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Abstract. We use a Lagrangian dispersion model driven by 1 Introduction

a mesoscale model with four-dimensional data assimilation

to simulate the dispersion of elemental carbon (EC) over at is generally acknowledged that as soot particles age, their
region encompassing Mexico City and its surroundings. Themixing state evolves from an external to an internal one
region was the study domain for the 2006 MAX-MEX ex- through processes such as heterocoagulation or condensation
periment, which was a component of the MILAGRO cam- (e.g., Jacobson and Seinfeld, 2004), and the specific absorp-
paign. The results are used to identify periods when biomassion aags (absorption per unit mass) will increase (Fuller
burning was likely to have had a significant impact on theet al., 1999; Bond et al., 2006.) It is important to specify
concentrations of elemental carbon at two sites, T1 and T2appropriate values afags for use in global climate mod-
downwind of the city, and when emissions from the Mexico els, but there is still considerable variation in the values that
City Metropolitan Area (MCMA) were likely to have been have been proposed. Bond and Bergstom (2006) concluded
more important. They are also used to estimate the mediathat oags for freshly emitted soot particles has a value of
ages of EC affecting the specific absorption of lightgs, at ~ 7.5+1.2n? g1 at 550 nm, but direct measurements in the
870 nm as well as to identify periods when the urban plumefield of the rates and effects of aging and coating have been
from the MCMA was likely to have been advected over T1 difficult to achieve.

and T2. Median EC ages at T1 and T2 are substantially one approach has been to make comparisons of optical
larger during the day than at night. Valuesafgs at T1,  properties of soot at a single site at two different times of
the nearer of the two sites to Mexico City, were smaller atqay, e.g., in the early morning when fresh emissions from
night and increased rapidly after mid-morning, peaking intraffic are likely to dominate the aerosol mix, and later in the
the mid'afternoon. The behaVior iS attributed to the Coatingafternoon When a mixture Of fresh and more aged partic'es
Of aerOSOIS W|th SUbStanceS SUCh as Sulfate or Ol‘ganiC Carbqg ||ke|y to be present. The sources and ages Of the Various
during daylight hours, but such coating appears to be limitedcomponents of the mixture may vary widely, however, and
or absent at night. Evidence for this is provided by scan-efforts to explicitly characterize the ages of the mixture are
ning electron microscopy images of aerosols collected at thgyot ysually made. Several investigations of this type have
sampling sites. During daylight hours the valuesigs did  peen done in the Mexico City region, which is the location
not increase with aerosol age for median ages in the ranggs interest for this study. Johnson et al. (2005) showed that
of 1-4h. There is some evidence for absorption increasingoot can undergo significant coating and evolve into an inter-
as aerosols were advected from T1 to T2 but the Statisticaha”y mixed state in On|y a few hours. In Contrast, Mallet et
significance of that result is not strong. al. (2004) concluded that single scattering albedo measure-
ments in an industrial region of France were more consistent
with externally mixed aerosols rather than internally mixed
ones. Baumgardner et al. (2000) measured time series of size
distribution, scattering and absorption coefficients, and bulk
chemical composition of aerosols at a mountain location near
Mexico City and related the variations to the meteorological
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A complementary approach to these methods, which we
describe in this paper, is to make use of a mesoscale model
Pachuca incorporating four-dimensional data assimilation to help in-
. terpret results from field measurements@gs. In March of
2006 we made measurementso@fzs at two sites, labeled
T1 and T2 and separated by approximately 35km, down-
wind of Mexico City. If the time scale for the coating of
soot is only a few hours, we would expect that this sepa-
ration would be sufficient to result in a significant change
in axags between T1 and T2; if the time scale is on the or-
der of 12 h or more, the changes would be negligible. The
T1-T2 measurements were part of the MAX-Mex (Megac-
ity Aerosol Experiment in Mexico Cityhttp://www.asp.bnl.
gov/MAX-Mex.html) component of the MILAGRO (Megac-
ity Initiative: Local and Global Research Observatiomisp:
/liwww.eol.ucar.edu/projects/milagjdield campaign. MI-
LAGRO was designed to follow the downwind transport
of the urban plume emanating from Mexico City and its
surroundings and to study the transformation of gases and

/;}1 _ A aerosols over scales ranging from 10 s of km to 1000 km and
more. The MAX-Mex campaign focused on aerosols on lo-
Fig. 1. Map of the study area, including the locations of the sam- €al to regional scales. A description of the T1-T2 campaign
pling sites TO, T1, and T2 and the extent of the Mexico City and some preliminary results have been given in Doran et
Metropolitan Area (MCMA). Topography contour intervals are al. (2007) and Doran (2007), so only a brief summary of it is
200 m. provided below.

Figure 1 shows a map of the study area, including the loca-
at an urban location in Mexico City. They found thatgs tions of the T1 and T2 sampling sites, the location of a third
changed relatively little during the day, reaching its mini- sampling site in an industrial area with heavily trafficked
mum values when the LAC mass reached its peak aroundoads closer to the city center, TO, and the extent of the Mex-
08:00LST. ico City Metropolitan Area (MCMA). Sunset Laboratory Or-

Another approach to the study of aging effectscms ganic and Elemental Carbon (OCEC) analyzers (Birch and
has been to measure soot properties at several sites that aBary, 1996) were deployed at T1 and T2, as were photoa-
likely to be characterized by particles with different ages, butcoustic absorption spectrometers (PASs) operating at a wave-
actual ages are not normally estimated (e.g., Burtscher et allength of 870 nm (Arnott et al., 1999, 2003); the data from
1993). Still another approach involves Lagrangian samplingthese instruments were combined to determine the specific
in which an air parcel containing soot is followed from its absorptionxags at hourly intervals at each site. Radar wind
source to some downwind location, monitoring the mixing profilers provided wind information at TO, T1, and T2, and
state and optical properties of the soot en route. This mayadiosondes that measured temperature and humidity were
be straightforward for point sources (e.g., biomass burningyeleased at T1 and T2. A lidar at T1 was used to help esti-
but can be problematic for more dispersed sources such asraate mixed layer depths from aerosol backscatter data.
large urban area or when additional sources contribute to the In an earlier study, Doran et al. (2007) tentatively identi-
contents of the air parcel en route. Moteki et al. (2007) foundfied "transport periods” using the wind profiler data at T1 to
that black carbon became internally coated on a time scale ofelect times when computed trajectories of air parcels pass-
12 h in an urban plume downwind of Nagoya, Japan. ing over T1 were likely to have originated in the MCMA and

Riemer et al. (2004) used meteorological, chemical, andsubsequently passed near T2 within four hours of leaving T1.
aerosol modeling to simulate the aging of diesel soot andThe median value afags at T2 was slightly higher than at
study its evolution from an external to an internal mixture for T1 for those periods, but a Mann-Whitney test (Mann and
summer conditions in southwestern Germany. They foundWhitney, 1947) showed that the difference was only signifi-
that the time scale for the aging process was as short as a feeant at the 15% level. During the course of the analysis for
hours during the day and was considerably longer at nightthat study, however, it was realized that sources of EC other
but no estimates of the effect apags were discussed. Com- than those in the MCMA alone were likely to be important,
parisons of aerosol residence times in the atmosphere usingspecially at T2. This conclusion was based on field obser-
this scheme with times from other aging schemes in an atvations and on preliminary numerical modeling that simu-
mospheric general circulation model are described by Croffated trajectories from both anthropogenic and biomass burn-
et al. (2005). ing sources. Thus, in characterizing the changess, a
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leISIOI:] of data_mtp those collected during tranqurt Peri- tapie 1. Parameterizations employed by WRF in this study.
ods using the criteria above and those collected during other

times is likely to have been an over-simplification.
Accordingly, for this paper we have extended our analysis

to include a number of new features. We used a mesoscale Longwave radiation  RRTM (Mlawer et al., 1997)

model incorporating data assimilation to determine wind Shortwave radiation - Goddard (Chou and Suarez, 1994)

Atmospheric Process  Model Option

. . . . Surface layer Monin-Obukov

fields for several weeks, including a 12-day period (15-27 4 surfa)::e Noah (Chen and Dudhia, 2001)
March) when the PAS and OCEC data recovery at T1 and pgoundary layer YSU (Hong et al., 2006)

T2 was most successful. We used emissions inventories for Cumulus clouds turned off

the MCMA region, non-MCMA anthropogenic sources, and Cloud microphysics ~ Purdue Lin scheme (Chen and Sun, 2002)
biomass burning and a Lagrangian particle dispersion model
to estimate the amount of black carbon injected into the at-
mosphere and the amount contributed by each source type at

the T1 and T2 sites. R_esults from suqh amodel can be used 'K}Iarch. Two domains were employed: an outer domain en-
several ways, depending on the available data. For example

. . . . i f Mexi h i ith
we identified periods when contributions from the MCMA Compassing most of Mexico and the surrounding ocean wit

were important and other periods when biomass burning Wa%grid spacing of 12km, and a 205kmS7km inner do-
. . L ain encompassing central Mexico with a grid spacing of
a major source. The diel variations@fgs may then be de- ! passing xico wi gnc spacing

termined duri ods wh the other of th ¢ 3km. The initial and boundary conditions for WRF were
ermined during periods when one or the other of IESe WQ, ;564 on the National Center for Environmental Prediction’s
components dominates. The ages of the aerosols contribu

) . . Slobal Forecast System analyses available every six hours.
ing to the measured absorption at a site can be calculated y y y

SF’able 1 lists the specific parameterizations used by WRF in
that variations ofxags with the age of the aerosol can be P P y

estimated. Finally, the model can be used to identify peri-thIS study.

ods when the MCMA plume is likely to have passed over the Four-dimensional data assimilation (4DDA) that em-
T1 and T2 sites. The differences between measured valudd0yed an observational nudging technique (Liu et al., 2006;
of aags at the two sites under these conditions can then be>tauffer and Seaman, 1994) was used to constrain the me-
calculated from the data. Model details are provided in thet€orelogy during the simulation period. Wind speed and
following sections, followed by our results and a discussion. diréction data were obtained to heights of approximately
We use the terms soot, black carbon, and elemental carbofi?00 m from radar wind profilers at TO, T1, T2, and Veracruz
interchangeably in this paper. This is done for conveniencd ~31 km east of Mexico City). Wind speed, direction, tem-

during the discussions to follow but we are aware that thesd€ature, .and humidi.ty values were extracted from the 00:00,
terms are not actually equivalent (Andreae and Gelemcs 06:00, 12:00, and 18:00 UTC soundings at Mexico City, Aca-

2006). In particular, the data we use in this paper are elePulcO (-300km south of Mexico City) and Veracruz. The

mental carbon concentrations, measured by a thermal-opticaﬂpatlal mfluence of the measurements was limited to a hori-
method, and absorption at 870 nm, measured with PASs ofontal distance of 30 km near the surface so that the complex

light absorbing carbon. At this wavelength the contribu- circulations resulting from terrain forcing were not overly
tion from organics and dust should be very small (Jacobsonsmoomed' Because most of the measurements were located

1999: Sokolik and Toon, 1999; Sato et al., 2003; Kirchstetter€tween Mexico City and T2, the meteorological conditions

et al., 2004). The data from these two instruments were comWere ponstrained only over a small portion of the modeling
bined to provide values afags. Note that many previous domain.
measurements efags have been reported for a wavelength ~ Figure 2 show an example of the measured wind fields
of 550 nm. Thus, when comparing our values with previousat two heights at the T1 site, along with the model values
ones it will be necessary to extrapolate from our measurewith and without data assimilation. Winds from a south-
ments to values expected at the shorter wavelength. westerly direction may transport material from the MCMA
over T1 and T2, and the figure shows that these conditions
are often found at-2100 m but less consistently 400 m
2 Modeling AGL (above ground level). The wind directions closer to
the surface are more variable than higher up, reflecting the
The Weather Research and Forecasting (WRF) model (Skastrong influence of localized thermal and topographic forc-
marock et al., 2005) was used to simulate the local, regionaling. Throughout the simulation period the model does a gen-
and synoptic meteorological conditions during the MILA- erally good job of reproducing the observations even without
GRO field campaign. A 24-day simulation period that starteddata assimilation, but there are some improvements when as-
at 06:00 UTC on 6 March was chosen to include three daysimilation is carried out, as expected. At the higher eleva-
of “spin-up” prior to the beginning of surface measurements,tions the agreement between measured and modeled speeds
which were obtained at the T1 and T2 sites beginning on 9s somewhat better than at the lower ones. We call attention

www.atmos-chem-phys.net/8/1377/2008/ Atmos. Chem. Phys., 8, 13832008



1380 J. C. Doran et al.: Lagrangian dispersion modeling to study absorption by carbon

0.030

0.010

0.005

0.001

15 16 17 18 19 20 21 22 23 24 25 26 27

Fig. 3. Map of anthropogenic black carbon emission rates used
for simulations. White dots correspond to biomass burning sources
from MODIS during March and the white box outlines the MCMA
source region. Black contour intervals are 200 m.
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March (LST) thropogenic emission rates were estimated using the 1999
National Emission Inventory (NEhttp://www.epa.gov/ttn/
Fig. 2. Measured (dots) and modeled (lines) wind speeds and direcchjef/net/1999inventory.httl In the NEI inventory, emis-
tions at T1 M.odel values are shown without (red) and with (blue) gion ratios of BC/PMs averaged over urban and subur-
data assimilation. ban areas of Phoenix, Houston, and Dallas are given as
0.127, 0.222, and 0.124, respectively, with the high value
) . for Houston perhaps related to the petrochemical facilities
to the period of 18-21 March when winds from the SOuth concentrated there. The NEI inventory contains emission
southwest prevailed throughout the lowest 2km or more.5ieq of PM 5 over Mexico http:/www.epa.gov/ttn/chief/
This time period appeared to be particularly favorable for hoymexico.htmithat are not speciated, but an investigation
transport of the MCMA plume over T1 and T2 (e.g., Fig. 9 o Mmexico City (Miguel Zavala, private communication) has
in this paper and trajectories shown in Doran et al. (2007))’suggested a value of 0.18 for BC/BMin that region. We
and the modeled winds agree especially well with the datagettjaq on a value for the black carbon released of 0.15 of
The comparisons between measured and modeled winds e total PM s mass, which is an intermediate value among
T2 (not shown) gave similar good agreement. the various estimates we had available. Biomass burning
The transport and turbulent mixing of tracers was simu-emission rates were derived from MODIS fire count data and
lated using the FLEXPART Lagrangian particle dispersionyegetation type as described by Wiedinmyer et al. (2006).
model (Stohl, 2005). FLEXPART was originally designed to Biomass burning emission rates varied diurnally with the
use meteorological fields produced by global models, but weowest values around sunrise and peak values during the late
adapted it to use meteorological fields produced by WRF andfternoon. Figure 3 shows a map of the study area with the
to have turbulent mixing consistent with mesoscale applica-anthropogenic emission rates of black carbon for the MCMA
tions. and non-MCMA area as well as the locations of biomass
In this study, meteorological fields at 30-min intervals burning sites from the MODIS data.
were used to drive FLEXPART. Passive tracer particles were The median ages (from the time of release) of the tracer
released to mimic the spatially and temporally varying emis-particles in boxes 5km on a side at T1 and T2 were com-
sion rates of black carbon. Three types of sources werguted, as were the fractions of the particles in each box
defined: 1) anthropogenic black carbon released withinoriginating from each type of source. The output from the
the Mexico Valley (MCMA sources), 2) anthropogenic model was then used to identify and select periods for anal-
black carbon released outside of the Mexico Valley, and 3)ysis, based on factors such as median particle age, fraction
black carbon released from biomass burning sources. Anef the EC arising from MCMA sources, and transport of the
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Fig. 4. (a)Contour plot of particle concentrations at 900 m AGL at 15:30 LST on 20 March, and flight paths of G-1 aircraft over T1 and T2
during the afternoon(b) Measured CO mixing ratios on the G-1 (blue dots), simulated tracer particle concentrations at the G-1 locations
interpolated to the times the G-1 crossed those locations (red dots), and range of simulated particle concentrations at each location during th
G-1 flights (gray shading).

MCMA plume between T1 and T2. Subsequent tests withof 2070, 1460, and 860 m AGL over T1 and 600, 1210, and
boxes 10 km on a side gave results similar to those with 5 kml830 m AGL over T2. The red dots are the model values at
sides. the G-1 locations interpolated to the times the G-1 crossed
those locations, and the gray shading denotes the range of

] simulated values at each location during the whole G-1 sam-
3 Model evaluation pling time period. Although all of the details are not repli-
cated, the model does a reasonably good job of simulating
the position and width of the anthropogenic plume northeast
of Mexico City.

3.1 Comparison of tracer particle concentrations with air-
craft observations

DOE’s Gulfstream-1 (G-1) aircraft flew a number of mis-

sions over the T1 and T2 sites during the course of the exper3.2 Comparison of tracer particle concentrations with sur-
iment, and the data from some of those flights can be used  face EC measurements

to help assess the performance of the model. The top panel

of Fig. 4 shows the tracks of one of those flights on the af-Figure 5 shows time series of the EC concentrations mea-
ternoon of 20 March overlaid on a contour map of simulatedsured at the T1 site. It also shows the total number of tracer
particle concentrations at an elevation of 900 m AGL. Flight particles in boxes 5km on a side centered at T1. A lowess
tracks at three heights over T1 and T2 are stacked on top dfilter (Cleveland, 1979) with a-6-h smoothing window is
each other in the figure. The bottom panel shows the obdrawn through each of the series to highlight the more reg-
served CO concentrations (blue dots) that we used as a sutdar variations of the series, especially the diel variations of
rogate for black carbon (Baumgardner et al., 2002), whichEC. The simulated tracer particle counts show temporal vari-
was not measured on the G-1. Results for the three samplingtions that are similar to those found for the EC values. The
heights over T1 and T2 are shown, with nominal altitudesmodel generally captures the timing of the diel fluctuations
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Fig. 5. Time series of the EC concentrations measured at the T1Fig. 6. As in Fig. 5 except for the T2 site.
site, and the total number of tracer particles in boxes 5km on a
side centered at T1. The line is a lowess filter through the data.
Nighttime periods are indicated by the shaded areas.
There are a number of factors that may contribute to the
poorer performance of the model in simulating EC concen-
but it has more difficulty with the magnitudes of the signal. trations at T2. First, the simulated dispersion over the mod-
The largest discrepancies occur on 25 and 26 March with twaling domain is necessarily imperfect. Errors in the sim-
major peaks in the particle counts; although they correspondilated wind speeds or directions, the depth of the bound-
to peaks in the EC concentrations, the latter are considerary layer, or the representations of the turbulent mixing can
ably less prominent. We speculate that the observed EC mayll lead to errors in the dispersion patterns. As noted ear-
have been reduced by precipitation scavenging during rainyier, the agreement between measured and modeled speeds is
episodes in the last several days of this period, an effect thabetter at higher elevations than closer to the surface, which
is not captured in the numerical simulations. may account for the better agreement with the G-1 obser-
Figure 6 shows the corresponding behavior of EC andvations shown in Fig. 4. Moreover, the emission invento-
tracer particles at T2. The EC variations do not have the sameées for MCMA and non-MCMA anthropogenic sources and
regularity in diel trends as those found at T1, nor do the vari-the biomass burning sources have their own uncertainties, so
ations in the particle counts show the same degree of fidelitghat the strength, location, and timing of important sources
to the EC variations as was found for T1. The EC concen-may not be adequately represented. A comparison of the
trations for 18-23 March are generally higher than for thetime series of observed values of CO and EC with simu-
rest of the period, reflecting the prevalence of favorable windlated values obtained from the WRF-Chem model (Fast et
conditions that bring the MCMA plume and material from al., 2006) for T1 is shown in Fig. 7. The model does a rea-
biomass burning over T2 during much of that time, and theresonable job of capturing the temporal variations of the CO
are major peaks in the tracer particle counts on 18, 20, and 23nd EC but the magnitude of the simulated EC is typically
March. The particle peaks drop off too quickly, however, sotoo small. This suggests that there are likely more uncer-
that the broad maximum in the EC concentration time seriesainties in EC emission rates than CO emission rates from
is not well captured by the particle simulations. anthropogenic and biomass burning sources, because both
gquantities are equally affected by the predicted meteorology.
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Fig. 8. Variation of EC concentrations with CO concentration at T1 Was coming from Mexico City from those when the EC val-
for conditions when the MCMA fraction is greater than or equal to ues were heavily influenced by biomass burning. Figure 8
0.55 (black dots) or less than 0.55 (red dots). shows such a comparison of measured CO and EC. In the
figure the black points correspond to periods when the frac-
tion of tracer particles at T1 attributable to MCMA sources
In addition, EC concentrations at T2 are generally smallerwas 0.55 or larger, while the red points were obtained when
than at T1 and biomass burning is a more important sourcehis fraction was less than 0.55. The value of 0.55 was cho-
of EC (cf. Fig. 9), so that even small errors in the biomasssen because it is the median value of the MCMA fraction for
burning inventory can result in considerable uncertainty inthe complete analyzed time series. We are unable to discern
calculated EC concentrations at T2. As a result, more carany clear separation of the two sets of points in the figure,
must be taken when analyzing the T2 data compared to thaand we suggest the following reason for the observed scatter.

needed for the T1 data. In the emissions inventories available to us, the CO-EC re-
lationship varies among different sectors of the city, and the
3.3 Comparisons of EC and CO measurements CO-EC relationship for various biomass sources also varies.

Thus, while a good CO-EC correlation might be obtained
In his review of this work, Baumgardner suggested that ancloser to local sources within the city, a downwind site like
examination of the slope of the EC-CO relationship might T1 is influenced by a variety of sources with differing CO-
be able to distinguish occasions when the majority of the ECEC slopes. Thus, a clear separation of MCMA-dominated
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sions from biomass burning is also uncertain. Wiedinmyer

’-’; et al. (2006) discuss some of the limitations of the emissions
‘“é * inventory used for this study, and Yokelson et al. (2007) note
s PR N that MODIS fire count data may substantially underestimate
B o the number of fires in the Mexico City area during the MI-
S amn R LAGRO campaign. Reid et al. (2005) reviewed sources of
© uncertainty for biomass burning and summarized the large
% range of emission factors that have been reported in the lit-
;‘%’ 1 erature. That problem is exacerbated by investigators’ use of
3 ——— T T 1 different procedures for determining OC and EC fractions in
0 6 12 18 24 samples analyzed by thermal methods, such as those used in

time (LST) this study. In this context Reid et al. conclude that “results

must be treated as semi-quantitative, and the best an investi-
with time when MCMA fractiore=0.5 and median age12 h. Num- gafltor Ca,n Curren,tly hgpe for IS Con,SIStenCy ) Thufs’hwh”e the
bers in parentheses are the number of samples in each 2-h time bif ormation prowdt_ad "’_' Fig. 9 prov_ldes a Sense_o the impor-
used to compute the median values. Dashed lines indicate missinfince of the contributions from biomass burning, we must

values and vertical lines indicate 25th and 75th percentile values. @ISO expect some uncertainty in estimates of its effect on ei-
ther the amount or age of the elemental carbon, especially at

Fig. 10. Variation of median specific absorption (at 870nm) at T1

T2.
and biomass burning-dominated periods is less likely to be
evident in the CO-EC slopes. 4.3 Variations otxaps at T1

We have calculated values efigs for times when the frac-

tion of tracer particles attributable to MCMA sources was
equal to or larger than the median MCMA fraction of 0.55,
and the median age was 12 h or less at T1. We choose these

Figure 9 shows time series of the computed median ages of2!ues o exclude periods when biomass burning may have

tracer particles at T1 and T2. Here, age means the time front?ee” the dominant contributor to the observed EC at this site
the emission of the tracer particle until its arrival at one of and to focus on more r(.ecent.rather than aged em|SS|ons..F|g-
the two sites. Also shown in the figure are the computed“re 10 shows the variation with hour of the day of the median

d/alues ofwags at T1 computed for the period 15-27 March.
MCMA and to biomass burning sources. Given the ability Because the distributions of specific absorption and age are

of the tracer simulations to mimic the EC concentrations, weSkewed and can have some large outliers, we prefer to use
can expect the ages and the MCMA and biomass fractionénedian values rather than mean values as a more robust indi-
to be reasonably accurate at T1 but subject to more uncercator of behavior. If fewer than six values were available for a
tainty at T2. Despite this uncertainty, it is clear that the me-9iven two-hour block, the median is not displayed. The small
dian ages of the tracer particles at T1 are usually smaller thaf@mPle sizes during the afternoon are attributable in large
those at T2, reflecting the proximity of the MCMA to T1 and Measure to the limitation we imposed on the median ages
the dominant role that the MCMA emissions have at the T1°f the particles. Atnight and during the early morning hours,
site. For the 15-27 March period at T1, the median ages werdpcal sources contribute strongly to particle concentrations at
small at night (~1-3 h) and increased during the early after- 1 1- In late morning or afternoon, the deepening boundary

noon (11 h). T2 showed similar trends but the median agesIayer can entrain particles from layers aloft that may origi-
ranged between approximately 3 and 14 h. nate from more distant or older sources, and the median ages

of the particles at T1 increase rapidly. When we eliminate
4.2 Biomass burning periods strongly affected by these older particles, the sample

size is substantially reduced. Although the sample sizes for
From Fig. 9 it appears that biomass burning occasionallythe remaining cases are not large, some trends do stand out.
contributed a significant portion of the elemental carbonValues ofaags increase slowly after reaching a minimum
measured at T1 even thought the primary source of EC wa# the early morning hours, and then grow further after sun-
typically the MCMA. At T2 the biomass contribution is more rise as the day progresses. The values then decrease quickly
likely to have been the primary one for much of the period. in the early evening and somewhat more slowly thereafter.
The details of the biomass calculations should also be use@here is considerable variation during the diel cycle, with
with some care, however. In addition to the difficulties as- the maximum median value ofags about 50% higher than
sociated with simulating the dispersion of EC over the do-the minimum. The range of values and the timing of the min-
main described above, the estimation of black carbon emisima and maxima differ from those reported by Baumgardner

4 Results and discussion

4.1 Particle ages

fractions of the particles at each site that are attributable t
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Table 2. Median values ofxpgg at T1 at 870 nm, in ig—1, as a function of median tracer particle age, for periods when the MCMA
fraction of the modeled tracer particle concentrations webes. Numbers in parentheses following the sampling times are the number of
sample hours in that category.

Age (h) Sampling time LST (day) aag  Sampling time LST (night) oap

1-2 09:00-18:00 (5) 7.72 21:00-06:00 (23) 5.04
2 11:00-18:00 (7) 7.07 23:00-06:00 (16) 4.82
4-6 13:00-18:00 (1) 01:00-06:00 (11) 4.86

et al. (2007), who found thatags increased only slightly light or always in the dark. For example, for aerosols with
during the day, with a minimum occurring at approximately median ages of 1-2 h, the sampling times for daylight con-
08:00 LST. Our differences in the temporal behavios s ditions were 09:00 to 18:00LST. If sampling times earlier
may be related to the relative locations of their and our sam+than 09:00 LST had been used, a 2-h old aerosol would have
pling sites. For example, Baumgardner has pointed out irspent part of its life prior to sunrise. For aerosols in the 2—
a review of this work that their site was quite close (within 4 h bin the beginning sampling time was delayed further until
300 m) of a significant source of EC, leaving little time for 11:00 LST. The results are shown in Table 2.
aerosol growth through diffusion or condensation. The rate of coating of soot and the enhancementgf

For comparisons with previous measurements we extrapmay be expected to depend on solar radiation and the con-
olated our values of specific absorption from 870nm tocentration of condensable species, and these will both vary
550 nm using a.~! dependence, which increases our val- with time and location during the daylight hours; at night,
ues by a factor of 1.58. For all cases our values avercoagulation may be the more important process (Riemer at
age about 9.0 Ag~1 during the mid-morning hours (08:00— al., 2004). Thus, a simple relationship between soot age and
11:00LST) at T1. This compares reasonably well with thea particular value ofag should not be expected. From our
values of 7.4 to 8.1 Ay~ derived by Barnard et al. (2007) data we found that the specific absorption values decreased
from column measurements with a rotating shadowband raas the median ages of the particles increased from 1-2 h to
diometer in Mexico City in 2003. In contrast, the mea- 2—-4h, and they did so during both the day and night. There
surements of Baumgardner et al. (2007) gave values of 4.5was a negligible subsequent increasexjizs for the 4-6h
5.0n? g1, while a value of 7.0 rhg~! was reported earlier bin at night, but only one case in that age category was found
by Baumgardner et al. (2002). These values are all consisfor the day. Because of the small sample sizes and the small
tent with suggestions by Fuller et al. (1999) thafgs is differences, none of the daytime or nighttime differences in
not likely to exceed 10 Afg—1 except under restrictive con- Table 2 are statistically significant at the 5% level; the dif-
ditions not met in the MCMA. Specific reasons for the dif- ferencesetweerdaytime and nighttime values for the cor-
ferences among the various measurements are not known btgsponding age bins are significant at the 5% level.
are probably attributable, at least in part, to the different lo-  Qur results do suggest that soot aging and coating proceed
cations for the measurements. Another possibility is thatquite rapidly during the day and that any increases in ab-
different measurement techniques contributed to the differsorption after the first hour or so of the aerosol’s lifetime are
ences, although Slowik et al. (2007) report good agreemengmall. Conversely, at night photochemical processing is ab-
between measurements of black carbon content using a PA&ent, the aging and coating proceed more slowly, and values
and a Single Particle Soot Photometer, the instrument usegf wpgs are less affected by coating. This is broadly consis-
by Baumgardner et al. (2007). A number of instrument com-tent with the observations of Johnson et al. (2005) and the
parison studies have been conducted in the past (e.g., Shefnodeling work of Riemer et al. (2004) described earlier. Ad-
dan et al., 2005) but have not typically included comparisonsditional support for this suggestion is provided by electron
between in situ and column measurements of the type demicroscopy analysis of particles collected at the TO, T1 and
scribed here. Additional side-by-side comparisons of the var-T2 sites during the 2006 campaign. As an example, Fig. 11
ious techniques in the field would be useful in the future.  shows a series of scanning electron microscope (SEM) im-

We used the mesoscale model results to estimate ages fages of particles collected at TO on 22 March. As indicated
the aerosols responsible for the absorption at T1 during botlby the micrographs, particles in early morning samples are
daytime and nighttime. We binned the median ages into binseen as “dry” grey spots with little or no coating. In con-
of 1-2h, 2-4h, and 4-6 h, and calculated the median abtrast, particles collected during the late morning or afternoon
sorption for each bin. We selected the time periods duringhours show clear evidence of organic coating. This coating
which measurements were made to ensure that aerosols with apparent in the images as the darker substance surround-
ages corresponding to each bin were either always in suning the grey particles — is likely photo-chemically formed
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Fig. 12. Variation of median OC/EC ratio with time when MCMA
fraction >0.55 and median agel12 h at T1. Dashed lines indicate
missing values and vertical lines indicate 25th and 75th percentile
values.

that the thinnest coating of non-light absorbing material was
observed at the time of maximum concentrations of light ab-
sorbing carbon around 08:00 LST.

Our observations regarding the variatiornags with age
should be treated with some caution. The numbers of sam-
ples in each category in the table are not large, especially
during daylight hours, and the range of median particle ages
that we could analyze was limited. The model results are
also subject to uncertainty, as described earlier, and the data
themselves have their own sources of potential error (e.g.,
Watson et al., 2005). Nonetheless we felt it would be inter-
esting and potentially useful to present the features shown in
Table 2. Our selection of conditions to analyze based on a
threshold MCMA fraction of tracer particles0.55 is also
somewhat arbitrary. A value of 0.55 for the MCMA frac-
tion still allows a considerable influence from other sources
such as biomass burning. We have looked at higher thresh-
olds but the number of cases available for analysis decreases

: . and the statistical significance also decreases. We also re-
MILAGRO TO  (18:40 LST) § laxed the criterion for MCMA fraction to allow more influ-
ence from non-MCMA sources. The principal difference we
found was that as the percentage of the tracer particles at-
Fig. 11. SEM images of particles collected at the TO sampling site tributed to biomass burning increased, the median ages of
at three times on 22 March. The darker areas around the particlefhe tracer particles also increased, as was expected. In prin-
indicate coating of particles by organic material during the daytime.cip|e we could use model results to sort out the relative ef-
fects of particle age and MCMA or biomass burning fraction

) ) _ Onhaaps, but in practice our number of samples becomes too
secondary organic material that condensed on already exiskma| to allow unambiguous results to be obtained.
ing traffic emissions particles (D. Worsnop, private commu-

nication). Such behavior was found on numerous days during 4  Change ofiags between T1 and T2
the MILAGRO campaign at all three sampling sites.

The measured OC/EC ratios at T1 also support this inter-One of the objectives of the T1-T2 campaign was to exam-
pretation, showing a broad peak in the afternoon and mucline changes irxags as the Mexico City urban plume was
smaller values at night (Fig. 12). A minimum in the OC/EC advected first over T1 and then over T2. The expectation
ratio occurs in the 06:00-08:00 LST interval. This behaviorwas that if aerosols aged and became coated en route from
is consistent with the finding of Baumgardner et al. (2007)T1 to T2, then those processes would result in measurable
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differences ineags between the two sites. Initial analyses relax the 6-h restriction for the median age of the particles
(Doran et al., 2007; Doran, 2007) provided some evidenceat T2 to 12 h, there is no significant difference in the median
suggesting such changes had been observed but the statspecific absorption at the two sites even at the 50% level. Itis
tical significance of the differences was not strong. More-interesting to note that for all other times that do not include
over, possible influences of biomass burning were recogiransport cases, the median valuea gis decreasdetween
nized as a complicating factor that needed to be considere@1 and T2, from 5.61 to 5.41fg~1, but this difference is

in greater detail, and for this paper we hoped that the resultagain not significantly different from zero at the 50% level.

of our mesoscale modeling could provide additional insight. An examination of individual cases shows that the differ-
In light of the uncertainties in the modeling and measure-ences in the calculated median ages of the tracer particles
ments described earlier, we chose to restrict comparisons dfetween T1 and T2 for transport conditions ranged approxi-
the specific absorption of elemental carbon at the T1 and T2nately from 1 to 4 h. Given the results from T1 shown ear-
sites to transport periods when the urban plume from thdier on the variation otxags with age, it is unclear why the
MCMA region was likely to have been a major contributor specific absorption would increase during the relatively brief
to the EC concentrations at both T1 and T2. These period¢ravel times between T1 and T2.

would be characterized in Fig. 9 by relatively high fractions

of the tracer particles from MCMA sources and by relatively 4.5 Future studies

small values of the median ages of the ensemble of particles S ) )

at each site. We also needed to strike a balance between ti¥ this point itis difficult to judge the importance of the small
highly restrictive conditions for which the simulated biomass differences inxags between T1 and T2 without a measure-
burning contributions are likely to have been very small (e.g.,MeNt campaign of longer duration and perhaps a selection of
less than 20% of the tracer particles at a site) and havim\fcatlons with greater separation to provide additional data.
enough measurements of specific absorption to allow for reat O €xample, conditions favorable for transport between T1
sonable size samples for comparison. In practice we settle@nd T2 also occurred on 9-11 March, before the full suite
on two criteria for identifying transport periods: 1) the com- of !nstrume_nts was operational at the two S|tes._ Future cam-
puted MCMA fraction of the tracer particles at T2 was 0.4 or P&igns lasting for two months or more would increase the

higher, and 2) the simulated median transport time at T2 wadumber of cases with conditions favorable for analysis. The

6h or less. These periods are indicated by the filled-in IOOr_use of a mesoscale model with data assimilation to help an-

tions of the MCMA curve in the bottom panel of Fig. 9. Most alyze the results, as described here, would clearly be a valu-
of these cases are found around the period 18—21 MarcHP!€ component of any such study. .
and a comparison with the data presented in Fig. 2 shows Furt_her ewdence. of the relat!ve impacts of anthropogenlc
that this period corresponded to a time interval during which@d biomass burning on particulates observed downwind
both near-surface winds and winds aloft blew from the southfoM Mexico City should come from several aerosol mass
southwest. We have also used a 10kb0 km box surround- ~ SPectrometers (AMS) that were deployed at ground sites
ing T2 to calculate the MCMA fraction and median particle (T0: T1, and mobile platforms) and on aircraft (G-1 and C-
ages, and we found that the periods identified as favorabld-30)- Recently developed analysis methods for AMS organic

for T1-T2 comparisons are virtually the same as those foundPeCtra can separate organic mass into hydrocarbon-like (re-
using the 5 knx5 km box. ferred to as HOA) and oxygenated components (referred to as

The criteria used above to select “transport periods” are2OA)- Zhang et al. (2005) and Volkamer et al. (2006) show
considerably more restrictive than the preliminary criteria that HOA and OOA correspond to primary and secondary
used in our previous study (Doran et al., 2007), which °rganics, respectively. This analysis technique has been ex-

were based on estimates of trajectories from the T1 profilef€nded to include a category resulting from biomass burning
without regard to possible influences from biomass burn-(référred to as BBOA). The time variations of HOA, OOA,

ing sources. In addition, for this study we further limited and BBOA at the surface sites and on the aircraft should

our analysis to times when specific absorption measurementdow identification of anthropogenic and biomass contribu-
were available at both T1 and T2 and the computed age 0}ions to aerosols at T1 and T2 as well as information on how

the particles at T2 was greater than that at T1. As a resulUCh coating of the aerosols occurred from secondary pro-
the sample population has been reduced by more than a faC€SSes. The data on HOA, OOA, and BBOA components of

tor of two from our earlier analysis (to 23 cases), primarily € organic particulates are not yet available for this paper,
because of the exclusion of periods with large contributionsPUt coupling that information with our analyses in the future
from biomass burning. would clearly be worthwhile.
During these more restricted transport periods the me-
dian specific absorption of EC at 870nm at T1 and T2 was
5.72 and 5.97 rhg~1, respectively, but a Mann-Whitney test
shows that the difference in the median valuestggs at
T1 and T2 was significant only around the 20% level. If we
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5 Summary and conclusions

We have used the WRF model, along with 4DDA, to sim-
ulate the local, regional, and synoptic meteorological condi-

J. C. Doran et al.: Lagrangian dispersion modeling to study absorption by carbon

and Collett Jr., J. L.: Photoacoustic and filter-based ambient

aerosol light absorption measurements: instrument comparisons
and the role of relative humidity, J. Geophys. Res., 108, 4034,

doi:10.1029/2002JD002165, 2003.

tions during the MILAGRO field campaign. The meteorolog- Barnard, J. C., Kassianov, E. I., Ackerman, T. P., Johnson, K., Zu-

ical fields were used to drive a Lagrangian dispersion model,
with tracer particles released at rates based on emission in-
ventories for black carbon from anthropogenic sources and
biomass burning. The results were used to identify periods
when relatively fresh emissions from the MCMA were the g
primary contributors of EC at T1. They were then used to
help examine the changes of the specific absorptiags,

with time of day and with time after release. Coating of EC,

beri, B., Molina, L. T., and Molina, M. J.: Estimation of a “radia-
tively correct” black carbon specific absorption during the Mex-
ico City Metropolitan Area (MCMA) 2003 field campaign, At-
mos. Chem. Phys., 7, 1645-1655, 2007,
http://www.atmos-chem-phys.net/7/1645/2007/
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A., and Novakov, T.: On the evolution of aerosol properties at a
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with a consequent increase dngs, appears to be limited Baumgardner, D., Raga, G., Peralta, O., Rosas, l., Castro,

during night. In contrast, coating proceeds rapidly during the
day, with peak values afags occurring in mid-afternoon.
This interpretation is supported by SEM images of aerosols
collected at the sampling sites and by measured OC/EC ra-
tios at the T1 site.

Although aags increases during the day, strong evidence
for increases oftags with particle age for median aerosol
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aags between the T1 and T2 sites on days with conditions fa-
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but the statistical significance of this result was marginal. ForBond, T. C. and Bergstrom, R. W.: Light absorption by carbona-

non-transport conditions the median valuea gis at the T1
and T2 sites were essentially the same. Additional measure-

ceous particles: an investigative review, Aerosol Sci. Technol.,
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