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Abstract. We here present the results from mobile measure-cinogenic (Vaughan et al., 1986; Hauptmann et al., 2003) and
ments using two ground-based zenith viewing Differential soluble in water, it is easily absorbed by the human respira-
Optical Absorption Spectroscopy (DOAS) instruments. Thetory system and has a major impact on residents in polluted
measurement was performed in a cross-section of the plumareas. HCHO is emitted both directly (primary HCHO) as a
from the Mexico City Metropolitan Area (MCMA) on 10 result of incomplete combustion and generated in the atmo-
March 2006 as part of the MILAGRO field campaign. The sphere (secondary HCHO) in the oxidation of the most com-
two instruments operated in the UV and the visible wave-mon VOCs (Finlayson-Pitts and Pitts, 1999; Garcia et al.,
length region respectively and have been used to derive th2006). Mainly due to photolysis by UV-light below 360 nm
differential vertical columns of HCHO and NCabove the and reaction with OH, HCHO has a lifetime in ambient air
measurement route. This is the first time the mobile mini-of a few hours. Its oxidation chain leads to the formation of
DOAS instrument has been able to measure HCHO, one 0OH and HQ, for which it can be one of the major producers
the chemically most important and interesting gases in then polluted air (Atkinson, 2000; Volkamer et al., 2005).
polluted urban atmosphere.

Using a mass-averaged wind speed and wind direction Mexico City is located at 19.4 latitude and elevation of
from the WRF model the instantaneous flux of HCHO and 2200 m approximately, within a basin on the central Mexi-
NO, has been calculated from the measurements and the r&an plateau (Fast et al., 2007). Mexico City presents severe
sults are compared to the CAMx chemical model. The calcu-2ir pollution problems and is one of the most polluted cities
lated flux through the measured cross-section was 1.9 (1.5in the world (Molina and Molina, 2002; Molina et al., 2007).
2.2) kg/s of HCHO and 4.4 (4.0-5.0) kg/s of N@sing the ~ Formaldehyde levels in Mexico City, both indoor and out-
UV instrument and 3.66 (3.63-3.73) kg/s of MOsing the ~ door have been extensively studied, revealing higher mean
visible light instrument. The modeled values from CAMx concentrations in indoor air (Baez et al., 2003, 2006) and
for the outflow of both N@ and HCHO, 1.1 and 3.6kg/s, formaldehyde as the most abundant aldehyde both in indoor

respectively, show a reasonable agreement with the measur@nd outdoor air (Baez et al., 2006). Studies reveal a decrease
ment derived fluxes. in formaldehyde levels in Mexico City since the beginning

of the 1990s (Baez et al., 1995, 2003, 2006), however they
are still among the highest reported in the literature (Baez
et al.,, 1995). Typical observed formaldehyde concentra-
tions in downtown Mexico City are between 12.7-23.9 ppb

Formaldehyde (HCHOY) is the most abundant carbonyl in am-Madronich, 2006; Grutter et al., 2005); however mean val-
bient air and can reach concentrations of up to 60 ppb in polt€S above 40ppb and peak values of 110ppb have also

luted air (Finlayson-Pitts and Pitts, 1999). Being both car-been reported, finding the maximum concentrations between
10:00-12:00 h, indicating the combined sources of HCHO-

primary emissions probably from motor vehicles during rush

Correspondence tdvl. Johansson hours and the secondary photochemical production (Lei et
BY (mattias.johansson@chalmers.se) al., 2009). Studies of in-vehicle formaldehyde exposure in
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Mexico City using different transportation modes indicate Incoming

higher level of exposure in a microbus than in a car, bus and scattered
Data output to laptop

metro (Shiohara et al., 2005). sunlight
The MILAGRO (Megacity Initiative: Local and Global
Research Observations) field campaign held in the Mexico telescope

City Metropolitan Area (MCMA) during March 2006 was  jnear cCD array

aimed at characterizing the chemical processes leading to thi

formation of photochemical smog in the MCMA and the out-

flow of pollutants to the surrounding regions (Molina et al.,

2009). \
The 10 March 2006 was characterized by mostly sunny

and dry conditions, no deep convection, clear mountains in

the vicinity of Mexico City and periods of cirrus clouds (Fast

et al., 2007). In addition, the 10 March was a period with

the most direct transport towards the northeast (de Foy et. Lo . :

al., 2008; Fast et al., 2007; Doran et al., 2007). This papeq{i:é%'t_l'The mobile Mini-DOAS instrument collects zenith scattered

presents the results of one mobile mini-DOAS measurement

that successfully traversed the entire extent of the plume from

the MCMA, enabling the first direct measurement of the out-

frlr:)i\lgvi-gol\,lé\%zir?:t?ul;irto from the MCMA using a mobile lutants. On 10 March 2006, a measurement was made on
i the entire width of the plume flowing out of the Mexico City

The Differential Optical Absorption Spectroscopy basin

(DOAS) technique has for a long time been used to measure .
The spectra collected with the UV-spectrometer have been

HCHO levels in ambient air, both using active (Platt et al., : .
1979; Hak et al., 2005) and passive instruments (Heckefvaluated for N@ (using the NQ cross section by Vandaele

et al., 2005). However, this is the first detection of HCHO etal., 1998) and HCHO (usi_ng the HCHO cross section by
using a mobile mini-DOAS instrument. Meller and Moortgat, 2000) in the wavelength range 311 to

347 nm using the DOAS technique and the WinDOAS soft-

ware package (Van Roozendael and Fayt, 2001). To increase
2 Experimental signal to noise ratio, the collected spectra have been co-added
giving 900 single exposures in each evaluated spectrum and

The mobile mini-DOAS instrument (described by Galle et @ time-resolution of the measurement of slightly less than
al., 2002) uses a telescope to collect zenith scattered light ifwo minutes. Included into the fit were also the cross sec-
the UV or visible region. This light is led through an optical tions of SQ (Bogumil et al., 2003), €(223K) (Burrows et
quartz fibre into a miniaturized spectrometer (Fig. 1). Theal, 1999), Q(293K) (Burrows et al., 1999), f(Hermans et
spectrometer is connected to a laptop which stores the spe@-, 1999) and a synthetic Ring spectrum generated from the
tra and simultaneously stores the position using an attachefeasured Fraunhofer reference spectrum using the DOASIS
GPS-receiver. software (DOASIS — Kraus). An example of a DOAS-fit in
Each measured spectrum is ratioed to a Fraunhofer refethe wavelength range 311 to 347 nm can be seen in Fig. 2.
ence spectrum, selected as the first collected spectrum in the The spectra collected with the visible light spectrometer
measurement. The result of the DOAS evaluation is the dif-have been evaluated for N@ the wavelength range 410 to
ferential vertical column of the spectrum, i.e. the difference460 nm using the DOAS technique and the WinDOAS soft-
in the vertically integrated concentration between the timeware (Van Roozendael and Fayt, 2001). Also these spectra
and location where the spectrum was collected and the timéave been co-added to increase the signal to noise ratio, giv-
and location where the Fraunhofer reference spectrum wakg 2240 single exposures in each evaluated spectrum and a
collected. If the measurement has passed underneath a gtigie-resolution of slightly less than two minutes. Included
plume, then the flux of the plume can be calculated by in-into the fit were also the cross section of (Hermans et
tegrating the total number of molecules in the cross sectior@l., 1999) and a synthetic Ring spectrum calculated using the
of the plume, multiplying with the wind speed and correct- DOASIS software (DOASIS — Kraus).
ing for the angle between the wind direction and the traverse The largest error in estimation of the pollutant fluxes is the
direction. uncertainty in the wind speed and wind direction at the time
During the MILAGRO field campaign, a car equipped of the measurement. For this purpose, the WRF mesoscale
with two mobile mini-DOAS instruments, one measuring meteorological model was used to simulate the local me-
mostly in the UV (280 to 425 nm) and one mostly in the visi- teorological conditions in the Mexico City basin. Three
ble (340 to 480 nm), performed measurements in the MCMAnested grids were used with resolutions of 36 km covering the

Spectrometer

Optical fibre

to capture the distribution and possible outflow of air pol-
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Top graph shows the residual of the fit, below are the fitted crosghe modeled columns are not differential.

sections (from top to bottom); HCHO 4293 K), 03(223 K), NO,

and a synthetic ring spectrum.
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domain of 70«70 grids, and emission estimates were con-

structed from the official emission inventory for the year
whole of Mexico (D1), 12 km covering the region around the 2006 for MCMA, and were adjusted based on the,NDd
MCMA (including the Gulf and the Pacific Ocean) (D2) and CO measurements from a local monitoring network and the
3 km covering the MCMA basin and immediate surroundings extensive VOC measurements at CENICA and TO during the
(D3). In the vertical, 51 levels were used with the model top MILAGRO-2006 campaign following the adjustment proce-
at~7kma.g.l. The land surface provides an important forc-dure of Lei et al. (2007, 2008). The emissions were adjusted
ing term for the local winds in the basin. In order to capture Such that the measured and modeled morning rush hour sur-
these, high resolution data from MODIS was used to initial- face concentrations of CO, N@nd various speciated VOCs
ize the land use, vegetation fraction, surface albedo and sofleached a good agreement during the one-month long MILA-
temperature (de Foy et al., 2006). The WRF model contain§>RO campaign. The simulated columns of Néhd HCHO
certain hard-coded modifications to handle urban surfacedlave been bi-linearly interpolated in space and linearly in-
These however were not found to be representative of Mexterpolated in time along the measurement route from the 1-h
ico City and were removed. The NOAH land surface modelaverage concentration fields of the model output to be able
was used together with the YSU boundary layer scheme ané compare the distribution of NGr HCHO along the mea-
Kain-Fritsch convection. The-diffusion scheme was used Surementroute.
for the fine grid only. This model configuration was evalu-
ated in de Foy et al. (2009; “WRFa” case) and the simulate
wind transport was found to be representative of the actua

transport in the basin. The evaluated measurement was performed on 10 March
Horizontal wind flux was calculated based on mass-2006 starting at 12:58 local time (18:58 UTC) and resulted
averaged fluxes in the meridional and zonal directions. Thisy 5 series of differential columns of NCind HCHO along
was performed for the column below the simulated boundaryine measurement route.
layer height at the grid column closest to the measured col- Figyre 3 shows the evaluated differential columns ofNO
umn. This horizontal wind flux was then used to estimate thefom poth the UV and the visible light spectrometer together
flux of NO2 and HCHO through the measured cross-section.ith the extracted columns of NGrom the CAMx model.
The measured columns have been compared to the simrhe derived differential N@ columns from the UV spec-
ulation results for the Comprehensive Air Quality Model trometer are somewhat higher than from the visible light
with Extensions (CAMXx; Environ International Corpora- spectrometer. This is most likely due to somewhat longer
tion, 2008) chemical model which was setup for the regionpath lengths in the UV than in the visible due to the higher
surrounding the MCMA during the MILAGRO campaign. cross section for Rayleigh and Mie scattering. However the

CAMx was driven by hourly prognostic meteorological fields gifference between the two measurements is less thaof 2

as the WRF inner-most domain (D3) except for a smaller

Results and discussion
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Table 1. Estimated NQ@ fluxes from the two instruments and
CAMXx using the mass-averaged wind-speed and wind-directionFig. 5. The route for the HCHO measurement shown in Fig. 4.

from the WRF model. Larger differential HCHO columns are shown as larger squares,
smaller columns as smaller squares. The direction from which the
Instrument Flux [kg/s] wind comes is marked as lines starting at each measurement point.
UV-spectrometer 4.4 (4.0-5.0)
Vis-spectrometer ~ 3.66 (3.63-3.73) Table 2. Estimated HCHO fluxes from the DOAS instrument and
CAMx 3.6 the CAMx chemical model using the mass-averaged wind-speed

and wind-direction from the WRF model.

Instrument Flux [kg/s]
By using the mass-averaged wind speed and wind direc- UV-spectrometer 1.9 (1.5-2.2)
tion from the WRF-model, the flux of N&xhrough the mea- CAMXx 1.1

sured cross-section of the plume can be estimated from both
DOAS-instruments, see Table 1. The same estimation can be
done for the modeled columns. However since the measured
columns are differential with respect to the column in the ferentiated columns from the CAMx model see Table 2. The
Fraunhofer reference spectrum, the modeled columns mustnge for the flux calculated from the DOAS-instrument has
be transformed into differential columns for the results to bebeen calculated by error propagation of the error from the
comparable. This has been done by subtracting the lowesipectral fit.
modeled column value from all other modeled values, the The CAMx model shows a much more smooth distribution
resulting flux can be seen in Table 1. The CAMx model es-of HCHO throughout the city compared to the measurement.
timates a flux that is in good agreement with the measureTo be able to compare the model and measurement, we must
ments; however with a difference in the distribution of NO  transform the modeled columns into differential columns. In
along the measurement route. The model shows a broadghe measurement are the columns differential relative to the
and lower plume than does the measurements and with @ertical column at the location and time of the Fraunhofer
peak located approximately 10 km from the location of the spectrum, which here was chosen as the first spectrum in the
measured peak. measurement series. However, since the model spreads out
Figure 4 shows the evaluated differential columns ofthe HCHO concentration too much, as judged from the distri-
HCHO from the UV spectrometer and the extracted columnsbhution seen in the measurement, subtracting the modeled col-
of HCHO from the CAMx model, the route of the measure- umn at the time and location where the Fraunhofer spectrum
ment is seen in Fig. 5. By using the mass-averaged windwas collected would give artificially low differential columns
speed and wind-direction from the WRF-model, the flux of for the model. We have instead subtracted the HCHO column
HCHO through the measured cross-section of the city-plumeupwind Mexico City, 8«10 molecules/crf, which was es-
can be calculated from the DOAS-measurement and the diftimated as the background column from the modeled column

Atmos. Chem. Phys., 9, 5643653 2009 www.atmos-chem-phys.net/9/5647/2009/
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in the MCMA. This gives an estimated flux from the model sented measurement was made on 10 March 2006 in Mexico
of 1.1 kg/s, which is in reasonably good agreement with theCity, during the MILAGRO field campaign.
measured flux. The measurement resulted in an estimation of the instan-
The main difference between the simulated and measuretfneous outflow of N@and HCHO from the entire MCMA.
columns is that the urban plume is more spread out in thelhese fluxes have been compared to modeled columns us-
numerical simulations even though the total fluxes are in reaing the CAMx model. The total outflow fluxes of NO
sonable agreement. This suggests that the numerical plume &1d HCHO show a reasonable agreement between the mea-
representative of the real one, but that there is too much horsurement and simulation, but the simulated plume is more
izontal dispersion in the model. Cluster analysis of the radasspread out, and the location traversed by the instrument is
wind profiler data showed that there were complex channelshifted due to excessive numerical dispersion in a complex
ing flows around the Sierra de Guadalupe, the hill betweerierrain, insufficient temporal and spatial resolution used in
TO and T1 that rises to 3000 mMSL (de Foy et al., 2008).the model. This study provides a test case for evaluating the
The column measurements suggest that the plume was cofinpact of increased horizontal and vertical resolution or the
strained to the western side of the hill as it moved north-impact of modified model configurations on numerical dis-
wards, turning to the east afterwards. The hill is only rep- persion in complex terrain.
:)ef\szegéi%dmbl\zl;)Lc.;el'l’lzsithne:/\':r?;nV;Igi]ng I;:; irngz)sm? nhuerlr?QrE_AcknowledgementSNe thank M. Zavala and N. Bei at the Molina
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hill (de Foy et al., 2007). In addition, the relative coarse

output time frequency (1 h) and the grid resolution (3 km) Edited by: S. Madronich

might help the spread out of the plume. This dataset pro-

vides a test case that could be used to evaluate the impact
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