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Abstract. Emissions of air pollutants in and around urban ar- feedback for development of the emission inventory, verifica-
eas lead to negative health impacts on the population. To edion of transport processes in air quality models and guidance
timate these impacts, it is important to know the sources andor policy decisions.

transport mechanisms of the pollutants accurately. Mexica
City has a large urban fleet in a topographically constrained
basin leading to high levels of carbon monoxide (CO). Large
point sources of sulfur dioxide (S{surrounding the basin
lead to episodes with high concentrations. An Eulerian grid ) L )
model (CAMX) and a particle trajectory model (FLEXPART) Detalled_ and accurate emission inventories are a cornerstone
are used to evaluate the estimates of CO angiB8@he cur- _Of effec_twe air quality management programs. Public pol-
rent emission inventory using mesoscale meteorological sim!®Y choices can be evaluated W'_th ar qualllty models pasgd
ulations from MM5. Vertical column measurements of CO ©" actual emissions and alternative scenarios in combination
are used to constrain the total amount of emitted CO in theWith accurate meteorological simulations. This paper makes
model and to identify the most appropriate vertical disper-use of _novel me_asurement technique_s N e_valuate the_carbon
sion scheme. Zenith sky UV spectroscopy is used to estimonoxide (CO) inventory for the Mexico _C|t_y Metropolitan
mate the emissions of $Grom a large power plant and the Area (MCMA) and to evaluate the potential impacts of large

Popocakpetl volcano. Results suggest that the models ar@0INnt sources of sulfur dioxide (S Even though vertical

able to identify correctly large point sources and that bothg'SperS'lonkh%S a large |mpa]E:t on poI.IutanItatrI?n.sportb It can
the power plant and the volcano impact the MCMA. Mod- e overlooked as a source of uncertainty. Pollution observa-

elled concentrations of CO based on the current emission intions and simulations are further used to evaluate alternative

ventory match observations suggesting that the current tota\fert'Cal dispersion schemes.
emissions estimate is correct. Possible adjustments to th
spatial and temporal distribution can be inferred from model

results. Accurate source and dispersion modelling prowde?\/legacities are home to a growing number of people and can

Correspondence td3. de Foy suffer from high levels of air pollutionMolina and Molina
(bdefoy@mce2.0rg) 2004 Molina et al, 20049. The MCMA is a megacity of

1 Introduction

]e..l Mexico City Metropolitan Area
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782 B. de Foy et al.: Sources and transport of CO angiS8@e MCMA

around 20 million people living in a basin 100km in di- bottom-up method by the Comési Ambiental Metropoli-
ameter at 2240 m altitude and°l9 latitude. The basin is tana (CAM) of the Mexican Federal District government
surrounded by high mountains on the west, south and eas{Comisbn Ambiental Metropolitana2004). This contains
There is intense solar radiation and high ozone levels mosannual totals for the criteria pollutants which need to be
of the year. There has been extensive scientific study of theemporally and spatially distributed as well as speciated for
air quality in the MCMA, as reviewed iMolina and Molina ~ VOCs (West et al.2004).
(2002. Due to technology change, CO emissions have been de-
Nickerson et al.(1992 carried out aircraft profiles of creasing despite increases in vehicular trafchifter et al.
ozone, SQ and particulate matter (PM) above Mexico City (2005 develop a top-down estimate of vehicular emissions
in 1991, highlighting the importance of combustion sourcesby combining fuel use statistics with emission factors ob-
for the basin air pollutionwilliams et al. (1995 modelled air ~ tained from in-situ remote sensing experiments. This sug-
dispersion for the same episodes looking at the transport oflests that, if anything, the official inventory may overesti-
contaminants towards the southwest of the basin and emphamate CO emissionsliang et al(2009 obtain emission fac-
sizing the need for improved accuracy of the emission inven+tors for the MCMA vehicle fleet by analysing data from the
tory. Elliott et al. (1997 analysed the importance of liquefied Aerodyne mobile laboratorKplb et al, 2004 for CO, black
petroleum gas (LPG) components in the urban air chemistrycarbon, polycyclic aromatic hydrocarbons and other pollu-
By estimating CO residence times of approximately 2 daystants. For CO, a similar conclusion&ehifter et al(2005 is
in the basin, estimates are made of the LPG venting to thedrawn, that official inventory estimates are high but in gen-
regional environment. eral agreementZavala et al(2006 analyse chase and fleet
Fast and Zhon@1998 developed a wind circulation model average mode data in detail, determining emission factors
for the basin from data obtained during the IMADA cam- from individual vehicle plumes and obtaining emission es-
paign of 1997. This emphasized the importance of verti-timates for individual vehicle types. This provides valuable
cal mixing and mountain winds in the transport of the urbaninformation on NQ, aldehydes, ammonia and certain VOC's
plume first towards the south and then back over the city towhich will be used to further refine the emission inventory
the north. Similar patterns are describedazcilevich et al. and guide policy workWest et al (2004 modelled the pho-
(2003 with evidence of direct convective transport from lay- tochemistry in the basin during the IMADA campaign us-
ers aloft to the surface. ing the 1998 official inventory of the CAM, suggesting that
MCMA-2003 was a major field campaign that took place emissions of CO need to be scaled by a factor of 2 and that
in April 2003. De Foy et al(2009 reviewed wind circula- ~ of volatile organic compounds (VOCs) by a factor of 3.
tion patterns in the basin and classified the meteorological Olivier and Berdowsk{2001) develop the EDGAR global
conditions into 3 episode types. O3-South are days whergmission inventory at a 1 degree resolution. For Mexico the
ozone is high in the south and a weak late afternoon jet flowemissions of the MCMA are about ten times larger than an-
forms. O3-North days are when the ozone peak is in thethropogenic sources outside of the basin. This means that
north due to the combination of a strong jet and flow over thewithin the accuracy of the present modelling work, regional
south and west edges of the basin. Cold Surge days are whegnissions can be represented through appropriate settings of
cold northerlies sweep the basin atmosphere clean. Thesée boundary conditions.
episodes were subsequently used to analyse the transport andOn the regional scale&Kuhns et al.(2009 report on the
basin ventingde Foy et al.20069 using a mesoscale meteo- development of an emission inventory for the northern part
rological model and Lagrangian particle model. Wheilglas  of Mexico as part of the BRAVO study. This includes the
liott et al. (1997 suggested residence times as long as 2 daysMCMA inventory but not the surrounding region. Also in-
this found residence times frequently as low as 6 to 12 h included are estimates of $@missions from the Popoégtetl
the basin and little carry-over from day to day. The presentvolcano and the Tula industrial complex, two large point
analysis is based on the meteorological simulations describegources shown in Figl. The Tula source consists of both
in de Foy et al(20069, making use of the 3 episode types & power plant and a refinery. The Popégstl volcano

and the short residence times. is an active volcano forming the southeastern edge of the
MCMA basin. It has been under continuous monitoring
1.2 Emission inventory by the Centro Nacional de Prevéao de Desastres (CE-

NAPRED). Kuhns et al.(2005 report SG emission esti-
Emission inventories can be derived using either the “top-mates made with a correlation spectrometer (COSPEC) as
down” method, where total fuel and energy consumption arehigh as 1& 10° tonne'year but more typically around 1. to
used for a whole region to determine surface emissions ofl.8x10f tonne/year.
the “bottom-up” method, where estimates of vehicle miles Raga et al(1999 analysed S@ CO and aerosol mea-
travelled and residential, industrial and commercial energysurements in the MCMA and suggested that increased sulfate
use patterns are considered. The 2002 official emission inaerosol production in the city could be due to volcanic emis-
ventory for the MCMA used in this study was derived by the sions. Jimenez et al(2004) report on a field study carried
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out between Popodgpetl and Puebla (to the east). Clear ev-

idence was found of volcanic influence at the surface for 6 2220} \ OTMEXCM Plate;\au N

out of 17 days sampled. \ BC4 ¢ 5 ~—\\
Column measurements of CO can be used in conjunc- 22000 - Q®)BC2

tion with dispersion models to constrain emission invento- > L\

ries. For exampleyurganov et al(2004) obtain CO columns \_ O - )

from Fourier Transform Infrared (FTIR) spectrometers. A 2180t \ ;dB \\\:v/

box model and the 3-D global GEOS-CHEM modBey & (3 1901 o *VIF

et al, 2001 are used to evaluate the emissions from boreal 5 2160! AN IS ;

wild fires in August 1998Yurganov et al(2005 extend the S ZC - ‘ JAD

analysis to 2002 and 2003. Strong correlations are found be< ) L T+ 0+MER ( /O> —~

tween estimates from surface measurements and those frony, 2140¢ ( X 1 #CENICA\ \\\ R (

MOPITT CO columns. To,ucé E\ Chalco\ | :"\\\ \\

T2\
1.3 Source identification 2120 \/\ OSAT C W) )
"\/‘\\, ) () | Puebla
Blanchard(1999 reviews different methods for estimating 2100F \/;ZZZ:::: \\\\\ P ‘ch@ /’
the impacts of emission sources on air pollutant levels. These QA\\// - \\ = )}cg

can be separated into data analysis methods and model-based
methods. The latter includes forward and backward trajec-
tory analyses as well as Eulerian dispersion moddtspke

(2003 reviews further developments of receptor models and,:Ig 1. Map of the MCMA showing the Tula industrial complex,

E)ack trajectory analyses. “Residence Time Analysis” andpgpocagpetl volcano, CENICA supersite, Santa Ana Tlacotenco
POtentIa| Source COHtI‘IbUtIOI’] FUI’]CtIOI’] are deSCI’Ibed and(SATL) boundary S|te SOF column measurement boundary sites

compared using case studies in the northeast of the U.S.  and RAMA surface sites (crosses, see Bigjfor additional station
“Residence Time Analysis” was introduced Bghbaugh  names). Political border of the MCMA as of 2003 in pink, urban

et al. (1989. It is a 2-D gridded field that represents the area in beige, terrain contour every 500 m.

probability that a randomly selected air parcel is to be found

in a grid cell relative to the total time interval of the trajec-

tory. Dividing the probability of a “dirty” air parcel being Stohl (1999 reviews the applications and accuracy of tra-

in a grid cell with the probability of any air parcel passing jectories. “Concentration Fields” are described as Residence

through that cell, one obtains the “Potential Source Contri-Time Analysis multiplied by pollutant concentrations at the

bution Function”. This normalised field will have high val- receptor site for each measurement ti®eibert et a].1994).

ues over regions of high emissions. The method was used tbupu and Maenhauf2002 show that the Potential Source

show that the dominant source of sulfur in the Grand CanyorContribution Function and Concentration Field methods are

440 460 480 500 520 540
UTM East (km)

national park was from southern California. in agreement over the identification of European emissions
Sirois and Bottenhein1995 define “Probability of Res- based on measurements at different peripheral sites. The
idence” by applying the Residence Time AnalysisAsh- bootstrap technique is used to estimate the statistical signif-

baugh et al(1985 to the trajectories associated with the icance of potential sources, and known emission sources are
highest and lowest 10% of air pollutant concentrations. Ashown to be correctly identified.

cluster analysis was then performed on all backward trajec- Use of single trajectories does not account for the spread
tories at the receptor site. Analysis of the pollution levels as-in possible source directions due to vertical and horizontal
sociated with each cluster showed agreement with the “Probmixing. Jiang et al(2003 calculate retro-plumes by running
ability of Residence” method while providing additional in- a dispersion model, CALPUFF, in reverse mode. This yields
formation about air mass movements/asconcelos et al. the equivalent of Concentration Fields that account for all the
(19964 apply the method ofAshbaugh et al(1985 to field processes parameterised in CALPUFF, including dispersion
campaign data in the Grand Canyon, again identifying southand deposition. By replacing single trajectory analyses with
ern California as the main source region. The spatial resolua Lagrangian particle dispersion mod8tohl et al.(2002)

tion of their results is analysed Wasconcelos et a(1996H). account for both physical dispersion and numerical uncer-
This suggested that the method has good resolution in sourdginty in the trajectory locations.

direction but significantly less in radial distance from the re-

ceptor site. Long trajectories (5 days in this case) have highet.4 Vertical dispersion

uncertainties, but short trajectories (3 days) can miss distant

sources and suggest spurious source regions near the recefps the resolution of meteorological models increases both in
tor. the horizontal and in the vertical, the parameterisation of the
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surface energy budget and that of the vertical mixing becomdo analyse the emission inventory for CO andoSQGolumn
more important in terms of simulation accura@héng and  measurements of CO are used as a constraint on the verti-
Fast 2003. NeverthelesBerg and Zhong2005 found that  cal dispersion scheme. S@mission fluxes are estimated
despite the different boundary layer schemes in MM5 and thédrom large point sources so as to simulate their impact on the
different levels of mixing they simulate, there is little gain in MCMA. Section2 describes the models used and Sathe

the overall accuracy of the forecasts due to their increase@bservations. The analysis of the emission inventory is split
complexity. Air quality models usually include a choice of by pollutant: Sect4 looks at CO and Sech looks at SQ.
vertical dispersion schemes based on output from the metedzach section is split into a first part using backward trajecto-
rological models, for example the widely-used parameterisaries, a second part using Eulerian modelling and a discussion
tion scheme o©’Brien (1970. section.

Evaluating vertical diffusion coefficients is difficult be-
cause the numerical representation does not account for the
complexity of the physical process and because the diffusiorb
coefficients cannot be measured directly. Atmospheric con-
centrations of radio-nucleides provides an indirect metho
of evaluating the dispersion. Vertical profiles?8fRn in the
lower atmosphere have been usédd and Larsenl1997),
(Olivie et al, 2004).

For air quality models, the vertical dispersion has a di-

rect impact on simulated surface concentratioh&wacki with 40x50, 55¢64 and 661 grid cells for domains 1,

et al.(1996 found excessive vertical mixing in the day time 2 and 3, respectively, and are the same simulations used in

uns_table boundary layer I_eadmg to errors in surface concenye Foy et al(20063. The initial and boundary conditions
trations. Improvements in the specification of the vertical

o L . . were taken from the Global Forecast System (GFS) at a 3-h
diffusion coefficients were suggested but evaluation was lim- . . : ; T
resolution. High resolution satellite remote sensing is used

ited due to the lack of measurements of the vertical concen; "~ """
tration profiles. Biswas and Ra@2007) report substantial to initialise the land surface parameters for the NOAH land

differences between different models adding to uncertaintiessurface mf’d‘?" a.s describedda Foy et al(200§b.

in ozone simulations anRoelofs et al(2003 suggest that 1 Ne emission inventory used for CO and5®based on

coarse vertical resolution may lead to excessive dispersion. 'Vest et al(2004 with updated totals fronComison Am-
Brandt et al(1999 analysed different vertical dispersion biental Metropolitang2004. The spatial pattern of the CO

schemes and found that the simplest scheme of high Verticf_reazso_l:_:]ceg Is shpwp in Fi@a,hand t_heF_point Sglém?E in
dispersion yielded the best results, suggesting that non-loc '9. <C. | € f'IQ emss;logsoareds ownrl]n |gf_3b g_n 3 ;I'h' €
dispersion is an important factodlke and Andrad€2001) tehmporah prohl e 0, ot and S SI O'\ll)vln |fn go' dls I
propose a new parameterisation which yields higher surfac§ WS that the point sources are negligible for CO and sma
concentrations in the CIT model. They also highlight the or SOZ’,aIthOUQh including the Tula mqlust_rlal complex a_nd
problem of validating emissions inventories with surface dataPopocaepetI volcano WOUId change this p_lcture. 'I_'here IS a
but no vertical profilesPerez-Roa et a{2006 use artificial clear peak atthe morning rugh hour, sus?alned traffic through-
neural networks to develop site-specific optimal estimates ofut the day.and r(-aduced. em|SIS|ons at night. .

vertical diffusion coefficients. They show improved surface  Stochastic particle trajectories are calculated using FLEX-
concentrations of CO and particulate matter using the CAMxPART (Stohl et al, 2009, as described irde Foy et al.

model, as well as possible adjustments to the emission inver{20069. Backward trajectories are calculated for specific
tory. fixed sites. For these cases, 100 particles per hour are re-

Jazcilevich et al(2005 use vertical diffusion coefficients €ased between 0 and 50 m above ground and are traced back
from the Burk-Thompson scheme in MM5 for their simula- fpr 48 h. Forward trajgcto_rles are c_alculated with the _CO spa-
tions of the MCMA. In contrast tiWest et al.(2004 who tial and temporal distribution described above to provide sim-
used the CIT coefficients, no adjustments factors are neededlated CO fields.
to the CO emission inventory. Although the 1994 official Residence Time Analysis was carried out using the parti-
inventory is used rather than the 1998 one, this suggest§le simulations followingAshbaugh et al(1985. For a one
that differences between models can impact the conclusionBour release, all particle positions at every hour of the simula-

Model description

dThe Pennsylvania State University/National Center for At-
mospheric Research Mesoscale Model (MMNEell et al,
1995 version 3.7.2 was used to generate the wind fields as
described inde Foy et al.(2006h. This uses three nested
grids with one-way nesting at resolutions of 36, 12 and 3 km,

drawn about the inventory. tion are stored. A surface grid is applied over the simulation
domain, and all particle positions in each grid cell are totalled
1.5 Outline for the entire simulation. This gives “Residence Times”, the

grid corresponds to a time exposure photograph of the parti-
This paper makes use of Concentration Fields from back-<cle tracks, with values equivalent to the length of time spent
ward trajectories and forward Eulerian dispersion modellingin each cell by particles emitted.

Atmos. Chem. Phys., 7, 78861, 2007 www.atmos-chem-phys.net/7/781/2007/
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Fig. 2. Daily emission totals for CO (left) and Sright) from area (top) and point sources (bottom). Point sources are summed to the
same grid as the area sources for ease of comparison. Note different scale for each plot. Location of Tula ar@bEtbshoatn by the star
(not colour coded).

The Residence Times can be summed for hourly release€hemistry was turned off and the simulation was carried out
during the whole campaign to identify preferred transport di- for just CO and S@acting as passive tracers.
rections. In order to identify possible source regions, Con- Vertical dispersion is treated with parameterisations based
centration Fields were calculated. To derive these, Residencen surface and boundary layer parameters. These were ob-
Times from backward trajectories are summed after scalingained from MM5 which was run with the MRF boundary
by the surface concentration at the release site for the corrdayer schemeHong and Pan1996. The coefficients of
sponding hour, followingseibert et al(1994. All the grids ~ O’Brien (1970 (OB70) and of the CMAQ modelByun,
of particle paths passing over source regions will thereforel999 were tested in CAMX, but not those based on turbulent
be scaled up while clean air trajectories will be scaled to zerdinetic energy as this is not calculated by the MRF scheme.
so that the final sum will reveal potential source regions. It CAMx version 420 had a number of improvements. Of
should be noted however that this method is not able to disparticular relevance was the reduction in the horizontal diffu-
tinguish between different points along the release path. As &ion and the time interpolation of the vertical diffusion coeffi-
result, the sensitivity of the method is much greater in termscient. The first change lead to reduced mixing, but the second
of direction than in terms of distance from the source. Re-lead to increased mixing in the morning hours. While these
distribution of Concentration Field${ohl 1996 was tested compensated each other to some degree, the earlier mixing
for this test case but was not able to converge on a solutiommproved the concentration profiles during rush-hour.
and was therefore not used. This was probably because the
sources are too spread out and the receptor sites to close t30

the urban area. Measurements

Eulerian pollutant transport was calculated using the Com3.1 ETIR
prehensive Air-quality Model with eXtensions (CAMEN-
VIRON, 2009, version 420. This was run on the finest Mobile column measurements of CO were made using
MM5 domain at 3km resolution with the first 15 of the 23 Fourier Transform Infrared Spectroscopy (FTIR). A medium
vertical levels used in MM5. This corresponds to approxi- resolution spectrometer (0.5ct) was used with a new
mately 5200 m above ground and 440 hPa over Mexico City.360-degree solar tracker. This system was used to evaluate

www.atmos-chem-phys.net/7/781/2007/ Atmos. Chem. Phys., 780812007
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Fig. 3. Diurnal emission profiles for CO and $@rom area (A) and point (P) sources summed over the entire simulation domain for
weekdays and week-end days. Tula industrial complex and P@pmthnot included.

a number of species both in fixed site mode and in mo-3.2 Zenith sky UV/Visible spectroscopy

bile mode to evaluate point source emissions with the So-

lar Occultation Flux method (SOF). This study makes use ofRemote sensing of SOcan be used to estimate emission

the 126 total CO columns measured between 11 April andates. Whereas CO sources are spread out and CO plumes

1 May. Between 1 and 10 spectra are used for each medroad, SQ sources are more likely to be large point sources

surement. By considering their standard deviation, the 959svith individual well-defined plumesGalle et al.(2002 de-

confidence interval of the measurements is estimated to beeloped a miniaturised ultraviolet sprectrometer to evaluate

5%. volcanic emissions. The “Mini-DOAS” is used to quantify

emissions from 2 volcanoes and is compared with measure-

The long-path FTIR (LP-FTIR) system at CENICA o0 rom COSPEElias et al.(2008 report further vali-

consisted of a medium resolution (1ch) §pectrometer .. dation against COSPEC with agreement between the differ-

(_Bomem MBl.O.4) coupled to a custom fabngated transmit-g ¢ systems within 10%McGonigle et al.(2004 use the

ting and receiving telescope. At the other side of th? IIghtsame technique for estimating power plant emissions of both

path, a cubecorner array was mounted at a tower, mgkmg UP&0, and NG. Emission rates of 5.2 ks of SO were re-

total folded path of 860_m (parallel to DOA.S'_l descr_lbed_ be'markably close to in-stack monitor values of 5.3&gsug-

low). The system provided data with 5-min integration time gesting that this method provides an accurate, low-cost, eas-

continuously from 22:20 on 9 March to 00:00 on 29 April, ilv d - . o .
: eployable means of estimating and validating large point
except for a 12h gap on 11 April. Spectra were analyzedIy ploy imating vaiidating farge pol

sources in emission inventories.
using the latest HITRAN database cross sectidstiiman Th . .
. - ) . e mini-DOAS system deployed used an Ocean Optics
et al, 2003 and a nonlinear fitting algorithm. Data are avail- y ploy P

: o spectrometer with operating range of 280 to 390nm and
able for the following species: CO, GOHCHO, CH, N2O 0.6 nm resolution using the DOASI&1aus 2001 and Win-
and alkanes. Doas fFayt and van Roozendae200]) retrieval software.
Separate long-path FTIR measurements were made at Lbn mobile mode, columns of SCare obtained along plume
Merced (MER) as described @®rutter et al(2005 andGrut- traverses. Multiplying the column integrated over the tra-
ter (2003. A Nicolet interferometer was used with a ZnSe verse by the average wind speed yields the emission esti-
beamsplitter operating at 0.5 cthresolution. The liquid- mates. Wind speed was measured at the ground. In addi-
nitrogen-cooled MCT detector had a working range of 600tion, by looking at the time shift between the measurements
to 4000 cn!. The equipment was mounted on top of two 4- along two different paths using a dual beam mini-DOAS it
storey buildings leading to a single path length of 426 m thatis possible to estimate the plume speed given an estimated
was 20 m above ground level. Continuous data were availplume heightGalle et al, 2006. The techniques yielded es-
able from 1 April to 4 May inclusive for 75% of the time. timated speeds ranging from 3.4sto 7.7 nys for different
As for the CENICA FTIR, the spectra were analyzed with traverses.
the HITRAN cross sections dkothman et al(2003. Data Six traverses were carried out for the Tula industrial com-
for the following species are availabley8, COy, CO, CH;, plex on 1 May. This yielded an average estimated emission
CoH2, CoHy, O3, NO, NO, NHz, HNO3 and HCHO. Uncer-  rate of 4.4 kgs of SG. The standard deviation was 1.86/kg
tainties in the measurements are estimated to be within 5%6uggesting a 35% uncertainty in the measurements at 95%
but may be below 1% for the peaks. confidence interval.

Atmos. Chem. Phys., 7, 78861, 2007 www.atmos-chem-phys.net/7/781/2007/
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On the afternoons of 27 and 28 April, two traverses of cional de Investigadin y Capacitadéin Ambiental, CENICA)
the plume of the Popodgpetl volcano yielded estimates super-site. Figurd shows the location of the measurement
of 11.1 and 8kgs. Daily summaries of volcanic activity sites used in this study. A monitoring site measuring mete-
are available from CENAPRED{tp://www.cenapred.unam. orological parameters and criteria pollutants is under contin-
mx/). These report between 2 and 25 low intensity exhala-uous operation there. In addition, the CENICA mobile van
tions of steam and gas everyday of the campaign. There wereith similar equipment was deployed within the grounds of
occurrences of small to moderate explosions on 17 April, ona primary school in Santa Ana Tlacotenco (SATL). This is a
24 to 25 April and on 27 to 28 April. The last episode in- small village on the southeastern edge of the basin overlook-
volved the ejection of incandescent debris to a distance ofng the MCMA. Surface criteria pollutant concentrations are
about 800 m at night and some moderate amplitude tremoraneasured throughout the city by the Ambient Air Monitor-
In addition to exhalations and explosions, the volcano is aing Network (Red Autoratica de Monitoreo Atmosfico,
passively degassing eruptive volcano with continuous SO RAMA). These data were available both at the raw 1-min
emissions in the absence of any visible eruptiddsigado-  resolution and in 1-h averages.

Granados et gl2001). Detailed information on all the stations is available online
(http://wvww.sma.df.gob.mx/simatéee “Mapoteca”) includ-
3.3 DOAS ing descriptions and photographs of the surrounding areas.

Chow et al (2002 contains a table with information on many
The DOAS technique has been describedPlatt (1994). of the sites in this study (note that G17 = IMP, G12 = UIZ,
Two long-path DOAS (LP-DOAS) systems were mounted GO5 is close to SAG). The reader is referred to these sources
at CENICA. SQ was measured by detection of the unique for information supporting the discussion of individual sta-
specific narrow-band (5 nm) absorption structures in the ulions.
traviolet spectral range (near 300 nm). Both LP-DOAS were CO measurements were made using the Teledyne API
installed on the rooftop of the CENICA building, from where model 300 CO analyser which uses the gas filter correlation
light of a broadband UV/vis lightsource (Xe-short arc lamp) method. Infrared radiation at 4.7 um passes through a rotat-
was projected into different directions into the open atmo-ing gas filter wheel at 30 Hz. This cycles between the mea-
sphere: DOAS-1 pointed towards an array of retro reflectorssurement cell containing nitrogen which does not affect the
located in southeasterly direction (TELCEL tower), DOAS-2 beam before passing through the detection cell, and the ref-
pointed towards an array of retro reflectors located in south-erence cell containing a mixture of nitrogen and CO which
westerly direction on top of the local hill Cerro de la Es- saturates the beam. Measurement accuracy is estimated to be
trella. The lightbeam was folded back into each instrumentbelow 5% although overall accuracy including site location
and spectra were recorded using a Czerny-Turner type speand sampling issues is below 15%.
trometer coupled to a 1024-element PDA detector. The aver- SO, measurements were made using pulsed UV fluores-
age height of the light path was 16 m and 70 m above groundgence (Teledyne API models 100 and 100A). UV radiation
the total path length was 860 m and 4.42km, the meap SOof 214 nm is passed through the detection cell and the pho-
detection limits were 0.26 ppbv and 0.15 ppbv, respectively.tomultiplier tube is fitted with a filter in the range of 220 to
SO; reference spectra were recorded by introducing a quartz40nm. The CENICA data had a baseline offset of 3 ppb
cell filled with SG, into a DOAS lightbeam. Spectra were which was substracted from the data. The measurements
analysed using nonlinear least squares fitting routines byyere digitised with 1 ppb increments, and had a stated in-
Fayt and van Roozendag00]) andStutz and Platf1996.  strument accuracy of 1% but likely overall measurement ac-
Reported concentrations are based on the absorption croggiracy below 15%.
section ofVandaele et al(1994). Data were available for The timezone in the MCMA was Central Standard Time
DOAS-1 from 06:00 on 3 April until 11:00 on 2 May and (CST=UTC-6) before 6 April and daylight saving time
for DOAS-2 from 00:00 on 3 April to 17:45 on 11 April (CDT=UTC-5) thereafter. The field campaign policy speci-

and from 08:40 on 18 April to 13:30 on 3 May. Other data fied the use of local time for data storage and analysis, a con-
from DOAS-1 and DOAS-2 are described\Violkamer etal.  yention that will be followed here with times in CDT unless

(2005H and Volkamer et al.(20053. Uncertainties in the  marked otherwise.
data are estimated at 5%. At MER, a commercial DOAS
system (Opsis) was installed with the same open-path as the
FTIR (Grutter et al.2005 providing data at 5-min resolution 4 Carbon monoxide
from 1 April to 4 May.
Carbon monoxide is emitted mainly by mobile sources and
3.4 Monitoring stations acts as a passive tracer on the time scales of the MCMA. Itis
therefore a useful quantity to verify the simulated transport
The MCMA-2003 field campaign was based at the Nationalby both Lagrangian and Eulerian models. For Lagrangian
Center for Environmental Research and Training (Centro Nasimulations, Concentration Field analysis can be used to
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Simulated CO Measured CO

i‘"ﬁﬁﬁ

Fig. 4. Concentration Field analysis of CO using simulated (left) and measured (right) time series of concentrations at CENICA, VIF and
SATL based on back-trajectories every 2 h at each location. High non-dimensional number (purple) indicates possible source regions, low
numbers (white) indicate areas with low emissions.

identify possible source regions which can then be comparedimulations, or if it is evidence of impacts from neighbouring
with known inventories. For Eulerian models, comparisonsairsheds. To further test the method, individual Concentra-
with surface measurements are used to verify model perfortion Fields were calculated for VIF and SATL (not shown).
mance. Column measurements are used to verify the totalVhile these are on opposite sides of the MCMA, the method
emissions and to identify potential adjustment factors. correctly identifies the urban area as the CO source suggest-
ing that the results are not an artefact of prevailing winds.
4.1 Concentration field analysis
4.2 Eulerian modelling

Concentration field analysis was applied to CO concentra-
tions at three locations: CENICA near the centre of the city, CAMx simulations from three test cases will be presented.
VIF to the north of the MCMA and SATL to the south. In Case 1 was with the OB70 vertical diffusion coefficient and
order to increase the sensitivity of the method in the radialcase 2 with the CMAQ coefficients. Case 3 was similar to
distance from the source, it can be applied to multiple sta-<case 2 with emissions of CO scaled by a factor of 2. The
tions at once. Because the sources of CO are better knowminimum vertical diffusion coefficient was set to £ys for
than SQ, CO concentrations can be used to validate con-CMAQ. For OB70, the domain wide minimum was set to
centration field analysis before using it to identify unknown 0.1 n?/s and the kvpatch processor was used to reset the
sources of S@ As a first test of the sensitivity of the method, minimum in the bottom 500 m layer to 14¥s over urban ar-
it is first applied to simulated concentrations obtained fromeas and @& m?/s over forests. Simulations were initialised
forward runs of the model. In this way, meteorological un- on 31 March 2003 and run for 35 days. Emissions were
certainties are removed. Ideally, we would recover the initialscaled depending on the type of day. Saturday and Sundays
emission inventory. Results are shown in Fg.Compar-  had emissions that were 15% and 30% lower than weekdays.
ison with the spatial emission map in F@gshows that the In addition, school vacation days (13 to 25 April 2003 in-
method is able to recover the urban core of the emissions. Aslusive) were reduced by 10%, Good Friday (18 April) was
expected, there is a high background as the method canneeduced by 50% and Maundy Thursday (17 April) was re-
distinguish distances from the observation sites. Note thatluced by 30%. Initial fields of CO were set t®8 ppm at
this problem is reduced around VIF and SATL, and would bethe surface decreasing td@5 ppm at the domain top. These
further reduced by adding stations all around the MCMA.  values were obtained from inspection of boundary site data

Concentration field analysis using measured concentraas well as simulation results from the GEOS-CHEM model
tions and simulated trajectories is shown in Fig. The  (Bey etal, 2007).
method is still able to identify the urban emission in the cen- Profiles of vertical diffusion coefficients are shown in
tre, but the picture is much less focused. There are smalFig. 5 for both the OB70 and CMAQ algorithms. At night,
but noticeable impacts from wind flows from the Mexican the values correspond to the specified minimum value ex-
Plateau to the north, from the pass from Toluca to the westept for a shallow layer below 500 m with some mixing. The
and from the Chalco passage in the southeast. At this poinsurface CMAQ coefficients are larger, but the surface layer
itis not possible to say if this is due to limitations in the wind is shallower than for OB70 and the values rapidly drop to
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Fig. 5. Comparison of vertical diffusion coefficients at MER from Fig. 6. Statistics diagram for surface CO for 3 cases for all stations

the OB70 (-) and CMAQ (-—) algorithms by time of day for  with available data for the entire duration of the campaign. Each

15 April 2003. Values obtained from the CAMXx pre-processor for error point (Err) represents the bias versus the RMSEc (Standard

MMS results using the MRF boundary layer scheme. See text fordeviation of errors) at a measurement station. Standard deviation

treatment of minimum value. Note the log scale. points (Std) show the model standard deviation versus that of the
measurements, which should be of similar magnitude.

the specified minimum value. During the day, the mixed
layer develops rapidly with maximum mixing reached be- Performance analysis of the meteorological simulations by
tween 16:00 and 19:00. The CMAQ coefficients are substanepisode type showed that the best simulations were obtained
tially higher and, more importantly, extend farther upwards for the O3-South episodes and that simulations for the Cold
than OB70. By 22:00, mixing has returned to the night-time Surge episodes were noticeably worde Foy et al.20063.
norm although CMAQ has residual mixing in a layer aloft. As the same pattern is observable for CO simulations, the
The bias, centred root mean square error (RMSEc, als@orrelation coefficients for the OB70 simulations were sep-
called standard deviation of errors) and Pearson correlatiomrated into days with good performance and days with poor
coefficient of the model simulations are shown in Table performance, see Table The 15 “Good CO” days were 13
for each RAMA CO monitor for the 34 day period from to 16 April and 23 April to 4 May excluding 27 April. This
1 April to 4 May 2003. Fig.6 shows the model perfor- includes both O3-South events and the second, and longest,
mance using the statistical diagram introducedir-oy etal.  O3-North event. The remaining 19 “Bad CO” days include
(2006Hh. The bias is plotted versus the RMSEc for each sta-the three Cold Surge episodes as well as the first O3-North
tion. The standard deviations of the simulations are plottedepisode which was the one that followed a period of heavy
versus those of the measurements to provide context to theains. The difference in correlation coefficients can be clearly
magnitude of the errors. In order to compare the simulationsseen. From this point on, the analysis will focus on the
ellipses are drawn with centres at the mean of the perfor*Good CO” days.
mance metrics and radii corresponding to the standard devi- Table 1 shows considerable variation in the performance
ations of the metrics. metrics at different stations. For example, MER and IMP
Ideally, bias and RMSEc should be close to 0 and stan-are located in the city centre near high emissions but are on
dard deviations of the simulations should be equal to those school and campus-like environment respectively, shield-
of the model. Furthermore, RMSECc should be smaller thaning them from emissions in the immediate vicinity. Poor
the standard deviations. From the table and figure, it can b@erformance at PED, which is in a leafy suburb with low
seen that the negative bias of the CMAQ simulations is re-emissions, suggests that the spatial distribution of the emis-
duced with OB70 and that errors are also slightly decreasedsion inventory could be re-examined. Also poorly perform-
Doubling the emission inventory causes a positive bias andng is TAX, in this case quite possibly because it is located
increases the RMSEc to greater than the standard deviationgear a major bus transport hub. Finally stations such as MIN
of the concentrations. and SAG have noticeably weaker performance than near-by
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Table 1. Comparison statistics of surface CO concentrations for 3 model cases versus all RAMA measurements available. Statistics
calculated for the 34 day period (“All Days”) or for subsets (“Good CO” and “Bad CQ"), see text.

RAMA OB70 CMAQ CMAQ CO*2
Station Bias RMSEc r r r Bias RMSEc r Bias RMSEc r
All Days Good CO BadCO AllDays All Days
ARA -1.04 1.24 0.54 0.67 0.41 -1.25 1.27 0.52 —0.50 1.32 0.52
ATI —0.05 0.67 0.46 0.52 0.37 -0.19 0.67 0.36 0.25 0.94 0.36
AZC 0.27 0.96 0.58 0.64 0.50 0.02 1.01 047 0.97 1.46 0.47
BJU 0.30 1.00 0.59 0.65 0.55 -0.02 1.05 0.50 1.05 1.37 0.50
CES -0.31 0.95 0.51 0.51 0.59 -0.52 0.99 0.45 0.15 1.06 0.45
EAC -0.77 1.22 0.50 0.57 0.44 -0.90 1.29 0.40 -0.37 1.41 0.40
HAN —0.36 1.49 0.39 0.57 0.24 -0.71 1.43 0.39 0.40 1.69 0.39
IMP —0.38 1.25 0.58 0.74 0.47 -0.73 1.26 0.55 0.36 1.52 0.55
LAG 0.28 1.28 0.55 0.61 0.50 -0.16 1.22 0.50 1.18 1.77 0.50
MER -0.34 1.15 0.59 0.76 0.49 -0.78 1.06 0.57 0.50 1.51 0.57
MIN -2.17 1.36 0.37 0.40 0.37 —-2.49 1.35 0.31 —-1.44 1.76 0.31
PED 0.30 0.84 0.42 0.43 0.40 0.07 0.85 0.31 0.86 1.15 0.31
PLA 0.03 0.95 0.52 0.63 0.45 -0.24 1.00 0.40 0.62 1.26 0.40
SAG —-0.94 0.87 0.43 0.50 0.38 -1.07 0.85 0.43 —0.53 0.97 043
SUR -0.33 0.94 0.55 0.61 050 -0.57 0.95 0.51 0.35 1.16 0.50
TAC 0.48 0.86 0.53 0.57 0.45 0.23 0.86 0.42 1.15 1.40 042
TAX —0.67 1.29 045 0.44 0.49 -0.96 1.31 0.38 0.04 1.54 0.38
TLA -0.02 1.08 0.49 0.57 0.43 -0.28 1.11 0.38 0.62 1.53 0.38
TLI -0.34 0.81 0.46 0.58 0.36 -0.52 0.82 0.42 —0.00 0.92 042
ulz -0.37 1.17 0.34 0.52 0.30 -0.59 1.16 0.33 0.10 1.26 0.33
VAL -0.90 1.28 0.55 0.69 0.43 -1.17 1.34 0.50 -0.35 1.42 0.49
VIF —0.49 0.55 047 0.57 0.41 -0.58 0.55 0.43 —-0.27 0.61 043
XAL -0.47 1.31 0.56 0.66 0.44 -0.69 1.32 0.59 0.02 1.28 0.59
Mean —-0.36 1.07 0.50 0.58 0.43 -0.61 1.08 0.44 0.22 1.32 0.44
St Dev. 0.58 0.24 0.07 0.09 0.08 0.58 0.24 0.08 0.63 0.29 0.08

stations MER and XAL, respectively. This can suggest im-ures7, 8 and9. An offset of 052x 108 moleculegcn? was
pacts of neighbouring emissions or micro-meteorological ef-applied to the model columns to account for the CO above
fects. MIN for example is located inside an elevated round-the domain top, corresponding to free tropospheric concen-
about (rotary/glorieta) with high traffic emissions very close trations of 70 ppb above 440 hPa and 50 ppb above 120 hPa.
to the monitor air-intake. Detailed comparison of the metrics  Agreement between model and observations is particu-
with the station location and surroundings (see S&éd).in  |arly good on 15 April. Unlike many urban areas where the
the future could point to possible weaknesses in both modcolumns increase throughout the day, CENICA experiences a

elling and monitoring. steady reduction starting at noon. This is well captured by the
model and is due to dilution caused by the gap floe Foy
4.2.1 Column measurements et al, 20063. The small difference between the OB70 and

CMAQ cases but the large difference with the CMAQ case

Comparisons of the statistical metrics for the 3 cases suggestith double CO emissions shows that the columns are sensi-
that the OB70 scheme is better than the CMAQ scheme withive to the emission levels and not the surface concentrations.
or without adjustments in the emission inventory. These areThe case with increased emissions clearly leads to excess CO
entirely based on surface measurements however and do not the atmosphere.
account for the amound of CO in the atmosphere. A total There was a sharp drop in emissions on 18 April which
column count of CO molecules can be used to evaluate thgvas Good Friday, a day when all schools and businesses are
model simulations irrespective of their accuracy at the surclosed (le Foy et al.2005. This can be seen in the mea-
face and hence to provide a constraint on the level of COsurements and is correctly captured by a 50% scaling fac-
emissions. tor in the model. The diurnal trend of the columns suggests

Solar FTIR measurements of the CO columns are comihat the diurnal profile of the emissions needs to be adjusted
pared with simulated columns from the 3 model cases in Fig-however. Agreement on 21 April is not nearly as good. This
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Fig. 7. Total column of CO measured by Solar Occultation Flux (SOF) versus model simulations for 3 simulation cases for different
campaign days at CENICA.
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Fig. 8. Total column of CO measured by Solar Occultation Flux (SOF) versus model simulations for 3 simulation cases for different

campaign days at Santa Ana (SATL) and La Merced (MER). TPN OB70 shows base case at Tlalpan, 20 km west of SATL, to highlight
impact of gap flow.
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Fig. 9. Total column of CO measured by Solar Occultation Flux (SOF) versus model simulations for individual measurements at CENICA

and at the boundary sites (see Fidor site locations).

11X 10 Table 2. Least squares fityf=mx+-c) for correlation of SOF CO
o columns with 3 model simulations.
10+ DD u}
OB70 CMAQ CMAQ CO*2
= m 0.78 0.71 1.37
g 8l 95% bounds om  0.58,0.97 0.52,0.90 0.99,1.74
Ei ¢ (x1018) 1.24 1.43 0.62
E " P 0.36 0.33 0.32
< -
8 5L decline is more gradual and follows a step increase at 12:00,
) when the urban plume reaches the southern basin rim. The
< 4t trend is correctly captured on 16 April, but the simulated
3 levels are too low. On 17 April, the levels are higher and
3 the sharp increase occurs 2 hours earlier. Wind circulation
ol o ; 832% at SATL are very sensitive to the strength and timing of the
7 © CMAQ CO*2 gap flow from the southeasté Foy et al.20063. Columns
11 z 2 3 21 5 é 7 r210 I:]m tlo thle wes; gtATP'lN fo(; the OBZ}O cr?Sﬁ shlow Imuch
igher levels on pril and somewhat higher levels on
SOF CO Column (molecicm?) x 10" 17 April but a correct timing of the increase. This suggests

Fig. 10. Scatter plot of total column of CO measured by Solar
Occultation Flux (SOF) versus model simulations for the 3 model
cases. See Tab®for coefficients of lines of best fit.

that small changes in the gap flow can lead to large discrep
ancies in the model agreement.
At La Merced (MER), especially on 27 April, the simu-

lated columns of CO are at the right level without adjusting
the emission inventory. The columns rise and fall under the

is attributable to the fact that this is a Cold Surge day with competing impact of traffic and wind transpo@drcia et al.
poorer model performance as described above. 20089.
At Santa Ana (SATL), on 16 April the columns show a  Boundary conditions in the model were verified by com-
slow decline after a 15:00 peak. On 17 April the afternoonparing columns at boundary sites to the north of the MCMA

Atmos. Chem. Phys., 7, 78861, 2007
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Fig. 11. Bias (vertical lines) and correlation coefficient (horizontal

lines) CAMx OB70 vs. RAMA measurements for all stations except Fig. 12. Diurnal profiles of median concentrations of CO at MER
MIN, for “Good CO” days. Green for positive bias (model greater and CENICA comparing monitoring data, FTIR data and CAMx
than observations), blue for negative bias smaller thdppm and results for “Good CO” days.

red for large negative bias. Correlation coefficient is plotted symet-

rically around the origin, short horizontal bars indicate good agree- ) )
ment. 4.2.2 Spatial analysis

near Teotihuacan and Pachuca and outside the basin on thigased on the analysis above, the case with unchanged emis-
slopes of the Popodapetl. The agreement was good, with sions and OB70 vertical diffusion will be retained as the
values ranging from Bx 108 to 2.5x 10*® moleculegcn?. base case for further analysis. Figur# shows the bias
Least squares fit of the simulations to the models areand error for each station for the 15 days of the “Good CO”
shown in Fig.10 and Table2 for the 3 cases along with 95% episodes. A clear pattern emerges, with positive bias (sim-
confidence bounds on the slope of the agreement. For thglations higher than measurements) for central and south-
linear fit without constraining the y-intercept to 0, the un- western stations and negative bias for northern and eastern
certainty on the slopes are large and suggest that the basgations. The correlation coefficient is highest (smaller bars)
emission inventory could underestimate the actual CO levelsin the city centre and decreases in the periphery.
At 95% confidence level this would suggest that the method Median diurnal profiles of simulated and measured CO
cannot distinguish between adjustment factors (a slope of 1 isoncentrations for CENICA and MER are shown in Fig.
within, or close to, the range for all 3 cases). If we constrainAt MER there is good agreement between the RAMA
the y-intercept to 0 on the grounds that the boundary conditneasurements, the FTIR and the model simulations. At
tions are within 10% (25x 10 moleculegcn?) of the true CENICA, the early morning peak is clearly captured by all
value (Fig.9), then we obtain slopes in the range 063 the measurements, but is not represented in the model. Dur-
to 117 for OB70 and #42 to 164 for CMAQ with double ing the rest of the day, the FTIR measurements are higher
CO. This provides stronger evidence that the current emisthan the CENICA data but comparable to the RAMA data.
sion inventory is at the right level and that no adjustments areThis discrepancy should be investigated, especially if the
currently warranted. measurements are used to validate the emission inventory.
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75 percentile and dashed line the range. Measurements in yellow

model simulations in blue.
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Further diurnal profiles for XAL, AZC, PED and VIF are
shown in Fig.13. At XAL, the pattern is well-captured but
the predictions are too low. This is particularly acute in the
morning with a delay in the rise of predicted concentrations.
At PED, the opposite is true, with too high emissions in the
early morning. VIF, to the north of the city, has much lower
concentrations. Nonetheless, they are under-predicted by the
model. At AZC, the morning peak starts too soon and rises
too high, whereas at neighbouring VAL (not shown), the tim-
ing is correct but concentrations drop off much faster than the
measurements. This illustrates the pitfalls of comparing grid-
ded model results with point measurements and the need to
consider carefully station location.

4.3 Discussion

The Concentration Field Analysis for CO shows that the
method is able to correctly identify known sources based on
surface data from the monitoring network. The method was
shown to be robust with respect to station location and the
prevailing wind directions. The analysis can be applied to
individual stations first with model concentrations and then
with actual measurements in order to identify the upwind re-
gions that affect a monitor and wether the measurements are
dominated by local or more regional transport.

Column measurements of CO were shown to provide a
necessary constraint in evaluating potential adjustment fac-
tors to the emission inventory. Uncertainty in the model sim-
ulations based on statistical metrics and data comparisons
can be estimated to be between 35% and 50%. The high
errors in the model have been attributed to complex mete-
orology in the basinde Foy et al.20068. While this pre-
cludes a definite conclusion on the adjustment factors for CO
emissions, it nonetheless suggests that current levels are con-
sistent with concentrations.

Spatial patterns of Eulerian model performance can be
used to evaluate the spatial distribution of the inventory.
Positive bias in the southwest and negative bias to the east
and north are consistent with current patterns of urbanisa-
tion. This suggests possible adjustments in terms of city sec-
tors, although it is too crude to resolve features on the scale
of individual grid cells. The effect can be clearly seen at
CENICA. In the simulations, the station is on the edge of the
city edge and does not see the strong morning rush hour peak
in measured CO.

Comparisons of diurnal profiles at individual stations can
be used to evaluate the temporal distribution of the emis-
sions and to suggest modifications by time of day. Vary-
ing emissions during vacations and holidays are a source of
uncertainty and model under-performance that has not been
guantified in the present study. Scaling factors for high and
low emission days were deduced from morning CO observa-
tions. Traffic data will be needed to refine these as the biggest
change in emissions by day of week and type of day may be
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Fig. 14. Concentration Field analysis of S®ased on measured concentrations and simulated back-trajectories at VIF (left) and SATL
(right) showing possible northwest source region.
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5.1 Concentration field analysis @ 100
S

Concentration field analysis was performed for,S@ the
same way as for CO, see SettResults for VIF and SATL, 20
the stations most to the north and south respectively, are o
shown in Fig.14. Both of these point to a focused source 19
to the northwest of the city. The signal at VIF is particularly

clear, with only small contributions from areas southwest of _ so
the station. Because SATL is further away and on the south-&
ern edge of the basin rim, the picture is more diffuse. The é’ 60
trace from the northwest is still clearly visible however, with %
suggested transport southwards along the western edge of thg 40
basin. 3

20

5.2 Eulerian modelling

0 AL A “k“»..,, A v\k,,‘ll‘u‘n‘ Naky A | ‘14 J
i i i . 01 03 05 07 09 11 13 15 17 19 21 23 25 27 29 01 03 05
CAMXx simulations of SQ@ were carried out with the OB70 Nav

vertical diffusion scheme. In addition to the point and area

Sourc.es fmm the emissions inventory, p0i|:1t sources for thq:ig. 15. SO, time series at VIF and CENICA showing measured

Tula industrial comp'lex gnd for the Ropoepetl volcano (black) versus modelled (red) concentrations for the entire cam-

were added as described in S&tGeneric stack parameters aign Coloured shading indicates the fraction of simulateg SO

were used which do not affect the long range transport of thenat is due to different sources (MCMA, Tula and Popépatl).

plume. Emissions were set to 5)gyfor Tula and 10 kgs

for Popocatpetl based on the mini-DOAS estimates. The

emissions were held constant in time. These emissions cor-

respond to 158 10% tonne/year and 31&10%tonneg/year re-  and simulations that include the Tula and Popo point sources.

spectively. All boundary and initial conditions for 3@ere  The shading in the background indicates the fraction of the

set to 1 ppb based on GOME satellite retrievals available asimulated S@ due to the Tula industrial complex and the

the Belgian Institute for Space Aeronomy (IASB-BIRA). volcano obtained by running separate tracer simulations.
Figure 15 shows time series of SCat VIF to the north  This shows that the model would not simulate the sharp

of the city and CENICA to the southeast for measurementgpeaks if emissions from Tula were not included. At VIF,
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Fig. 17. Surface concentration of SOrom model (left) and
RAMA observations (right) at 04:00, 07:00 and 10:00 CDT dur-
Fig. 16. Diurnal profiles of S@ at MER and CENICA compar-  jng the SQ plume episode of 10 April 2003. Numbers in brackets
ing monitoring data, DOAS data and model results for “Good CO” show the domain-wide minimum and maximum concentrations of
days. Bold line is the median, thin line the 25 and 75 percentile. the measurements for the RAMA p|ot5’ and of the model area cor-
responding to the measurement locations for the CAMx plots.

there are 7 of these above 50 ppb during the campaign. By-3 SQ plume event
the time they reach CENICA, their impact is reduced except ) )
for events occurring during Cold Surge episodes when ver-10 April experienced a large Slume that swept past the
tical mixing is low and transport is directly from the north Whole city with peak concentrations above 200 ppb in the
(de Foy et al.20063. There are episodes where the model northern part of the MC_:MA_. Contour plots for 04:00, 07:00
indicates volcanic impacts on the urban area, although thes@nd 10:00 are shown in Fig.7 for RAMA measurements
correspond to low S@concentrations. Itis therefore difficult @nd model simulations. FigurE8 shows the time series of
to differentiate them from the urban emissions. SO concentrations at points on the northern boundary of
the MCMA as well as at different stations along a north—
Figure 16 shows the comparison in measured and simu-south transect. The initial rise is at TLI, to the west of the
lated diurnal S@ concentrations at CENICA and MER. At Sierra de Guadalupe at around 22:00 of the previous day.
CENICA, the morning peak is much more pronounced in Two hours after this there is a substantially larger rise that
the measurements from the monitoring station data than imow extends to VIF to the north, which experiences the bulk
the DOAS measurements. The simulated concentrations aref the plume after 03:00. The plume then shifts further east
in reasonable agreement with the DOAS measurements ato XAL before returning west to VIF at around sunrise fol-
though the morning peak is under-predicted. At MER, levelslowed by dispersion due to vertical mixing. The impact can
of SO; measured by DOAS are similar to those at CENICA. be seen at MER building up through the night along with
The simulation levels however are substantially higher sugfluctuations due to plume meandering. At CENICA the lev-
gesting that the spatial distribution of the emission inventoryels are lower and smoother due to the longer transport dis-
should be re-evaluated for S@ a similar fashion as for CO. tance. This is even more so at PED which starts to see the

Atmos. Chem. Phys., 7, 78861, 2007 www.atmos-chem-phys.net/7/781/2007/



B. de Foy et al.: Sources and transport of CO and BGhe MCMA 797

350

— T Table 3. SO, annual emissions estimates from fuel consumption in
300 —VIF ] the MCMA and at the Tula power plant compared with the official
250 —:\;AE'& H inventory for the MCMA and the Mini-DOAS estimate for the Tula
& 200} CENICA I industrial complex.
§ 150F ——PED
? ool MCMA  Tula Power Plant
50l ; /ét Fuel Consumption (tonne/yr) Bx10° 1.49x 100
0 . ‘ : ‘ : \ Emission Factor (kg Sgtonne fuel) 0.71 86.26
18:00 21:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00 Annual SG Emissions (tonne/yr) 4050 128000
Time of Day, CDT (10 April 2003) CAM 2000 Inventory 4929
Mini-DOAS Estimate 145000

Fig. 18. Time series of measured $S@oncentrations at 1-min
resolution for 10 April plume event at selected RAMA stations and
at CENICA.

port under stable conditions. Further study into the vertical

plume around 03:00 and reaches a maximum between 09_Ogispersion as well as the vertical resolution of the dispersion
and 12:00 Long—'path DOAS measurements at CENICA a'ré"nodel could be validated from the surface measurements of
in remarkable agreement with the point measurement. In~—= . . . -
addition to adding confidence to the accuracy of the mea- Possible impacts from volcanic emissions were identified,
surements, this highlights the fact that the plume is a |argealthough the levels are too low to differentiate from ambient

scale phenomenon. Both the measurements and the Simulg]eagurements. During the dry season, "_Vi”‘,’S aloft are pre-
tions suggest that the S@lume originated to the north of dominantly westerly and transport the emissions away from
the MCMA the city towards Puebla and beyond. During the field cam-

paign the possible effects were found mainly during the Cold

As can also be seen in the time series in Rig.the tim- icod hich h sed b hward wind
ing and extent of the plume is correctly captured although theSUrge episodes which are characterised by southward winds

maximum levels are under-predicted. The measurement cor?—‘nd stable conditions. It should be noted however that vol-
tours show the plume going around both sides of the Sierra d§2NIC emissions from the Popoepetl have been reported to
Guadalupe and then moving towards the east. In the mode e 10 tq 100 times larger th_an the value use_d n th's_ study,
there is some splitting of the plume around the mountains SU99esting that much larger impacts are possible during spe-
but the main effect of the Sierra de Guadalupe is to caus&!lC épisodes. _ _
strong vertical mixing leading to a much more diffuse plume. Annual SQ emission estimates for MCMA mobile
This explains the lower levels observed over the city and the>0urces and for the Tula power plant are shown in Table
reduced extent of an S@ich air mass separated from the A fleet-average emission factor is derived from long-path
plume moving northeastward at 10:00. This case suggest?OAS measurements of $SGand CQ (Volkamer et al,

that the effect of terrain on transport in the stable boundary?0058- Multiplying this by known fuel consumption in the

layer may not be correctly represented numerically. city during April 2003 and scaling to an annual value leads to
an emission estimate 20% lower than the official inventory,
5.4 Discussion which is deemed to be within the accuracy of the simulations

and the measurements. An estimate of the power plant emis-

Both Concentration Field analysis with backward trajecto- sions was obtained by combining the annual fuel consump-
ries and forward Eulerian modelling using emission esti-tion and average sulfur content of the fuel. The emissions of
mates from zenith sky UV spectroscopy suggest that ther¢he refinery are not included in this estimate. Overall, this is
is a S@ plume from the Tula industrial complex that can in agreement with the estimate from UV-Spectroscopy plume
impact the MCMA. These plumes are typically in the early measurement given the limits of accuracy.
morning or late evening under stable conditions when wind Summing SG impacts at MER and CENICA from model
flows are from the north. While the effect is strongest on thesimulations for the Tula and Popoéaetl point sources sug-
stations in the north of the city, there are occasions where thgests that in the simulations 75% of $€boncentrations are
entire MCMA is affected. Without considering the possible due to local sources during April 2003, with possibly 20%
variation in SQ emissions, the current simulations captured from the power plant and 5% from the volcano.
many of the plumes in the MCMA. The impact on the city
is limited to episodes with stable northerly flow. The major-
ity of the time the plume would be expected to follow the 6 Conclusions
prevailing westerlies.

In modelling terms, the SOplume presents a valuable Analysis of CO showed that vertical dispersion schemes in
case study for the effect of complex terrain on plume trans-air quality models can have a large impact on simulated
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surface concentrations. For the case of CAMX, the schemsaites while backward simulations can identify the regions in-
of O'Brien (1970 was found to give more realistic results fluencing each monitor.
whereas the CMAQ dispersion scheme was overly diffusive. Carbon monoxide levels are within the health standard
Column measurements of CO were shown to be a necest present thanks to reductions in emissions over the last
sary constraint when validating pollutant dispersion modelsdecade, and the current emission inventory was found to give
and emissions inventories. Relying on surface measuremengprrect CO levels in the dispersion models. Furthermore, CO
alone can lead to compensating errors between the emissictan be used as a tracer to validate the pollutant transport in
levels and the vertical dispersion. numerical models, giving confidence in the results for appli-
Given the weak and variable winds in the MCMA basin, cations in photochemical and aerosol modelling. The SO
uncertainties in dispersion simulations can be above 35% anf€alth standard is 30 ppb for the annual average with one
as high as 50%. It is suggested that the current official CO24-h average above 130 ppb per year. Currently, this is met

emission inventory is within these error bounds and does nofor all the stations, but there is the potential for a 24-h aver-
need a large adjustment factor. age exceedance due to point sources outside the MCMA. It

should also be noted that 1-h averages can reach very high

of the measurements and simulations suggest that the spatilve!s which are not yet regulated by a health standard. Fi-
nally, SG has an impact on aerosol formation and process-

distribution of the current emission inventory needs to take. _ : S
into account new urban growth to the north and east of thé"d: and correctly simulating SQevels is important for fu-
city. Adjustments by day of week should also be refined tolure aerosol simulations and their associated health effects.
include different t_emporal profiles both by type of day and AcknowledgementsThe analysis contained in this paper was made
by sector of the city. possible by the collaborative efforts of many people involved in field
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