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Abstract. A single particle soot photometer (SP2) was op- Some 2-day-old plumes do not show a prominent thickly-
erated on the NCAR C-130 during the MIRAGE campaign coated BC mode, possibly due to preferential wet scavenging
(part of MILAGRO), sampling black carbon (BC) over Mex- of the likely-hydrophilic thickly-coated BC.

ico. The highest BC concentrations were measured over
Mexico City (sometimes as much ag8/m?) and over hill-
fires to the south of the city. The age of plumes outside of;  |ntroduction

Mexico City was determined using a combination of HYS-

PLIT trajectories, WRF-FLEXPART modeling and CMET  Strongly-light absorbing carbon (LAC) particles play a major
balloon tracks. As expected, older, diluted air masses hadole in climate change (Jacobson, 2002; Bond, 2007; Levy et
lower BC concentrations. A comparison of carbon monoxideal., 2008) by absorbing solar radiation and re-radiating the
(CO) and BC suggests a CO background of around 65 ppbwenergy as heat, warming the local atmosphere. LAC is emit-
and a background-corrected BC/gdoratio of 2.89:0.89  ted by combustion processes, particularly in diesel engine ex-
(ng/m?-STP)/ppbv (average: standard deviation). This ra- haust and biomass smoke. Hence, LAC is used as a marker
tio is similar for fresh emissions over Mexico City, as well of these anthropogenic processes for air quality monitoring
as for aged airmasses. Comparison of light absorption meaiSubramanian et al., 2006a). The mixing state of LAC is
sured with a particle soot absorption photometer (PSAP)also important from a climate change perspective, as LAC
and the SP2 BC suggests a BC mass-normalized absorgoated with non-absorbing matter such as ammonium sulfate
tion cross-section (MAC) of 10:82.1n%/g at 660nm (or  or organic compounds can absorb up to 50% more light than
13.1 nt/g @ 550 nm, assuming MAC is inversely dependentuncoated LAC (Bond et al., 2006).

on wavelength). This appears independent of aging and sim- Conventional filter-based techniques to measure LAC have
ilar to the expected absorption cross-section for aged BCheen the subject of numerous intercomparisons (Schmid
but values, particularly in fresh emissions, could be biasedet al., 2001; Schauer et al., 2003), showing that these
high due to instrument artifacts. SP2-derived BC coatingmethods suffer from an operational definition. The term
indicators show a prominent thinly-coated BC mode overused to describe the substance is tied to the measure-
the Mexico City Metropolitan Area (MCMA), while older ment technique (Bond and Bergstrom, 2006); with ther-
air masses show both thinly-coated and thickly-coated BCmal/optical techniques, the measured quantity is called ele-
mental carbon (EC); light-absorption measurements produce
BC. Hence, to avoid a method-based nomenclature, Bond

Correspondence taR. Subramanian and Bergstrom (2006) proposed the term LAC. Subrama-
BY (randomsubu@gmail.com) nian et al. (2006b) examined the biases that can cause up
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to a factor-of-two difference between thermal-optical anal-al. (2007). Briefly, prior to the study, the MILAGRO mod-
ysis protocols (Chow et al., 2001), and suggest that biasesling working group determined that during March, Mex-
are unavoidable in any thermal protocol used to measure EGQco City pollutants are transported northeastward 20-30%
Filter-based techniques for BC or particle light absorptionof the time, with no preferred direction for the remain-
that depend on optical observations of the filter deposit caring period. Fresh pollutants emitted in the Mexico City
experience problems with particulate emissions from smol-metropolitan area were sampled over and at the TO ground
dering biomass burning or other sources of liquid organicsite (19.489N/99.148 W), located at the northern edge of
matter (Subramanian et al., 2007). the city. T1 (19.703N/98.982W) is 29 km northeast of

The single particle soot photometer (SP2, Droplet Mea-TO, and experiences a mixture of fresh and aged pollutants.
surement Technologies, Boulder, Colorado, USA) is aWhen winds are from the southwest, the MCMA air mass
laser-induced incandescence instrument that detects particlés transported over T2 (20.011 N/98.906 W), which is 63 km
which absorb light (at the laser wavelength of 1064 nm), arenortheast of TO, after aging for a few hours depending on the
refractory, and incandesce (Stephens et al., 2003). Certaiwind speed. Thus, we can look at aerosol aging within a few
metals can also meet these criteria, but such non-LAC partihours of emission by sources in and around Mexico City.
cles can be filtered by monitoring their incandescence tem- This paper focuses on measurements in significant pol-
perature (Schwarz et al., 2006), which is different from thatlution layers encountered during the flights on 18, 19, 22
of LAC. Since the incandescent signal is proportional to theand 23 March (research flight numbers 6, 7, 8 and 9 re-
incandescing mass, the SP2 is a true-mass detector withogpectively; seéttp://catalog.eol.ucar.edu/milagro/missions/
the problem of operationally-defined measurements experimissions.htmj; the flight paths are shown in Fig. 1. The
enced with conventional filter-based absorption (BC) or ther-age of plumes outside of Mexico City was determined using
mal (EC) techniques. Further, given the properties of thisa combination of HYSPLIT trajectories, WRF-FLEXPART
measured quantity — refractory, strongly-light absorbing (ab-modeling and Controlled Meteorological (CMET) balloon
sorbs light even in the infra-red, unlike organic carbon, Suntracks. These air masses will be used to study the effects
et al., 2007), but independent of assumptions about the abef aging during atmospheric transport on BC mixing state,
sorption per unit mass and wavelength dependence of the alBC to carbon monoxide ratio (BC/CO), and the BC light ab-
sorption — the SP2 measurements are closer to LAC than thgorption cross-section (MAC), determined using absorption
previously-discussed thermal or optical techniques. How-data from a particle soot absorption photometer (PSAP).
ever, we continue to refer to the SP2 data as BC in this pa-
per, in keeping with the convention established by earlier SP2
studies (Schwarz et al., 2006; Moteki et al., 2007). 2 Methodology and instrument characterization

Other issues with conventional filter-based approaches to
measuring BC include an inability to determine the mixing 2.1 Instrument description
state of BC, and relatively high detection limits that increase
sampling times. The latter is particularly important for air- The DMT single particle soot photometer (SP2) uses
craft measurements that require fast time resolution. Sinc@ patented technique based on excitation by a 1064 nm
the SP2 measures individual particles, it has a much loweNd:YAG intracavity laser to detect particles by scattering
detection limit than conventional filter-based measurementsand/or incandescence. Scattering (1064 nm) and broadband
allowing for highly time-resolved data collection of concen- (350 nm to 800 nm) and narrowband incandescence (630 to
trations as low as a few ng-BCAnAn added advantage is the 800 nm) signals are recorded at 5 MHz, with the data from
ability to evaluate the mixing state of BC using a light scat- each particle spanning 36s in 180 intervals of 0.2s each.
tering detector also included in the SP2 (Moteki and Kondo,Stephens et al. (2003) showed that a variety of materials, in-
2007). cluding pure metals, absorb light and incandesce. However,

During the recent Megacity Impacts on Regional andthe dominant absorbing component of atmospheric particu-
Global Environment (MIRAGE) study, part of the larger late matter is BC (Rosen et al. 1978). Furthermore, the ratio
Megacity Initiative: Local and Global Research Observa-of the incandescence signals from the broadband and narrow-
tions (MILAGRO) campaign, the SP2 was deployed on theband detectors, proportional to the vaporization temperature,
NSF/NCAR C-130 aircraft. Black carbon measurementscan be used to identify the type of the incandescing particle,
were made on ten C-130 flights over the Mexico City basinas metals and BC have different incandescence temperatures
and other regions of Mexico including the Yucatan penin- (Schwarz et al., 2006). More details, a schematic and fur-
sula, and offshore locations. Events sampled included frestther characterization of the SP2 are provided by Schwarz et
city emissions, biomass fires, as well as 1- and 2-day-oldal. (2006), Moteki and Kondo (2007), and Baumgardner et
air masses transported from Mexico City. The flights usu-al. (2007). An intercomparison of the SP2 with other meth-
ally included passes over three ground sites called TO, Tlds of BC measurement is reported by Slowik et al. (2007).
and T2. A comprehensive description and the rationale Forthe MIRAGE campaign, the sample flow recorded dur-
for selecting these ground sites is summarized by Fast eihg ascents and descents was not the actual flow, an issue
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Table 1. Summary of major episodes encountered during the four MIRAGE flights, with plume age estimated using WRF-FLEXPART
modeling, CMET balloons and HYSPLIT trajectory analysis.

Pollution event Altitude BC (ng/MmSTP) BCACO (ng/n$- BC MAC at
(kmm.s.l.)  Average-SD (low-high)  STP/ppbv) 660 nm (Ag)

Flight date: 18 March 2006

Fresh emissions over TO

22:41-22:47UTC 2.7 38587 (243-533) 2.3%0.93 N/AD
Fresh outflow over T2

20:50-21:36 3.8 478164 (69-1018) 3.540.92 10.6:2.3
1-day-old emissions, 222N (west end of transects)

18:28-18:48 UTC 35 19466 (82-321) 3.430.51 10.5:1.8
18:13-18:24UTC 3.8 21266 (72-333) 3.220.44 11.82.4

2-day-old emissions, 22N
16:36-17:12UTC 4.1 224104 (24-451) 3.260.69 10.3:2.0

Hill fires southeast of MC

22:10-22:13UTC 4.1 534362 (91-1056) 3.380.65 N/AD

19 March 2006

Fresh outflow over T2

01:05-01:16 UTC 35 30764 (179-544) 2.440.73 13.6:0.9
01:18-01:31UTC 3.8 27666 (163-414) 2.560.50 13.9%1.8
1-day-old, 24.25N

23:10-23:37UTC 3.2 17941 (74-292) 3.220.42 11.3:3.1
2-day-old off Texas coast Proffle

(27.2 N, 93.5 W)

21:32-21:37UTC 5.3-4.2 1541 (11-332) N/A N/A

22 March 2006

Fresh emissions over TO

20:15-20:20UTC 2.6-3.2 118098 (842-1297) 2.261.24 N/AP
Fresh outflow over T2

18:46-18:56 UTC 3.45 445138 (224-1006) 3.2#0.67 10.4£1.4
18:59-19:11 UTC 3.15 445162 (0-744) 3.140.75 10.4£1.4

1-day-old/2-day-old
emissions off Nautla

17:32-17:49UTC 4.15 387101 (161-599) 2.6080.52 10.8:1.1
17:52-18:12UTC 4.46 241117 (20-559) 3.322.54 11.6t5.6
21:25-21:37UTC 4.1 398123 (81-570) 2.580.45 11.1#2.3
Hill fires/South of MC

19:32-19:42 UTC 4.1 704307 (287-2031) 2.800.90 12.&:3.8
19:46-20:03UTC 3.8 675219 (391-1426) 3.0620.90 11.6:1.4
20:05-20:09UTC 35 58163 (474-756) 3.240.43 10.74=3)

23 March 2006

1-day-old emissions over Gulf

17:45-17:59UTC 4.6 15842 (11-224) 2.040.39 11.#1.0

2-day-old emissions
(northern tip of Yucatan)

18:57-19:03UTC 4.9 12923 (77-163) 2.180.29 12.5:1.8
20:34-20:48UTC 4.8 11931 (19-183) 2.180.47 15.1#4.4
Biomass burning plume Proffte

19:56-20:12UTC 5.4-0.3 439122 (0.8-8161) N/A N/A

@ During ascents/descents, the sample flow recorded is not the actual flow, a deficiency of the flow measurement system used in the 2006 version of the SP2. Concentrations reporte
here are for the descents only, are an overestimate, and are reported for reference purposes only. All other data are for level segments of the flight (akita@etanénye
b Not enough valid data points for a robust average.
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with the incandescence peak height calibrated to BC mass.

In the following discussions, the BC mass is converted to
Fig. 1. Flight paths, colored by the BC mass concentration (at STP),a mass-equivalent diameter (MED), assuming the density of
for the four MIRAGE flights discussed in this paper. Top: 18 and 19 BC as 1.9 g/crﬁ based on the recommendations of Bond and
March; bottom: 22 and 23 March. TO, T1, T2 are ground sites de-Bergstrom (2006). In case of detector saturation (which for
scribed in the text (TO is in Mexico City); VC is Veracruz, where the MIRAGE occurred at~36 fg-BC or 330 nm BC MED), the
Clt?’g tc;okgg and 'a”?e?; NTf'Z(')\loa”é'fﬁ')The cc:lolr s_‘ia'fi are un-particle mass is not calculated, though the particle is counted
cated ata B concentration o ngforvisua clarty. FIUMes — as part of the BC number concentration. Though the SP2
labeled as described in Sect. 3 and Table 1. . .

can detect a BC mass of 1 fg or lower, calibrations for the
IRAGE experiment were made only down to about 3 fg-

with the flow measurement system used in the 2006 versio C. or about 145nm MED. due to limitations of the ma-

of the SP2. While a discussion of vertical profiles is not in—t ol Alfa dl b dqt librate the SP2 duri
cluded in this manuscript, only BC concentrations for a de- eral, Alfa glassy carbon, used o calibrate the uring

scent through the 2-day-old air mass sampled on 23 Marc IRAGE. Later calibrations with better soot proxies includ-

(described later) are presented in Table 1, but are an oveljpg Acheson Aquadag_”" (@ _synthetic graphite) and fullerene
estimate and reported for reference purposes drélative soot have shown the I|n§ar|_ty O.f the Sp2 response down to
abundances of thinly-coated and thickly-coated BC in this air1 fg-BC (1.00 nm MED), '”d'c"."“r.‘g Fhe validity of the data

mass (shown in Figs. 12 and 13) are unaffected as the fIOvgown to this size. The mass limitation at the upper end and
error cancels out when comparing two modes from the sam he mass and count limitations at the lower end mean that
air mass. All other data are for level flight segments (defined he SP2 does not measure the full range of atmospheric BC.

! : : hwarz et al. (2006) estimate that their SP2 detected about
as altitude changes less than 0.6 m/s), including the BC/COSCO 0
ratio and BC mass absorption cross-section time-series iI?OA) of the BC mass and 5% of the BC number for the BC

Figs. 9 and 10 and Table 1. mass ran-ge from 3-300 fg/particle. .
Uncertainties in BC mass concentrations are abe20% Following the approach of Schwarz et al. (2006), we fit a

(Baumgardner et al., 2007), but this does notinclude the Scall_og-normal curvel to thg BC mas? size distribution betwe;an
ing factor uncertainty described in a later section. IncludingBC mass-equivalent diameters of 145-325nm (3.0 to 34 fg-

the scaling factor uncertainty af10% increases the overall SC): extrapolated over the 10-1000 nm BC MED range, and
uncertainty on BC mass during level legs#82%. obtain a BC mass scaling factor that is then used to deter-

mine the number scaling factor as well (Fig. 2). Changing

Atmos. Chem. Phys., 10, 21237, 2010 www.atmos-chem-phys.net/10/219/2010/



R. Subramanian et al.: Black carbon over Mexico 223

12x10° non-incandescent particles smaller than 200 nm diameter (as-

suming a 1:1 organosulfate mixture) are not detected effi-
ciently (if at all) in the scattering channel. Animportantissue
with the scattering signal is that as an incandescent particle
absorbs light, its temperature increases, volatilizing any non-
refractory coating. Hence, the peak scattering signal mea-
sured by the photodetector may not be representative of the
original size of incandescent particles. Gao et al. (2007) em-
ployed an additional, two-element avalanche photodetector
to construct a Gaussian peak based on the leading edge of the
actual scattering signal to avoid this problem (called Leading
Edge Optimization, LEO); however, this technique was de-

Fig. 2. To account for BC masses outside the SP2 detection Iimitsvm(jped after the MIRAGE campaign and cannot be used in

(3-36 fg), a log-normal distribution is fitted to the measured BC the present analysis. Due to particle volatilization effects on

mass between 145-325 nm MED (3-34 fg-BC). Scaling factors ardh€ scattering signal, the scattering-based optical diameters

calculated from the ensemble BC mass distribution for each flight. used here are biased low, and are not used to quantify BC
aging.

March 18, 2006
—— BC mass-size distribution
10 |---- Log-normal fit

Mass scaling factor 1.33

o]
1

dMgc/dLogMEDgc

BC mass-equivalém diameter (um)

the diameter range over which the log-normal curve is fit-2.5 Mixing state of BC
ted, from 130 nm to 170 nm at the lower end and from 300
to 325nm at the upper end changes the mass scaling factoe can determine the mixing state of BC by using the sepa-
by less thant10%. Fitting portions of the flight, such as the ration between the scattering and incandescent peaks, which
fresh outflow over T2 and the 1-day-old air mass sampledwe call the incandescent lag, similar to the method employed
on 18 March does not produce scaling factors outside of thdy Moteki and coworkers (Moteki and Kondo 2007; Moteki
+10% uncertainty for these individual legs. For the entire 18et al., 2007). Figure 3 shows that for thinly-coated or pure
March flight, the SP2 appears to detect 75% of BC mass andC particles, the scattering and incandescent peaks occur at
44% of the BC-containing particle number. almost the same time (incandescent 4a@). Wider separa-
Johnson et al. (2005) observed soot aggregates larger thdi®ns (3—4us) indicate a thicker non-BC coating.
1000 nm in Mexico City in fresh emissions; however, this  As the LEO correction could not be applied to the scatter-
refers to overall size and not to the BC mass (or BC MED) ining signal in this data set, we use the scattering-based optical
these aggregates. The particles they observed, at sites a littgarticle diameter only to show the relevance of the incandes-
farther away from the main downtown area and that couldcent signal-based coating thickness classification. Figure 3
have undergone some atmospheric processing, were mostBiso shows a comparison of scattering-based coating thick-
submicron in size. Hence, our log-normal fit-based scalingness estimates (determined as described in the previous sec-
factor should account for any BC particles that saturate thdion) with the incandescent lag. Since the two parameters

SP2 incandescence detector. are reasonably correlated, we use the incandescent lag-based
classification of BC particles as a mixing state indicator
2.4 Optical particle diameter by stratifying the data as either “thinly-coated” or “thickly-

coated” BC. In keeping with the definition by Moteki et
The scattering signal is collected over two cones of scat-al. (2007), we use +2s as the limiting gap distinguishing
tered light, from 38-60° and from 120-15C°. The scat-  a thinly-coated particle from a thickly-coated particle.
tering signal in combination with Mie theory and an as-
sumed particle composition can be used to estimate the ove2.6 Complementary measurements
all particle diameter. The optical diameter calculations here
assume a homogeneously-mixed BC:organosulfate mixtur@he aircraft carried an extensive suite of gas and particle in-
with BC volume fractions of 25%, 50%, 75% or 100%, struments during the project; among them were sensors to
whichever is closest to the estimated particle compositionrmeasure CO and particle light absorption. The NCAR/NSF
(see below for a limitation on this particular SP2 datasetC-130 CO vacuum UV resonance fluorescence instrument is
that renders further refinement unnecessary). The refracsimilar to that of Gerbig et al. (1999). The MIRAGE CO
tive index of BC is assumed as 1.95-0.79i based on Bondlata have a 3 ppbv precision, 1-second resolution, and a typ-
and Bergstrom (2006), while that of the non-BC coating (or- ical accuracy better than +/10% for a 100 ppbv ambient
ganic matter/ammonium sulfate) is taken as 1.48-0i. A core-mixing ratio. The aerosol light absorption coefficient was
shell model does not make an appreciable difference in thisneasured using a 3-wavelength Radiance Research PSAP
calculation. The truncated collection cone and lower gainoperated by the University of Hawaii, and is expected to be
employed on the scattering detector used in the SP2 mearaccurate to withir=20% (excluding any bias due to liquid
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Fig. 3. The mixing state of BC can be determined using the separation between the incandescent and scattering peaks, or incandescent la
An incandescent lag close to zero (top left) indicates thinly-coated BC, while larger valdess( top right) indicate thickly-coated BC. A
comparison of the incandescent lag with coating thicknesses based on the scattering signal (bottom) shows a reasonably positive correlatio
between the two quantities. Data from the 18 March 2006 flight.

organic matter, discussed later). Both datasets are availablEMET balloon tracks, and WRF modeling to determine the
as part of the MILAGRO data archivelt{p://www-air.larc. = source and age of each plume sampled outside of the Mex-
nasa.gov/cgi-bin/arcstatyb ico City metropolitan area are discussed below to validate
the during-campaign forecasts. CMET balloons are small
(750 g) altitude-controlled balloons that are commanded via
3 Determining plume age satellite link and can remain airborne for multiple days (Voss
etal., 2005; Riddle et al., 2006). (From this point on, this sec-

Based on the modeling predictions used to determine thdion uses quotation marks to identify each non-Mexico City
flight path during the field campaign (Fast et al., 2007), freshPlume until its age is validated, with CMET or WRF data).

Mexico City emissions and a 1-day-old air mass sampled Figure 4 shows the 18 and 19 March flight paths shown
on 18 March were measured again on 19 March as 1-dayin Fig. 1, but overlaid with 24-h HYSPLIT forward and

old and 2-day-old air masses respectively (Fig. 1). Sim-backward trajectories for each plume (computed using the
ilarly, fresh outflow and 1-day-old emissions sampled onREANALYSIS meteorological dataset). It also includes the
22 March were measured a day later on 23 March. HYS-CMET balloon tracks for 18 and 19 March. Figure 6 shows
PLIT trajectories (Draxler and Rolph, 2003; Rolph, 2003), the HYSPLIT trajectories for the 22 and 23 March plumes.
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FLEXPART (Stohl et al., 2005) using WRF-FLEXPART
(Fast and Easter, 2006; Doran et al., 2008). Forward tra-
jectories were calculated based on urban CO emissions and
were tracked at hourly intervals for 48 h. This simulation cal-
culates the fate of the urban plume with no deposition, scav-
enging or transformation processes. Simulation details and
evaluation are presented in de Foy et al. (2009a). The wind
fields were evaluated by calculating statistical performance
metrics and by using clusters to compare the representation
of flow features such as drainage or flushing winds. Particle
trajectories were evaluated by comparing the results of Con-
centration Field Analysis and known emission fields in the
basin, showing the simulations were representative of basin
flow dynamics.

Particle age histograms of the urban plume by time of day
at the supersites TO, T1 and T2 (de Foy et al., 2009a) showed

that air masses in the basin were relatively fresh with ages
usually less than 12 to 18 h in the basin. The age of non-
Mexico City plumes sampled by the C130 was determined

by generating a histogram of the age of all particles in a cell

containing that leg of the C130. In some cases, the domain
location was adjusted to account for known discrepancies be-
tween the simulated plume location and the actual plume lo-
cation. Because BC is relatively chemically inert, the passive
tracers adequately represent the transport of BC out of the
Mexico City basin.

24

Latitude (°)

22 For C130 vertical profile at 27.3 N (March 19):

—e—  HYSPLIT backward 24h (5.3 km MSL)

—4—  HYSPLIT backward 24h (4.2 km MSL)

For C130 track at 22.2 N (March 18):

—e—  HYSPLIT forward 24h

—%—  HYSPLIT backward 24h (4.1 km MSL)
C —&—  HYSPLIT backward 24h (3.5 km MSL)

T
260 262 264 266 268
Lonaitude ()

20

Fig. 4. HYSPLIT forward and backward trajectories for plumes en- 18—19 March plumes
countered by the C130 flights on 18 and 19 March 2006. CMET
balloon tracks that are a better indicator of the plume origin and|n Fig. 4(a), the HYSPLIT trajectories suggest that the age
age are also shown {@a) for the 1-day-old pollution sampled on 19 4 the 19 March “1-day-old” plume at 24.28! is shorter
March. The CMET tracks were commanded to perform deep soundy o one full day, and includes aerosol from a broader spa-
ings during flight and therefore have jagged flight patterns whential range than just Mexico City. On the other hand, fresh
viewed from above. .

emissions over TO sampled on 18 March seem to have been

transported to the western end of the 19 March C130 leg at
Unfortunately, the first CMET balloon flown on 22 March 24.25 N, while the 18 March outflow over T1 and T2 is sug-
was lost in a precipitation event 30 min after launch; due togested to be closer to the middle of this east-west leg a day
deteriorating weather conditions, the second CMET balloonlater.
was not flown. Each of the plumes and associated trajectories Long-range transport of pollutants in the Mexico City out-
are discussed below. flow over this same time period on 18-19 March was also

Lagrangian particle trajectories were simulated with hightracked using Controlled Meteorological (CMET) balloons.

resolution gridded wind fields to estimate the age of theThe first CMET balloon (CMET1, Fig. 4a) was launched
plumes intercepted by the C130. The Weather Researcfrom the north end of the MCMA basin around the same
and Forecast model version 3.0.1 (WRF, Skamarock et al.time the C130 was flying over TO; a second CMET balloon
2005) was used with initial and boundary conditions from (CMET2) was launched about 1.5 h later. The balloons per-
the Global Forecast System (GFS). Three domains were usefdrmed repeated soundings as they drifted with the outflow
with grid resolutions of 27 km covering the whole of Mex- and helped guide the 19 March C130 flight to the outflow
ico, 9km covering the region around Mexico City and 3km 24 h later. CMET1 did a deep sounding after passing off the
covering the Mexico City basin. High resolution land use, plateau — due to northwesterly winds lower down, its trajec-
surface albedo, vegetation fraction and land surface tempetory was skewed to the east. This balloon therefore shows the
ature data was obtained from the Moderate Resolution Imagrough extent of the eastward dispersion of the actual outflow.
ing Spectroradiometer (MODIS) to improve the represen-CMET2 spent much of the flight at the C130 flight intercept
tation of land surface processes in the NOAH land surfacdevel (~3300m) and is therefore a good rough indicator of
scheme. Stochastic particle trajectories were calculated witlthe main outflow. The two CMET balloons roughly bracket
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the expected outflow at the time and altitude of the C130 in- = AT @ G — )
tercept. The soundings from the CMET balloons result in ol BoRENSSETOW | ZOZEN 14w

profile data which allow reconstruction of trajectories over

a range of altitudes and form the basis of a measurement-=2 s 15
driven dispersion model. This model places the Mexico City
outflow approximately between the two CMET balloon flight
paths where they intersect C130 flight track (Voss et al., in s
preparation). In this instance, the CMET balloons were avail-
able to guide the C130. But they also show that the HYS-  °; ¢ 7 45 2 w0 3 4 48 0 & 12 15 24 so o6 42 4
PLIT trajectories do not capture particle dispersion, which is 2 2

19 Mar 23:00 UTC 19 Mar 21:00 UTC

an important factor in determining the air parcel position and 24.0.245°N, 98.0.84.0W © 27.027.6°N, 94.0.80.0°W ()
spread, 20| 2000-4000 m MSL 20| 3000-6000 m MSL

Figure 4b shows HYSPLIT backward and forward trajec-
tories for the 18 March “1-day-old” emissions at 22\, and
backward trajectories for the 19 March “2-day-old” airmass
sampled off the Texas Coast at 27N893.5 W. The west-
ern halves of the east-west legs at 222on 18 March were
more polluted than the eastern halves, with BC mass concen  °, . 7 15 2 s s a2 4 "o o 12 15 21 0 o 42
trations about three times higher (as discussed later in Re- Age (Hours) Age (Hours)
sults). The C130 flew at three altitudes in this region: 3500, ) ] ]
3800 and 4100m above mean sea-level (MSL). The backFi9- 5 Results of WRF simulations used to determine the age of the
ward trajectory for the dominant, western plume at 282 plumes sampled by the C130 on 18 and 19 March 2006. The plots

. L show age histograms of all particles in the model cell containing
suggests that the airmass at 3500 m m.s.l. is indeed 24-h-ol e C130 flight path(a) is 1-day-old air mass, below and mixing

pollution from ngico City, with a similar source direction ;i 2-day-old Mexico City outflow(b), measured on 18 March.
from the back-trajectory at 4100 m m.s.I. Bottom panels show the 19 March measurements of mainly 1-day-
As for the “2-day-old” pollution measured on 19 March old Mexico City outflow(c) at 24.25 N latitude, and mostly 2-day-
though the HYSPLIT back-trajectories may suggest that theold aerosol off the Texas coast, over the Gulf of Mexidh
aerosol at 27.3N/93.5 W might be 24-h old from the Mex-
ico City region, it seems likely (especially when considering
particle dispersion) that the “1-day-old” plume at the west- modeling results, along with the CMET flight tracks (Fig. 4a)
ern end of the east-west legs at Z2\2was transported to and HYSPLIT trajectories (Fig. 4b), confirm the classifica-
27.3 N/93.5° W a day later, as shown by the forward trajec- tion of these plumes as 1-day-old and 2-day-old respectively.
tories from this region.
Figure 5 shows WRF-generated particle age histograms
for the four plumes sampled during the 18 and 19 March22-23 March plumes
flights. Figure 5a shows a 1-day-old plume at 222and
Fig. 5b shows an aged, 2-day old plume aloft at the samd-igure 6a shows HYSPLIT trajectories for the fresh plume
location. Note that the simulated 1-day-old plume is too farsampled on 22 March and the “1-day-old” plume captured
to the east compared with actual measurements. While then 23 March by the C130. HYSPLIT suggests that the “1-
error in the simulated plume direction was greater on thisday-old” air mass might have passed over Mexico City about
occasion, other features of the flow were well representedl8 h before being intercepted by the C130, while the fresh
and suggest that the transport speed and distance were ac22 March pollution didn’t travel as far as expected from the
rate, as discussed in de Foy et al. (2009b). This suggests twaity in 24 h. [The backward trajectories from this location at
plumes at this location at different altitudes — but with lower lower altitudes are explained later.] Figure 6b also shows an
1-day-old pollution showing signs of mixing with the higher apparent mismatch between the 22 March “1-day-old” out-
2-day-old outflow. Based on the WRF model, the lower two flow off Nautla and the 23 March “2-day-old” air mass over
legs (at 3500 m m.s.l. and 3800 m m.s.l.) appear to be moréhe Yucatan, though as mentioned earlier, these trajectories
in the 1-day-old pollution (similar to the HYSPLIT results, do not account for particle dispersion. Further, a 48-h back-
Figure 4b), while the highest leg (at 4100 m m.s.l.) appearswvard trajectory (see WRF results for this length of time) for
to be more aged, possibly 2-day-old. the “1-day-old” plume sampled on 22 March off Nautla sug-
For 19 March plumes, there is simple and good agree-gests this air mass never passed over Mexico City.
ment: Fig. 5¢ shows a 1-day-old plume between 24-24.5 For the “1-day-old” 22 March airmass off Nautla, WRF-
(as tracked by the CMET balloons), while Fig. 5d shows aFLEXPART simulates a double plume: a fast moving plume
2-day-old plume over the Gulf of Mexico, around the loca- above and a slower moving one below, both going due east
tion of the C130 vertical profile at 27.81/93.5 W. These  from Mexico City. There is some mixing between them

=3

Histogram (%)

5 5
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However, the HYSPLIT backward 48h trajectories at lower
altitudes (3500-4000 m m.s.l.) do not match with the WRF-
FLEXPART results —in fact, the HYSPLIT backward trajec-
tory from 3500 m m.s.l. does not even pass over Mexico City,
similar to the backward trajectory for the plume sampled off
Nautla on 22 March.

The final classification of the plumes is based on the WRF
modeling, as it better captures the complexity of atmospheric

. y
e Ryoutflow (3/23)
o X

Latitude (°)
=
©o
)

19.0

130 flight 20060322

C130 fight 20060323 transport. To summarize, plume ages for the 22/23 March
e o e T 22) . flights are a little more complex than for the 18/19 March
180 o INSPLIT bacauard g oo MSE (323 flights. The “1-day-old” air mass off Nautla actually appears

e e ) to be 2-day-old Mexico City aerosol. The plume over the
260 22 B itte 1 268 e Gulf of Mexico at 19 N could be a mixture of 1-day-old
and 2-day-old air masses but appears to be 1-day-old, and
i th_e plume over the Yucatan is quite likely 2-day-old Mexico
21 DA City outflow.
20 4 Results

Latitude (°)

4.1 BC concentrations

19

mmm C130 flight 20060322
== C130 flight 20060323
HYSPLIT forward 24h:

o HYSPLT o e 20 The MIRAGE field campaign was conducted between 3—
- giasmaamgezrgﬁza March 22) 31 March 2006, and used the NSF/NCAR Hercules C-130
€130 off Nautla (morning, March 22) based at Veracruz International Airport. The analysis for

C130 over Yucatan (March 23) . .
the study presented here is from four of the ten flights that

18

262 264 266 268 270 . . . .
Lonaitude () were flown. The time histories of BC mass concentrations

measured during these flights are presented in Fig. 8 as 10-
s averages (normalized to STP, 1 bar and 273.15K); spatial

C130 during the flights on 22 and 23 March 2008) shows back- distributions (BC concentrations along the flight paths) were

ward trajectories from 19°4N/94° W at three altitudes for compar- shown in Fig. 1.

ison with WRF-FLEXPART results, though the C130 sampled at On 18 Marqh- the aircraft di(_j an east-west transect at
4600mm.s.|. 22.2 N, sampling 1-day-old emissions from Mexico City

at multiple altitudes between 3.5-5.4km above sea level

(MSL). BC mass concentrations were higher at the west-

leading to. particle age histograms with Fwo separate agey ends of these transects, averagi290 ng/n3, while BC
peaks. This suggests that on 22 March (Fig. 7a, b) the C13Q, 55 ot the eastern ends averag&® ng/n? or less. The
could have sampled a mixture of 1-day old and 2-day oldj ¢ aft rendezvoused with the Department of Energy (DOE)
Mexico City outflow off Nautla between 97-98V, although  ;if5tream-1 (G1) aircraft for a parallel east-west intercom-
the 2-day old airmass appears to dominate closer to the 'at'barison flight near the T2 sampling site. During this period

tudes (19.8-20N) where the C130 sampled (Fig. 7b). BC concentrations were high, occasionally over 1000 Ag/m
The same feature is observed on 23 March over the Gulf 0izollowing the intercomparison, the aircraft flew over Mex-

Mexico and the Yucatan peninsula —relatively fresher 1-day-., city. ‘South of the city, the air was relatively clean with
old poliution (Fig. 7¢, €) above 2-day-old airmass (Fig. 7d, g¢ often below 50 ng/fh Emissions from a small mountain
f). While the C130 leg between 17:45-17:59UTC is at fire \yere sampled southeast of Mexico City, with BC as high
4600 m m.s.l., just within the 1-day-old pollution but close as 1041ng/f The plane then flew back over TO, where
to where the model separates the plumes (4500m m'S'IBC averaged 37577 ng/n¥, before flying back to Veracruz.

Fig. 7c, d), the C130 appears to have sampled mostly 2-dayrnese and similar events encountered during the four flights
old aerosol over the Yucatan later during that flight while fly- .o < ;mmarized in Table 1.

ing at 4800—-4900 m m.s.l. (Fig. 7e, f).

For the “1-day-old” plume on 23 March over the Gulf of
Mexico, WRF-FLEXPART simulates two plumes at differ-
ent heights moving at different speeds. At 4600 m MSL,
HYSPLIT shows an almost-1-day-old air massig@h out
of Mexico City), which is closer to the WRF-FLEXPART re-
sults for the 1-day-old plume between 4500-6000 m m.s.I..

Fig. 6. HYSPLIT trajectories for the plumes encountered by the
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Fig. 7. WRF model results showing particle age histograms for the plumes sampled by the C130 on 22 and 23 Maxeh [20@éture of
1-day-old and 2-day-old Mexico City outflows off the coast of Nautla, sampled 22 M@rctl) 1-day-old air mass above 2-day-old outflow
over the Gulf of Mexico on 23 March; the C130 flew at 4600 m m.s.I., between these two IgydySame as (c, d) except over the Yucatan;
in this case, the C130 flew at 4800 m m.s.l. and 4900 m m.s.l., in the middle of the 2-day-old outflow.

4.2 Carbon monoxide and BC diesels in the fleet (Kirchstetter et al., 1999), though other
factors like fleet age and condition may also affect the ratio

Carbon monoxide (CO) and BC are both products of incom_(Baumgard_ner etal, 20.02.)' BC/COQ ratios ha"? a_Iso _been
used to estimate BC emissions based on CO emission inven-

lete combustion, and thus indicators of combustion emis-"", i .
P H)(nes (Dickerson et al., 2002). This assumes that both BC

sions. The BC/CO ratio has been suggested as depende -
on the source mix, for example, the frggtion of heav;/)-dutyand CO are conserved, so that the BC/CO ratio is constant
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Fig. 8. BC concentrations measured by the SP2 during four flights of MIRAGE. Data are presented at standard temperature and pressure

(273.15K, 1 bar). Green lines show flight altitude.
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despite atmospheric dilution, and changes in the BC/CO raand about a week for BC (in the absence of rain) (Ogren
and Charlson, 1983). Hence, BC/CO ratios should be con-
Figure 9 shows the BC/CO ratios measured during the 18&idered after correcting for this background. For the four
and 22 March 2006 flights. Figure 9(a) shows a substantiaflights, the CO baseline is estimated at 62 (18 and 19 March),
CO concentration apparently not associated with BC. This i€68 (22 March) and 65 (23 March) ppbv-CO respectively.
likely the background concentration of CO due to the longerThe baseline is determined by plotting a frequency distri-
atmospheric lifetime of CO relative to BC — about a month bution of the CO data, and using the Gaussian mean of the
in tropical regions for CO (Khalili and Rasmussen, 1990) lowest frequency peak as the background CO concentration.

tio are due to other effects.
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Fig. 9. BC/CO ratios during the four MIRAGE flights, with BC corrected to STP (1 bar, 273.15 K).(RJehows a substantial background
concentration of CO, probably due to the longer lifetime of CO compared to BC.([B)o{s) and(d) show BC/CQietratios after correcting

CO for an approximate background value, limited to level segments (altitude ckan@e6 m/sec). Only the 18 and 22 March data are
shown as time-series for visual clarity; data from the events of all four flights are summarized in Table 1. No significant change is seen in the
BC/COnetratio for fresh or aged air masses (b, c), with the mean BG&2D89 (ng/n"?-STP)/ppbv for all four flightgd).

Defining the baseline as 2 standard deviations (+8 ppbv foiThe mean BC/CQ ratio (and standard deviation) for all

22 March) above the Gaussian mean does not make a sidour flights is 2.89:0.89 (ng nT3-STP)/ppbv (Fig. 9d), or
nificant difference to the event-average BCi@atios in ~2.3 ng-BClg-CO, with a propagated measurement uncer-
Table 1. Figures 9b, ¢ present background CO-correctedainty of about-25%.

BC/CQOyet ratios from the 18 and 22 March flights as time-

series plots, and a histogram of BC/géoratios from all 4.3 Particle light absorption and BC

four flights is plotted in Figure 9(d). Despite the differently-

aged air masses sampled during these flights, relatively litlegsc mass concentrations measured with the SP2 are com-
variation is seen in the event-average BCG@atios con-  pared to the PSAP absorption measurements at 660 nm,

sidering the variability represented by the associated stanynere interference from non-BC species is expected to be
dard deviations (average SD 26% for the events in Table 1)minimal (Sun et al., 2007). Figure 10 shows time-series
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25 e s sD 2.1 ison, the MAC for fresh combustion soot is expected to be

around 7.%:1.2 /g at 550 nm, or 6.3 Rlg at 660 nm as-
suming an inverse-wavelength (%) dependence (Bond and
Bergstrom, 2006). Thus, our measurements of the BC MAC
are about 75% higher than that expected for fresh soot, but
within measurement uncertainty bounds30%) of the 50%
increase in MAC expected for aged soot compared to fresh
MACqc @ 660 nm (m’/g) soot. Other possibilities are discussed in a later section.
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4.4 Evolution of BC mixing state
Fig. 10. Absorption cross-section of BC at 660 nm, assuming that

all light absorption at this wavelength is due to BC. 1-minute-

averaged data, limited to BC concentrations over 30 ﬁgl’mmited Moteki et al. (2007) looked at the evolution of BC mix-

to level segments (altitude change= 0.6 m/s). The absorption Ing state U_Smg an SP2. 'ITh_ey presgnted resqlts 'T‘ terms
cross-section does not vary appreciably with air mass(age), of the fraction of BC-containing particles that is thickly-

with the mean absorption cross-section 10%g¥BC at 660 nm for ~ coated. Their results were focused on particles with a BC
all four flights (c). content of 5.4fg/particle (180nm MED with a BC den-

sity of 1.77 g/cd, or 176 nm MED at the BC density we

use, 1.9¢g/c®). Figure 11 shows a similar analysis for
plots and histograms (for B& 30 ng/n¥) of the BC mass- the 18 March MIRAGE flight, when the aircraft sampled
normalized absorption cross-section (MAC) on a 1-minute-fresh Mexico City emissions as well as 1-day-old and 2-
average basis (both the PSAP data and BC concentrations ag&y-old outflow at 22.2N. Though the comparison is be-
at ambient conditions), with the average and standard deviatween 18 March fresh emissions and aged aerosol from pre-
tion for each event/over the location in Table 1. vious days, similar aging processes should affect the Mexico

The average MAC values for the different air masses areCity outflow from these days. For the 18 March plumes in

not significantly different, for example 10t2.3 /g for Table 1, the thickly-coated fraction is 09.03 over TO,
fresh outflow on 18 March and 113.1 /g in the 1-day-  0.23+0.04 over T2, 0.2&0.05 in the 1-day-old emissions
old air mass on 19 March (Table 1). This is surprising, as oneat 3.5 kmm.s.l., and 0.290.08 in the 2-day-old emissions
might expect that with age, the non-BC coating thickness in-at 4.1 kmm.s.l.. Moteki et al. (2007) found that the thickly-
creases, which could increase the absorption cross-section ipated BC fraction increased by 2.3%'t{from 0.35 to 0.63
as much as 50% (Bond et al., 2006). Hence, the MAC shouldver 12 h) over Japan, which is clearly much faster than any
be significantly lower in the fresh emissions over TO com- increase for the Mexico City plumes.
pared to that in aged aerosol. The fire-influenced air mass As an alternative, we compare the fresh and aged air
sampled on 22 March has an absorption cross-section simimasses sampled on 18 and 19 March and on 22 and 23 March
lar to the samples not directly influenced by biomass burn-(Fig. 1). The fresh Mexico City outflows sampled on the first
ing. A histogram of the 1-minute average BC MAC values day of each pair of flights were likely sampled again on the
from all four flights shows a Gaussian mean (and standarcgecond day as described in Sect. 3; sampling of (practically)
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Fig. 12. Evolution of BC mixing state during transport north/northeast between 18 and 19 March 2006. The top panels show fresh emissions
from Mexico City transported over T(@) and further north over Tg) on 18 March, and at 24.25N a day lateKc); a thickly-coated mode is

seen to develop during the transport process. Bottom panels show a 1-day-old air mass measured on 18 Marbheat22-3.8 km m.s.I.

(d), 2-day-old air mass above this plume at 4.1 km m(g). and 2-day-old Mexico City aerosol on 19 March off the Texas c(fasNote

that the color scales are different for each panel.

the same air mass on consecutive days should provide bettenass moves toward T2, we see more particles at larger in-
insight into the evolution of BC during atmospheric trans- candescent lags closer toi4s — thickly-coated BC. One
port. Further, instead of focusing on just one narrow BC day later, the thickly-coated BC mode is clearly seen, even
mass range, we look at the entire range of BC masses (ahough the thinly-coated BC mode still dominates.
the mass-equivalent diameter, MED) measured by the SP2. Figure 12d shows 1-day-old aerosol sampled on 18 March
Figure 12 shows the BC mixing state for different air massespetween 3.5km-3.8kmm.s.l., Fig. 12e shows 2-day-old
sampled on the 18 and 19 March flights, with incandescenceerosol sampled at 4.1kmm.s.l. also on 18 March and
lag on the y-axis and BC MED on the x-axis; the color cor- Fig. 12f, 2-day-old Mexico City outflow intercepted off the
responds to BC number concentration. As explained earlierfexas coast on 19 March (possibly the 1-day-old aerosol seen
zero incandescence lag (or close to zero) indicates thinlyon 18 March). The 1-day-old aerosol sampled on 18 March
coated BC, while thickly-coated BC show an incandescenceyetween 3.5-3.8 kmm.s.l. shows similar characteristics as
lag greater than 2s. the similarly-aged 19 March airmass (Fig. 12c), with simi-
Figure 12a, b show fresh emissions sampled over Mexicdar MED size distributions and the presence of both thinly-
City (TO) and over T2, while Fig. 12c shows the same air coated and thickly-coated BC, though the thickly-coated BC
mass sampled a day later at 24.8b Two interesting fea- mode dominates. In the 2-day-old aerosol at 4.1 kmm.s.l.
tures are seen in these plots. First, the fresh emissions ovéFig. 12e), the thickly-coated BC mode is almost as promi-
TO appear to be unimodal, with most BC particles showingnent as the thinly-coated BC mode; however, the two-day-old
almost-zero incandescent lag, i.e. the BC is thinly-coatedair mass on 19 March (Fig. 12f) shows a more dispersed dis-
The MED peaks around 150 nm for this mode. As the airtribution and even appears to have more thinly-coated BC.

Atmos. Chem. Phys., 10, 21237, 2010 www.atmos-chem-phys.net/10/219/2010/



R. Subramanian et al.: Black carbon over Mexico 233

> o 8 March 23, 2006 a
March 22, 2006 S 1-day-old outflo &
Over TO 2 Q
S _ 6 £
—_ = %] O
A S 2 ®
= T o (@]
g 2 a4 5
- m ¢S
53 2
3 Y
2 % s 2 7]
S 5.5 3
© ng ~
2 £
0
2
(b) 0.1
BCMED
8
6 2 a
=z pre
s & :
=y S
g ° 1873 3
2 ® 2 @
g 3909 8
8 4 e <
- |'|'| —
15 2 05 S
2 T & B
s 5 1598 )
5 2§ >
g 0~ S 00 —

BCMED BCMED

Fig. 13. BC mixing state spectra for the air masses sampled on 22 and 23 March. Fresh emissions measured over TO on(@2 March
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Thus, apart from the usual dilution process that reduces B&G Discussions and conclusion

concentrations as the air mass ages and affects all plumes, we

see an increase in the fraction of thickly-coated BC for the 1-5.1 Carbon monoxide and BC

day-old aerosol on both days and the 2-day-old air mass on

18 March. Dickerson et al. (2002) find a BC/CO ratio of 12.5ng-
Figure 13 compares the 22 and 23 March data. Fresh emiBC/ug-CO measured on board the R/V Ronald H. Brown

sions sampled over TO on 22 March (Fig. 13a) show a promi-and a BC/CO ratio of 27 ng-B@g-CO in the free tropo-

nent BC mode centered around 170 nm MED with incandessphere as measured on board the C-130 aircraft in 1999

cence lag close to zero, i.e. thinly-coated BC. The 1-day-during INDOEX (these values are the slopes, which effec-

old outflow on March 23 over the Gulf of Mexico (Fig. 13b) tively removes background CO as the intercept), which are

shows a second, but not as prominent, mode in the same dboth higher than our measurements on the MIRAGE flights.

ameter range but with an incandescence lag between8-4 Kondo et al. (2006) measuredEC/ACO ratios of ~6

i.e. thickly-coated BC. The 2-day-old aerosol sampled on 22(ng/n?)/ppbv (reported at ambient conditions) in Japan, and

March off Nautla (Fig. 13c, around 18:00 UTC) is dominated found this to be at the higher end compared to previously-

by thickly-coated BC; a similar pattern is seen in the samplereported surface measurements, which ranged from 0.88 in

taken around 21:30 UTC in the same area (not shown). HowMexico City (Baumgardner et al., 2002) to 4.1 in Fort Meade,

ever, the thickly-coated BC mode appears less prominent itdJSA (Chen et al., 2001). (It should be noted though that

the 2-day-old plume sampled over the Yucatan (Fig. 13d)the data presented and tabulated by Kondo et al. (2006) in-

around 19:00 UTC, while the later Yucatan sample (20:34—volve either light absorption or thermal-optical techniques

20:48 UTC) shows depletion in both modes (not shown).  for measuring BC/EC.) A more recent study by Baumgardner
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et al. (2007) using an SP2 at a ground site in Mexico City biased low as the optical particle diameter used to estimate
suggests the BC/CO ratio is approximately um/ Thus, = MAC of coated BC in their Mie calculations did not account
our airborne BC/C@Qy ratios of 2.89 (ng/mSTP)/ppbv or  for volatilization of the non-refractory coating described by
~2.3ngg, corrected to near-surface STP conditions, areGao et al. (2007); there could be other reasons as well. How-
similar to these surface measurements, though higher thaaver, the SP2/PSAP-based MAC in the present study is at the
the Baumgardner et al. (2007) SP2 measurements in Mexdapper limit 13.1 nf/g @ 550 nm, of the range suggested by
ico City. One possible reason for this discrepancy is that theBond and Bergstrom (2006) (Z3.2 nf/g @ 550 nm), after
Baumgardner et al. (2007) measurements were close to veaccounting for the 50% enhancement suggested as represen-
hicular traffic, while the C130 measurements include othertative of aged aerosol (Bond et al., 2006).
source contributions, particularly mountain fires, which in- The SP2 data show that BC over Mexico City is domi-
fluence the aerosol and gas-phase pollutants measured owveated by the thinly-coated mode, which means that the BC
Mexico City (Yokelson et al., 2007). One explanation for the MAC values we measured over Mexico City/T2, averaging
lower BC/CO ratios over Mexico compared to the INDOEX 10.4—-13.9rd/g @ 660 nm (Table 1), are biased high com-
data is that the source mix may be different between the Inpared to the Bond and Bergstrom (2006) value of 62&m
dian subcontinent and Mexico. Baumgardner et al. (2002)@ 660 nm for fresh/thinly-coated BC. This could occur if
suggest that operating conditions including the altitude carthe SP2 collection efficiency for BC masses below 3 fg-BC
also affect the BC/CO ratio. (which might be more prominent in fresh emissions rather
The background CO measured on the MIRAGE flights than coagulated older aerosol) is overestimated by our BC
(62—67 ppbv or 76-88g/m3-STP) is almost a factor-of-two mass scaling factor, or if the PSAP absorption is biased high.
lower than Dickerson et al.'s aircraft-measured background The PSAP data was corrected using the results of Virkkula
CO (138ug/m?) over the Indian Ocean. However, our esti- et al. (2005); using the Bond et al. (1999) corrections would
mates compare favorably with the MOPITAt://web.eos.  further increase the absorption and the derived MAC. A pos-
ucar.edu/mopit)/monthly averaged data at 850 mbar for the itive bias in the as-presented data can be caused by liquid
Pacific Ocean just west of Mexico, which suggests a COorganic matter coating the PSAP filter (Subramanian et al.,
background of about 80 ppbv in March/April 2006 (after cor- 2007; Cappa et al., 2008; Lack et al., 2008), which would re-
recting for a 20% bias, Emmons et al., 2009). sultin our MAC values being higher than actual. This poten-
The lower CO background over Mexico may be due to tial bias in the PSAP absorption measurements onboard the
lower gross emissions of CO from Mexico compared to emis-C-130 depends on the relative amounts of non-absorbing or-
sions from the Indian subcontinent. Dickerson et al. estimateganic matter and BC (Lack et al., 2008) (and would not affect
that in 1999, CO emissions from India were 67 Tg-COlyr, the PAS, which Doran used). From DeCarlo et al. (2008),
including 15 Tg-COlyr from fossil fuel combustion and 40 the average organic aerosol concentration over Mexico City
Tg-COlyr from biomass burning. Jiang et al. (2005) estimateduring MIRAGE was~16.g/m®. The empirical studies by
that vehicular CO emissions (almost all of CO) from Mexico Lack et al. (2008) suggest that in such conditions, the PSAP
City in 2002 were 1.2 Tg-CO/yr in 2003. A 1999 Mexico could measure as much as 40-70% higher absorption. A pos-
National Emissions Inventory (SEMARNAT 2006) suggests itive bias of 50% in the PSAP data over Mexico City would
nation-wide CO emissions of 7.5 Tg-CO/yr. Though neither bring the BC mass absorption cross-section into better agree-
of these studies is for the 2006 period (when MIRAGE wasment with the MAC values for fresh soot found by Bond and
conducted), it is clear that CO emissions from Mexico areBergstrom (2006) in their review.
almost an order of magnitude lower than those from India. Ifthe PSAP data are biased high over Mexico City, is there
However, the background CO depends not just on the gros# similar artifact in aged air masses? Our average MAC val-
emissions, but also the flux at the point of measurement; suches in the older plumes with more thickly-coated BC are be-
calculations are beyond the scope of this study. tween 10.3-12.5Rlg @ 660 nm (Table 1), except for one
plume with 15.1rd/g. These numbers are at the Bond and
5.2 BC mixing state and mass absorption cross-section Bergstrom (2006) upper limit for aged/thickly-coated BC,
(MAC) 10.9nf/g @ 660nm. This suggests that the PSAP artifact
may not be as significant in aged air masses with thickly-
Our measurements of the BC absorption cross-section, aboubated BC. One possible explanation is that liquid-phase
10.9nt/g @ 660 nm, translate to 13.1%/g @ 550nm as-  biomass smoke and/or secondary organic aerosol (SOA) cre-
suming ar~! dependence. This is higher than the medianate an artifact in the PSAP absorption measurements while
values of~9 m?/g @ 550 nm reported by Doran (2007) at T1 mixed externally with the city emissions over MCMA, while
(using a thermal-optical OC/EC analyzer and a photoacouslight absorption by thinly-coated BC remains unchanged.
tic absorption spectrometer, PAS) and 2.6 times the MACAs the air masses mix further during transport away from
values calculated by Baumgardner et al. (2007) near a buMCMA, the liquid organic matter coagulates with more-
terminal in Mexico City, using BC measurements with an refractory BC to form thickly-coated BC that has higher in-
SP2 and Mie theory. The Baumgardner et al. data may bénerent light absorption as expected for aged BC (separate
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