhill et al.: Particulate PAH spatial variability and aging in Mexico City

References Fast, J. D., Kassianoy, E. I., Kleinman, L., Laulainen, N. S., Mar-

tin, T., Paredes-Miranda, G., Pekour, M. S., Shaw, W. J., Smith,

Ashbaugh, L. L., Malm, W. C., and Sadeh, W. Z.: Aresidence time D. F., Springston, S. R., and Yu, X.-Y.: The T1-T2 study: evo-
probability analysis of sulfur concentrations at Grand Canyon |ution of aerosol properties downwind of Mexico City, Atmos.
National Park, Atmos. Environ., 19, 1263-1270, 1985. Chem. Phys., 7, 1585-1598, 2007,

Arnott, W. P., Zielinska, B., Rogers, C. F., Sagebiel, J., Park, K.  http://www.atmos-chem-phys.net/7/1585/2007/

H., Chow, J., Moosmuller, H., Watson, J. G., Kelly, K., Wagner, Dzepina, K., Arey, J., Marr, L. C., Worsnop, D. R., Salcedo, D.,
D., Sarofim, A., Lighty, J., and Palmer, G.: Evaluation of 1047-  Zhang, Q., Onasch, T. B., Molina, L. T., Molina, M. J., and
nm photoacoustic instruments and photoelectric aerosol sensors Jimenez, J. L.: Detection of particle-phase polycyclic aromatic
in source-sampling of black carbon aerosol and particle-bound hydrocarbons in Mexico City using an aerosol mass spectrome-
PAHSs from gasoline and diesel powered vehicles, Environ. Sci.  ter, Internat. J. Mass Spectrometry, 263, 152—170, 2007.
Technol., 39, 5398-5406, 2005. Eiguren-Fernandez, A., Miguel, A. H., Froines, J. R., Thurairat-

Baumgardner, D., Kok, G. L., and Raga, G. B.: On the diurnal nam, S., and Avol, E. L.: Seasonal and spatial variation of poly-
variability of particle properties related to light absorbing carbon  cyclic aromatic hydrocarbons in vapor-phase angR south-
in Mexico City, Atmos. Chem. Phys., 7, 2517-2526, 2007, ern California and rural communities, Aerosol Sci. Technol., 38,
http://www.atmos-chem-phys.net/7/2517/2007/ 447-455, 2004,

Bond, T. C. and Bergstrom, R. W.: Light absorption by carbona- Esteve, W., Budzinski, H., and Villenave, E.: Relative rate con-
ceous particles: an investigative review, Aerosol Sci. Technol., stants for the heterogeneous reactions obN@d OH radicals
40, 27-67, 2006 with polycyclic aromatic hydrocarbons adsorbed on carbona-

Brown, D. M., Wilson, M. R., MacNee, W., Stone, V., and Don-  ceous particles. Part 2: PAHs adsorbed on diesel particulate ex-
aldson, K.: Size-dependent proinflammatory effects of ultrafine  haust SRM 1650a, Atmos. Environ., 40, 201-211, 2006.
polystyrene particles: a role for surface area and oxidative stres$larley, R. A., Marr, L. C., Lehner, J. K., and Giddings, S. N.:
in the enhanced activity of ultrafines, Toxicol. Appl. Pharmacol.,  Changes in motor vehicle emissions on diurnal to decadal time
175, 191-199, 2001. scales and effects on atmospheric composition, Environ. Sci.

Bukowiecki, N., Kittleson, D. B., Watts, W. F., Burtscher, H., Wein- Technol., 39, 5356-5362, 2005.
gartner, E., and Baltensperger, U.: Real-time characterization ofledrychowski, W., Galas, A., Pac, A., Flak, E., Camann, D., Rauh,
ultrafine and accumulation mode particles in ambient combustion V., and Perera, F.: Prenatal ambient air exposure to polycyclic
aerosols, J. Aerosol Sci., 33, 1139-1154, 2002. aromatic hydrocarbons and the occurrence of respiratory symp-

Burtscher, H., Leonardi, A., Steiner, D., Baltensperger, U., and We-  toms over the first year of life, European J. Epidemiol., 20, 775—
ber, A.: Aging of combustion particles in the atmosphere —re- 782, 2005.
sults from a field study in Zurich, Water Air Soil Poll., 68, 137— Jiang, M., Marr, L. C., Dunlea, E. J., Herndon, S. C., Jayne, J. T.,
147, 1993. Kolb, C. E., Knighton, W. B., Rogers, T. M., Zavala, M., Molina,

Choi, H., Jedrychowski, W., Spengler, J., Camann, D. E., Whyatt, L. T., and Molina, M. J.: Mobile laboratory measurements of
R. M., Rauh, V., Tsai, W., and Perera, F. P.: International studies black carbon, polycyclic aromatic hydrocarbons and other ve-
of prenatal exposure to polycyclic aromatic hydrocarbons and fe-  hicle emissions in Mexico City, Atmos. Chem. Phys., 5, 3377—
tal growth, Environ. Health Perspectives, 114, 1744-1750, 2006. 3387, 2005http://www.atmos-chem-phys.net/5/3377/2005/

de Foy, B., Caetano, E., Maiia, V., Zitacuaro, A., @rdenas, B.,  Johnson, K. S., Zuberi, B., Molina, L. T., Molina, M. J., ledema,
Retama, A., Ramos, R., Molina, L. T., and Molina, M. J.: Mexico M. J., Cowin, J. P,, Gaspar, D. J., Wang, C., and Laskin, A.:

City basin wind circulation during the MCMA-2003 field cam- Processing of soot in an urban environment: case study from the
paign, Atmos. Chem. Phys., 5, 2267-2288, 2005, Mexico City Metropolitan Area, Atmos. Chem. Phys., 5, 3033—
http://www.atmos-chem-phys.net/5/2267/2005/ 3043, 2005http://mww.atmos-chem-phys.net/5/3033/2005/

de Foy, B., Varela, J. R., Molina, L. T., and Molina, M. J.: Rapid Kamens, R. M., Guo, Z., Fulcher, J. N., and Bell, D. A.: Influence
ventilation of the Mexico City basin and regional fate of the ur-  of humidity, sunlight, and temperature on the daytime decay of
ban plume, Atmos. Chem. Phys., 6, 2321-2335, 2006, polyaromatic hydrocarbons on atmospheric soot particles, Envi-
http://www.atmos-chem-phys.net/6/2321/2006/ ron. Sci. Technol., 22, 103-108, 1988.

de Foy, B., Lei, W., Zavala, M., Volkamer, R., Samuelsson, J., Mel- Kittleson, D. B., Watts, W. F., and Johnson, J. P.: Nanoparticle emis-
lqvist, J., Galle, B., Martinez, A.-P., Grutter, M., Retama, A., and  sions on Minnesota highways, Atmos. Environ., 38, 9-19, 2004.
Molina, L. T.: Modelling constraints on the emission inventory Kolb, C. E., Herndon, S. C., McManus, J. B., Shorter, J. H., Zah-
and on vertical dispersion for CO and SO2 in the Mexico City  niser, M. S., Nelson, D. D., Jayne, J. T., Carnagaranta, M. R.,
Metropolitan Area using Solar FTIR and zenith sky UV spec-  and Worsnop, D. R.: Mobile laboratory with rapid response in-
troscopy, Atmos. Chem. Phys., 7, 781-801, 2007, struments for real-time measurements of urban and regional trace
http://www.atmos-chem-phys.net/7/781/2007/ gas and particulate distributions and emission source character-

de Foy, B., Fast, J. D., Paech, S. J., Phillips, D., Walters, J. T., istics, Environ. Sci. Technol., 38, 5694-5703, 2004.
Coulter, R. L., Martin, T. J., Pekour, M. S., Shaw, W. J., Kasten- Kwamena, N.-O. A., Staikova, M. G., Donaldson, D. J., George, I.
deuch, P. P., Marley, N. A., Retama, A., and Molina, L. T.: Basin-  J., and Abbatt, J. P. D.: Role of the aerosol substrate in the hetero-
scale wind transport during the MILAGRO field campaign and  geneous ozonation reactions of surface-bound PAHs, J. Physical
comparison to climatology using cluster analysis, Atmos. Chem. Chem. A, 111, 11 050-11 058, 2007.
Phys., 8, 1209-1224, 2008, Lee, W. J., Wang, Y. F, Lin, T. C., Chen, Y. Y., Lin, W. C., Ku, C.
http://www.atmos-chem-phys.net/8/1209/2008/ C., and Cheng, J. T.: PAH characteristics in the ambient air of

Doran, J. C., Barnard, J. C., Arnott, W. P., Cary, R., Coulter, R.,

Atmos. Chem. Phys., 8, 3093105 2008 www.atmos-chem-phys.net/8/3093/2008/


http://www.atmos-chem-phys.net/7/2517/2007/
http://www.atmos-chem-phys.net/5/2267/2005/
http://www.atmos-chem-phys.net/6/2321/2006/
http://www.atmos-chem-phys.net/7/781/2007/
http://www.atmos-chem-phys.net/8/1209/2008/
http://www.atmos-chem-phys.net/7/1585/2007/
http://www.atmos-chem-phys.net/5/3377/2005/
http://www.atmos-chem-phys.net/5/3033/2005/

D. A. Thornhill et al.: Particulate PAH spatial variability and aging in Mexico City 3105

traffic-source, Sci. Total Environ., 159, 185-200, 1995. Polidori, A., Hu, S., Biswas, S., Delfino, R. J., and Sioutas, C.:

Mantis, J., Chaloulakou, A., and Samara, C.: PM10-bound poly- Real-time characterization of particle-bound polycyclic aromatic
cyclic aromatic hydrocarbons (PAHSs) in the greater area of hydrocarbons in ambient aerosols and from motor-vehicle ex-
Athens, Greece, Chemosphere, 59, 593-604, 2005. haust, Atmos. Chem. Phys., 8, 1277-1291, 2008,

Marr, L. C., Kirchstetter, T. W., Harley, R. A., Miguel, A. H., Her- http://www.atmos-chem-phys.net/8/1277/2008/
ing, S. V., and Hammond, S. K.: Characterization of polycyclic Salcedo, D., Onasch, T. B., Dzepina, K., Canagaratna, M. R.,
aromatic hydrocarbons in motor vehicle fuels and exhaust emis- Zhang, Q., Huffman, J. A., DeCarlo, P. F., Jayne, J. T., Mortimer,
sions, Environ. Sci. Technol., 33, 3091-3099, 1999. P., Worsnop, D. R., Kolb, C. E., Zuberi, B., Marr, L. C., Volka-

Marr, L. C., Black, D. R., and Harley, R. A.: Formation of photo- mer, R., Molina, L. T., Molina, M. J., Cardenas, B., Beraab
chemical air pollution in central California 1. Development of a R. M., Marquez, C., Gaffney, J. S., Marley, N. A., Laskin,
revised motor vehicle emission inventory, J. Geophys. Res., 107, A., Shutthanandan, V., Xie, Y., Brune, W., Lesher, R., Shirley,
4047, doi:10.1029/2001JD000689, 2002. T., and Jimenez, J. L.: Characterization of ambient aerosols in

Marr, L. C., Grogan, L. A., Wohrnschimmel, H., Molina, L. T., Mexico City during the MCMA-2003 campaign with Aerosol
Molina, M. J., Smith, T. J., and Garshick, E.: Vehicle trafficasa  Mass Spectrometry: results from the CENICA Supersite, Atmos.
source of particulate polycyclic aromatic hydrocarbon exposure Chem. Phys., 6, 925-946, 2006,
in Mexico City, Environ. Sci. Technol., 38, 2584-2592, 2004. http://www.atmos-chem-phys.net/6/925/2Q06/

Marr, L. C., Dzepina, K., Jimenez, J. L., Reisen, F., Bethel, H. L., Seibert, P., Kromp-Kolb, H., Baltensperger, U., Jost, D. T., and
Arey, J., Gaffney, J. S., Marley, N. A., Molina, L. T., and Molina, Schwikowski, M.: Trajectory analysis of high-alpine air pol-
M. J.: Sources and transformations of particle-bound polycyclic lution data, in: Air Pollution Modeling and its Application X,
aromatic hydrocarbons in Mexico City, Atmos. Chem. Phys., 6, edited by: Gryning, S.-E. and Millan, M. M., Plenum Press, New
1733-1745, 20086, York, 1994.
http://www.atmos-chem-phys.net/6/1733/2006/ Siegmann, K., Scherrer, L., and Siegmann, H. C.: Physical and

Matter, U., Siegmann, H. C., and Burtscher, H.: Dynamic field mea- chemical properties of airborne nanoscale particles and how to
surements of submicron particles from diesel engines, Environ. measure the impact on human health, J. Molecular Structure
Sci. Technol., 33, 1946-1952, 1999. (Theochem), 458, 191-201, 1999.

Maynard, A. D.: Estimating aerosol surface area from number andStoeger, T., Reinhard, C., Takenaka, S., Schroeppel, A., Karg, E.,
mass concentration measurements, Annals of Occupational Hy- Ritter, B., Heyder, J., and Schulz, H.: Instillation of six different
giene, 47, 123-144, 2003. ultrafine carbon particles indicates a surface area threshold dose

Miguel, A. H., Kirchsetter, T. W., Harley, R. A., and Hering, S. V.: for acute lung inflammation in mice, Environ. Health Perspec-
On-road emissions of particulate polycyclic aromatic hydrocar-  tives, 114, 328-333, 2006.
bons and black carbon from gasoline and diesel vehicles, Envi-Tang, D., Li, T.-Y., Liu, J. J., Chen, Y.-H., Qu, L., and Perera, F.
ron. Sci. Technol., 32, 450-455, 1998. PAH-DNA adducts in cord blood and fetal and child development

Molina, L. T., Kolb, C. E., de Foy, B., Lamb, B. K., Brune, W. in a Chinese cohort, Environ. Health Perspectives, 114, 1297-
H., Jimenez, J. L., Ramos-Villegas, R., Sarmiento, J., Paramo- 1300, 2006.

Figueroa, V. H., Cardenas, B., Gutierrez-Avedoy, V., and Molina, Tran, C. L., Buchanan, D., Cullen, R. T., Searl, A., Jones, A. D.,

M. J.: Air quality in North America’s most populous city — and Donaldson, K.: Inhalation of poorly soluble particles. Il. In-
overview of the MCMA-2003 campaign, Atmos. Chem. Phys.,  fluence of particle surface area on inflammation and clearance,
7,2447-2473, 2007, Inhalation Toxicol., 12, 1113-1126, 2005.
http://www.atmos-chem-phys.net/7/2447/2007/ Velasco, E., Siegmann, P., and Siegmann, H. C.: Exploratory study

Molina, M. J., lvanov, A. V., Trakhtenberg, S., and Molina, L. T.: of particle-bound polycyclic aromatic hydrocarbons in different
Atmospheric evolution of organic aerosol, Geophys. Res. Lett.,, environments in Mexico City, Atmos. Environ., 38, 4957-4968,
31, L22104, doi:10.1029/2004GL020910, 2004. 2004.

Muller, J. F., Hawker, D. F., and Connel, D. W.: Polycyclic aro- Volkamer, R., Jimenez, J. L., San Martini, F., Dzepina, K., Zhang,
matic hydrocarbons in the atmospheric environment of Brisbane, Q., Salcedo, D., Molina, L. T., Worsnop, D. R., and Molina, M.
Australia, Chemosphere, 37, 1369-1383, 1998. J.: Secondary organic aerosol formation from anthropogenic air

Ntziachristos, L., Polidori, A., Phuleria, H., Geller, M. D., and pollution: Rapid and higher than expected, Geophys. Res. Lett.,
Sioutas, C.: Application of a diffusion charger for the measure- 33, L17811, doi:10.1029/2006GL026899, 2006.
ment of particle surface concentration in different environments,Westerdahl, D., Fruin, S., Sax, T., Fine, P. M., and Sioutas, C.:

Aerosol Sci. Technol., 41, 571-580, 2007. Mobile platform measurements of ultrafine particles and associ-
Oberdorster, G.: Toxicology of ultrafine particles: in vivo studies, ated pollutant concentrations on freeways and residential streets
Phil. Trans. Royal Soc. London Ser. A, 7, 111-124, 2000. in Los Angeles, Atmos. Environ., 39, 3597-3610, 2005.

Ott, W. R. and Siegmann, H. C.: Using multiple continuous fine Zheng, M. and Fang, M.: Particle-associated polycyclic aromatic
particle monitors to characterize tobacco, incense, candle, cook- hydrocarbons in the atmosphere of Hong Kong, Water Air Soil
ing, wood burning, and vehicular sources in indoor, outdoor, and  Poll., 117, 175-189, 2000.
in-transit settings, Atmos. Environ., 40, 821-843, 2006.

www.atmos-chem-phys.net/8/3093/2008/ Atmos. Chem. Phys., 8, 30032008


http://www.atmos-chem-phys.net/6/1733/2006/
http://www.atmos-chem-phys.net/7/2447/2007/
http://www.atmos-chem-phys.net/8/1277/2008/
http://www.atmos-chem-phys.net/6/925/2006/

