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Abstract. The evolution of ozone (§) and 13 volatile or- 1 Introduction

ganic compounds (VOCSs) in the boundary layer of Mexico

City was investigated during 2000-2004 to improve our un-ajr overlying a region has layers of diverse history and con-
derstanding of the complex interactions between those tracgequently diverse composition and chemistry, as well as com-
gases and meteorological variables, and their influence on thgjex vertical distributions of pollutants. These vertical distri-
air quality of a polluted megacity. A tethered balloon, fitted pytions are result of the horizontal and vertical transport due

with electrochemical and meteorological sondes, was useg the effects of the winds and turbulence produced by ther-
to obtain detailed vertical profiles ofs&nd meteorological mg) fluxes and surface friction. In practice, vertical profiles
parameters up to 1000 m above ground during part of the dinf pollutants are estimated by mathematical models. The
urnal cycle (02:00-18:00h). VOCs samples were collectedyrawback of these models is that they require ideal condi-
up to 200 m by pumping air to canisters with a Teflon tube tions: otherwise their predictions are more uncertain. In an
attached to the tether line. Overall, features of these profile$,chan area there are many buildings, which cause large inho-
were found to be consistent with the formation of an uppermggeneities in the energy and wind profiles, and thus the ver-
residual layer during nighttime carrying over a fraction of the tjcg) distributions of pollutants are difficult to model. A clear
Oz from the previous day that contributes to the backgroundyngerstanding of the evolution of air pollutants at different
concentration in surrou_nding regions. At the same time th%eights of the boundary layer over urban areas is an impor-
release of heat stored in the urban surface forms a shallowynt factor to improve the air quality assessment of polluted
unstable layer close to the ground, where the nocturnal emiscities, where the high concentrations of ozong)(@nd other
sions are trapped. After sunrise ag Bzlance is determined  toxjc pollutants produce serious impacts on public health.
by photochemical production, entrainment from the uppergor example, the characterization of nighttime accumulation
residual layer and destruction by titration with nitric oxide, of pollutants in the lowest layers and their subsequent inter-
delaying the ground-level Orise by 2h. The subsequent actions in the following morning as the nocturnal boundary
evolution of the conductive boundary layer and vertical dis- layer begins to break up are necessary to evaluate the effec-
tribution of pollutants are discussed in terms of the energytveness of pollution control measures, such as limiting sta-
balance, the presence of turbulence and the atmospheric stgpnary emissions and extending vehicular traffic restrictions
bility. at night, as well as instituting a later workday to shift the
morning rush hour to later on after sunrise.

Despite the importance of the vertical distribution of pollu-

tants in urban areas, data to characterize the lowest few hun-
dred meters of the atmosphere are scarce, and the complex
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layer are not yet well understood. This lack of information is tane, benzene, octane, toluene, nonane and o-xylene) in the
accentuated in urban areas located in tropical and subtrogewest 200 m of the atmosphere of Mexico City. These VOCs
ical regions, where much of the urban population growthwere selected because they are representative species of the
occurs. A good example of these urban centers is Mexicd/OC burden in the atmosphere of Mexico City (Velasco et
City, the second largest megacity and one of the most polal., 2007). They included alkanes, alkenes, alkynes and aro-
luted urban areas of the world. Mexico City has a populationmatic species. The objectives of this study were three-folds:
of 19 millions, around 4 million vehicles and over 50000 1) to investigate the diurnal vertical distribution and concen-
industries. It is situated in the Valley of Mexico, at a low trations of G and VOCs in the urban boundary layer of a
latitude (1925 N) and at high altitude (2240 m), resulting polluted megacity; 2) to determine the diurnal variations of
in subtropical weather and intense solar radiation. In addithese pollutants in terms of the evolution of the convective
tion, the elevated anthropogenic emissions and the area’s tddoundary layer; and 3) to provide vertical profiles as input
pography with mountains to the west, east and south of thelata for air quality models.
valley produce high levels of photochemical pollutants daily Despite the particular characteristics of air pollution and
(Molina and Molina, 2002). These characteristics have conmeteorology of Mexico City, some features of the evolu-
verted Mexico City into an ideal laboratory to perform field tion of the boundary layer and vertical distribution of pol-
experiments to address the urban air pollution of the develdutants discussed in this article have been observed also in
oping world. other places of the world using tethered balloons (e.g., Lee
A number of extensive field campaigns have included up-et al., 2003; Glaser et al., 2003; Baumbach and Vogt, 2003;
per layer measurements in Mexico City. The Mexico City Chen et al., 2002; Aneja et al., 2000). The results presented
Air Quality Research Initiative (MARI) included upper air here are expected to provide valuable insight to other pol-
quality measurements using tethered balloons, rawinsondefuted urban areas of the world, particularly for less devel-
a lidar and an aircraft during the winter of 1991 (Streit and oped regions located at low latitudes and high altitudes with
Guzman, 1996; Nickerson et al., 1992). During the take-similar problems of anthropogenic emissions from outdated
offs and landings of the aircraft, vertical profiles of,Qni- industrial operations and large vehicle fleets.
trogen oxides (N§), carbon monoxide (CO) and aerosols
were acquired (frez-Vidal and Raga, 1998). The IMADA-
AVER (Investigacbn sobre Materia Particulada y Deterioro 2 Experiment description
Atmosérico, Aerosol and Visibility Evaluation Research) ex-

periment in February and March of 1997 included diversep total of 175 vertical profiles of @and meteorology were
meteorological measurements to characterize the wind Cirmeasured by a medium-sized tethered balloon (Vaisala TSB-
culation and boundary layer of the Valley of Mexico (Do- 9) over 28 selected days between 2000 and 200He num-
ran et al., 1998). From 2000 to 2004 the National Cen-per of profiles during one day of measurements varied from
ter for Environmental Research and Training (CENICA) of 2 to 11, depending on the aeronautical activity over the city
the National Institute of Ecology (INE) of Mexico, with the  and the wind intensity (the balloon was never launched when
support of the Japanese International Cooperation Agencyhe surface wind exceeded 5misand always descended
(JICA), conducted tethered balloon measurements during segt any height when the wind reached 10mh)s In addi-
lected days to improve understanding of the vertical evolu-tion, the wind conditions did not always allow the balloon
tion of pollutants in the boundary layer of Mexico City. Mea- tg reach the desired altitude, mostly in the afternoons, when
surements corresponding to 2002 and 2003 were part of th@ind speed increased and the balloon’s control became com-
MCMA-2002 & 2003 field campaigns (Molina et al., 2007). piicated. 101 profiles were obtained over an altitude of 500 m
Wohrnschimmel et al. (2006) analyzed the 2003 measurewith 40% reaching more than 950 m. A third of all profiles
ments in terms of the impact of emission sources on the verincluded speciation of the 13 VOC species mentioned above
tical profiles of pollutants. The recent MILAGRO (Megaci- yp to 200 m. Figure 1 shows the number of profiles measured
tiy Initiative: Local and Global Research Observations) field throughout the investigated part of the diurnal cycle divided
campaign in Mexico City during March 2006 included a py hours and three categories according to their maximum
wide array of instruments located at ground sites and onboar@ieight and whether they included VOC sampling. Almost
aircraft to study the evolution of emissions from a megacity || profiles were measured during the dry-warm season from
(seenttp://mce2.ory March to May and the dry-cold season from November to
This manuscript analyzes data obtained from tethered balgepruary of Mexico City, when convective processes are not
loon measurements during 2000 to 2004. These measureys strong and the pollutants accumulate in the boundary layer.
ments included vertical distributions ofz@nd meteorology  During the rainy season (from June to October), it is difficult
up to 1000 m above ground level (all heights hereafter are
referenced to ground level), and for the first time, obser- 1A taple listing the locations, dates, times and heights for each
vations of the concentrations of 13 selected VOCs (ethaneprofile is available online with this article as supplementary mate-
propane, propylene, butane, acetylene, pentane, hexane, hejal.
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Fig. 1. Number of profiles measured throughout the investigated
part of the diurnal cycle. Profiles from the three launching sites are
included.

(1

to launch the balloon; the pollutants are more efficiently re-
moved from the boundary layer by wet deposition or simply
by the strong vertical motions generated by the convective
storms. The results presented here include profiles measure
during February 2002 and April 2003 as part of the MCMA-
2002/2003 field campaigns (Molina et al., 2007).

The tethered balloon was launched at 3 different sites
within the urban core of Mexico City: 1) The CENICA
site located at the southeast part of the city (WE®ER5’,

N 19°21'31.8’) in a mixed area surrounded by residences,
small and medium industries, services and commerce. The
traffic was heavy and composed of old and new vehicles; old
vehicles usually do not have catalytic converter and use carFig. 2. Set up of the tethered balloon syste(A) Vertical profile
buretors, in contrast to new vehicles that have catalytic conimeasurements of VOCsg@and meteorology up to 200 n(B) Ver-
verters and use modern emission control technologies. Aboufical profile measurements ofsGand meteorology up to 1000 m.
88% of the profiles were obtained at this site; they were 'he tethered balloon system is composed of: (1Y%atloon filled
measured from 02:00 to 19:00 h local time (all times here_Wlth helium, (2) meteorological sondg with they ®lectrochemical
after are referenced to local time). 2) The sport facilities of $e|| below the balloon, (3) meteorological sonde at ground level, (4)

. . . eflon tube, (5) diaphragm pump and stainless-steel canister for the
the National Poly‘Fechnlc Institute (IPN) located at the north-,~~¢ sampling, and (6) ratio receiver system.
west part of the city (W 990819.8’, N19°2952.9'); 3) the
practice stadium of the National Autonomous University of
Mexico (UNAM) located at the southwest (WRRL'13.1",  paring atmospheric pressure readings from the sonde located
N19°1940"). Measurements at IPN and UNAM were re- pext to the balloon to readings from the second sonde lo-
stricted from 09:00 to 16:00 h, and frequently the maximum cated at ground level (see F|g 2)3 ©oncentrations were
elevation was limited to 500m. It is important to point measured by an electrochemical sonde (4Z ECC-03-Sonde)
out that the Mexico City airport is located at the center of tethered together with the meteorological sonde 10 m below
the city; it was necessary to coordinate the tethered balloofhe balloon.
fllghts with the airport authorities to avoid interference with Electrochemical sondes re|y on the conversion of chemi-
the airplanes’ flight paths. Hence only a few profiles were ca|s in a solution by ambient{o alter the electric conduc-
measured at IPN and UNAM: 10 and 13 profiles, respec-iyity of the solution (Parrish and Fehsenfeld, 2000). These
tively. A comparison of these profiles with those measured aisondes are very light and have been widely used to measure
the CENICA site showed that the magnltude, and the Vert|Cab3 prof”es in the atmosphere_ However, the measurements
and diurnal patterns are similar. made by these sondes may suffer interferences from com-

Meteorological parameters, including ambient tempera-pounds other than £)such as sulfur dioxide (S, nitrogen
ture, atmospheric pressure, relative humidity, and wind speedioxide (NG) and peroxyacetylnitrate (PAN) (Barnes et al.,
and direction, were measured by a meteorological sonde (TSt985; Grant and Wong, 1999) that contribute to the measure-
5A-SP Tethersonde) tethered 10 m below the balloon. Thement uncertainty. Barnes et al. (1985) estimated these uncer-
data collected by the sonde were sent to ground by a raditainties to be between 6 and 10% from background current.
transmitter. The height of the balloon was controlled by com-For each day of measurements, the electrochemical sondes
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e Before sampling, canisters were cleaned, evacuated and
analyzed to verify the absence of VOCs. To avoid compli-
cation from storage before the analysis, sampled canisters
were analyzed within 48 h of sampling using an automatic
analyzer model GAS-3051A for atmospheric hydrocarbons
(DKK Corporation, 1998). The analytical set up consisted
of a dynamic dilution system, a humidity controller, a sam-
ple concentrator, and a gas chromatograph with flame ion-
ization detection (GC-FID). The humidity controller was op-
ﬂ erated at 25C. Samples were preconcentrated in a multi-
J, LLLr -_ adsorbent trap, which was packed with tenax, activated alu-
ob L mina and activated charcoal, and was cooled teCl10y
2 6 10 14 18 ZZTi;:[mfr?utez‘]‘ 33742 46150 oA B liquid carbon dioxide (industrial grade). The compounds
were thermally desorbed at 280 for 4 min with helium as
Fig. 3. Chromatograph of the standard used to determine the 13N€ carrier gas (flow: 5.98 ml mirt). VOC separation was
VOCs analyzed in this work. made with a Hewlett-Packard 6890 Series chromatograph,
operated at constant flow of 5.98 mL mihand equipped
with two columns connected in series; the first column was

were prepared 24 h in advance and calibrated with a stanpaCked with alumina (length 30 m, id 0.53 mm) and the sec-

dard UV G; monitor (Advanced Pollution Instruments, API ond W{[h meth)I/DIsH!cone (Ienlgtr|1 Sg_m, "L?-E’ mm, film th'ck'
400) and/or verified by an £generator (Ozonizer KTU-2). ness -m). During sample loading, the oven was main-

This calibration did not eliminate the interferences caused b)} . .
other oxidant species, but it helped to reduce the uncertain["’:g?if}liorgf@gO{fr:]g]f'i':]; ttgrrzgzgtulrgegt,V\?r:;ght?heeno?/ten
ties pro.duced by the variations |.n sonde preparatlon' was kept for 10 min. The total analysis time is one hour. Indi-
The time required for measuring a profile up to 1000 m of 4| species are identified by retention times and responses
height in intervals of 50 m for 10 readings og@nd meteo- ¢ cibration standards (1 ppmv of each monitored species,
rology was 60 min. For a typical profile including VOC spe- gaaN Co.) with a ten-fold dilution mixture. The detection

ciation up to 200 m in 50-m intervals, the required time was it is calculated to be 0.1 ppbv. Figure 3 shows a sample
75min. The @ and meteorological data were recorded only chromatogram obtained by this GC-FID system.

during ascending flights. The descents took place rapidly and

no data were collected. For the analysis of both types of

profiles, quasi-stationary and quasi-homogeneity conditions3 Results

were assumed in an ideal boundary layer. That is, the verti-

cal distribution of pollutants and meteorology did not changeThis section examines the vertical distribution 0§ @nd

over the course of one profile measurement. These measurgycs in the context of the boundary layer evolution to un-
ment durations were within the recommended time rang&jerstand their temporal and vertical variation throughout the
(10° to 10%s) for the analysis of micrometeorological 0b- ¢ rse of the day. All profiles were examined by individ-
servations, which depends on the height of observation, the ., days; however, only a few measurement days covered
boundary layer height, and stability (Arya, 2001). Atnight- w6 complete diurnal cycle, also not all the profiles reached
time the atmosphere is stable; therefore the atmospheric conrgoo m as explained above. This prevented us from obtain-
ditions as well as the vertical distribution of pollutants in the ing a complete vertical diurnal distribution during one day
boundary layer change slowly. During daytime the boundary, measurements. Figure 4 shows the vertical profiles of

Iayer_gvolves faster anql the time range in which atmospherubsl potential temperature and specific humidity during one
conditions can be considered stationary decreases. of the days with better diurnal coverage. Nevertheless, as
Figure 2 shows the set up of the tethered balloon for meashown in Fig. 5, all the profiles obtained were consistent
suring meteorological parametersy @ofiles and VOC sam-  even though they were measured on different days. Also, the
pling. For the VOC sampling a Teflon tubing with 5mm  profiles measured at the IPN and UNAM sites are similar to
internal diameter (id) was attached to the balloon’s tetheredhose measured at the CENICA site (see blue and pink pro-
line with the inlet located at the same height of the electro-files in Fig. 5). This consistency facilitated the interpretation
chemical cell. The tubing was connected to a diaphragmof the evolution of the low urban boundary layer by plotting
pump located at the ground. Samples were introduced intaogether the 175 profiles of£2and meteorological parame-
6L Summ& electro-polished stainless-steel canisters forters measured at the three different sites, and applying dif-
4 min, after flushing out the line for 10 min from previous ferent normalization methods for the potential temperature
sampling. and specific humidity profiles. Figure 6 shows these vertical
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Fig. 4. Vertical profiles of Q (a), 6 (b) andg (c) measured on 12/15/2000.

distributions; their characteristics are discussed in the fol-cording to the prevailing meteorological event, as explained
lowing sections. To increase the apparent resolution of theabove.
vertical distributions, we used the interpolation function of . S . .
IGOR® based on a Delaunay triangulation to generate con3-1 \Vertical distribution of potential temperature and verti-
tour lines with a setting factor of 16. The irregular features cal mixing
shown in those figures are indications of the variability on the . . o

In an urban environment, the vertical distribution of trace

profiles due to particular meteorological conditions, randomgases depends strongly on the atmospheric stability and the

plumes or both. TO identify the general features from dif- turbulence produced by the heat released from surface and
ferent meteorological events, we used the meteorology clas-

sification for the Vallev of Mexico proposed by de Eov et the friction produced by winds in combination with surface.
: y prop Y Y & 1o analyze the stability of the atmosphere and the ease with
al. (2005) during the MCMA-2003 field campaign. The ob- . ’ : . )
’ : which air parcels can mix vertically, we computed profiles of
served differences are discussed below.

) _ potential temperature and a modified bulk Richardson num-
The VOC profiles revealed also a strong consistency; howyor The potential temperatuids defined by Eq. (1)
ever, because of a few anomalies observed, we did not uti-

lize the same plotting routine that was used fay@d the ¢ = T (po/p )R/Cp 7 1)
meteorological parameters. In some cases those anomalies . ) ) o

could mislead the interpretation of the vertical profiles or ob-WhereT is the ambient temperature in Kelvinsjs the am-
scure possible variations. Thus the VOC profiles were plot-PIENt pressurepo is a reference pressure usually taken as
ted without any interpolation. Figure 10 shows 13 panels100kPa.C; is the specific heat of air at constant pressure
with the vertical profiles for each of the VOCs analyzed. The@Nd R is the gas constant. For the dry conditions in Mex-
VOCs profiles shown in seven panels (a, ¢, e, g, i, k, m) werd®© City prevalent during the measurements, we used a value
classified by monitoring sites (IPN, UNAM, and CENICA), 2The entire set of panels showing the vertical profiles for each
and no differences were observed between them. The othejt the 13 VOCs classified by monitoring sites and prevailing meteo-

6 panels (b, d, f, h, j, I) show the profiles measured duringrological events are available online as supplementary material with
the MCMA-2003 field campaign; they were categorized ac-this article.
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Fig. 5. Vertical profiles of @ and® measured during the morning (9-12 h) and the afternoon (12-17 h) at the 3 different sites within the
urban core of Mexico City. Profiles in gray correspond to measurements at the CENICA lab (southeast), in blue at the UNAM (southwest),
and in pink at the IPN (north).

of 0.286 for theR/C, ratio. The modified bulk Richardson as referenceA6@100n=6; —6100m), instead of plotting the
number was calculated from Eq. (2): absolutey values. A positiveA6g@100 mvalue indicates a sta-
ADLA ble stratified atmosphere, while a negative value indicates a
8AUyAZ . .
= m, (2) neutr.al or u'nstable atmos'p'here. Flgyre 2b shows the verti-
v ( o cal distribution of the modified bulk Richardson number de-
whereg is the acceleration of gravity, is the average vir-  scribed above. Large positive values®f indicate greater
tual potential temperature over a specific defith A9, and  dynamic stability, while negative values or close to zero in-
AU are the differences in the virtual potential temperaturedicate a greater probability of vertical mixing. There is no
and wind speed ovetz, respectively. Az is the difference  well-defined critical value ofRg above which turbulence
in meters between a specific height of the vertical profile andceases (Stull, 1988), but it has been accepted tharfor
the lowest height at which the sonde tethered to the balloomyreater than one, vertical mixing is suppressed. Note that
collected data (between 10 and 50 m). We assumed that at thtee bulk Richardson number is a ratio that by itself does not
bottom height/~0; thereforeAU=U. The termp, includes  provide information about the intensity of turbulence; it only
the buoyant effects of water vapor in the potential tempera+indicates the presence or absence of turbulence. Although
ture; it is defined by Eq. (3): it relies on several variables and assumptions, and therefore
6, =60 (L+0.61r), ©) subjects to uncertainties that are diffi(_:ult to_ qugntify, it has
) . ) L demonstrated to be a valuable tool for investigating the atmo-
wherer is the mixing ratio of water vapor; it is calculated g,pvic stapility using tethered balloons or other platforms,

from the partial pressure water term, which is obtained fromg ., a5 tall towers (j.e., Doran et al., 2003; Lee et al., 2003;
the measured temperature, pressure and relative hum'd'%albally 1968).

(Stull, 1988).

To better observe the atmospheric stability throughéthe At nighttime thef profile is characterized by nocturnal in-
vertical distribution, we have plotted in Fig. 6a the differ- version, which is produced by radiative cooling of the sur-
ences inY at each height for each profile usidgat 100m  face. The nocturnal boundary layer is usually stable in the

Atmos. Chem. Phys., 8, 3063679 2008 www.atmos-chem-phys.net/8/3061/2008/
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Fig. 6. Vertical distributions of different meteorological parameters agdi®oughout the course of the daga) differences ird at each
height using at 100 m as referencé\@g100 n=0 —0100m- Ab@100n+>0 indicates a stable stratified atmosphexég 100 <0 indicates
a neutral or unstable atmosphe(b) modified bulk Richardson numbeR g <1 indicates a high probability of vertical mixingRg>1
indicates dynamic stability(c) wind speed{d) wind direction;(e) normalized specific humidityy{gmax); (f) O3 concentration. The black
line in Fig. 2a, b, e indicates the evolution of the CBL.

absence of turbulenc®&g >1 andAdg100m>1) above 200m  this energy balance was measured at a different site close to
until sunrise {7:00 h). Below that altitude the turbulence is the center of the city, it gives insight on the nocturnal re-
almost always preseniR <1). At night the turbulence is lease of energy. During daytime the term of the storage heat
maintained by the wind and roughness of the city, but mainly(A Qy) in the energy balance represents 50% of the net radi-
by the release of the heat stored in the buildings and urbaition (Q=) in the urban core of Mexico City. At nighttime
surface during daytime. Figure 7 shows the energy balancéhe A O/ Qx ratio is positive and greater than one, which ex-
for a typical day of the dry-warm season in Mexico City mea- plains the turbulence presence in the surface layer.

sured during the 2006 MILAGRO field campaign. Although

www.atmos-chem-phys.net/8/3061/2008/ Atmos. Chem. Phys., 8, 3089-2008
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700 7 * T lapse of the boundary layer. Because of the height limitations

600+ ¢ Qh 1 in our measurements, we could not observe these two stages

5001 ; 86 1 of the boundary layer, nor determine its maximum growth.
‘*g 001 Qs | We observed only an unstable atmosphere and a vigorous

vertical mixing in the 1000-m layer above the ground be-

tween 14:00 h and few minutes before 18:00 h. After 18:00 h
positive values ohA0g100 mStarted to appear above500 m,

, indicating the collapse of the CBL and the formation of a

0 pe=s gf R X\ \Posesssseoss new residual layer. Although only a few measurements were
-100 made after 18:00 h, they were sufficient to show this event,

-200 4 ; ; ; ; ; ; ; 4 which is related to the formation of {pool at that height
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 and will be discussed later.
local time (hours)

E 3001

3 200+

=

2
D 1001

The evolution of the boundary layer in terms of the energy
Fig. 7. Energy balance measured on 24 March 2006 in the urbarP@lance has been described by Whiteman et al. (2000). They
core of Mexico City during the MILAGRO field campaign. The Ssuggested that the falloff of the rate of heat storage from the
sensible 05,) and latent 0,) heats were measured by eddy covari- €nergy balance between 13:00 and 14:00 h (see Fig. 7) could
ance,Qx by a net radiometer antl Q; was obtained as the residual be interpreted as quenching of the boundary layer growth
of the measured energy componemi); = Q * —(Qp+0¢)). caused by the leakage of cold air into the warm basin at-
mosphere from the colder surroundings of the valley where
Mexico City is located. The formation of the residual layer
&\round 18:00 h occurs when the heat storage term changes

Shortly after sunrise, surface heating leads to an upwar ;
y d P 2ian, and when the release of the stored heat in the urban

exchange of sensible heat and subsequent warming of th .
lowest layer due to heat flux convergence. After 07:00 hsurface begins.

the surface boundary layer becomes warmer than the air

above. Figure 6a shows this morning heating through pos3.2 Vertical profiles of wind speed and direction
itive A6@100m values below 100m. By 09:00h the air at

the surface layer is between 2 antdC3warmer than the g re ¢ shows the vertical profiles of the horizontal wind

air a}t 100.m. This process progressively ergdes the nocturgpeed throughout the course of the day, and Fig. 6d shows
nal inversion from below and replaces it with an unstablehe vertical distribution of the wind direction. While our

or convective boundary layer (CBL). The CBL is character- measyrements were unable to describe the diurnal and spa-
ized by vigorous vertical mixing with constant or small neg- 5| variations of the boundary layer winds in Mexico City,
ative Afgioomvalues andkp Ya“,JeS below one. The depth hey provided a glimpse of the winds in the lower boundary
of the CBL grows with time; Fig. 6a shows that negative 5yer over the southeast part of the city as long as the wind
Af@100m values reach higher altitudes during the moming gneeds were low enough to safely launch the tethered bal-

at a similar rate a®p values below one appear at those al- |54, Overall, weak winds blowing from the northwest and
titudes in Fig. 6b. The boundary layer passes freB00M 6 \yest prevail in the residual layer until a few hours af-

at 07:00 h to~600 m by midday. The rate of growth of the (o gnrise. The surface winds attain minimum values before
CBL in Mexico City is not as fast as typically in some other g nrise and increase during the day reaching maximum val-
places, where the maximum rate of growth is attained within ;o< in the afternoon. As the CBL evolves during the morning
a few hours after sunrise (Arya, 2001). The vertical distri- 504 early afternoon, the wind speed becomes uniform in the
butions of Ab@100m and R show that the maximum rate  1000.m |ayer above the ground, excluding the surface layer,
of growth occurred between one and two hours after midday,ich is characterized by a strong gradient. After midday,
when the boundary layer depth reached 1000 m. Our findingghe \yind direction becomes more variable in the vertical pro-
are consistent with those obtained from the IMADA-AVER fjie quring the next three hours, coinciding with the rapid
boundary layer experiment (Doran et al., 1998; Whiteman ey th stage of the boundary layer. This is due to the vig-
al., 2000) conducted during the dry season in Mexico City, 5rys vertical mixing produced by the heating of the CBL.
in which the boundary layer grows slowly after sunrise 10 tter this stage, the winds tend to blow again from the north
a depth under 1000 m before noon, then grows rapidly 10y the west. Detailed descriptions of the wind diurnal varia-
heights of 3000 m or more within the subsequent few hours.;iqns in Mexico City are provided by Whiteman et al. (2000)

According to Whiteman et al. (2000), after the rapid and de Foy et al. (2005), particularly for the dry season when
growth stage of the boundary layer in Mexico City ending be-the bulk of our measurements were made. During this sea-
tween 13:00 and 14:00 h, a quenching stage follows in whichson, Mexico City is normally under the influence of anticy-
the rate of heating and growth are slowed during the next twaclone weather with light westerly winds above the valley and
hours. Then a rapid and deep cooling stage occurs with a colrearly cloudless skies.
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Fig. 8. Average diurnal patterns of different trace gases measured at ground level at the CENICA supersite during April 2003 (see Molina
et al., 2007 and the references therei@). O3 measured by UV Differential Optical Absorption Spectrometry (DOAB);NO measured

by a standard chemiluminescence monifa);NO, measured by a standard chemiluminescence morfdphutane measured by Fourier
Transform Infra Red Spectroscopy (FTIRg) benzene measured by DOA®); mix of olefinic VOCs responding as propylene measured by

a Fast Isoprene Sensor (Guenther and Hills, 1998). The gray shadows represent one standard deviation ranges, and give an indication of tt
day-to-day variability in each phase of the daily cycle.

3.3 \Vertical distribution of humidity this is enhanced by the water vapor condensation and depo-
sition on the surface in the form of dew before sunrise when
To illustrate the vertical changes in the specific humidjty (  Winds are weak and the surface temperature falls below the
we have normalized each prof"e to its maximum meaguredjew point of the moist air near the surface. Before sunrise,
value in Fig. 6e. We observed that evapotranspiration of theéhe residual layer above 500 m shows nearly uniform profiles
urban surface is enough to produce abrupt gradients througHor ¢, about 30 to 45% lower than in the lowest layer. After
out most of the day’ from ear|y morning to ear|y afternoon. sunrise, as the boundary layer evolves, the moisture in the
During early morning and a few hours after sunrise, the tur-lowest layer mixes with the air in the upper layers, produc-
bulence and unstable conditions of the surface layer productg nearly uniform profiles within the CBL. Throughout the
a layer of 350 m deep above the ground with uniform val- morning and early afternoandecreases, attaining minimum
ues ofg. Within one to two hours after sunriseg, attains ~ values of 1 to 4 gkg! between 13:00 and 15:00 h, when the
maximum values up to 12gkd in this layer. Sometimes solar radiation is the strongest. During the afterngarses
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slowly again, reaching values close to 6 gkdyy 18:00h.  aloft. Surface @ is also locally generated by reactions of
This period coincides with the rapid and deep cooling stageNOy with VOCs in the presence of sunlight. Consequently,

that drives the decay of the boundary layer. one would expect a rapid increase in thg €ncentration.
However, during the next two hours after sunrise;, 1©-
3.4 \Vertical distribution of ozone mains constant, even though it is being rapidly produced. O

production rates exceed 50 ppbvihas early as one hour af-

Figure 8 shows the average diurnal patterns 9&@d other  ter sunrise (Shirley et al., 2006), but this production is not
trace gases measured at ground level at the CENICA sitgletectable because fresh @d mixed @ downward from
as part of the MCMA-2003 field campaign (Molina et al., the residual layer are depleted by reaction with NO, form-
2007), which was carried out during the dry season in Apriling NO, (see Fig. 8b and c) and then HNQhus increasing
2003. As expected, thegoncentration shows a distinct the nitrate content of the particles. Salcedo et al. (2006) sug-
diurnal pattern, a minimum in the morning and a maximum gested that one third of the HN@oes to the particle phase.
in the early afternoon. This diurnal pattern extends to theThe available NO from nighttime emissions trapped in the
shallow unstable boundary layer at night and the CBL dur-shallow unstable boundary layer plus the fresh emitted NO
ing daytime (Fig. 6f). Figure 9 shows the@ertical profiles  during the morning rush-hour period (05:30 to 09:30h) is
normalized to their maximum concentrations during differ- enough to delay the rise of the ambieng @ncentration by
ent periods of the day and classified by the climatic seasombout 2 h.
when they were obtained (only those profiles that reached at After the morning Q balance determined by photochem-
least 500 m are included). ical production, entrainment from the residual layer, and de-

At nighttime, the presence of the nocturnal inversion layerstruction by titration with NO, the ground-level;@oncen-
isolates the ground-level {0rom that of the upper levels. tration jump up around 09:00 h, when NO had fallen to half
Surface Q is removed by deposition and titration with ni- its peak value (see Fig. 8b). As the CBL evolves during the
tric oxide (NO) emitted from evening traffic. Since ng @ subsequent hours, theg@ntrainment from upper layers con-
produced in the absence of sunlight at nighg,d@ncentra-  tinues, and contributes to newg@rmed by the combination
tion decreases after sunset, attaining minimum values by suref high OH reactivity, strong solar radiation and abundant
rise, between 06:00 and 08:00 h, when NO is rapidly convertNO, and quite possibly, also from high levels of morning
ing hydroperoxy radical (H®) to hydroxyl radical (OH) and  acetaldehyde (C£#CHO) and formaldehyde (HCHO) emis-
NOs is rapidly converting OH to nitric acid (HN§). The G sions (Zavala et al., 2006; Garcia et al., 2006). During the
confined in the nocturnal stable boundary layer aloft creates MCMA-2003 field campaign, Shirley et al. (2006) measured
residual layer of @ shielded from NO and VOCs emissions. OH reactivity peak values 0120 s in the morning rush-
The beginning of this residual layer occurst8:00 h of the  hour period and observed that the OH reactivity followed a
previous day, when the release of the stored heat in the urbagimilar diurnal pattern for NQ and VOCs, suggesting that
surface begins and the CBL starts to collapse. A clear andraffic emissions are the main cause of the high OH reactiv-
well-established residual layer is observed above 500 m. Acity that drives the photochemical smog formation in Mex-
cumulation of Q starts at 200 m, coinciding with the cut off ico City. They calculated that VOCs contribute 72% to the
of the nocturnal unstable layer, but in some cases it can stalOH reactivity, NG 12%, CO 7% and HCHO 4%. Volka-
at 100m. An interesting seasonal feature is theg@adient  mer et al. (2007) did a detailed analysis of OH, Hénd
from 200 to 500 m, which shows a relatively constant rate ofRO, radical sources and identified alkenes as responsible for
~0.1 ppbv nT! during the dry-warm season. In contrast, no jump-starting the morning photochemistry. Between 09:00
gradient is observed during the dry-cold season; the residand 11:00 h, the accumulated @ the upper layers is still
ual layer appears abruptly above 300 m, as shown in Fig. 9athere, but at higher altitudes (Fig. 9c). At ground level the
However, more measurements are needed to confirm and eX3; production attains maximum values up+d.00 ppbv 1
plain this feature. The ©concentration in the residual layer (Shirley et al., 2006) as a result of the high radical produc-
depends on the Zevel from the previous day and meteoro- tion rate and active photochemistry enhanced by the trap-
logical conditions; on average the observegdOncentration  ping of pollutants within the CBL, particularly secondary
in the residual layer was 35 ppbv, which is consistent withspecies, such as HCHO and oxygenated VOCs (Volkamer
the background level observed in the surrounding regions ot al., 2007). The reaction of NO with peroxy radicals from
the Valley of Mexico. Concentrations above 50 ppbv wereVOC oxidation and @ produces peak Nfconcentrations
typical and the maximum concentration observed within thisduring mid-morning (Fig. 8c). Between 10:00 and 12:00h,
layer was 75 ppbv. Usually, the venting of the urban plume isas a result of the accumulation of fres keneath the resid-
very efficient and this @aloft is transported to the surround- ual layer plus the mixed 9downward, the @ concentra-
ing regions (de Foy et al., 2006). tion within the CBL reaches at least 50% of the concentra-

After sunrise, the height of the unstable boundary layer betion in the remaining residual layer (Fig. 9d), while the NO
gins to increase as the surface is heated and the nocturnal ifevel decreases due to the CBL evolution and chemical loss
version is destroyed, resulting in downward mixing f@m (i.e., photolysis and HN&formation). After midday, during
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the next three hours the verticag@istribution is uniform  are too slow to produce significant gradients in the vertical
(Fig. 9e) as a consequence of the efficient vertical mixingdistribution. The turbulence mixes the VOCs in the unsta-
during the rapid growth stage of the boundary layer. Dur-ble boundary layer much faster than the OH radical depletes
ing this period, @ attains maximum concentrations between them. For example, propylene, the most reactive of the 13
120 and 150 ppbv and occasionally reaches 180 ppbv, as wetheasured VOCs, has a lifetime of 1 h at midday when OH
as the OH and H®radicals, while NQ attains minimum  attains maximum concentrations of 0.4 pptv (Shirley et al.,
concentrations (Shirley et al., 2006). The froduction de-  2006), compares to the average time of 4 min that an air par-
creases continuously during the afternoon, as a result of decel takes to travel from the surface to 200 m, as reported from
creasing OH reactivity, and the loss of N@ PAN and other  turbulent flux measurements in Mexico City by Velasco et
organic nitrates. Using a chemical transport model, Lei etal. (2005).
al. (2007) determined that thes@roduction during the af- The diurnal patterns of VOCs depend on the anthro-
ternoon depends not only on N{but also on VOC reactiv- pogenic activities, photochemistry and meteorology. All
ity and radicals sources, suggesting that tadg@mationin ~ VOCs reach their highest level during the morning rush-
Mexico City is VOC-limited after midday (reducing VOCs hours and show strong variability within the 200-m layer, in
would lead to a drop in @production, in contrast to a sim- contrast to the rest of the day. This period coincides with
ilar reduction in NQ). After 15:00 h, the intensity of sun- the beginning of the formation of a new CBL when the un-
light diminishes (see Fig. 7), and enhances the reduction omstable boundary layer is shallow, the traffic emissions are in-
the Qs production. Furthermore, the wind intensity increasestense and the OH and HQevels are low. The tethered bal-
in the afternoon enhancing the pollutants dispersion and théoon measurements do not indicate a specific height at which
valley’s ventilation, which helps to reduce the @oncen-  the VOCs accumulate, instead they show that the variabil-
tration and destroys the uniform profiles of @ithin the ity in the VOCs concentrations within this layer is similar
CBL (Fig. 9f). In late afternoon, the cooling of the atmo- to the variability observed from ground-level measurements
sphere and the collapse of the CBL drive the formation of a(see Fig. 8d—f). For example, the bulk of the benzene con-
new G; residual layer, beginning a few minutes before sunsetcentrations observed in the vertical profiles within this pe-
(Fig. 99). riod varied between 1.5 and 6 ppbv, similar to the observed
The irregular features observed in the @rofiles are  concentration range at ground level. After this period the
caused by variations of the solar radiation intensity due toVOCs level decreases due to photochemical reactions and
absorption and scattering by clouds, local emissions pf O the dilution produced by the CBL evolution. The rapid for-
precursors, efficiency of £production, and dispersion pro- mation of glyoxal (CHOCHO) shortly after sunrise observed

cesses. by Volkamer et al. (2005) during the MCMA-2003 field cam-
paign revealed a very efficient VOC oxidation process during
3.5 \Vertical distribution of VOCs morning hours. CHOCHO is formed from the oxidation of

numerous VOCs; it is a good indicator for VOC oxidation
Figure 10 shows the vertical distribution for each of the 13 processes because it does not react with NO and it is essen-
VOCs monitored. Overall, no differences were observed intially unaffected by traffic emissions. The CHOCHO level
the VOCs concentrations within the 200-m layer above theremains high until early afternoon, indicating a persistently
ground due to the efficient vertical mixing, except during active VOC chemistry throughout most of the day. The VOC
the morning rush-hour period when the profiles showed theoxidation is initiated by radicals (i.e., OH, H@nd RGQ), O3
highest concentrations and largest variability between differ-and photolysis. Volkamer et al. (2007) identified nitrous acid
ent days. The VOCs concentrations within this layer fol- (HONO), O3, HCHO, the reactions betweers@nd alkenes,
low the diurnal pattern of the concentrations measured atnd photolysis of secondary oxygenated VOCs as the domi-
ground level. For example, Fig. 8 shows the diurnal con-nant radical sources during daytime; whereas the reaction of
centrations of butane, benzene and the olefinic VOC mixturealkenes with @, and to a minor extent reaction of alkenes
(as propylene) measured continuously at the surface duringnd nitrates, are the main radical sources at nighttime. Fur-
the MCMA-2003 field campaign. The parcels with higher ther, the dark reaction of alkenes withy @ads to the accu-
concentrations within this layer may be due to transport ofmulation of secondary pollutants that produce radicals in the
local plumes, and less likely from artifacts in our measure-early morning hours.
ments, such as folds, leaks or ruptures in the sampling line The low molecular weight alkanes (ethane, butane and
due to sudden changes from wind and/or turbulence intenpropane) show similar vertical and diurnal distributions. The
sity. Some of these parcels were near the surface and thehigh ambient concentrations of propane and butane are at-
high VOC concentration was due to fresh emissions from lo-tributed mainly to liquefied petroleum gas (LPG) combus-
cal sources. A gradient in the concentrations close to theion and leakage during handling, distribution and storage.
surface {~40 m) can be expected due to the time needed forLPG is the main fuel used for cooking and water heating in
the turbulence produced in the roughness sublayer to blentMexican households. Although LPG powered vehicles rep-
the fresh emissions. The chemical reactions with OH radicakesent less than 1% of the total fleet, they are also important
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Fig. 10. Vertical distributions of the 13 VOCs monitore@) Ethane(b) propane(c) butane(d) pentane(e) hexane(f) heptane(g) octane,

(h) nonane(i) propylenej) acetylene(k) benzene(l) toluene,(m) o-xylene at different periods of the day. Blue: before sunrise (02:00

to 05:30 h); pink: morning rush-hour period (05:30 to 09:30 h); green: late morning and early afternoon (09:30 to 14:00 h); and brown:
afternoon (after 14 h). Profiles in the left panels (a, c, e, g, i, k, m) are classified by monitoring site: open circles (UNAM), filled circles
(IPN), and the rest at the CENICA lab. Profiles in the right panels (b, d, f, h, j, I) represent those profiles measugddasth Qopen

circles) and Cold Surge (filled circles) days during the MCMA-2003 field campaign.
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Fig. 10. Continued.

emission sources. The LPG fleet is composed mainly of Velasco et al. (2007) demonstrated that VOCs levels in
vehicles used intensively (light and heavy duty trucks, andMexico City depend strongly on traffic emissions. Acetylene
microbuses with 20-passenger capacity); 95% of them havés known to be a good marker for vehicular combustion and
emissions that exceed the standards required by local ertherefore is a good indicator to analyze the traffic influence
vironmental regulations (Schifter et al., 2000). The LPG in the vertical and diurnal distribution of VOCs. The morn-
leaked from households at nighttime accumulates in the shaling rush-hour period is clearly identified between 05:30 and
low unstable boundary layer and adds to the morning emis©9:30 h, when acetylene concentrations are at least 3 times
sions from traffic and from LPG transmission systems. Sincehigher than those before and after this period, reaching above
LPG is used by Mexican households to heat water for bathings0 ppbv between 07:00 and 09:00 h, when the traffic is the
and showering prior to going to work in the morning, the most intense. The same behavior was observed for other
emission of these alkanes is higher during this period of maxspecies emitted also by vehicle exhaust, such as propylene,
imum LPG usage. After 09:00 h their ambient concentrationspentane, hexane, heptane, octane, benzene, toluene and o-
start to decrease as the CBL evolves and the photochenxylene. However, there were a few exceptions, some profiles
istry increases. The ethane levels decrease relatively less aradso showed high concentrations before or after the morning
slower than those of propane and butane because of its lowaush hours. These anomalous profiles may be due to emis-
reactivity with the OH radical, and because it is emitted alsosions from other anthropogenic activities that only occur on
by other sources, such as vehicle exhaust and degreasing aspecifics days. For example, o-xylene is emitted also dur-
tivities (Vega et al., 2000). ing incineration of solid wastes; although it is not a common
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practice in the city, it could be the cause of some profiles withjet is closer to the Valley of Mexico; they are characterized
high concentration. In the same context, benzene, toluenby strong westerly winds aloft and northerly winds in the
and hexane are emitted also by the usage of solvents, paintbasin during the morning, shifting to winds from the south
adhesives, resins and degreasers that are not necessarily usedl west during the day, and leading tgfi@aks in the north
every day at the same hour and intensity. This type of emis-of the city. The wind circulation pattern org€south days is
sions is common in Mexico City within the informal sec- similar to O;-North days except in the afternoon, when the
tor, such as workshops or small factories hidden in the urbartirculation shifts to southeasterly winds, leading tppg@aks
canopy. Nonane is the only VOC that does not show a cleain the southeast of the city.
diurnal distribution. Nonane is emitted also by vehicle ex- The tethered balloon was launched during 8 days of the
haust, but it shows high concentration throughout the dayMCMA-2003 campaign, 4 of those days corresponded to the
which may be due to local plumes emitted by factories orCold Surge event and the other 4 to thg Korth event. Fig-
other emissions sources close to the monitoring site. ure 11 shows the vertical profiles og® andg, and Fig. 10
shows the profiles of 6 VOC species measured during these
3.6 \Vertical profiles of @, VOCs and meteorological pa- 8 days. During Cold Surge days the CBL evolved slower
rameters under different meteorological events and reached lower elevations throughout the morning com-
pared to @-North days, as shown in the profiles. Be-
The irregular features observed in the vertical distributionssides of being slightly colder, the Cold Surge days presented
of meteorological parameters and trace gases in Figs. 6 ankigher humidity levels, with smaller negativeg as func-
10 show the variability on the profiles due to particular mete-tion of the elevation compared toz@orth days, in partic-
orological conditions, random plumes or both. The randomular during the early morning and midmorning hours. Both
plumes are common in the emissions of an urban area likeypes of episodes reached similag feaks after midday at
Mexico City, but the constant turbulence presence due to thene CENICA site, but the ozone jump-start was observed one
intense thermal force produced by the urban energy balanchour later during Cold Surge days. In addition, the slower
tends to form rapidly uniform vertical profiles of trace gases evolution of the CBL enabled the ozone pool within the
within the CBL. The parcels with higher concentrations of residual layer to remain longer during the morning, as shown
VOCs in this layer were likely due to plumes emitted from in the Qs profiles in Fig. 11b. In regards to the VOCs pro-
emission sources close to the monitored site on specific daysiles, no differences were observed between both meteoro-
as well as artifacts from our measurements, as mentioned béegical events. On @North days higher evaporative emis-
fore. Above the CBL, the vertical distribution of trace gases sions could be expected from a variety of sources, such as
can be affected by the wind circulation in the Valley of Mex- storage and distribution of gasoline in gas stations, because
ico; however no significant differences in thg @d VOCs  of the higher ambient temperature than on Cold Surge days
profiles were observed in the 1000 and 200-m layers abovg¢~5°C difference during daytime); however, the difference
the ground, only differences in the concentrations were ob4n the temperature was too small to increase significantly the
served from one day to another. The surface ozone distribuevaporative VOC emissions or to modify the vertical profiles.
tion in the Valley of Mexico relies on wind circulation, while  Also, although the lower temperature during Cold Surge days
the location and intensity of the ozone peaks depend on mewere expected to increase the emissions of light alkanes due
teorological conditions. The VOCs distribution depends alsoto a higher LPG usage for water heating, but again the differ-
on the location of the emission sources but to a lesser exence on the ambient temperature was not significant to pro-
tent, since vehicle exhaust is the main source for many VOCduce differences in the vertical VOCs profiles, as shown in
species, and the traffic is a relatively homogeneous problenfig. 10b for propane. No launches were made during O
throughout the city. South days. The diurnal patterns of the ambient parame-
To investigate the differences on the vertical profiles un-ters and @ at ground level during @South days are sim-
der different meteorological conditions, we used the classifi-ilar to those on @North days; thus we presume that the
cation of meteorological events in the Valley of Mexico de- evolution of the CBL and trace gases vertical distribution
fined by de Foy et al. (2005) during the MCMA-2003 field will be similar as well. The dry season is dominated by
campaign. de Foy et al. (2005) identified 3 different meteoro-Os-North and Q-South events; thus 70% of the days corre-
logical episodes — @South, Cold Surge and£North —us-  sponded to these two types of events during the MCMA-2003
ing a combination of synoptic and basin observations basedield campaign. Consequently, the vertical diurnal distribu-
on whether the day was predominantly cloudy, or whethertions shown in Figs. 6 and 10 correspond more to the pro-
the G; peak occurred in the northern or southern part of thefiles from these two types of meteorological events. How-
valley. The Cold Surge days are associated wiEthNorte’ ever, the evolution of the CBL and vertical distribution of
events, with strong winds from the north bringing cold moist trace gases in the low boundary layer of Mexico City do not
air and rain, and leading to stable conditions with high con-change significantly from one type of event to another be-
centrations of primary pollutants ands@eaks in the center cause the intense solar radiation and release of the stored heat
of the city. The @-North days occur when the sub-tropical in the urban surface are always sufficient to produce strong
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Fig. 11. Vertical profiles of @, 6 andg measured on @North and Cold Surge days during the MCMA-2003 field campaign. Blue: before
sunrise (before 6 h); pink: morning (6 to 9 h); green: late morning (9 to 12 h); and red: afternoon.

turbulence and significant photochemical activity, including to VOCs, ozone is depleted within this layer by deposition
during Cold Surge events when the sky tends to be patchynd titration with NO from evening traffic emissions. But a
from the clouds. fraction of the Q from the previous day is carried over in
the nocturnal stable layer, which forms a residual layer f O
shielded from NO and VOCs emissions. The nocturnal stable
4 Summary layer starts at 200 m, but a clear and well-established residual
layer is observed at 500 m. The averaggeoOncentration in

Strong inversion layers occur during nighttime and early the residual layer is 35 ppbv, although it frequently exceeds
hours in the morning in the atmosphere of Mexico City. 50 pppy.

The release of the heat stored in the urban surface is strong

enough to maintain a 200-m unstable layer above the ground After sunrise, the CBL evolves as the surface is heated and
during nighttime. In this shallow layer, VOCs and other pol- the nocturnal inversion is destroyed. This results in down-
lutants accumulate and append to the morning emissions thatard mixing G from aloft, which adds to the freshz(ro-
initiate the photochemical processes of the day. In contrastuced by the combination of high OH reactivity, abundant
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NOy and quite possibly, from high emissions of gEHO samples at higher altitudes include active charcoal cartridges
and HCHO in the presence of intense sunlight. However,(Glaser et al., 2003; Greenberg et al., 1999) and Teflon bags
the ground-level @concentration does not rise until 09:00 h, with small time-controlled pumps and immediate analysis of
even though the @production rate is high. This period is the samples (Chen et al., 2002). These alternative sensors
characterized by an{balance determined by photochemi- and sampling systems will allow also investigate further the
cal production, entrainment from the residual layer and de-interferences on the{®lectrochemical cells caused by other
struction by titration with NO, forming N@and then HNQ. oxidant species at different heights within severely polluted
Also during this period the high VOCs concentrations ob- atmospheres, in particular at nighttime when the profiles are
served correspond to the intense traffic during the morningnot uniform.
rush-hours.
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