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Abstract. We here present the results from mobile measurements using two ground-based zenith viewing Differential
Optical Absorption Spectroscopy (DOAS) instruments. The
measurement was performed in a cross-section of the plume
from the Mexico City Metropolitan Area (MCMA) on 10
March 2006 as part of the MILAGRO field campaign. The
two instruments operated in the UV and the visible wavelength region respectively and have been used to derive the
differential vertical columns of HCHO and NO2 above the
measurement route. This is the first time the mobile miniDOAS instrument has been able to measure HCHO, one of
the chemically most important and interesting gases in the
polluted urban atmosphere.
Using a mass-averaged wind speed and wind direction
from the WRF model the instantaneous flux of HCHO and
NO2 has been calculated from the measurements and the results are compared to the CAMx chemical model. The calculated flux through the measured cross-section was 1.9 (1.5–
2.2) kg/s of HCHO and 4.4 (4.0–5.0) kg/s of NO2 using the
UV instrument and 3.66 (3.63–3.73) kg/s of NO2 using the
visible light instrument. The modeled values from CAMx
for the outflow of both NO2 and HCHO, 1.1 and 3.6 kg/s,
respectively, show a reasonable agreement with the measurement derived fluxes.

1

Introduction

Formaldehyde (HCHO) is the most abundant carbonyl in ambient air and can reach concentrations of up to 60 ppb in polluted air (Finlayson-Pitts and Pitts, 1999). Being both carCorrespondence to: M. Johansson
(mattias.johansson@chalmers.se)

cinogenic (Vaughan et al., 1986; Hauptmann et al., 2003) and
soluble in water, it is easily absorbed by the human respiratory system and has a major impact on residents in polluted
areas. HCHO is emitted both directly (primary HCHO) as a
result of incomplete combustion and generated in the atmosphere (secondary HCHO) in the oxidation of the most common VOCs (Finlayson-Pitts and Pitts, 1999; Garcia et al.,
2006). Mainly due to photolysis by UV-light below 360 nm
and reaction with OH, HCHO has a lifetime in ambient air
of a few hours. Its oxidation chain leads to the formation of
OH and HO2 , for which it can be one of the major producers
in polluted air (Atkinson, 2000; Volkamer et al., 2005).
Mexico City is located at 19.4 latitude and elevation of
2200 m approximately, within a basin on the central Mexican plateau (Fast et al., 2007). Mexico City presents severe
air pollution problems and is one of the most polluted cities
in the world (Molina and Molina, 2002; Molina et al., 2007).
Formaldehyde levels in Mexico City, both indoor and outdoor have been extensively studied, revealing higher mean
concentrations in indoor air (Baez et al., 2003, 2006) and
formaldehyde as the most abundant aldehyde both in indoor
and outdoor air (Baez et al., 2006). Studies reveal a decrease
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 concentrations in downtown Mexico City are between 12.7–23.9 ppb
(Madronich, 2006; Grutter et al., 2005); however mean values above 40 ppb and peak values of 110 ppb have also
been reported, finding the maximum concentrations between
10:00–12:00 h, indicating the combined sources of HCHOprimary emissions probably from motor vehicles during rush
hours and the secondary photochemical production (Lei et
al., 2009). Studies of in-vehicle formaldehyde exposure in
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Mexico City using different transportation modes indicate
higher level of exposure in a microbus than in a car, bus and
metro (Shiohara et al., 2005).
The MILAGRO (Megacity Initiative: Local and Global
Research Observations) field campaign held in the Mexico
City Metropolitan Area (MCMA) during March 2006 was
aimed at characterizing the chemical processes leading to the
formation of photochemical smog in the MCMA and the outflow 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
al., 2008; Fast et al., 2007; Doran et al., 2007). This paper
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 outflow of NO2 and HCHO from the MCMA using a mobile
mini-DOAS instrument.
The Differential Optical Absorption Spectroscopy
(DOAS) technique has for a long time been used to measure
HCHO levels in ambient air, both using active (Platt et al.,
1979; Hak et al., 2005) and passive instruments (Heckel
et al., 2005). However, this is the first detection of HCHO
using a mobile mini-DOAS instrument.

2

Experimental

The mobile mini-DOAS instrument (described by Galle et
al., 2002) uses a telescope to collect zenith scattered light in
the UV or visible region. This light is led through an optical
quartz fibre into a miniaturized spectrometer (Fig. 1). The
spectrometer is connected to a laptop which stores the spectra and simultaneously stores the position using an attached
GPS-receiver.
Each measured spectrum is ratioed to a Fraunhofer reference spectrum, selected as the first collected spectrum in the
measurement. The result of the DOAS evaluation is the differential vertical column of the spectrum, i.e. the difference
in the vertically integrated concentration between the time
and location where the spectrum was collected and the time
and location where the Fraunhofer reference spectrum was
collected. If the measurement has passed underneath a gas
plume, then the flux of the plume can be calculated by integrating the total number of molecules in the cross section
of the plume, multiplying with the wind speed and correcting for the angle between the wind direction and the traverse
direction.
During the MILAGRO field campaign, a car equipped
with two mobile mini-DOAS instruments, one measuring
mostly in the UV (280 to 425 nm) and one mostly in the visible (340 to 480 nm), performed measurements in the MCMA
Atmos. Chem. Phys., 9, 5647–5653, 2009

Fig. 1. The mobile Mini-DOAS instrument collects zenith scattered
light.

to capture the distribution and possible outflow of air pollutants. On 10 March 2006, a measurement was made on
the entire width of the plume flowing out of the Mexico City
basin.
The spectra collected with the UV-spectrometer have been
evaluated for NO2 (using the NO2 cross section by Vandaele
et al., 1998) and HCHO (using the HCHO cross section by
Meller and Moortgat, 2000) in the wavelength range 311 to
347 nm using the DOAS technique and the WinDOAS software package (Van Roozendael and Fayt, 2001). To increase
signal to noise ratio, the collected spectra have been co-added
giving 900 single exposures in each evaluated spectrum and
a time-resolution of the measurement of slightly less than
two minutes. Included into the fit were also the cross sections of SO2 (Bogumil et al., 2003), O3 (223 K) (Burrows et
al., 1999), O3 (293 K) (Burrows et al., 1999), O4 (Hermans et
al., 1999) and a synthetic Ring spectrum generated from the
measured Fraunhofer reference spectrum using the DOASIS
software (DOASIS – Kraus). An example of a DOAS-fit in
the wavelength range 311 to 347 nm can be seen in Fig. 2.
The spectra collected with the visible light spectrometer
have been evaluated for NO2 in the wavelength range 410 to
460 nm using the DOAS technique and the WinDOAS software (Van Roozendael and Fayt, 2001). Also these spectra
have been co-added to increase the signal to noise ratio, giving 2240 single exposures in each evaluated spectrum and a
time-resolution of slightly less than two minutes. Included
into the fit were also the cross section of O4 (Hermans et
al., 1999) and a synthetic Ring spectrum calculated using the
DOASIS software (DOASIS – Kraus).
The largest error in estimation of the pollutant fluxes is the
uncertainty in the wind speed and wind direction at the time
of the measurement. For this purpose, the WRF mesoscale
meteorological model was used to simulate the local meteorological conditions in the Mexico City basin. Three
nested grids were used with resolutions of 36 km covering the
www.atmos-chem-phys.net/9/5647/2009/
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Fig. 2. The result of the DOAS fit in the 311 to 347 nm region.
Top graph shows the residual of the fit, below are the fitted cross
sections (from top to bottom); HCHO, O3 (293 K), O3 (223 K), NO2
and a synthetic ring spectrum.

whole of Mexico (D1), 12 km covering the region around the
MCMA (including the Gulf and the Pacific Ocean) (D2) and
3 km covering the MCMA basin and immediate surroundings
(D3). In the vertical, 51 levels were used with the model top
at ∼7 km a.g.l. The land surface provides an important forcing term for the local winds in the basin. In order to capture
these, high resolution data from MODIS was used to initialize the land use, vegetation fraction, surface albedo and soil
temperature (de Foy et al., 2006). The WRF model contains
certain hard-coded modifications to handle urban surfaces.
These however were not found to be representative of Mexico City and were removed. The NOAH land surface model
was used together with the YSU boundary layer scheme and
Kain-Fritsch convection. The z-diffusion scheme was used
for the fine grid only. This model configuration was evaluated in de Foy et al. (2009; “WRFa” case) and the simulated
wind transport was found to be representative of the actual
transport in the basin.
Horizontal wind flux was calculated based on massaveraged fluxes in the meridional and zonal directions. This
was performed for the column below the simulated boundary
layer height at the grid column closest to the measured column. This horizontal wind flux was then used to estimate the
flux of NO2 and HCHO through the measured cross-section.
The measured columns have been compared to the simulation results for the Comprehensive Air Quality Model
with Extensions (CAMx; Environ International Corporation, 2008) chemical model which was setup for the region
surrounding the MCMA during the MILAGRO campaign.
CAMx was driven by hourly prognostic meteorological fields
from WRF. The CAMx domain configuration was the same
as the WRF inner-most domain (D3) except for a smaller
www.atmos-chem-phys.net/9/5647/2009/

Fig. 3. Derived differential columns of NO2 from the DOAS instrument working in the UV-region (black circles), the DOAS instrument working in the visible region (black triangles) and extracted
columns of NO2 from the CAMx model (grey squares). Notice that
the modeled columns are not differential.

domain of 70×70 grids, and emission estimates were constructed from the official emission inventory for the year
2006 for MCMA, and were adjusted based on the NOx and
CO measurements from a local monitoring network and the
extensive VOC measurements at CENICA and T0 during the
MILAGRO-2006 campaign following the adjustment procedure of Lei et al. (2007, 2008). The emissions were adjusted
such that the measured and modeled morning rush hour surface concentrations of CO, NOy and various speciated VOCs
reached a good agreement during the one-month long MILAGRO campaign. The simulated columns of NO2 and HCHO
have been bi-linearly interpolated in space and linearly interpolated in time along the measurement route from the 1-h
average concentration fields of the model output to be able
to compare the distribution of NO2 or HCHO along the measurement route.
3

Results and discussion

The evaluated measurement was performed on 10 March
2006 starting at 12:58 local time (18:58 UTC) and resulted
in a series of differential columns of NO2 and HCHO along
the measurement route.
Figure 3 shows the evaluated differential columns of NO2
from both the UV and the visible light spectrometer together
with the extracted columns of NO2 from the CAMx model.
The derived differential NO2 columns from the UV spectrometer are somewhat higher than from the visible light
spectrometer. This is most likely due to somewhat longer
path lengths in the UV than in the visible due to the higher
cross section for Rayleigh and Mie scattering. However the
difference between the two measurements is less than 2σ of
the spectral fit from the UV measurement.

Atmos. Chem. Phys., 9, 5647–5653, 2009
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Fig. 4. Evaluated differential column of HCHO from the DOAS
instrument working in the UV-region (black circles) and extracted
columns of HCHO from CAMx (gray squares). Notice that the
modeled columns are not differential.

Table 1. Estimated NO2 fluxes from the two instruments and
CAMx using the mass-averaged wind-speed and wind-direction
from the WRF model.
Instrument

Flux [kg/s]

UV-spectrometer
Vis-spectrometer
CAMx

4.4 (4.0–5.0)
3.66 (3.63–3.73)
3.6

By using the mass-averaged wind speed and wind direction from the WRF-model, the flux of NO2 through the measured 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
Fraunhofer reference spectrum, the modeled columns must
be transformed into differential columns for the results to be
comparable. This has been done by subtracting the lowest
modeled column value from all other modeled values, the
resulting flux can be seen in Table 1. The CAMx model estimates a flux that is in good agreement with the measurements; however with a difference in the distribution of NO2
along the measurement route. The model shows a broader
and lower plume than does the measurements and with a
peak located approximately 10 km from the location of the
measured peak.
Figure 4 shows the evaluated differential columns of
HCHO from the UV spectrometer and the extracted columns
of HCHO from the CAMx model, the route of the measurement is seen in Fig. 5. By using the mass-averaged windspeed and wind-direction from the WRF-model, the flux of
HCHO through the measured cross-section of the city-plume
can be calculated from the DOAS-measurement and the difAtmos. Chem. Phys., 9, 5647–5653, 2009

Fig. 5. The route for the HCHO measurement shown in Fig. 4.
Larger differential HCHO columns are shown as larger squares,
smaller columns as smaller squares. The direction from which the
wind comes is marked as lines starting at each measurement point.

Table 2. Estimated HCHO fluxes from the DOAS instrument and
the CAMx chemical model using the mass-averaged wind-speed
and wind-direction from the WRF model.
Instrument

Flux [kg/s]

UV-spectrometer
CAMx

1.9 (1.5–2.2)
1.1

ferentiated columns from the CAMx model see Table 2. The
range for the flux calculated from the DOAS-instrument has
been calculated by error propagation of the error from the
spectral fit.
The CAMx model shows a much more smooth distribution
of HCHO throughout the city compared to the measurement.
To be able to compare the model and measurement, we must
transform the modeled columns into differential columns. In
the measurement are the columns differential relative to the
vertical column at the location and time of the Fraunhofer
spectrum, which here was chosen as the first spectrum in the
measurement series. However, since the model spreads out
the HCHO concentration too much, as judged from the distribution seen in the measurement, subtracting the modeled column at the time and location where the Fraunhofer spectrum
was collected would give artificially low differential columns
for the model. We have instead subtracted the HCHO column
upwind Mexico City, 8×1015 molecules/cm2 , which was estimated as the background column from the modeled column
www.atmos-chem-phys.net/9/5647/2009/
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in the MCMA. This gives an estimated flux from the model
of 1.1 kg/s, which is in reasonably good agreement with the
measured flux.
The main difference between the simulated and measured
columns is that the urban plume is more spread out in the
numerical simulations even though the total fluxes are in reasonable agreement. This suggests that the numerical plume is
representative of the real one, but that there is too much horizontal dispersion in the model. Cluster analysis of the radar
wind profiler data showed that there were complex channeling flows around the Sierra de Guadalupe, the hill between
T0 and T1 that rises to 3000 m MSL (de Foy et al., 2008).
The column measurements suggest that the plume was constrained to the western side of the hill as it moved northwards, turning to the east afterwards. The hill is only represented by 9 cells in WRF with a lower maximum height
of 2640 m MSL. Rather than being channeled, the numerical plume was able to spread out leading to a much broader
signature in the numerical columns. Past simulations of the
industrial plume from the Tula refinery during MCMA-2003
likewise found excess dispersion at the Sierra de Guadalupe
hill (de Foy et al., 2007). In addition, the relative coarse
output time frequency (1 h) and the grid resolution (3 km)
might help the spread out of the plume. This dataset provides a test case that could be used to evaluate the impact
of increased horizontal and vertical resolution or the impact
of modified model configurations on numerical dispersion in
complex terrain using WRF and CAMx.
There is also a noticeable difference in the spatial and temporal distribution of the simulated HCHO and NO2 columns,
which probably reflects the difference in the sources of
HCHO and NO2 . The NO2 column is originated from the
emissions undergoing the NOy interconversion, but HCHO
is attributed to both emissions and photochemical production. The dispersion and transport can smooth and spread
out the secondary HCHO plume to a larger extent when the
plume moves over a complex terrain, such as the Sierra de
Guadalupe hill in this case.
The collected spectra have also been evaluated for O4
both in the UV and the visible wavelength range and neither of the ranges shows differential O4 columns above the
detection limit and thus no obvious elongation of the optical
path length due to radiative transport (Johansson et al., 2008;
Wagner et al., 2004).

4

Conclusions

We have in this paper presented the method and the results
of the first detection of formaldehyde using a mobile miniDOAS instrument. The mobile-DOAS technique allows for
efficient large scale monitoring of the distribution of air pollutants, its inherent ability to vertically integrate concentrations makes it an efficient tool for measuring fluxes. The prewww.atmos-chem-phys.net/9/5647/2009/
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sented measurement was made on 10 March 2006 in Mexico
City, during the MILAGRO field campaign.
The measurement resulted in an estimation of the instantaneous outflow of NO2 and HCHO from the entire MCMA.
These fluxes have been compared to modeled columns using the CAMx model. The total outflow fluxes of NO2
and HCHO show a reasonable agreement between the measurement and simulation, but the simulated plume is more
spread out, and the location traversed by the instrument is
shifted due to excessive numerical dispersion in a complex
terrain, insufficient temporal and spatial resolution used in
the model. This study provides a test case for evaluating the
impact of increased horizontal and vertical resolution or the
impact of modified model configurations on numerical dispersion in complex terrain.
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Ordóñez, C., Prévôt, A. S. H., Junkermann, W., Astorga-Lloréns,
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