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Abstract. Carbon monoxide (CO) is an important pollutant
in urban agglomerations. Quantifying the total burden of this
pollutant in a megacity is challenging because not only its
surface concentration but also its vertical dispersion present
different behaviours and high variability. The diurnal trend of
columnar CO in the boundary layer of Mexico City has been
measured during various days with ground-based infrared
absorption spectroscopy. Daytime CO total columns are retrieved from solar spectra and for the first time, nocturnal CO
total columns using moonlight have been retrieved within a
megacity. The measurements were taken at the Universidad
Nacional Autónoma de México (UNAM) campus located in
Mexico City (19.33◦ N, 99.18◦ W, 2260 m a.s.l.) from October 2007 until February 2008 with a Fourier-transform infrared spectrometer at 0.5 cm−1 resolution. The atmospheric
CO background column was measured from the high altitude site Altzomoni (19.12◦ N, 98.65◦ W, 4010 m a.s.l.) located 60 km southeast of Mexico City. The total CO column
within the city presents large variations. Fresh CO emissions at the surface, the transport of cleaner or more polluted air masses within the field-of-view of the instrument
and other processes contribute to this variability. The mean
background value above the boundary mixing layer was
found to be (8.4±0.5)×1017 molecules/cm2 , while inside
the city, the late morning mean on weekdays and Sundays was found to be (2.73±0.41)×1018 molecules/cm2 and
(2.04±0.57)×1018 molecules/cm2 , respectively. Continuous
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CO column retrieval during the day and night (when available), in conjunction with surface CO measurements, allow
for a reconstruction of the effective mixing layer height. The
limitations from this simplified approach, as well as the potential of using continuous column measurements in order
to derive top-down CO emissions from a large urban area,
are discussed. Also, further monitoring will provide more
insight in daily and weekly emission patterns and a usable
database for the quantitative validation of CO from satellite
observations in a megacity.

1

Introduction

Ambient concentrations of carbon monoxide (CO) are variable and have changed significantly since industrialization.
CO is emitted into the atmosphere mainly from the combustion of fossil fuels, with the main contribution in urban areas
coming from the transportation sector. Key reasons for investigating CO in the atmosphere are its danger to human
health and its role in tropospheric chemistry, particularly because it affects the hydroxyl (OH) budget (Finlayson-Pitts et
al., 1992; Forster et al., 2007). For more than one decade,
there has been wide interest in investigating the contribution of anthropogenic and biomass burning sources of CO
to its observed global distributions. Insight into the amount,
distribution, trends and variability of the CO burden on the
global scale are available from surface in situ measurements,
column and profile retrievals from remote ground sites and
more recently from space, for example: Yurganov et al.
(2004, 2005) studied the annual cycle and identified biomass
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burning events based, among other, on CO column measurements of various NDACC (Network for the Detection of Atmospheric Composition Change) sites. Sussmann and Buchwitz (2005) and Dils et al. (2006) compared ground-based
solar-FTIR column measurements with SCIAMACHY CO
column results; Clerbaux et al. (2008) used recent space born
CO measurements to study CO sources and visualize megacities. Senten et al. (2008) used CO column measurements
at Reunion Island together with results from the inversetransport model Flexpart to identify CO sources. Additionally, they presented an overview of the established retrieval
strategies and the error analysis for ground-based solar FTIR
experiments with high resolution. A recent study (Halland
et al., 2008) presented how the CO profiles retrieved from a
satellite can be used to trace and identify convective vertical
transport from the boundary layer to the free troposphere.
Accurate measurements of CO in Mexico City, the world’s
second most populated city, are critical in order to study its
impact on human health and the environment. The emission sources of CO in Mexico City include traffic and industry. Since 1986, surface volume mixing ratios of CO
have been measured in Mexico City by a government-run automated network for atmospheric monitoring (SIMAT, Sistema de Monitoreo Atmosférico de la Ciudad de Mexico,
http://www.sma.df.gob.mx/simat). The continuous monitoring of CO surface mixing ratios has led to policy that has
lowered the pollution levels in Mexico City during the last
ten years (Molina and Molina, 2002; Stephens et al., 2008;
Official Inventory, 2004). The average CO surface mixing
ratios between 1990 and 2006 (Stephens et al., 2008) confirm the trend in the annual CO emission (Official Inventory,
2003, 2004, 2008), but these do not satisfactorily correlate
and there are still important discrepancies in the estimation
of CO emissions based on bottom-up approaches (Official Inventory, 2003; Schifter et al., 2005). This encourages further
investigations to be carried out to determine CO emissions
with different methodologies.
The weekly and daily patterns of the estimated CO emissions differ from those in the measured CO surface concentrations. The weekday with the highest estimated CO
emission reported for 2006 is Saturday (Official Inventory,
2008), however, the CO surface concentration is still slightly
lower on Saturdays as on normal working days (Stephens
et al., 2008). The daily pattern in the CO surface concentration with a main peak at 08:00 LT (Local Time, GMT6 h) and a local minimum at 15:00 LT, does not correlate
with the diurnal CO emission and a direct proof of the diurnal CO emission in the inventory is not possible (Official
Inventory, 2008; Stephens et al., 2008). Various CO emission inventories for Mexico City have been used in studies
with chemistry-transport models to compare measured and
calculated concentrations (West et al., 2004; Tie et al., 2007,
2009; Zhang et al., 2009). The estimated total CO emission
per year varies about 25% between the different studies and
so does the temporal and spatial distributions. Zhang et al.
Atmos. Chem. Phys., 9, 8061–8078, 2009

(2009) adapt the diurnal emission pattern for weekdays and
weekends while Tie et al. (2009) keeps it constant. Both studies show that the calculated CO surface concentration correlates rather poorly with the models in the evening, during the
night and on weekends. Even without horizontal CO transport, the emissions and vertical mixing of CO have a direct
impact on the concentrations near the surface. Large uncertainties in the mixing layer height can thus lead to significant
deviations of model results.
CO total columns have been derived before in Mexico City
during 2003 from solar absorption measurements (de Foy
et al., 2007). It was shown there that since vertical dispersion schemes in air quality models can have a large impact
on simulated surface concentrations, the total column measurements of CO can be beneficial when used as constraint.
During the MILAGRO/INTEXB campaign in March 2006,
solar absorption measurements with higher spectral resolution were performed (J. Hannigan, personal communication,
2008). These measurements were taken northeast of Mexico
City (T1 site in Tecamac) and during that month, the vertical
structure of the boundary layer and its diurnal cycle was characterized using various instruments (Shaw et al., 2007). Solar FTIR retrievals are very sensitive to various instrumental
properties and retrieval settings, so that side-by-side comparisons can be very useful in order to increase the confidence of
the measurement technique. Unfortunately, the above mentioned experiments did not coincide with this study and their
results can only be used as a reference. For this reason, special effort has been taken to assess the errors and precision of
the results presented here (Sect. 4.5).
This paper presents the retrieved total column of urban carbon monoxide measured during daytime from solar infrared
spectra and for the first time, the CO column in a megacity
has been measured during the night from a ground-based instrument. Both types of measurements, when the conditions
are satisfied, provide a continuous time series of the column
which provides new insight into the nocturnal structure of
the atmosphere. Using this information, diurnal patterns of
the CO budget are investigated during different periods, the
height and evolution of the mixing layer can be monitored
under specific conditions and a new approach for estimating
the effective emission of CO in Mexico City is proposed.

2

Measurement realization

The CO column measurements were taken at the Universidad
Nacional Autónoma de México (UNAM) campus (19.33◦ N,
99.18◦ W, 2260 m a.s.l.) in Mexico City between October 2007 and February 2008. The UNAM site is in the
south of the city, as shown in Fig. 1, and is surrounded by
several surface CO monitors from the local monitoring network. Additionally, background column measurements of
CO were performed from 29 November to 2 December 2007
and from 15 to 18 November 2008 at the Altzomoni high
www.atmos-chem-phys.net/9/8061/2009/
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altitude research site (19.12◦ N, 98.65◦ W, 4010 m a.s.l.) located 60 km south-east of Mexico City, Fig. 1.
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The spectra were collected with a FTIR spectrometer
(Bruker, Opag 22) with a nominal resolution of 0.5 cm−1
at a max. optical path difference (OPD) of 1.8 cm. The
FTIR is equipped with a KBr beamsplitter and a cryo-cooled
mercury-cadmium-telluride (MCT) detector. The field of
view (FOV) of the instrument is 30 mrad but a telescope was
used resulting in a FOV of 7.5 mrad. The system is coupled to a video camera and an automatic scanning mirror
that actively tracks the light coming from the sun and moon.
The scanning device, which has been described in more detail elsewhere (Harig, 2004; Harig et al., 2005), searches for
the position of the most intense radiation in a specific wavelength range in the following manner. First, a two dimensional area is defined around the source and a low spectral
resolution scan (at 20 cm−1 ) is carried out with a user-defined
step size. The two stepper motors controlling the position of
the scanning mirror performs a fast scan, which takes only
a few seconds, and the mirror then moves to the pixel position where the highest light intensity was detected. The
spectrometer then collects infrared spectra at a higher resolution of 0.5 cm−1 at this position for a fixed amount of time
and then performs a new fast scan centered at the last position chosen with the maximum intensity. This system was
originally designed for passive detection of pollutants and the
visualization of toxic substances (Harig et al., 2007) and has
been also applied for characterizing the emissions of industrial plants (Grutter et al., 2008a), airplanes (Flores-Jardines
et al., 2005) and volcanoes (Grutter et al., 2008b).
2.2

Solar measurements

For solar absorption measurements, the scanner is optimized for tracking between 2700 and 3200 cm−1 and the
system works well without frequent adjustments even when
thin clouds are present. The solar angle changes at about
4.4 mrad/min so that with a FOV of 7.5 mrad, a new scan
needs to be started after approximately one minute. About
60 usable spectra are recorded and averaged for further processing.
The MCT detector readily saturates when direct solar radiation is used. Therefore, the light is attenuated with a variable number of wire-mesh screens placed prior to the telescope. A disadvantage of using metal gratings at the entrance
of the telescope (with 4 times magnification) is that the thermal emission of the mesh-filter interferes in the region between 800 and 2000 cm−1 and can influence the spectrum
in the region where CO is evaluated. This thermal emission
varies with the temperature of the grating and a three-step
correction is applied to account for this interference; first,
a background spectrum is chosen from a library of thermal
www.atmos-chem-phys.net/9/8061/2009/
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Fig. 1. Topographical map of Mexico City and its surroundings. The yellow area depicts the Mexico City metropolitan
area (MCMA) and the red dots indicate the location of the FTIR
sites. The black crosses indicate the used surface monitoring sites
(RAMA, http://www.sma.df.gob.mx/simat/.

emission spectra at different grating temperatures created in
the laboratory (the selection criteria are the correlation in the
regions 620–700 and 1500–1650 cm−1 , where water vapour
(H2 O) and carbon dioxide (CO2 ) totally absorb and remove
the sunlight). In a second step, the background is scaled and
corrected for offset before subtracting it from the measured
radiance spectrum, Fig. 2. In the last step, the regions of total
absorption in the atmosphere between 2000 and 2200 cm−1
are used to fit a straight line, which is then also subtracted
from the measured spectra. This last correction removes additional effects from the thermal emission of the spectrometer and improves the spectral correction, especially in the
region of evaluation, Fig. 2, inset.
The solar absorption measurements presented in this study
were made between October 2007 and February 2008 from
08:30–17:30 LT. An attempt was made to record spectra on
most working days with blue sky or thin cloud conditions.
The intensity of the recorded spectra, as well as sky images
taken automatically after each tracking position are used to
classify usable data.
2.3

Lunar measurements

The temperature distribution of the moon’s surface is
strongly variable, with around 400 K at the warmest points
on the bright side and as low as 200 K on the dark side (Pugacheva and Shevchenko, 2000). The radiation of the moon
consists of two parts, the reflection from the sun and the
thermal emission of the moon itself (Notholt et al., 1993).
Both parts have a different spectral distribution; The sun
has its maximum near 20 000 cm−1 and the moon’s thermal
Atmos. Chem. Phys., 9, 8061–8078, 2009
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Fig. 2. Typical solar spectrum (large box) recorded at the UNAM
site after a background (thermal emission) subtraction (step 2). The
small box (inset) shows the same solar spectrum in the region about
the CO band after a further CO specific correction (step 3).

radiation has, according to its mean temperature, a maximum
around 1000 cm−1 .
Below 2200 cm−1 , the thermal emission dominates the
spectrum as shown in Fig. 3. Even though the reflected
sun intensity recorded with our telescope and MCT detector
shows a relatively low signal to noise ratio (Fig. 3 around
2400 cm−1 ), the thermal radiation integrated over the observed half sphere of the moon is sufficient for the evaluation
of CO during full moon and up to one week before and after.
On the other hand, the measured atmospheric background
radiation consists of thermal emission from the instrument,
back-scattered thermal emission from the earth and self emission of the atmosphere. Depending on the lunar zenith angle
and the time of the day, these will have different contributions that cannot be neglected, Fig. 3. The contribution of the
background emission is relatively small during a full moon
but it is still necessary to record background spectra in adequate time intervals. The background spectra were recorded
approximately every hour towards a similar zenith angle of
the moon.
Tracking of lunar radiation in this urban environment
worked best in the spectral region between 2000 and
2200 cm−1 , because here the contrast between the moon and
interferences from thin clouds is higher than in the spectral region near the maximum intensity of the moon (800 to
1000 cm−1 ). However, better tracking was obtained a few
days before and after full moon and during daylight using
a wider spectral region (900 and 2200 cm−1 ). Because of
the relatively low intensity available for tracking and measuring lunar absorption spectra, the tracking frequency was
Atmos. Chem. Phys., 9, 8061–8078, 2009

Fig. 3. Lunar spectrum in black (large box) recorded at the UNAM
site around full moon directly after the Fourier-transformation
(step 1) and in orange the atmospheric (+ instrumental) self emission. Moon and thermal emission spectra have to be recorded with
the same zenith angle and at almost the same time, so that the atmospheric states are comparable. The corrected lunar spectrum around
CO band is shown in the small box (step 3).

increased to every 5 s resulting in an increased number of
usable spectra for further averaging and processing. Tracking the moon in the infrared worked even during the moon
eclipse on 21 February in 2008 and in the presence of daylight, which provided the possibility for comparing the results from simultaneous solar and lunar retrievals.
The procedure for preparing the moon spectra for the
CO analysis is done in three steps: 1) The background spectra, which is valid for the particular time frame, is subtracted.
2) A second order polynomial is fitted to the region of total absorption around the CO band and is subsequently subtracted. The self-emission correction of the instrument is
done according to Burton et al., 2001. They used lunar spectroscopy to investigate the emission of SO2 from volcanoes
during the night analyzing at 2500 cm−1 . The correction for
CO is more pronounced since the analysis is at lower energy
(near 2100 cm−1 ). 3) All spectra within a 10 min time period
are averaged to have a sufficiently high signal-to-noise ratio.
3

CO column retrieval

The CO columns from solar and lunar absorption spectra in Mexico City were retrieved using the SFIT2 code
(Pougatchev and Rinsland, 1995). This radiative transfer
and profile retrieval algorithm is mainly used for the analysis of solar ground-based spectra from high-resolution instruments. As we will demonstrate, the use of this code for
moderate-resolution spectra gives acceptable results for the
goals sought in this work.
www.atmos-chem-phys.net/9/8061/2009/
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The inversion of gas profiles with SFIT2 was originally
based on “Optimal Estimation Theory” (OET) described by
Rodgers (1976) and uses an a priori profile and a covariance
matrix (Sa). The SFIT2 code (version rdrv.3.90) is able to
read in a regularization matrix R=Sa−1 so that the cognate
constraint approaches suggested by Tikhonov (1963); Steck
(2002); von Clarmann and Grabowski (2007) can be realized.
The main difference in the mentioned retrieval approaches
are their goals, aiming either to get the best estimation for one
single atmospheric state (OET) or to reduce systematic hidden a priori information for a later (time) series analysis (von
Clarmann and Grabowski, 2007). The constraint in groundbased solar retrievals or for NADIR sounders, for example,
is crucial and different for each experiment (Eremenko et al.,
2008; Emmons et al., 2008; Luo et al., 2007).
The atmosphere above the measurement site is described
with 29 layers from 2.260 km up to 100 km using the temperature and pressure profiles from the continuous radiosonde
measurements taken twice a day by the Servicio Meteorologico National in Mexico City (SMN, 2008). SFIT2 assumes horizontal homogeneous layers and returns the direct
vertical column. The slant path length of the sunlight in
each layer is calculated by the program RAYTRACE available with SFIT2 from the NDACC-Server. The program
RAYTRACE determinates the curvature of the sunlight in
the atmosphere for the given astronomical sun zenith angle,
wavenumber and location and it produces the SFIT2-inputfiles which are used to change slant to vertical columns.
The spectral resolution allows retrieval of only one independent quantity that describes the volume mixing ratios
(VMR) of carbon monoxide in all layers. The constraint
is designed following mainly the guidance by Steck (2002);
von Clarmann and Grabowski (2007). The retrieval algorithm fits the measured spectra by shifting the VMRs of
the lowest three layers (1.5 km) using the MOPITT-a priori
(NCAR MOPITT, 2008), Fig. 5a. This constraint is motivated through the assumption that there are strong CO variations in the mixing layer. A Gaussian distribution as is normally assumed in the OET would lead to a systematic underestimation of pollution events, also recently mentioned by
Emmons et al. (2008). A freely adapted VMR value in the
boundary layer region reflects the typical situation in Mexico City and when compared to a simple profile-scaling constraint, results in a lower smoothing error (Sect. 4.1) and also
improves the averaging kernel in the region of interest, Fig. 5.
The spectroscopic line data are taken from the HITRAN 2004 compilation (Rothman et al., 2005) and for
the sun spectra, the integrated solar model from (Hase
et al., 2006) is taken. The spectral region between 2110 to
2160 cm−1 is fitted for evaluating CO. There are several reasons for using a wide spectral range in this particular case as
opposed to several narrower windows as is more commonly
done (Pougatchev and Rinsland, 1995; Barret et al., 2003;
Yurganov et al., 2004; Sussmann and Buchwitz, 2005; Velazco et al., 2005; Fokeeva et al., 2007; Kramer, 2006; Senten
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Fig. 4. Example of a column retrieval of CO from (a) a solar spectrum taken on 22 January 2008 at 10:30 LT at the UNAM site. The
measured solar spectrum is in red and the simulated spectrum in
blue. The retrieved CO column is equivalent to a CO column density of 3.08 molecules/cm2 . (b) Example of a lunar CO column
(2.74×1018 molecules/cm2 ) retreived on 24 February at 02:51 LT
at the UNAM site. The measured lunar spectrum is in black and the
simulated spectra in blue. The residuals from the fits are shown on
the bottom.

et al., 2008). The reduced resolution of the spectra encourages a compromise between single line retrieval and band
retrieval. The single or few line retrievals have the advantage, that the time for processing one spectrum is comparably small and a reasonably good fit can be realized. This
is desirable as the forward-model error indicated solely by
a systematic residual cannot be quantified. However, in this
study the resolution does not allow for an easy estimation of
the back-line, because the individual lines sit on a socket (the
smoothed CO-band). Spectra with 0.5 cm−1 resolution do
not show completely separated CO absorption lines and there
is also a significant interference of CO2 , H2 O and O3 in this
Atmos. Chem. Phys., 9, 8061–8078, 2009
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Table 1. Smoothing error for two retrievals using different constraints and calculated with different a priori covariances (Sa) addressing (a) the urban variability and (b) the regional variability.
The Sa is based on a profile ensemble which is constructed from
(a) the MLH retrieval results and the surface concentrations and
(b) from MOPITT profile retrievals for winter 2007/2008 in the
area 102–90◦ W and 17–21◦ N, (the relative information is in respect to the average of the retrieved CO column in Mexico City
=2.8×1018 molecules/cm2 ).
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Fig. 5. Left (a): Used a priori profile (black) from MOPITT and
retrieved profile (red) on 22 January 2008 at 10:29 LT at the UNAM
site. Right (b): Total column averaging kernel for the used block
constraint (red) and calculated around the retrieved state. The total
column kernel but for a scaling constraint is shown in blue.

4

Retrieval diagnostics and error estimation

This study presents new measurements and focuses on the
relative variability and diurnal trends of the CO column observed above Mexico City. An analysis and a quantification
of the main error sources are necessary in order to identify
the potential improvements to be done in the analysis, understand its limitations and determine the use of the retrieved
columns, i.e. using the CO columns in photochemical models
or for satellite validation purposes.
Error analysis in remote sensing retrievals is still a current
topic. Many different errors have to be discussed as they can
play a role in the accuracy and in the precision of the retrieval
(Rodgers, 1990, 2000; von Clarmann et al., 2001; Sussmann
and Borsdorff, 2007). Here we will discuss briefly systematic errors: smoothing error, temperature error and errors resulting from the instrumental line shape (ILS). The resulting
precision is estimated from the retrieved columns.
Atmos. Chem. Phys., 9, 8061–8078, 2009

Smoothing error
Block VMR Scaling

(a) 2 Parameter
a
smooth
(b) MOPITT
b
smooth

in (molec/cm2 )
% of mean col
in (molec/cm2 )
% of mean col

1.07E18
38
8.8E16
3.1

5.9E16
2.1
3.5 E16
1.3

3.2E17
11
2.2 E16
0.79

Total

in (molec/cm2 )
% of mean col

1.07E18
38

6.9E16
2.5

3.2E17
11

4.1
region. A wide spectral region contains therefore more information (Echle et al., 2000) and improves the estimation of the
background slope and the columns of the interfering species.
The spectral window of 50 cm−1 chosen for this study seems
to contain sufficient information and is a good compromise
to the computational requirements. In the used retrieval version, the instrumental line shape for the forward model was
set assuming a modulation of the Boxcar-apodization according to a round aperture with an effective FOV of 41.5 mrad,
which describes the divergence of the light in the interferometer.

Sa
STDEV

Smoothing error

To evaluate how in average the constrained retrieval differs
from the true state, the smoothing error smooth is calculated (Rodgers, 1990). (If more than one independent quantities are available, the error is better described by the matrix
Ssmooth ).
Ssmooth =(A−1)Sa (A−1)t
p
smooth = Ssmooth

(1)
(2)

The total column averaging kernel (A) is shown in Fig. 5b
(red curve for the used retrieval). The covariance matrix (Sa ),
which describes the variability of the CO profiles, has to be
estimated in order to calculate the smoothing error. Two different and statistically independent phenomena can lead to
a variation of the CO profiles motivating two different estimations of the smoothing error: a) Through variations in the
CO emissions, in the mixing layer height and in local dynamics which leads to a strong variability of CO in Mexico City.
b) Through regional transport phenomena and changes of the
CO profiles over wider areas due to for example biomass
a
burning. The smoothing error in the column smooth
is calculated for case a) phenomena using a “2-parameter” ensemble
of possible CO profiles constructed with the retrieved mixing layer height and the CO surface concentrations (the average of the 5 nearest in situ CO measurements). The effect
of the variance in the regional background (case b) of CO
b
on smooth
is estimated using an alternative covariance matrix
(see Table 1), constructed from the MOPITT profiles (NCAR
MOPITT, 2008). The profile for the ensemble consists of retrieved CO profiles (v.5.93) for the winter of 2007/2008 in
the area between 17–21◦ N and 90–105◦ W. In Table 1 the resulting smoothing errors from the chosen constraint (“block
www.atmos-chem-phys.net/9/8061/2009/
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Table 2. Overview of the most important errors in the CO column retrieval.
Type of errors
Description:

Smoothing
1
2
smooth
smooth

Temperature
+5 K all layer

ILS
(Sect. 4.3)

Total
systematic

Random error
measurement hourly mean

in (molec/cm2 )
in (%)

5.9E16
2.1

5.6E15
0.2

∼2.8E17
∼10

2.9E17
∼10

1.4E17
4.9

VMR”) and for a “profile-scaling” constraint are presented.
The chosen CO retrieval reproduces the CO amount and its
diurnal cycle in the mixing layer quite well (error is less than
5%) and the influence of the regional CO variance seems also
to be minimized.
4.2

Temperature error

The temperature error, which may be classified as random
for a time series based on daily means, can be systematically
influenced by solar heating affecting the retrieved diurnal cycle of the CO column. This error was estimated by retrieving
the same spectrum with different temperature profiles. The
assumed temperature influences the retrieved CO columns in
two ways: a) The absorbance of each molecule changes because the population of the lower state of an absorbing line
depends on the temperature and b) the assumed air densities assumed in the layers vary with temperature. Both parts
are separated input parameters in SFIT2 and they have opposite effects on the retrieved columns. For a 5 K increase
in temperature at a solar zenith angle of 42◦ , the CO column changes by +2.14% and by −1.96% due to changes
in the absorption by molecules and the air density, respectively. The resulting effect on the retrieved CO column due
to this change in temperature is ∼0.2%. Finally, both temperature effects cancel each other and the retrieved CO column
is rather independent of the temperature profile for the used
spectral window.
4.3

Error in the ILS

The instrumental line shape (ILS) plays an important role in
FTIR spectroscopy, especially with a moderate spectral resolution of 0.5 cm−1 . Previous studies on a similar spectrometer have shown that the ILS results from a rather triangular and slightly asymmetric apodization (Harig et al., 2005,
E. Flores-Jardines, personal communication, 2007). Some
studies to optimize the retrieval-strategy and evaluate the error related to the ILS have been done. However, the apodization for the solar tracking mode is slightly different since the
sun slowly leaves the focus. The effective instrumental line
shape and apodization function cannot be derived easily from
measurements within the laboratory. A former estimation
with a triangular apodization (see ACPD 9-11501, 2009) led
too a slightly higher residual and higher CO columns than
the retrieval strategy presented here, which uses a Boxcar
www.atmos-chem-phys.net/9/8061/2009/

3E16
1.1

apodization and the FOV-parameter of 41.5 mrad. This value
was found to minimize the residual of the CO fit tested on
an ensemble of various spectra with different solar zenith angles.
To confirm that the new retrieval has a smaller bias as the
old version which led to 25% higher CO columns, the additional experiment described in Sect. 4.5 was performed. The
estimation of a systematic error of 10% through the ILS is
given by the difference between the injected and the retrieved
column amount in the test experiment.
4.4

Random errors

Random errors affect the precision of the measurement technique. They are by definition randomly different in each
measurement and occur due to spectrum preparation, cloud
conditions and
√ the noise. Random errors can be reduced by
the factor 1/ N (Poisson statistics) by averaging N spectra or their retrieval results. For solar measurements, each
recorded spectrum is analyzed individually because the random noise is rather small due to the low resolution of the
instrument (Harig, 2004). In the case of the lunar measurements, which have a smaller signal-to-noise ratios, the spectra are averaged over ten minute intervals.
The random error of a fixed time interval can be used to
compare the precision of the measurement technique with
respect to others. To estimate the random error for the solar measurements, we evaluate the variability of the retrieved
columns over a short time interval. A random error for a single measurement of 5% was estimated by the averaged difference of consecutive measurements and the random error
for an hourly mean (≈33 spectra) was 1.0%. This number
corresponds to the average of all time intervals. In the time
interval of an hour, first a fitted straight line is subtracted and
the standard error is then calculated.
4.5

Experimental evaluation of the retrieved CO
column

The precision is estimated from a series of measurements
as in the previous section. This does not give insight into
sources of errors, but it gives a reliable information about the
total statistical error. The calculated total systematic errors
in the CO column consists of different particular addressed
errors. All these errors are based on estimated variabilities and uncertainties. However, the error analysis from this
Atmos. Chem. Phys., 9, 8061–8078, 2009
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with approximately equal amounts of CO was repeated every
minute during the sun-tracking phases. Figure 6a shows, as
expected, a linear increase in the retrieved CO column and
the correlation shows that the retrieval is performing well.
A study with the ILS showed that if there is a systematic
difference between assumed and true ILS; the relation between retrieved and true column is not certainly linear for
a wide range. This control experiment proves the linear response of the CO retrieval, shows no significant biases and
thus validates the current retrieval set-up.
The slope of the correlation plot in Fig. 6b should be
equivalent to the lowest layer averaging-kernel element. NorCO
mally, the averaging kernel A=∂colCO
ret /∂x true is calculated
using the same forward model as in the retrieval. In the designed experiment, however, the forward simulation is done
experimentally and therefore the forward model and the ILS
is evaluated. This experiment is limited by a) the estimation
in the amount of injected CO b) the free volume in the telescope housing, c) the mixing time in the telescope and d) the
rate of removal of CO through small holes.
The error in a) is comparably low, as the volume is almost
cylindrical and the dead volume (mirrors or other components) is relatively small. The error sources b), c) and d)
can lead to an overestimation of the true CO amount in the
telescope. As our comparison shows a retrieved CO column
which is almost 10% smaller than the estimated CO amount
in the telescope, we consider the value as an upper limit for
the bias and assume that the slightly wrong simulation of the
ILS leads to the systematic error.
Although this experiment could be used as calibration, in
this work the ILS is found independently by optimizing the
residual and the test experiment is used to quantify the ILSerror.
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Fig. 6. Evaluation experiment realized on 24 Ferbruary 2009 at the
UNAM designed to test the measurement and retrieval performance.
(a) The retrieved CO column is plotted against time as pure CO was
injected into the closed telescope in constant time intervals. (b): A
correlation plot between the measured and injected CO (5 ml per
injection).

bottom-up approach is not always complete or correct. The
difference between two different ILS showed that this parameter can lead to a 25% error.
To check if the CO column retrieval from solar spectra
is overall a good result and to ensure that no important error sources are missing, an additional experiment was done.
The cylindrical housing of the telescope was closed by a film
that is transparent in the infrared and for a time period when
the solar zenith angle did not change significantly, a large
amount of CO was injected into the closed cell. The injection
Atmos. Chem. Phys., 9, 8061–8078, 2009

5

Results

The CO column was measured in Mexico City between October 2007 and February 2008 and the results are presented
in this section. The total column can change according to
three main, independent mechanisms: 1) A regional variability that can also be detected outside the urban area due to
changes in global composition, annual variability or the influence from other sources such as biomass burning. 2) The
anthropogenic emission of CO within the metropolitan area,
which should present a diurnal pattern but might vary from
day to day. 3) The local and regional meteorological conditions responsible for air flow patterns that affect the pollutant
concentrations above the measurement site.
In the first part (Sect. 5.1), measurements that have been
taken above the boundary layer are presented. These measurements were performed in order to gain more knowledge
about which part of the measured total columns belong to
the regional background levels and which can be attributed
to the urban air within the mixing layer of Mexico City. In
www.atmos-chem-phys.net/9/8061/2009/
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Fig. 7. CO column results at the high-altitude site in Altzomoni (19.12◦ N, 98.65◦ W, 4010 m a.s.l.) located 60 km south-east of Mexico
City during the two measurment campaigns. The CO column is retrieved from solar and lunar infrared spectra from 28 November to
2 December 2007 and 15 to 18 November 2008. The black solid line and the yellow-shaded bar depicts the 8.4±0.5×1017 molecules/cm2
mean value and variability, which are also shown in further figures representing the regional CO background.

Table 3. Results from the retrieved CO column above the mixing
layer (Altzomoni remote site) during both campaigns. To avoid the
impact of pollution transport detected in the afternoons, only late
morning data were used (09:00–13:00 LT).
Altzomoni Column
(1018 molecules/cm2 )

Overall sun

mean sun
(09:00–13:00 LT)

Moon

Minimum
Mean
STDEV
number

0.71
0.81
0.044
814

0.71
0.83
0.047
371

0.79
0.90
0.064
27

Minimum
Mean
STDEV
number

0.72
0.84
0.046
1310

0.72
0.85
0.044
878

0.98
1.13
0.067
27

Mean
STDEV
number

0.83
(±0.05)
2124

0.84
(±0.05)
1249

1.01
(±0.07)
54

2007

2008

07/08

Sect. 5.2, the daily means of 62 days during the measurement
period are shown in order to identify patterns and possible
differences between working days and weekends. Additional
coincident information of the measured surface concentration of CO is used in Sect. 5.4 to study the diurnal patterns
of column and ground-level CO and to reconstruct an effective mixing layer height, which is then compared with model
results.
5.1

Total CO column measurements above the
boundary layer

Solar and lunar absorption spectra have been recorded at the
high-altitude remote site of Altzomoni, located 60 km south
www.atmos-chem-phys.net/9/8061/2009/

east of Mexico City and at 4010 m a.s.l. From these spectra,
the total CO column is obtained with a similar retrieval strategy as for spectra taken in Mexico City. Only the constraint
was adapted to the assumption that Altzomoni is above the
mixing layer and an enhancement in the free troposphere
is well represented by a scaling of the a priori profile. A
test shows that if in contrary to the presented profile-scalingretrieval only the lowest two layers (1 km) are allowed to
freely adapt, the resulting columns are systematically 5%
lower.
The results of the measurements done between 29 November and 2 December 2007 and 15–19 November 2008 are
presented in Fig. 7. There were blue sky conditions during
the mornings with some clouds in the afternoons. At night
the sky was typically clear, although the moon measurements
were sensitive to thin clouds and the available radiation was
limited. It can be observed that the CO column increases
slightly in the midday and early afternoon. This suggests that
the mixing layer rises above 2 km and that the urban pollution reaches the Altzomoni site. This is in agreement with a
recent study that presents the properties of gases and aerosols
at this same research site (Baumgardner et al., 2009). In that
study, the anthropogenic influence detected particularly during the afternoons originated from all surrounding regions
and not only when the wind came from the Mexico City area.
From the results presented in Fig. 7 and previous studies
at this research site, one can assume that the Altzomoni
site is usually above the convective mixing layer before
noon. In Table 3, the results from the average total columns
obtained both from lunar and solar measurements (between 09:00–13:00 LT), are presented. The mean value of
(8.4±0.45)×1017 molecules/cm2 is in the expected range for
this latitude and altitude which is based on other high altitude
CO measurements from NDACC stations in the Northern
Hemisphere as for example (Izana 28◦ N, 2360 m a.s.l.,
Jungfraujoch 47◦ N, 3580 m a.s.l., Zugspitze 47◦ N,
Atmos. Chem. Phys., 9, 8061–8078, 2009
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Fig. 8. Time series (15 October 2007 to 29 February 2008) of daily CO columns at the UNAM site taken as late morning (09:00–13:00 LT)
averages. The red bars show the STDEV of the averaged data.

Table 4. Results from the retrieved CO column above Mexico
City: individual measurements and daily late morning means (9:00–
13:00 LT).

CO column (molec./cm2)

4E+018

Sun
Moon all
(1018 molecules/cm2 )

weekday Sunday all
daily mean (09:00–13:00)

Mean
STDEV
number

2.86
0.82
12179

2.75
0.41
57

2.08
0.35
651

2.82
0.82
12830

2.04
0.57
5

2.63
0.41
62

2E+018

1E+018

0
Mon

Tue

Wed

Thu

Fri

Sat

Sun

Fig. 9. Blue crosses: Same data as shown in Fig. 8 but sorted by day
of the week. Mean column of a specific weekday (black squares)
and the corresponding STDEV (red bars).

2964 m a.s.l.) for this time of the year (Gardiner et al.,
2007; Kramer, 2006). A background lower limit of the
17
2
CO column (colco
altz )=8.4×10 molecules/cm , corresponding to clear air in the region above 4 km altitude is used
as reference for future analysis and is expected to have a
variability smaller than 20%.
5.2

Mexico
3E+018

Day to day variations of the CO columns within
Mexico City

The daily CO columns measured at the UNAM site
in Mexico City from October 2007 to February 2008
are presented in Fig. 8.
The data, expressed as
daily mean values recorded during the 09:00–13:00 LT
Atmos. Chem. Phys., 9, 8061–8078, 2009

time periods, comprise 57 working days including Saturdays. The mean column measured during the period was
(2.75±0.4)×1018 molecules/cm2 . The standard deviation
(STDEV) within a working day was on average about 5%.
We include Saturdays in the working days, as in recent time
the traffic conditions and the estimated CO emissions on Saturday are similar to normal working days (Official Inventory,
2008). If the data collected on Saturdays are excluded from
the data set, the average CO total column differs by only
0.4%.
It is evident from the data that, on days with efficient ventilation (emissions are assumed to persist),
the total column approximates the background value of
8.4×1017 molecules/cm2 . The total CO column amount
above Mexico City is thus strongly dependent on the wind
condition, as can be seen from the large day-to-day variability in Fig. 8. This has also been observed in a time series
recorded in Moscow (Fokeeva et al., 2008).
Data was also collected on 5 Sundays during the measurement period. The average total column was found to be
(2.04±0.57)×1018 molecules/cm2 , which is 26% lower than
the average of the working days. In Fig. 9 the data is presented according to the day of the week. Here the effect that
reduced emissions have on the total columns is clearly seen.
www.atmos-chem-phys.net/9/8061/2009/
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5.3

Diurnal and nocturnal behaviour of the CO column

As the measurements are taken in a megacity, a strong local source of CO, the columns change according to emissions and horizontal transport. The sinks and sources due
to chemical processes are comparably small and can be neglected, so that CO can be treated as an inert tracer. Both
the emissions and horizontal transport have a strong diurnal
variability. The emission itself would lead to a monotonous
growth of the column while in average the horizontal transport through ventilation keeps a balance, so that both parts
are important in the actual CO column above the city. Since
the column amount of fresh CO is extended over the mixing
layer, the surface wind speed together with a surface CO gradient do not provide sufficient information to calculate the
loss through transportation. A longer time series and additional meteorological data are needed to portion the CO column growth rate in the fresh emission and the transportation.
However, the distribution of the wind speed and its correlation with the total column of CO shows that there are different phases during a day when the horizontal ventilation plays
a major or minor role. The hourly mean wind speed values,
taken from the PEMBU network (http://pembu.unam.mx/),
were linearly interpolated to reach coincidence to the time
when the CO column measurement was taken. The average wind speeds in the mornings between 09:00–13:00 L.T.
is small (average for all measurements 0.4 m/s±0.3 m/s) and
no significant correlation (R 2 =0.02) with the CO column
was observed. During this time, vertical transport and fresh
emissions dominate vertical distribution and growth of the
CO column. In the early afternoon (13:00–16:00 LT) and
even stronger in the late afternoon until the evening (16:00–
22:00 LT), the CO column shows a clear dependence on the
ventilation. The correlation coefficient R 2 between the COcolumn and surface wind speed reaches a value of 0.4 which
is rather high considering that the wind speed is measured
at the surface and the column dilution depends also on the
horizontal gradient of CO and the actual mixing layer height
(MLH).

www.atmos-chem-phys.net/9/8061/2009/
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The values measured are consistent with CO total column values reported previously in the region. During 2003,
total columns of (2–5)×1018 molecules/cm2 were measured
near downtown Mexico City (de Foy et al., 2007) and during the MILAGRO field campaign in 2006, a mean value of
(1.74×1018 molecules/cm2 ) was measured at the T1 research
site (Tecamac), located 50 km north east outside of Mexico City (J. Hannigan, personal communication, 2008). The
CO column daily means recorded in Mexico City are similar
to the typical CO column above Moscow (156 m a.s.l.). A
mean column of ≈3.5×1018 molecules/cm2 (Fokeeva et al.,
2007) in that study resembles the values of Mexico City but
is slightly higher, which could be expected from the higher
surface pressure affecting the background column.
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Fig. 10. Top: Example day (25 February 2008) showing the CO column at the UNAM site retrieved from lunar (black) and solar (red)
IR spectra. Green: CO VMR at the surface taken as the mean of 5
nearest RAMA stations. Bottom: The reconstructed effective mixing layer height (blue) is presented with error bars calculated as
described in Sect. 5.4.2.

This typical behaviour of a decreasing CO column during the early night – early morning can be observed in Figs.
11 and 12 for different days documenting at which time the
night jet cleans up the air pollution in the MCMA. This information is relevant for simulating the air quality since if
a chemistry transport model was to underestimate the effect
of a cleaning night jet, it would overestimate the CO surface concentration like it is shown in the recent work of Tie
et al. (2009). In this case, it would also overestimate the total column amount of CO, however, if the CO column would
be reproduced correctly by the model it would be an indication that only the vertical distribution of CO is wrong and the
vertical transport of the model has a bias. This would be reflected by a wrong mixing layer height, as it is suggested by
Tie et al. (2009).
During the morning between 09:00 and 13:00 LT the CO
transport is dominated by the vertical transportation and development of the MLH. Here the wind speed has an rather
small average of (0.4±0.3) m/s. The high STDEV of the
wind speed and the low correlation coefficient R 2 =0.02 indicate that it is not possible to directly obtain dilution factors.
In this time the CO column growth-rate differs only slightly
from the CO surface emission so that the average of the
growth-rates after a classification by the wind patterns, days
of the week and filtering with other meteorological parameter
Atmos. Chem. Phys., 9, 8061–8078, 2009
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Fig. 11. CO column at the UNAM site during October 2007 retrieved from solar spectra in red and from lunar spectra in black.
The solid line represents the background CO column (Fig. 7).
The estimated effective MLH (blue) is reconstructed from a model
which assumes a single layer.

might allow for a top-down estimation of the emission. As
there exist various wind patterns and the emission estimation
has to be done individually for each day of the week, the data
base of 62 days is too small to investigate emission trends and
is the aim of ongoing work.
5.4

MLH estimation

Especially for Mexico City, the convective mixing layer
height and its dynamics plays a key role in air quality. The in
situ measurements of the CO surface concentrations show a
completely different diurnal behaviour than the CO column,
as shown in the example presented in Fig. 10. Even though
surface concentrations and column measurements are dependent on wind conditions and changes in emissions, both are
different quantities and a direct comparison is not possible without knowledge of the vertical structure of the atmosphere. In the mornings, a convective mixing layer is formed
and CO accumulates near the surface when the highest in situ
concentration is measured. The MLH, driven by solar heating (Whiteman et al., 2000), grows and the CO concentration
decreases at the surface, regardless if the total CO column
stays constant or increases on a typical day.
5.4.1

MLH reconstruction

If the convective mixing layer is well defined, the vertical
CO-profile consists of two parts. The “normal” clean air
CO profile above the mixing layer and a part with a nearly
constant volume mixing ratio of CO (VMRco ) between surface and upper boundary of the mixing layer ZMLH . The
assumption of a homogeneous mixing within the layer is the
simplest approximation, but is also motivated by the short
Atmos. Chem. Phys., 9, 8061–8078, 2009
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Fig. 12. Same as Fig. 11, but for January 2008.

mixing time and the relatively long lifetime of CO. Even if
the mixing layer is not homogeneous, the retrieved effective
ZMLH is a useful quantity to derive from the atmospheric
CO column. Similarly, the tropospheric and stratospheric
columns of nitrous oxide (N2 O), methane (CH4 ) and hydrogen fluoride (HF) have been separated by retrieving an effective tropopause height from ground-based solar absorption
spectra (Stremme, 2007) and the tropospheric nitrogen dioxide (NO2 ) column can be derived (Sussmann et al., 2005)
from a combination of space-borne and ground-based column retrievals.
The total CO column (colmex
co ) can be written as the sum of
two parts as expressed in Eq. (3),
Z Z
colmex
=
VMRco ·ρair (z)dz + colaltz
(3)
co
co ,
MLH0

where ZMLH is the location of the MLH above surface,
VMRco is the volume mixing ratio of CO, ρair (z) represents the air density for the altitude z and colaltz
co is the background column of CO. The part above the MLH is estimated from the lower limit value measured at Altzomoni,
17
2
colaltz
co ≈0.84×10 molecules/cm , and the air density profile
is provided by the daily radiosonde measurements. For determining a representative surface concentration around the
UNAM site, the average of the surface CO VMR (hourly
mean) of the 5 nearest monitoring stations (PLA, PED, TAX,
SUR, UIZ, see Fig. 1) was calculated and to obtain a coincident VMRco value, the CO surface volume mixing ratios
are linearly interpolated to the times of the column measurements. The inversion of Eq. (3) to get ZMLH is done by an
IDL program for each column measurement.
Because CO is used in this case as a tracer for the MLH
(similar to Halland et al., 2008), the reconstruction works
better during times of high pollution. The resulting time series for ZMLH are shown in Figs. 10–13. The retrieved MLH
is independent of the CO concentration and the CO surface
www.atmos-chem-phys.net/9/8061/2009/
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Wind dependent dilution of the CO column.
Time
LT
h
09:00–13:00
13:00–16:00
16:00–22:00
22:00–09:00

Wind speed
Mean STDEV
m/s
m/s
0.42
0.32
0.96
0.65
0.97
0.88
0.02
0.07

Number

Correl.
R2

5148
3550
1433
908

0.02
0.29
0.40
0.00

Wind dependence
Offset
Slope
cm−2
cm−2 /(m/s)
2.9E18
-3.3E17
3.6E18
-6.9E17
3.4E18
-6.7E17
2.2E18
2.1E17

1. The coexistence of two or more different layers in the
boundary layer – also reported from measurements on
other locations (Wiegner et al., 2006; Emeis et al., 2008)
– is not included in the simplified model.
2. A higher CO VMR in the surface-nearest layer than in
a less contaminated, aged residual layer could explain a
decrease in the estimated ZMLH in the afternoon.
3. The air near the surface might be clean at times, but a
polluted CO residual layer may be present above. An inhomogeneity like that would result in an over-estimated
height ZMLH and could be a typical case during night
time, for example on 25 February, Fig. 10.

Fig. 13. All MLH values (black dots) reconstructed from the CO
measurements as a function of time of the day (15 October 2007 to
29 February 2008 at the UNAM site). The blue squares and bars
correspond to the averages and STDEV for the hours with more
than 100 measurements. The blue line follows the hourly averages
including those times with 10 measurements or more, as gathered
from the statistical chart in the bottom.

When applying the MLH retrieval during different seasons
of the year, the annual variability of the CO background in
the free troposphere has to be taken into account. This was
probably not necessary for the interval of the current study.
The annual cycle of the CO column has not yet been studied
for Mexico City and surroundings, but it might be somewhat
less than the amplitude of 3E17 molecules/cm2 measured at
the Izana station (28◦ N) (Kramer, 2006). The relative annual cycle with maxima during the spring and minima during the autumn for this region, can be estimated from the
MOPIIT v.3 data (NCAR MOPITT, 2008).
5.4.2

emissions (even if it is based only on CO measurements)
and should therefore not show a weekly pattern. The reconstructed MLH and its typical diurnal cycle shown in Fig. 13 is
consistent with results of other instruments characterizing the
vertical structure of the boundary layer (Shaw et al., 2007)
and model-based studies (Fast and Zhong, 1998; Whiteman
et al., 2000).
The same connection between MLH, column measurements and surface concentration in the Mexico City region
has also been observed using NO2 columns (Melamed et al.,
2009). But especially in the afternoon and during the night
time, the assumption of a well defined single mixing layer
might not be valid and further investigation is necessary,
Fig. 10. In such cases, the retrieved MLH has to be discussed
more carefully since the following scenarios might be possible:

Error and sensitivity of the retrieved MLH

Two independent CO measurements are used to retrieve
MLH, which is expected to have similar values like the meteorological quantity, planetary boundary height. For a interpretation of its diurnal cycle and a comparison with model
results, Sect. 5.4.3, the sensitivity of the reconstructed MLH
to errors in the input parameters (surface and column CO
measurements) is evaluated.
The presented calculation of the MLH uses daily temperature and pressure profiles. Alternatively, an exponentialdecreasing air density could be used to solve Eq. (3) analytically. However, to get an insight in the sensitivity and possible errors in the retrieved MLH, the air density is assumed to
be constant in Eq. (3), which leads to an underestimation of
around 10% at 2 km MLH. The equation can then be solved
for MLH in the following manner:
MLH≈

www.atmos-chem-phys.net/9/8061/2009/
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h
m·ppm i 1col
≈ 5.3×10−16
(4)
cm−2 VMR
The dependence of MLH on the errors due to column measurements results in
∂MLH h
m·ppm i 1
(5)
≈ 5.3×10−16
∂1col
cm−2 VMR
and its dependence on the surface concentration measurements in
∂MLH h
m·ppm i 1col
.
(6)
≈ 5.3×10−16
∂1VMR
cm−2 VMR2
A typical error of 5% in the column measurement,
motivated through its precision (Sect. 4.4), results in
δcol=1.4×1017 molecuels/cm2 and for the surface measurements, we get δVMR=0.0611 ppm if an error of the same
magnitude (5%) is assumed. These constant errors show that
the resulting error in the calculated MLH has a systematic
variation which is dependent on the atmospheric state and
changes throughout the day.
r
∂MLH
∂MLH
tot
δMLH = (
(7)
·δcol)2 + (
·δVMR)2
∂1col
∂VMR
tot ) is larger during the night,
The calculated error (δMLH
when the surface concentrations are usually low. Smaller
errors result when both column and surface CO values are
larger, as is the case during the morning and early afternoon
(see Figs. 10, 11 and 12). The presented error analysis of the
MLH-retrieval confirms independently, that the comparison
and discussion of the MLH should be restricted to the times
between 08:00–16:00 LT, when also the convective layer is
well defined, as mentioned in Sect. 5.4.

5.4.3

Mixing layer height comparison: FTIR vs. model

In Fig. 13 we present a comparison of the retrieved MLH
(Sect. 5.4.1) with that from the North American Regional
Reanalysis (NARR) during the measurement period (NCEP,
2008 1 ). The data from this operational model is available in
3 h snappshots and has a comparably high resolution since it
uses the NCEP Eta model (32 km/45 layer) together with the
Regional Data Assimilation System (RDAS), so that there
are 3 grid points within the basin and the nearest grid-point
of the model is at 19.38◦ N and 99.215◦ W, which is centered
10 km from the measurement site. A direct comparison of
the retrieved MLH with data from the daily radiosonde is not
very useful because these are launched at 06:00 and 18:00 LT,
that is when we have the lowest measurement density. The
information of the radiosondes is however assimilated in the
NARR model and therefore used indirectly in this comparison.
All model data are interpolated linearly to the time of the
measurements. Similar mean values and ranges of the MLH
1 Data available at:
rreanl/index.html.

http://wwwt.emc.ncep.noaa.gov/mmb/
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variability is found, as can be seen in Fig. 14a and a good
correlation is obtained in some days, as shown in Fig. 14b.
For lower MLHs, the higher values of the model than the
reconstructed MLH show the existence of a bias either in the
Model or in the FTIR -reconstruction.
For a quantitative comparison, only measurements between 08:00 an 16:00 LT are considered and when the surface wind speed is below 1.2 m/s. Both selection criteria together with the current retrieval version result in a correlation
of R 2 =0.58 (see Fig. 13c). The original correlation when
all data was considered (ACPD manuscript, no filtering) was
R 2 =0.37. Although the slope in the fit is close to unity, the
average MLH from the model is higher and can be described
by a systematic offset of 525 m , Eq. 8).
MLHmodel =0.99×MLHFTIR −525 m
5.4.4

(8)

Impact of the CO residual layer on the MLH
reconstruction

Theoretically, it could be assumed that a residual layer containing CO could exist which would produce the bias in the
reconstructed MLH. In this case the model in Sect. 5.4.1 and
specifically Eq. 3 could be extended by separating the freshly
emitted CO from a older layer of CO in the boundary layer.
To get a better insight, the simplified approximation for the
reconstruction of the MLH in Eq. 4 is used for the extension,
which results in the following expression, where colres and
VMRres are CO column and VMR of the residual layer:
MLH≈

p 1col−colres
·
kT VMR−VMRres

(9)

As in the error analysis, we evaluate the dependence of the
two unknown quantities colres and VMRres . If we assume
that the NARR model reports the correct MLH, the expression can be used to portion the amount of fresh and old CO
with the assumption that the residual layer of CO (VMRres ,
colres ) remains constant over the time period.



p
1 1col
colres
(10)
1mlh= ·
VMRres
kT vmr vmr2
Equation 10 is mathematically ill posed and can be solved
by a least-square fit. The solution of Eq. 10 gives the value
for the surface background concentration VMRres =0.33 ppm
and colres =−0.15×1017 molecules/cm2 . Since colres has to
be seen as correction to the measured background value of
colaltz =8.4×1017 molecules/cm2 , it can also be negative.
In Fig. 14d, the correlation between the MLH from the
model and the reconstructed MLH from this extended model
is presented (MLHmodel =0.87·MLHFTIR −35 m). With the
assumption of a constant residual layer the coefficient of correlation is improved to R 2 =0.63. If the MLH of the NCEPModel is valid for Mexico City, the result above suggests that
generally, the CO concentration within the boundary layer
can be portioned in a fresh CO with a high variability and a
near-constant background level of about 0.33 ppm.
www.atmos-chem-phys.net/9/8061/2009/
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Fig. 14. (a) Same as Fig. 13 but showing model-derived MLH (NCEP, 2008; http://wwwt.emc.ncep.noaa.gov/mmb/rreanl/index.html) as a
function of time of the day and interpolated to the measurement times; (b) MLH for a single day comparing the retrieved MLH (black) and
model (blue) results. (c) Correlation between retrieved and model MLH (all data between 08:00–16:00 with wind speeds <1.25 m/s and
retrieved MLH values <4000 m. (d) Same as (c) but assuming a CO residual concentration of 0.33 ppm according to the extended model
described in Sect. 5.4.4.

6

Conclusions

In this work, the column densities of carbon monoxide in
Mexico City are reported and their diurnal and daily patterns are presented. The total CO columns have been retrieved from solar and lunar infrared spectra measured with a
low-cost instrumental set-up, which consists of a moderateresolution FTIR spectrometer and a simple scanning device.
The quantitative analysis used is described here and the most
important error sources are evaluated. The results demonstrate that this experimental set-up can provide reliable information on the absolute column of CO and most relevant
for this study, it can successfully follow its evolution during
the day. Also, the CO columns are measured for the first
time in a megacity during the night using lunar absorption
spectroscopy.
Using an initial data set of 62 days during the winter
2007/2008, a significant difference is seen in the CO column
between Sundays (2.04±0.57×1018 molecules/cm2 ) and
www.atmos-chem-phys.net/9/8061/2009/

working days (2.75±0.41×1018 molecules/cm2 ).
The
clearly observed weekly and diurnal patterns proves that
it is possible to gain new information about the anthropogenic emissions from the column measurements. A typical
background CO column of (8.4±0.5)×1018 molecules/cm2
was estimated for the period from measurements carried
out at the remote, high-altitude research site of Altzomoni
(4010 m a.s.l. 60 km south-east of Mexico City). This background value was used to estimate which part of the column
measured in Mexico City is not part of the pollution within
the mixing layer.
The high measurement frequency allowed for the investigation of diurnal and nocturnal behaviour. The diurnal
change of the CO column and its surface concentration do
not correlate but they can complement each other and provide extra information about the vertical dispersion of CO.
The mixing layer height (MLH) was reconstructed from the
CO column and surface concentration measurements. The
diurnal cycle of the reconstructed MLH shows the typical
Atmos. Chem. Phys., 9, 8061–8078, 2009
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boundary layer behaviour (growth between 09:00–13:00 LT),
which is a behaviour well known based on model studies and
measurements from other instruments. The reconstruction,
which is not valid for all times of the day, seems to work
well when a single convective layer is present.
The ability to reproduce under special conditions the
MLH evolution from only CO measurements, which is in
essence independent of the pollution levels and the emission patterns in the city, opens the possibility for a top-down
estimation of the CO emissions to be performed based on
ground-based remote sensing measurements. Attempts to
pursue this objective will be sought with a larger measurement period and additional observations so that the vertical
structure and dynamics of the atmosphere can be better characterized. Also, this work shows the feasibility for using total
CO measurements at this sub-tropical location for the validation of NADIR sounders. This simple experimental approach
could be deployed in emerging megacities in other developing countries so that comparisons between the different populated cities, emissions from top-down estimations and for
wider satellite validations can be realized.
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Spectroscopic Method, Geophys. Res. Abstr., 10, EGU2008-A-

www.atmos-chem-phys.net/9/8061/2009/

W. Stremme et al.: Total column of carbon monoxide above Mexico City
10311, 2008.
Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R.,
Fahey, D., Haywood, J., Lean, J., Lowe, D., Myhre, G.,
Nganga, J., Prinn, R., Raga, G., Schulz, M., and Van Dorland, R.: Changes in Atmospheric Constituents and in Radiative
Forcing, in: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change,
available at: http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/
ar4-wg1-chapter2.pdf, last access: 29 April 2009, 2007.
Gardiner, T., Forbes, A., de Mazière, M., Vigouroux, C., Mahieu,
E., Demoulin, P., Velazco, V., Notholt, J., Blumenstock, T., Hase,
F., Kramer, I., Sussmann, R., Stremme, W., Mellqvist, J., Strandberg, A., Ellingsen, K., and Gauss, M.: Trend analysis of greenhouse gases over Europe measured by a network of ground-based
remote FTIR instruments, Atmos. Chem. Phys., 8, 6719–6727,
2008,
http://www.atmos-chem-phys.net/8/6719/2008/.
Grutter, M., Basaldud, R., Flores, E., and Harig, R.: Optical Remote Sensing for Characterizing the Spatial Distribution of Stack
Emissions, Adv. Environ. Monitor., 12, 107–118, 2008a.
Grutter, M., Basaldud, R., Rivera, C., Harig, R., Junkerman, W.,
Caetano, E., and Delgado-Granados, H.: SO2 emissions from
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