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Abstract. The Mexico City Metropolitan Area (MCMA) 1 Introduction

experiences high loadings of atmospheric aerosols from an-

thropogenic sources, biomass burning and wind-blown dustWith maximum hourly concentrations above 30¢ pag for

This paper uses a combination of measurements and numeRM, 5 and above 600 ygn® for PMyg during the MILA-

ical simulations to identify different plumes affecting the GRO field campaign, the Mexico City Metropolitan Area
basin and to characterize transformation inside the plumegMCMA) experiences particularly high aerosol loadings
The High Spectral Resolution Lidar on board the NASA (de Foy et al.2008. These contribute to high exposure lev-
LaRC B-200 King Air aircraft measured extinction coef- els on longer time scales which are an important health con-
ficients and extinction to backscatter ratio at 532 nm, andcern (Molina and Molina 2002. These aerosols are the re-
backscatter coefficients and depolarization ratios at 532 andult of emissions from very different sources including urban
1064 nm. These can be used to identify aerosol types. Themissions, biomass burning smoke and wind suspended dust
measurement curtains are compared with particle trajectorySalcedo et al2006 Raga et al.2001). The aerosol plumes
simulations using WRF-Flexpart for different source groups.are transported by complex wind patterns in the basin lead-
The good correspondence between measurements and simiag to inhomogeneous plume dispersidragt and Zhong
lations suggests that the aerosol transport is sufficiently welll998 that is strongly impacted by local convergence zones
characterized by the models to estimate aerosol types an@lazcilevich et aJ.2005 de Foy et al.2006a Intense verti-
ages. Plumes in the basin undergo complex transport, andal mixing in the afternoon leads to rapid venting of the urban
are frequently mixed together. Urban aerosols are readilyplume outside of the basié Foy et al.20069. This paper
identifiable by their low depolarization ratios and high lidar focuses on identifying aerosol plumes in the MCMA basin
ratios, and dust by the opposite properties. Fresh biomasduring the MILAGRO field campaign using High Spectral
burning plumes have very low depolarization ratios which Resolution Lidar (HSRL) measurementsa(r et al, 2008
increase rapidly with age. This rapid transformation is con-and WRF-Flexpart particle trajectory simulations of known
sistent with the presence of atmospheric tar balls in the frestsourcesde Foy et al.20091).

plumes. MILAGRO (Megacity Initiative: Local And Global Re-
search Observations) was an international field campaign in
March 2006 that brought together hundreds of scientists. The
goal was to study processes affecting atmospheric chem-
istry from the urban to the regional scale using the MCMA

Correspondence tdB. de Foy as a case studyMolina et al, 2010. Nested within this
BY

(bdefoy@slu.edu) field campaign was MCMA-2006 studying urban emissions
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and pollution within the basin, MAX-MEX studying aerosol A detailed chemical analysis on the level of individual par-
transport and transformation in the urban plume leaving theticles confirms the importance of SOA by identifying that the
basin, MIRAGE-Mex studying the pollution on the regional most prevalent aerosol type contains mixed inorganic species
scale and INTEX-B studying large-scale impacts of pollution coated in organic materiaMoffet et al, 2010. Further-
export Molina et al, 2010. The lidar measurements used in more, the fraction of organic material increases with trans-
this study are part of MAX-MEX and INTEX-B, and the fo- port away from the MCMA. Fresh aerosols from the MCMA

cus of the study is on the MCMA basin. were found to have lower specific absorption which increased
- with distance travelledXoran et al.2007), although the rela-
1.1 Aerosol composition tionship was weak and aerosol coating took place during the

. , day but not at night@oran et al.2008. Similar results from
Aerosol composition at ground level in the MCMA was 4ircrat measurements above the basin and the near-field out-
found to consist of roughly one quarter dust, one quarteryq sites also found an increase in organic aerogolsig-
secondary inorganic aerosols and one half organic mattef,n et al, 2008. Analysis of the size distribution revealed

for PMyo, with .similar patterns fOf PMs (Querol et al. _ that the increase in aerosol concentrations does not come
200§. Transmission Electron Microscope (TEM) analysis o |arger particles but rather from an increase in the num-

found that most particles were coated or consisted of aggrep of particles in the accumulation modédinman et al,
gates Adachi and Buseck008. Over half of those particles 2009. This was found to correspond to an increase in par-

consisted of soot (black carbon) coated with organic matteficjes in the ultra-fine and Aitken mode with photochemical
and sulfates. This is consistent witliken et al.(2009 who

found that half of the aerosols consisted of Secondary Or- S'.[udies of biomass burning plumes not limited to the
ganic Aerosol (SOA) and that the rest were split between pri-\icMA or to MILAGRO have found that they have a large

mary grban emissions and biomass burning organic aerosol§ange of optical properties depending on the type of fire and
Likewise, Stone et al(2008 used a Chemical Mass Bal- 6 age of the plumeRieid et al, 2005. Jantall et al.(2010
ance model to identify sources of ambient organic carbor, gy zed the geometric mean diameter and geometric stan-
and found that motor vehicles accounted for half of the ur-y. .4 qeviation for fresh (less than 1 h old) and aged smoke
,ba” organic carbon and that impacts of biomass burning Valand found that the fresh smoke had much smaller particles
ied from 5 to 26%. with a broader distribution of sizes. These small particles
On the regional scaleYokelson et al.(2007), Crounse  j, the nucleation mode transfer to the accumulation mode
et al. (2009, andYokelson et al(2011) found that biomass

: i _within half an hour, bufanfall et al.(2010 suggest that they
burning emissions could cause more than half of the organig,5ve Jittle influence on optical properties.

aerosol mass in the plumes sampled by aircraft outside the yorelson et al (2009 identified tar balls during MILA-

basin a}nd a}t. highgr .a.ltitudes. In additid@hristian et gl. GRO using TEM in plume samples 10 to 30 min old, but not
(2010 identified significant aerosol sources due to biofuel; ihe fresh sample that was collected within a few minutes

use and garbage burning throughout the region. These rest g mjissions. Atmospheric tar balls, not to be confused with
gional sources led to surface impacts in the MCMA, althoughp|ops of oil in the ocean, are spherical particles that likely
they remained smaller than the impacts from local source§orm within minutes from gas-to-particle conversion in the

(Aiken et al, 2010. plume, and are particularly abundant in the initial hours of
transformation lPosfai et al.2004. They typically have di-
ameters between 30 and 500 nm and consist mainly of car-

The picture that arises of aerosols in the MCMA plume is onebor_1 and oxygen. They e“f'c'?”t'y scatter an_d absorb light
of a complex mixture of aerosols from very different sources. Which makes them important in terms of regional haze and
In addition, the plume is highly reactive and leads to consid-Climate forcing Hand et al. 2009. There is conflicting ev-

erable formation of SOA. As the plume oxidizes, both the /d€nce of hygroscopicity, but it seems that aging and oxida-

physical and optical properties evolve over a short time scaldiOn 1€ads to particle coating and enhanced solubisigrge-

in a way that can be accounted for using bulk aerosol cateMUK €t al, 2007. They have been called "brown carbon”

gories rather than detailed chemical compositidimenez because of their complex refractive indices and, in addition
et al, 2009. For the MCMA, rapid SOA formation was to young biomass burning plumes, have also been found in

measured during the first day of plume transport. After that,East-Asian outflow air massesléxander et a].2008 Pos-

total amounts of SOA did not increase even though oxida- @ @nd Buseck2010. Laboratory studies have further ex-

tion continued transforming the plumBéCarlo etal.201g.  amined their morphologyGhakrabarty et 812006 and sug-

For plumes with high biomass burning content it was further 96t that they may have a significant impact on the earth's
shown that aging and transformation could add nearly half off 2diation budgetChakrabarty et 12010.

the equivalent mass of the original primary organic aerosol

(DeCarlo et al.2010.

1.2 Aerosol transformation
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1.3 Plume transport 2 High spectral resolution lidar

Fast et al(2007) describes the general meteorological condi- 1,4 High Spectral Resolution Lidar technigue was developed

t'(t))?s dur_mé:] MILAGRO alor;g W'ctjh thg measurements av]:’illr-] to separate the aerosol backscatter from molecular backscat-
able. Wind patterns were found to be representative of thge, 50 therefore estimate aerosol extinction and backscat-

climgtological_ average for Mexico Ciijé Foy et al'z_ooa ter coefficients independenthBkipley et al. 1983. This
a”?' include similar transport scenarios to the Previous CaMenaples the direct measurement of the lidar ratio, which is
paign, MCMA-2003 e Foy et al. 2009, (Molina et al, the ratio of extinction to backscatter and provides an ad-

2007. The formation of convergence lines and very high giiona| parameter for discriminating among aerosol types
mixing heights are important meteorological features in the(Hair et al, 2009. The HSRL has been used to evaluate

basin that lead to rapid venting of the plume and export intoqq hined active and passive aerosol extinction profiles from
the free troposphere. During MILAGRO, maximum daytime ¢ jite and is being developed for space observaBom(
boundary layer heights always reached 2000 m above groung)n etal, 2010).

level and frequently exceeded 4000 Bhaw et al. 2007). . . - .
q y ) : 7 The National Aeronautics and Space Administration

SO, was used as a tracer to identify vertical stratification of ) .
2 fy (NASA) Langley Research Center (LaRC) airborne High

distinct plumes during the campaigde( Foy et al.20093. . ) .
This showed that at night a low level industrial plume fre- Spectral Resolution Lidar (HSRL) used during MILAGRO

quently led to high concentrations of 3@ the MCMA IS de;scngeg.\l(nAgeltan ”HE_E['; et f‘l'(tzotosaé 2The lid darlggjs
in combination with drainage flows around the basin slopes:.a pulse -YAS faser with output at 532nm an nm.
n iodine vapor filter is used to discriminate between the Mie

The elevated plume from the Popocatepetl volcano, locate : S
on the southeastern edge of the basin, only mixed down tSeattering qf the aerosols and the Cabannes-Brillouin molec-
the surface under certain occasions during the day but othl—“Ilar scattering at the 532 nm wavelength. This provides inde-

erwise was transported aloft above the surface. This combiP€ndent measurements of aerosol backscatter and extinction
nation of daytime basin mixing and longer ran.ge transportcoefficients. At 1064 nm, the standard backscatter lidar tech-
stratified in the vertical can lead to a plug flow with seg- nique is used to provide aerosol backscatter coefficients. In

mented plumes travelling very rapidly at high altitude but addition, the degree of linear polarization is measured at both
much slower nearer the surfadéés et al, 2010 wavelengths. Radiometric calibration of the 532 nm channels

Lewandowski et al(2010 performed an urban transect of is performed internally thereby eliminating the need to cali-
the MCMA with a mobile lidar. They observed directly the brate against atmospheric targets for which the aerosol load-

residual layers aloft, the mixed layer below growing during ing is uncertain. The 1064 nm backscatter retrieval does rely

the day until it mixes with the residual layer, and the trans- 2" caIibration_to a region of .IOW aerosol loading in the pro-
port through the gap in the southeast of the basin. The valleme’ but peneflts from an estimate of the aerosol backscatter
to the south is at a lower elevation than the basin so that airom the internally calibrated 532 nm channels.

the gap flow moves south, the MCMA plume continues ata Rogers et al(2009 describe the evaluation of the HSRL
constant height and is separated from the surface flow. Th&uring MILAGRO. The aerosol measurements were com-
vertical stratification persists over the whole region and wasPared with in situ aerosol scattering and absorption measure-
detected by aircraft measurements a couple of hundred kiloents on board the C-130, G-1 and J-31 aircraft as well as
meters to the easbeCarlo et al.2008. ground based measurements from the Aerosol Robotic Net-

The NASA Langley airborne HSRL was flown on board work (AERONET). Bias in extinction coefficients at 532 nm
the NASA LaRC B-200 King Air aircraft, and acquired Were found to be below 3%, and root mean square differences
detailed high resolution profiles of aerosol extinction, op- below 50%.
tical depth, backscatter and depolarization during MILA-  Four intensive parameters that depend only on the aerosol
GRO. The measurements are described in Skaind the type and not on the concentration can be calculated from the
Lagrangian particle simulations in Se&. Simulations of measurements: the lidar ratio, the aerosol depolarization ra-
urban, biomass burning and dust source types enables th® at 532 nm and 1064 nm, and the backscatter coefficient
identification of individual plumes in the data as well as an color ratio. The latter is defined as the backscatter at 532 nm
estimation of their ages. Secti@ghpresents the results for divided by the backscatter at 1064 nm. For the analysis, in-
biomass burning plumes and dust plumes, and then for urbastead of using two depolarization ratios, we use the aerosol
transects in the MCMA and for flights following the plume depolarization ratio at 532 nm and the depolarization color
as it is transported outside the basin. Seclaliscusses the ratio defined as the aerosol depolarization ratio at 1064 nm
relevance of the results to aerosol transport and transformadivided by that at 532 nm.
tion as well as for the evaluation of numerical simulations. The lidar ratio has vertical resolution of 300 m and tem-

poral resolution of 1 min (corresponding to 6 km horizontal
resolution) whereas the depolarization ratio and backscatter
coefficients have a vertical resolution of 60 m and temporal
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Table 1. HSRL optical properties by aerosol types, along with the significance of high and low values for each property, see text for
discussion (BB = Biomass Burning).

Aerosol Type  532nm Depolarization  Dep. Color Ratio Bsc. Color Ratio  Lidar Ratio Example

Fresh BB Very Low Low High Varies Ficp

Fresh BB Mix  Low High Medium High Varies Figt

Urban Low Medium Medium High FigB (red ellipse)
Dust High Medium Low Low Medium Low Fig6

Mixed High Medium Low Varies Figll (green ellipses)
Significance

Lower Spherical Smaller Non-spherical  Larger Less Absorbing

Higher Non-spherical Larger Non-spherical Smaller More Absorbing

resolution of 10s (corresponding to 1 km horizontal resolu-particle trajectories in both forward and backward mode us-
tion). ing high resolution wind simulations.

The depolarization ratio discriminates between spherical The meteorological simulations used in this study are de-
and non-spherical particles. The lidar ratio helps identify scribed and evaluated in detail de Foy et al(2009) and
pollution which tends to be more absorbing, and hence have are the same as the ones used in the study eft@@sport in
higher ratio Muller et al, 2007). The backscatter color ratio the basin described ite Foy et al(20099. The model was
is inversely related to aerosol size and identifies the smallegvaluated by three different methods. First, statistical per-
aerosols associated with smoke and urban polluaséno  formance metrics were calculated using both surface obser-
and Browel| 1989. Finally, the depolarization color ratio Vvations and vertical profiles of temperature, humidity, wind
has been less studied, but can provide information about thépeed and wind direction. Second, the model representation
relative size of the non-spherical particles and may also proof wind clusters identified from the data was compared for
vide some discrimination between smoke and pollutfug- both surface wind patterns and radiosonde synoptic patterns.
imoto and Lee2006 Ferrare et a).2011). Third, the model was evaluated by comparing results from

Cattrall et al.(2005 used a clustering algorithm to clas- “Concentration Field Analysis”. This evaluates the model by
sify aerosols into source types based on the intensive optiS€eing if trajectories based on the simulated wind fields are
cal properties. This has been further developed to C|assif}§ib|e to identify correctly known emissions of air pollutants
aerosol types encountered during 10 field campaigns all ovePased on surface measurements at different fixed sites.
North America Ferrare et aJ2011). The HSRL typing anal- Mesoscale meteorological simulations were carried out
ysis has been valuable for identifying smoke aerosols durwith the Weather Research and Forecast model version 3.0.1
ing the ARCTAS mission\Warneke et a).2010 and urban  (WRF, Skamarock et g1.2009 using the Global Forecast
aerosols during the MILAGRO missioMplina etal, 2019.  System (GFS) as initial and boundary conditions. There

Table1 provides an overview of the aerosol optical prop- were three domains in the simulation with grid resolutions

erties used in the discussion based on both prior and cur2f 27, 9 and 3km, 41 vertical levels and one-way nesting.

rent lidar measurement studies. This summarizes informaPiffusion in coordinate space was used for domains 1 and
and in physical space for domain Zafgl et al, 2004.

tion about different aerosol types and identifies examples inz’ s ) ) . . .
the measurements. The following options were used: the Yonsei University

. : (YSU) boundary layer schemel¢ng et al, 2006, the Kain-
The HSRL operated on 20 research flights during MILA- _ . " oS
GRO including the arriving and departing flights. This paper Fritsch convective parametrizatiokigin, 2004, the WSM6

focuses on the 10 flights between 3 March and 15 Marchmmrophysms scheme, the Dudhia shortwave scheme and the

RRTM longwave scheme. High resolution satellite remote

This period corresponds to the drier part of the C‘fjmp"’m‘:]nsensing was used to improve the land surface representation

with fewer cIOl_st, better data availability and more blomassin the NOAH land surface model for domains 2 and 3 by
burning and wind-blown dust. . ) )

using landuse, surface albedo, vegetation fraction and land
surface temperature from the Moderate Resolution Imaging
Spectroradiometer (MODIS) as describedda Foy et al.
3 Modeling (2006h.

Stochastic particle trajectories were calculated with

Numerical simulations were used to study aerosol transporELEXPART (Stohl et al, 2005 using WRF-FLEXPART
with a focus on identifying source regions and particle ages(Fast and EasteP006 Doran et al.2008. Vertical diffusion
For this purpose, we use a Lagrangian model which tracksoefficients were calculated based on the mixing heights and

Atmos. Chem. Phys., 11, 3543563 2011 www.atmos-chem-phys.net/11/3543/2011/



B. de Foy et al.: Aerosol transport and transformation with HSRL and WRF-Flexpart 3547

500
I 400

300

Daily sum of MCMA releases

Daily sum of regional releases

200 N

195 N
200

190N

S
NN\

995 W 99.0 W 985 W

¢
“o gl ‘,(. @oa%;/%é
o N/ L@
18" N[ IR AAC L) % U, G [N

100 W % w 98 W

Fig. 1. Maps of particles released for urban and regional emissions (daily sum) and biomass burning and dust emissions (sum from 1 to 15
March). Terrain contour lines shown every 250 m. Basin map also shows the location of the mountain gap and the Popocatepetl volcano
discussed in text.

surface friction velocity from the mesoscale models. Sub-grid. This was combined with updated data of vehicle counts
grid scale terrain effects were turned off and a reflectionand diurnal profilesl(ei et al, 2007 Song et al.2010. The
boundary condition was used at the surface to eliminate algrids were scaled to have a daily average of 2000 particles
deposition effects. Particle locations were saved every houper hour released in the bottom 50 m of the boundary layer.

for analysis. Anthropogenic emissions in the regions surrounding the
Separate particle simulations were carried out as tracerMCMA were based oMena-Carrasco et 2009 who used
for urban MCMA emissions, urban emissions in the regiona number of sources. The bulk of the particles released are
surrounding the MCMA, biomass burning emissions anddue to the urban centers of Puebla to the east and Toluca to
wind-blown dust emissions. Forward trajectories were cal-the west, with smaller contributions from Cuernavaca to the
culated for every hour of the field campaign with trajectories south and Pachuca to the northeast. For some of the plots
integrated for 48 h. Figuré shows the resulting grid of the and analysis, merged patrticle fields were created by scaling
daily sum of particle releases for each group. Figusows  the regional emissions to the MCMA values and obtaining a
the hourly profile of the number of particles released for bothsingle urban emissions field.
the urban and the regional emissions used for each day, and Tracers of biomass burning emissions were based on daily
the hourly variation of biomass burning and dust used for 1emjssjon estimates of CO calculated using the Fire INven-
to 15 March. tory from NCAR (FINN) version 1, an emission framework
For the urban plume, forward trajectories were calculatedmethod described iWiedinmyer et al.(2006§ and Wied-
using urban CO emissions. These were based on the 2006myer et al.(2010. Fire counts (MODIS Data Process-
official emissions inventory for the MCMASecretda del ing System) were provided by the University of Maryland,
Medio Ambiente del Gobierno del Distrito FederaD08. seeMODIS Rapid Response proje@002 andGiglio et al.
CO emissions are mainly from mobile sources. Gridded(2003. To account for the inconsistent daily coverage of the
emissions were therefore obtained by projecting fine scaléMODIS data in the tropical latitudes, fire detections in these
road infrastructure network maps of the city onto a 2.25 kmequatorial regions are counted for a 2-day period, following
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s Diurnal profile of MCMA and regional releases of emissions in units of gm?s were converted to number of

£ 15000¢ particles with a proportionality constant, and emissions were
g grouped into a single area release for each two by two group
© 10000 of grid cells in order to reduce computational load. The fo-
3 —¢— MCMA cus of this paper is on the pattern of the emissions and the
2 @ Region plume transport and so we shall not evaluate the quantities of
g 5000y dust emitted, but it is worth noting in passing that the DUS-
é’ W TRAN emissions are several orders of magnitude larger than
S 9% 02 04 06 08 10 12 12 16 18 20 22 o0 the wind-blown dust estimates in the official MCMA inven-

Time of Day (CST) tory. Aerosol data suggests that the MCMA inventory is un-
derestimatedQuerol et al. 2008. The MCMA modeling
studies suggest that the DUSTRAN emissions may be too
15000t Dust Basin high (Qian et al, 2010. Using an alternative moddHodzic
pusths et al. (2009 found that wind-blown dust could account for
Eire All 10% to 70% of PM s depending on meteorological condi-
tions. The estimates derived from DUSTRAN are consistent
with this and suggest the ubiquitous presence of airborne dust
in the region for the time period modeleKarydis et al.
REAVAVATAVAVEVAVIVGAVAVAVA VAN AR (2010 describe results using an alternative formulation for
01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 dust emissions and/atson and ChoW2000 provide further
March 2006 discussion of the uncertainties in the inventories.
Overall, there are urban and regional CO emissions,
Fig. 2. Top: hourly profile of number of particles released for biomass burning emissions from FINN, and dust emissions
MCMA and regional emissions. Bottom: hourly emissions of dust from DUSTRAN. The Flexpart simulations were used to
and biomass burning smoke for 1-15 March 2006. For biomass, thedentify the particle type as “Urban”, “Fire”, “Dust”, or any
value for each day is used from 8am until 8am the following day. combination of those three for cells corresponding to each
D3 means WRF domain 3, see Figl. HSRL data point. For each emissions source, particles were
counted inside grid cells corresponding to HSRL measure-
o ) ] ments. The particle fraction was obtained by scaling the
similar methods described b}-Saadi et al.(2008. Land  nymper of numerical particles released from each source to
cover was determined with the MODIS Land Cover Type gquivalent CO emissions. This was chosen because the an-
product friedl et al, 2010 and fuel loadings frontoelze-  thyopogenic CO inventory is relatively well constrained and
mann et al(2004 andAkagi et al.(2019. Emission factors 55 heen found to provide good quantitative agreement with
were taken from multiple sources (e.gwndreae and Mer- measurementslé Foy et al. 2007 Fast et al. 2009. For
let, 200% M. O. Andreae, personal communications, 2008; piomass burning, a ratio of 1 to 10 for PM to CO was

Biomass burning and dust releases

100001 x

5000

Particle No. Released per Hour

Akagi et all, 2910. . _ “used to convert to equivalent CO emissions. Dust emissions
_The emissions are a revised version of the ones _USEd IPose a triple problem because there are greater uncertainties
Aiken et al.(2010 andDeCarlo et al(2010. Daily emis-  in their emissions, because they do not have corresponding

sions totals are divided into hourly emissions starting atCO emissions, and because they are so ubiquitous that they
8a.m. of the current day until 8am the following day. This is swamp the presence of other particle types. As a practical ex-
to account for smoldering emissions that continue during thepedient, it was therefore decided to scale them as if the total
night, and for the fact that many of the fires are agricultural PM, 5 mass of dust was similar to the biomass burning emis-
fires that are started in the morning. Note that simulatingsions. From there, the same ratio of 1 to 10 forf2Mb CO
particle releases every hour makes sense because we are igas applied. The cells were classified as being of a single
terested in detecting individual events. This is in contrast togerosol type if that type accounted for more than two thirds
Aiken et al.(2010 where a diurnal profile of emissions was of the scaled particle count. They were classified as a mix of
used because we were analyzing hourly impacts at a fixe@| three (urban, biomass burning and dust) if each type ac-
site. counted for less than 40%. By adopting this method, we were
Tracers of dust emissions were calculated using the DUSable to identify areas that contained more urban or fire emis-
TRAN dust transport moduleShaw et al. 2008 based on  sions than others, although it should be kept in mind that in
the WRF simulations. This parametrization is based on thepractice, dust was present to some degree everywhere. Be-
friction velocity in the model and takes into account the land cause Flexpart tracks individual particles, we subsequently
use type, soil type, vegetation fraction and soil moisture incalculated the mean age of the particles present in each grid
estimating particulate mass loadings. We assumed mediuneell based on the scaled particle counts.
fine soils corresponding to clay-loam for the MCMA.. Values
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4 Results
4.1 Biomass burning plumes

The HSRL measured numerous biomass burning plumes dur-
ing the first half of the field campaign. Figusa and b show
maps of two flight segments that sampled biomass burning
plumes, with corresponding curtain plots shown in Figs.
and5. These were selected because the plumes have clear
optical properties even though the simulations suffer from
weak comparisons. Furthermore, they illustrate two contrast-
ing types of optical properties. Twenty examples of biomass
burning plumes sampled during the campaign are shown in
the supplementary material, some of which are discussed in
Sects4.3and4.4. Ellipses have been added to the curtain
plots to relate features in the figures to the discussion in the
text, as well as to facilitate visual comparison across the cur-
tain plots. These are used to identify features of interest in
the HSRL properties, and to highlight the corresponding sim-
ulation results.

On 7 March, the HSRL flew a leg south of the basin, mov-
ing northeastward towards the slopes of the Popocatepetl vol-
cano as shown in Figga. The yellow ellipse on the left in
Fig. 4 shows a smaller biomass burning plume in the valley
to the south of the MCMA that is contained within the first
1000 m above ground level. The yellow ellipse to the right
shows a bigger biomass burning plume on the eastern slope
of the volcano, that extends more than 2000 m above ground
level. The green ellipse in the middle identifies a large plume
of mixed aerosols south of the basin gap, between 3000 and
4500 m m.s.l.

The Flexpart simulations of biomass burning do not show
many particles for the small plume on the left. However,
Fig. 3a shows that there was a fire just northwest of the flight
leg. For the larger plume to the right, there is a weak sig-
nal of a fire plume in the simulations, barely seen as light
blue on the navy background. The emissions model identi-
fied a small fire just south of the flight curtain (see Rg).

In both cases, it is possible that the emissions estimates were
too low for these fires and also that discrepancies in the trans-
port direction were sufficient for the model to miss the bulk
of the plume. In the middle of the figure, shown by the
green ellipse, is a mixed plume of dust, biomass burning and
urban aerosols. This plume came from the MCMA basin
through the mountain gap and was then transported as an el-
evated layer separated from the surface flow. In the simula-
tions, the plume can be seen to be at the surface, below the
green ellipse, because Flexpart transported it along terraig;

a. 07 March 14:00 - 14:10

440 460 480 500 520 540 560 580
b. 06 March 11:08 - 11:17

s ¥,

440 460 480 500 520 540 560
¢. 12 March 12:50 - 12:55

D

2200

2180 I MCMA
2160 ¥
2140

Fire
2120
2100
2080

Dust
2060
2040
2020 Region

600 650 700 750

g. 3. Flexpart particle clouds colored by emission source using

contours rather than at constant elevation. The separation @he colorbar ir(c). The path of the HSRL curtain plots is shown by
the flow passing over the basin rim will be discussed furtherthe colored line. The corresponding profile can be found by match-

in Sect.4.3

ing the color along the flight path with the colorbar across the top

The biggest difference in optical properties between theof the curtain plots(a) corresponds to Fig4, (b) to Fig. 5 and(c)
aerosols in the biomass burning plumes and the rest is th# Fig.6. Stars indicate burning fires. Axes show Universal Trans-
low aerosol depolarization ratio at 532 nm which is betweenVerse Mercator zone 14 coordinates in kilometers. Terrain contours
0.05and 0.1, in contrast with regional values between 0.1 an§hown every 500 m.
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Fig. 4. Curtain plots of HSRL backscatter coefficients and intensive properties on 7 March 14:00 to 14:11 along with Flexpart mean age
and particle count index for biomass burning tracers. Yellow ellipses show two fresh biomass burning plumes and the green ellipse shows
the mixed urban plume transported by the gap flow. The y-axis is height above mean sea level. The location of the profile can be identified

by matching the colorbar across the top with the flight paths shown ir8&ig.

0.2. The high backscatter color ratio gives a clear signal ofages of the particles show that these are fresh plumes that are
the plumes with values around 2 compared with 1 to 1.5 elseless than 2 or 3h old. As seen above for the case on 7 March,
where. The high depolarization color ratio stands out morethe aerosol depolarization ratio at 532 nm of the smoke is
clearly for the bigger plume with values up to 2.5 comparedmuch lower than the surrounding areas. In contrast with the
to values from 1.5 to 2 for the background and the smaller7 March case however, the backscatter color ratio is higher
plume. The lidar ratio is not very different from the surround- with values up to 3 and the depolarization color ratio is lower
ing areas, with values between 30 and 60. with values below 1 for the higher parts of the plume.

On 6 March, the HSRL performed a loop over the MCMA
and detected an elevated biomass burning plume transporteti2 Dust
above the surface urban layer. Figute shows the flight
trajectory and the fire locations and Figshows the curtain  Dust was ubiquitous during MILAGRO, especially during
plots for this event. The yellow ellipses in the HSRL curtain the first half of the campaign which was very driyaét
plots highlight the two passes of the HSRL over the sameet al, 2007). Figure6 shows the largest dust plume in the
plume. The Flexpart trajectories are in good agreement wittdata which was on the flanks of Pico de Orizaba, a dor-
the plumes showing that this is biomass burning smoke transmant volcano 200 km to the east of the MCMA, as shown
ported from a series of fires 20 km to the east. The averagén Fig. 3c. The high backscatter coefficients can be seen to
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Fig. 5. Curtain plots of HSRL backscatter coefficients and intensive properties on 6 March 11:08 to 11:18 along with Flexpart mean age
and particle count index for biomass burning tracers. Yellow ellipses show a fresh biomass burning plumes above the MCMA. The y-axis is
height above mean sea level. The colorbar across the top corresponds to the trajectory shovabin Fig.

extend upwards to the top of the mixed layer. These are asrepresent the localized feature and to create areas of intense
sociated with some of the highest values of aerosol depolaremissions due to local flows. The model therefore does not
ization ratios at 532 nm, in the range of 0.25 to 0.35. Thecapture this dust event even though it simulates the presence
depolarization color ratio is around 1, at the low end of mea-of dust in the region.

surements, and the backscatter color ratio is also low with Further examples of dust plumes are presented in the Sup-
values ranging from 0.4 to 0.6 (in contrast with values up toplement along with trajectory curtain plots. The optical prop-

3 for biomass burning plumes). The high aerosol depolarizaerties are similar across the different events. Furthermore,
tion ratios extend in a tail towards the west suggesting thathere is consistency with the simulations despite the large
there was some transport aloft, but the low backscatter covariation in emission rates and locations. One noticeable fea-
efficients corresponding to this tail suggest that most of theture of these examples is the very local character of the events
dust has settled back to lower altitudes. which span 5 to 20 km horizontally.

This transect is outside the fine domain for the WRF sim-4.3 Urban transects
ulations. The model does simulate transport of emissions
from the fine domain to the area, and it also simulates dusihe HSRL performed transects of the MCMA basin during
emissions using winds from the medium domain at a coarsemost of the flights. Figur& a and b show maps of the flight
resolution (9 km). However, this resolution is too coarse tosegments over the MCMA, with the corresponding HSRL
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Fig. 6. Curtain plots of HSRL backscatter coefficients and intensive properties on 12 March 12:50 to 12:56 along with Flexpart mean age
and particle count index for dust tracers. The blue ellipse shows a dust storm on the mountain slopes. The y-axis is height above mean se:
level. The colorbar across the top corresponds to the trajectory shown iBcFig.

curtains shown in Fig8 for the three transects on 13 March plume are the high lidar ratios, with values from 50 to 60,
and Fig.9 for the four transects on 15 March. In general, the compared with 30 to 60 elsewhere.

transects reflect the fact that the urban area of the MCMA On the eastern side of the basin there are high aerosol
fills the center and the western side of the basin whereas thiwadings in the boundary layer extending nearly 2000 m
eastern side is more rural (see Fig). above ground (see turquoise rectangle). In contrast with the

On 13 March (Fig.8), the northenmost transect of the biomass burning plumes discussed in Séct, this plume
HSRL was over the southern part of the basin above thdas high depolarization ratios at 532nm (0.15 to 0.2), low
MCMA. The urban emissions were sampled on the west-backscatter color ratios (1 to 1.5) and low depolarization
ern side, as shown clearly by the simulations (see red e|color ratios (1.4 to 1.7). The lidar ratio ?s not d'istinctive with
lipse). These aerosols have low aerosol depolarization ratio¥alués around 40 to 50. The smoke is relatively fresh, but
at 532 nm, with values around 0.1 compared with regionalhas been transported 15 to 40 km from the fires to the north.
average values from 0.1 to 0.2, but not as low as the valued he simulations suggest that these are the result of biomass
of 0.05 seen for fresh biomass burning smoke. The depolarPurning on the sides of the volcanoes combined with dust
ization color ratios are on the low end with values from 1.4 €missions, with the resulting properties being closer to those
to 1.8 compared with a regional average from 1.5 to 2. TheOf dust than of biomass burning plumes.
backscatter color ratio has values around 1.5 that are simi-
lar to the regional average. The clearest signal of the urban
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Fig. 7. Flexpart particle clouds colored by emission source using the colorbar in —bf(d). The path of the HSRL curtain plots is shown
by the colored line. The corresponding profile can be found by matching the color along the flight path with the colorbar across the top of
the curtain plots.(a) corresponds to Fid8, (b) to Fig. 9, (c) to 10 and(d) to Fig. 11. Stars indicate burning fires. Axes show Universal
Transverse Mercator zone 14 coordinates in kilometers. Terrain contours shown every 500 m.

An elevated plume rises westward from this area to nearlylipse counting from the left margin). This fire has very high
5000 m m.s.l., shown by the yellow ellipse. This plume hasdepolarization color ratios and backscatter color ratios. As
low depolarization ratios and high backscatter color ratiosthe measurements move east, the aerosol layers are very in-
corresponding to a fresh biomass burning plume similar tohomogeneous with patchy plumes caused by complex trans-
the 7 March plumes discussed in Settl. This suggests port over the basin rim. Towards the middle of the transect,
that the elevated plume is both less aged and less mixed thathe yellow ellipse (third from left margin) shows an elevated
the plume below. plume of biomass burning that is being transported from the

The second transect on 13 March is over the southern sidBasin rim. Itis separate from the urban transport despite be-
of the basin rim, over forests and smaller cities to the southiNg SO close to it. To the east of that, in the green rectangle,
The HSRL flew over a fresh fire that can be clearly seen inth® measurements cross the plume transported by the gap
the yellow ellipse above the mountain pass (the second elflow in the southeast of the basin which mixes together older
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Fig. 8. Curtain plots of HSRL backscatter coefficients and intensive properties for three transects on 13 March along with Flexpart average
age and particle count index for dust, fire and urban emissions. Se&ZHigr. Flexpart Particle Index (FPI) legend. The yellow ellipses

show biomass burning plumes, the red ellipse shows the urban plume, the turquoise rectangle shows a biomass burning and dust mix and th
green ellipses show mixed plumes. The y-axis is height above mean sea level. All transects are shown from west to east. From left to right
the transects correspond to the trajectories from north to south i7éig.

biomass burning, dust and urban emissions. Because of its One noticeable discrepancy between the simulations and
mixed origin, the optical properties of this elevated plume dothe data is the large simulated fire in the middle of the tran-
not have a distinctive signature. sect (below the rightmost yellow ellipse) that is not seen in
The southernmost transect shows the dust emissions frorthe measurements. Comparison with MODIS rapidfire vis-
the basin rim and the elevated layers of urban mix as they aréle imagery suggests that this was in fact a small fire with
transported aloft above the valley to the south of the basinlittle smoke despite being detected as a MODIS hotspot.

Some of the features remain remarkably well defined as they on 15 March (Fig9), the HSRL measured four transects
are transported, in particular the plume of fresh smoke aloftstarting over the southern rim of the basin and moving north.
shown in the yellow ellipse in the middle of the transect The dominant wind transport at that time is from north to
(rightmost one). The green rectangle shows the mix thalsouth, so the transects will be displayed in reverse order to

came from the gap flow. At this location, the high depo- show the transport of regional pollution moving from north
larization ratios and low backscatter color ratios can be seefg south and mixing with local emissions.

more clearly. The yellow ellipse at the beginning of the tran-
sect (fourth from the left) shows a small fire with a signature
of the plume rise extending to the top of the mixing layer.

The northenmost transect detects a residual layer aloft that
contains a mix of urban, biomass burning and dust (green el-
lipse). This is an aging layer more than one day old. The red
circle to the east highlights the plume of local emissions from
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Fig. 9. Curtain plots of HSRL backscatter coefficients and intensive properties for four transects on 15 March along with Flexpart average
age and particle count index for dust, fire and urban emissions. Se&ZFor. Flexpart Particle Index (FPI) legend. The yellow ellipses

show biomass burning plumes, the red ellipses show the urban plume and the green ellipses show mixed plumes. The y-axis is height above
mean sea level. All transects are shown from west to east. From left to right the transects correspond to the trajectories from north to south
in Fig. 7b. (Please note that the aircraft flew from south to north on this occasion, so that the first transect in time is shown on the right.)

Pachuca, a small city north of the MCMA. It extends 1000 m the surface). This suggests that the residual layer consists of
above ground but remains separated from the residual layesmaller more spherical aerosols, most likely from a biomass
aloft. burning plume with reduced dust content. The layer also has
Similar plumes can be seen in the second transect fronlower depolarization color ratios (1.2 to 1.8 compared with
the north where the residual layer (second green ellipse frond..6 to 2.2 at the surface). Between 4000 and 5000 m m.s.l.,
the left margin) is now directly above local emissions at thean elevated plume of biomass burning smoke is beginning to
surface from the Tula industrial region (second red ellipsebe detected which will be seen more clearly in the third and
from the left margin). The Pachuca plume can be seen irfourth transects.
the red circle to the east (third from the left margin). The During the third transect from the north, we now clearly
urban aerosols in the red circles have properties that are morgee the urban emissions of the MCMA on the western side of
similar to the ambient mix than to the urban plumes describedhe basin shown in the red ellipse (second from the right mar-
above for 13 March. gin). The urban aerosols have the characteristic properties
The residual layer between 3000 and 4000 m m.s.l. ha®f the urban air mass described above for 13 March, with
lower aerosol depolarization ratios at 532 nm (0.05 to 0.1,higher lidar ratios than the other aerosol types, low aerosol
compared with 0.1 to 0.15 at the surface) and higherdepolarization ratios at 532 nm, high depolarization color ra-
backscatter color ratios (1.5 to 2.5 compared with 1 to 1.5 atio and high backscatter color ratio. There are two biomass

www.atmos-chem-phys.net/11/3543/2011/ Atmos. Chem. Phys., 11, 35432011



3556 B. de Foy et al.: Aerosol transport and transformation with HSRL and WRF-Flexpart

S 4000

[}

o

3 2000

a 05

N e = | 3.0

5 F

£ 4000 '

(&}

g 2000 '

(= 0.0
0.40

§ 4000 0.27

& 2000 1 8'83

° Ratio

2 60

g 4000 - - 40

5 2000 20

S - o

-

3 4000

o

& 2000

© 3)

2 4000

£

¥ 2000

[T

j =

§ 4000

s |

% 2000

[}

o

2 4000

[T

3 2000

[T

B 4000

o

% 2000

T

2, 4000

<

3 2000

= 1 1 1 1 I 1 I 1 1 I I 1 1 Hr

1
13:41 13:43 13:45 1347 1349 13:51 13:53 1355 13:57 13:59 14:01 14:03 14:05 14:07 14:09
Time of Day (CST) on 03 March 2006

Fig. 10. Curtain plots of HSRL backscatter coefficients and intensive properties for southward flight along the urban plume on 3 March
13:41 to 14:10, along with Flexpart average age and particle count index for dust, fire and urban emissions 13éer Figxpart Particle

Index (FPI) legend. The yellow ellipses show biomass burning plumes, the blue ellipses show dust plumes and the green ellipse shows a
mixed plume. The y-axis is height above mean sea level. The colorbar across the top corresponds to the trajectory sh@an in Fig.

burning plumes: a surface plume that is mixed with dust (yel-5000 m m.s.l.), and also seen to a lesser degree in the first

low ellipse from 2000 to 3000 m m.s.l.), and a purer elevatedtwo transects.

plume (yellow ellipse from 4000 to 5000 m m.s.l.). The opti-

cal properties provide a clear contrast of the two plumes, with4.4  Urban plume transport

the dust smoke mix having higher depolarization color ratios

and lower backscatter color ratios whereas the purer smokegigure7c and d show the maps of the HSRL transects along

aloft has low depolarization color ratios and high backscattetthe plume on 3 and 13 March with the corresponding cur-

color ratios. tain plots in Figs.10 and11. The flight towards the south
The southernmost transect passes south of the area inflen 3 March follows the plume as it is being transported

enced by biomass burning and measures urban emissiormer the basin rim and above the valley which is at much

across the width of the basin (rightmost red rectangle). Theséwer elevation (Figs7c and10). Just before the top of the

are emissions from the north about to be transported ovebasin rim there is a plume extending 2000 m upwards that

the southern basin rim and through the mountain gap in théas the properties of dust (blue circle). The green ellipse

southeast. The rightmost yellow ellipse shows the biomasshows the initial plume containing a mix of urban emissions,

burning plume on the sides of the mountains. This isbiomass burning smoke and dust. As for the transects de-

lofted to 5000 m m.s.I. and is the source of the high altitudescribed in Sec#4.3, the optical properties are similar to those

plume seen in the third transect (yellow ellipse from 4000 toof the mixed regional aerosols. The plume is transported in
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Fig. 11. Curtain plots of HSRL backscatter coefficients and intensive properties for northeastward flight through the mountain gap on 13
March 13:12 to 13:28, along with Flexpart average age and particle count index for dust, fire and urban emissions13&w Figxpart

Particle Index (FPI) legend. The yellow ellipse shows a biomass burning plume, and the green ellipses show mixed plume. The y-axis is
height above mean sea level. The colorbar across the top corresponds to the trajectory shovifdin Fig.

layers that remain at constant elevation, with plumes from lo-Fig. 7d, it does not extend as far south as the flight on 3
cal emissions clearly separated below. March. South of the basin, an elevated layer at a constant

The model simulates some fresh biomass burning plumd!€ight of 3000m can be clearly seen with the properties of
in the vicinity of 4000 m m.s.I., shown by the two yellow el- the regional mix seen in the other transects (see the_ green
lipses. These plumes have very fine features in the verticafiTcl€ (0 the leff). The transport can be clearly seen in the
showing strong vertical stratification of the flow. Further- simulations, along with the tendency of the model to move
more, they have the depolarization and backscatter color ra'€ Plume along contours of constant height above ground
tios of biomass burning plumes mixed with dust. At the sur- |€V€l rather than constant height above sea level.
face the properties are consistent with dominant wind blown Within the basin, the HSRL samples the urban plume as
dust. The blue circle on the right highlights a large dustit moves south towards the gap (green rectangle). This con-
plume. As with other dust plumes, the model simulates dustains a mix of urban emissions, biomass burning and dust,
emissions in the area, but does not capture the very localizednd has higher aerosol depolarization ratios at 532 nm than
structure of the plume. the elevated layer to the south.

On 13 March (Figs7d and11), the flight starts south of The HSRL measures a very clear biomass burning plume
the basin, moves northeastward over the gap in the basin rimbove 3000 m m.s.l. (yellow ellipse). This is correctly rep-
and skirts the inside edge of the basin. As can be seen inesented in the simulations, which shows that the plume is

www.atmos-chem-phys.net/11/3543/2011/ Atmos. Chem. Phys., 11, 35432011
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U-F-D

F-D

u-D
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Mix”, are not certain but could be due to different types of
fires or to different mixing in the plume. Many of the fires
around the basin were observed to be small agricultural fires
in areas with bare earth and even ploughing leading to dust
emissions. As the biomass burning plumes aged, they were
mixed with other plumes and ended up with the properties of
dust.

Figure 12 shows a scatter plot of aerosol optical proper-
ties versus average particle age calculated from the simula-
tions for the section through the gap flow on 13 March (see
Figs. 11 and 7d). The HSRL measured a clear plume of

Dust
" * o 40 mixed aerosols transported aloft out of the basin, and a sepa-
5 2 .8 i Frre rate plume of fresh biomass burning smoke. The scattergram
< 15 3 clearly shows the low depolarization ratios at 532 nm and
A =20 IUrban high depolarization color ratios and backscatter color ratios
1 one of the biomass burning smoke mixed with some QUst. The
05 0 Flex Index plume was sampled very near the source, but within 10 h the

10 20 30
Flexpart Age (hr)

40

10 20 30
Flexpart Age (hr)

40

optical properties have evolved to those of the mixed layer.
The ubiquitous presence of dust led to rapid convergence
of aerosol optical properties as different plumes were trans-

Fig. 12. Scattergram of HSRL intensive aerosol properties ver- ported away from the source regions. In addition, complex
sus particle age simulated with Flexpart for the plume section ongransport patterns meant that the match between observations
13 March shown in Figll. Points colored using Flexpart Particle 544 simulations was good qualitatively, but that significant

Index (FPI).

at most a couple of hours old. This is an example of a
plume with a high depolarization color ratio and medium-
high backscatter color ratio similar to the 7 March cases (seg

Fig. 4).

5 Discussion

5.1 Aerosol optical properties

discrepancies remained in the identification and location of
plume features. For these two reasons, the present analysis
of the data was only able to establish clear relationships in the
evolution of aerosol optical properties for the fresh biomass
urning plumes, but not for longer particle ages or for differ-
ent aerosol types.

The optical properties of the aerosols sampled in and
around the MCMA during MILAGRO are consistent with
Querol et al.(2008 and Crounse et al(2009 who report
that there are considerable amounts of dust everywhere. At-
mospheric tar ballsRosfai et al.2004) have been detected
in a number of field campaigns including MILAGR®dkel-

Table1 presents a summary of aerosol properties measuredon et al. 2009. The very low depolarization ratios in the

during the MILAGRO field campaign for the main aerosol fresh biomass burning plumes suggests that optical proper-
types based on the combination of data analysis and simulajes in the early plumes are dominated by very small spher-
tion comparisons. The information about aerosol morphol-ical particles. This would be consistent with the presence
ogy corresponding to high and low values of optical proper-of tar balls. As the plumes age, they are both oxidized and

ties is also shown in the table.

mixed with other aerosols, mainly dust, which would explain

Urban aerosols during MILAGRO had lower aerosol de- the rapid evolution of the properties towards larger, more ir-
polarization ratios and higher lidar ratios corresponding toregular aerosols that are more absorbing.

In contrast,
dust had high aerosol depolarization ratios, low backscatteg.2 Simulations

more spherical and more absorbing aerosols.

color ratios and low lidar ratios corresponding to highly non-

spherical particles that are larger and absorb less. The moréhe results show that there is good qualitative agreement
striking features of the analysis are the very low aerosol debetween the simulations and measurements. Nevertheless,
polarization ratios of fresh biomass burning smoke. Thesesignificant discrepancies remain in the detail of the emis-
are combined with higher backscatter color ratios and lidarsions and the transportParker(2009 suggests the use of
ratios suggesting small, spherical, absorbing particles. ThéAdequacy-for-Purpose” when evaluating atmospheric mod-
smoke plumes during the campaign can be separated into twels rather than focusing on quality of fit between simulations
types according to optical properties. The first group, “Freshand measurements (see alB3oeskes(1998 and Baklanov

BB, is thought to consist of pure fresh smoke. The reasonset al. (2009 who use “Fitness-for-Purpose”). In the present
for the different properties of the second group, “Fresh BB context, we suggest that the simulations presented satisfy
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criteria of “Aristotelian Accuracy” de Foy et al.20090 for due to a combination of sub-grid scale effects and approxi-
identifying aerosol plumes and ages, but that direct pixel bymations in the planetary boundary layer schemes. With the
pixel comparison is premature. current state of simulation accuracy, the model results can be
The limitations are due to uncertainties in meteorologi- used to identify plumes and plume aging qualitatively. Direct
cal simulations, the impact of sub-grid scale effects and unimapping of HSRL measurements to simulated results how-
certainties in emissions models. The result is that whereasver still remains very approximate because of mismatches
WRF-Flexpart can be used to identify large features quantiin plume location.
tatively, and finer scale ones qualitatively, a direct mapping The simulations can be used to classify the aerosol by ori-
of HSRL measurements with Flexpart simulations containsgin and to estimate the age of the plumes. In this way, the
too much noise to be able to detect fine changes in aerosdtesh biomass burning plumes stand out as having particu-
properties. larly low aerosol depolarization combined with high depolar-
Curtain plots provide valuable information on the vertical ization color ratios and high backscatter color ratio. Within
distribution of aerosol loadings. Given the complex terrain 10 h or less, the properties evolve to those more typical of
surrounding the MCMA, this serves as a challenging test casenixed plumes. This suggests that the plume starts off with
of the model representation of plume transport. These resultaore spherical particles that rapidly condense to more com-
show that there are fine features in vertical stratification thatplex shapes and provides evidence for the presence of at-
were not captured by the model, and that the simulations hadhospheric tar balls. Dust particles start off with the oppo-
a tendency to follow the terrain when the real plumes trav-site properties of fresh smoke: high aerosol depolarization,
elled at constant altitude. We increased the number of verlow backscatter color ratio and low depolarization color ratio.
tical levels in WRF and used 3D Lagrangian tracking with Given the complex combination of aerosol sources and me-
Flexpart to minimise this effect. Nonetheless, vertical dif- teorological transport, aerosols rapidly develop into mixed
fusion coefficients and boundary layer schemes remain largearticulate matter with average optical properties throughout
sources of uncertainties, which can have significant impactshe region.
on air quality simulationsde Foy et al.2007). This work focuses on the use of particle trajectories to
In terms of plume rise, even small fires were seen to havedentify transport rather than on quantitative comparisons of
plumes extending vertically upwards to the top of the bound-concentrations. These quantitative studies are precluded be-
ary layer. Although this would merit a more detailed treat- cause we have limited the study to passive tracers with nei-
ment, a first cut analysis suggests that mixing the emissiongher formation nor deposition. Nonetheless, we find that the
throughout the mixing layer gives an adequate vertical distri-biomass burning emission inventory from the MODIS re-
bution. mote sensing products detects most of the plumes measured
Localized dust storms were clearly identified in the HSRL by the HSRL. We can also clearly see the rapid mixing of the
data by the high depolarization ratio, low lidar ratio and low urban plume within the boundary layer at the source. This
depolarization color ratios. The small scale of these featuresransports the aerosol aloft which then get stratified as the
suggests that they are generated by sub-grid scale wind fieldsee tropospheric flow exports the plumes regionally. The
that are not represented in the model. If a significant proporplume rise from biomass burning was also evident leading
tion of dust is emitted by these dust storms, this suggests thab transport aloft. Dust storms were equally found to have
an emissions model would need to include a parametrizatiorronsiderable vertical extent, although in contrast with the
based on sub-grid scale gust winds. biomass burning plumes, these do not persist at higher el-
evations suggesting that there is rapid deposition. Overall,
the combination of measurements and numerical simulations
6 Conclusions provides detailed information on aerosol properties that can

be used to explore plume transport and transformation as
In summary, we find that the HSRL detects numerous me-yell as numerical model behavior.

teorological flow features and can often provide qualitative

information about aerosol types from the measurements ok pplementary material related to this article is available
their optical properties. These can be used to evaluate Nugpine at:

merical simulations of pollution transport to identify model ptp:/mww.atmos-chem-phys.net/11/3543/2011/

strengths and weaknesses. The simulations capture the majzp-11-3543-2011-supplement.pdf

flow directions of the aerosol plumes including complex

venting patterns as they move inside the basin and are then

vented outside of it. Vertical stratification is also represented,AcknOwledgememg,ve wish to thank the large number of people
although we find that the model is too likely to follow the jnyolved in the MILAGRO field campaign as well as those involved
terrain rather than transport pollution plumes at constant alin monitoring in the Mexico City basin without which this study
titude. In the measurements, there is very strong layering ofvould not exist. We are grateful to the anonymous reviewers for
the plumes which the model cannot represent. This may beheir comments and suggestions.
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