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Abstract. Carbon monoxide (CO) is an important pollutant CO column retrieval during the day and night (when avail-
in urban agglomerations. Quantifying the total burden of thisable), in conjunction with surface CO measurements, allow
pollutant in a megacity is challenging because not only itsfor a reconstruction of the effective mixing layer height. The
surface concentration but also its vertical dispersion presenimitations from this simplified approach, as well as the po-
different behaviours and high variability. The diurnal trend of tential of using continuous column measurements in order
columnar CO in the boundary layer of Mexico City has beento derive top-down CO emissions from a large urban area,
measured during various days with ground-based infraredre discussed. Also, further monitoring will provide more
absorption spectroscopy. Daytime CO total columns are reinsight in daily and weekly emission patterns and a usable
trieved from solar spectra and for the first time, nocturnal COdatabase for the quantitative validation of CO from satellite
total columns using moonlight have been retrieved within aobservations in a megacity.

megacity. The measurements were taken at the Universidad
Nacional Aubnoma de Mxico (UNAM) campus located in
Mexico City (19.33 N, 99.18 W, 2260 ma.s.l.) from Octo- 1
ber 2007 until February 2008 with a Fourier-transform in-
frared spectrometer at 0.5 cthresolution. The atmospheric Ambient concentrations of carbon monoxide (CO) are vari-

CO background column was measured from the high alti-3pie and have changed significantly since industrialization.

tude site Altzomoni (19.12N, 98.65 W, 4010ma.s.l) lo-  co js emitted into the atmosphere mainly from the combus-
cated 60 km southeast of Mexico City. The total CO columnyjon, of fossil fuels, with the main contribution in urban areas

within the city presents large variations. Fresh CO emis-coming from the transportation sector. Key reasons for in-
sions at the surface, the transport of cleaner or more polyegtigating CO in the atmosphere are its danger to human
luted air masses within the field-of-view of the instrument heaith and its role in tropospheric chemistry, particularly be-
and other processes contribute to this variability. The meang se it affects the hydroxyl (OH) budge€irflayson-Pitts et
background value above the boundary mixing layer wasy| 1992 Forster et al.2007. For more than one decade,
found to be (8&0-5))(]_-017 molecules/cr, while inside  there has been wide interest in investigating the contribu-
the city, the late morning mean on weekdays and Sunyion of anthropogenic and biomass burning sources of CO
days was found to be (2.29.41)x10'° mqlecules/crﬁ and g its observed global distributions. Insight into the amount,
(2.04£0.57)x 10** molecules/crh, respectively. Continuous 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

Correspondence taV. Stremme more recently from space, for examplé&furganov et al.
BY (stremme@atmosfera.unam.mx) (2004 2005 studied the annual cycle and identified biomass
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burning events based, among other, on CO column measuré2009 adapt the diurnal emission pattern for weekdays and
ments of various NDACC (Network for the Detection of At- weekends whildie et al.(2009 keeps it constant. Both stud-
mospheric Composition Change) sit&aissmann and Buch- ies show that the calculated CO surface concentration corre-
witz (2005 andDils et al. (200§ compared ground-based lates rather poorly with the models in the evening, during the
solar-FTIR column measurements with SCIAMACHY CO night and on weekends. Even without horizontal CO trans-
column resultsClerbaux et al(2008 used recent space born port, the emissions and vertical mixing of CO have a direct
CO measurements to study CO sources and visualize megagnpact on the concentrations near the surface. Large uncer-
ities. Senten et al(2008 used CO column measurements tainties in the mixing layer height can thus lead to significant
at Reunion Island together with results from the inverse-deviations of model results.
transport model Flexpart to identify CO sources. Addition- CO total columns have been derived before in Mexico City
ally, they presented an overview of the established retrievatiuring 2003 from solar absorption measuremeats [Foy
strategies and the error analysis for ground-based solar FTIRt al, 2007). It was shown there that since vertical disper-
experiments with high resolution. A recent studja{land  sion schemes in air quality models can have a large impact
et al, 2008 presented how the CO profiles retrieved from a on simulated surface concentrations, the total column mea-
satellite can be used to trace and identify convective verticakurements of CO can be beneficial when used as constraint.
transport from the boundary layer to the free troposphere. During the MILAGRO/INTEXB campaign in March 2006,
Accurate measurements of CO in Mexico City, the world’s solar absorption measurements with higher spectral resolu-
second most populated city, are critical in order to study itstion were performed (J. Hannigan, personal communication,
impact on human health and the environment. The emis2008). These measurements were taken northeast of Mexico
sion sources of CO in Mexico City include traffic and in- City (T1 site in Tecamac) and during that month, the vertical
dustry. Since 1986, surface volume mixing ratios of CO structure of the boundary layer and its diurnal cycle was char-
have been measured in Mexico City by a government-run auacterized using various instrumengh@w et al.2007. So-
tomated network for atmospheric monitoring (SIMAT, Sis- lar FTIR retrievals are very sensitive to various instrumental
tema de Monitoreo Atmoséfico de la Ciudad de Mexico, properties and retrieval settings, so that side-by-side compar-
http://www.sma.df.gob.mx/simpat The continuous monitor- isons can be very useful in order to increase the confidence of
ing of CO surface mixing ratios has led to policy that has the measurement technique. Unfortunately, the above men-
lowered the pollution levels in Mexico City during the last tioned experiments did not coincide with this study and their
ten years olina and Moling 2002 Stephens et al2008 results can only be used as a reference. For this reason, spe-
Official Inventory, 2004. The average CO surface mixing cial effort has been taken to assess the errors and precision of
ratios between 1990 and 2008téphens et gl2008 con-  the results presented here (Sdch).
firm the trend in the annual CO emissiddfficial Inventory, This paper presents the retrieved total column of urban car-
2003 2004 2008, but these do not satisfactorily correlate bon monoxide measured during daytime from solar infrared
and there are still important discrepancies in the estimatiorspectra and for the first time, the CO column in a megacity
of CO emissions based on bottom-up approacéicfal In- has been measured during the night from a ground-based in-
ventory, 2003 Schifter et al,2009. This encourages further strument. Both types of measurements, when the conditions
investigations to be carried out to determine CO emissionsare satisfied, provide a continuous time series of the column
with different methodologies. which provides new insight into the nocturnal structure of
The weekly and daily patterns of the estimated CO emis-the atmosphere. Using this information, diurnal patterns of
sions differ from those in the measured CO surface conthe CO budget are investigated during different periods, the
centrations. The weekday with the highest estimated CCheight and evolution of the mixing layer can be monitored
emission reported for 2006 is Saturdayfficial Inventory,  under specific conditions and a new approach for estimating
2008, however, the CO surface concentration is still slightly the effective emission of CO in Mexico City is proposed.
lower on Saturdays as on normal working dagtephens
et al, 2008. The daily pattern in the CO surface concen-
tration with a main peak at 08:00LT (Local Time, GMT- 2 Measurement realization
6h) and a local minimum at 15:00 LT, does not correlate
with the diurnal CO emission and a direct proof of the di- The CO column measurements were taken at the Universidad
urnal CO emission in the inventory is not possibRffcial Nacional Aubnoma de Mxico (UNAM) campus (19.33N,
Inventory, 2008 Stephens et gl2008. Various CO emis- 99.18 W, 2260ma.s.l.) in Mexico City between Octo-
sion inventories for Mexico City have been used in studiesber 2007 and February 2008. The UNAM site is in the
with chemistry-transport models to compare measured andouth of the city, as shown in Fid, and is surrounded by
calculated concentrationgest et al. 2004 Tie et al, 2007, several surface CO monitors from the local monitoring net-
2009 Zhang et al.2009. The estimated total CO emission work. Additionally, background column measurements of
per year varies about 25% between the different studies an@O were performed from 29 November to 2 December 2007
so does the temporal and spatial distributiodbang et al. and from 15 to 18 November 2008 at the Altzomoni high
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altitude research site (19.1R, 98.65 W, 4010ma.s.l.) lo- 55

cated 60 km south-east of Mexico City, Fig. 4800

R g € o 4400
19.6 _.%. Loocd - A ..? S £ L 4200
The spectra were collected with a FTIR spectrometer L - 5 4000
(Bruker, Opag 22) with a nominal resolution of 0.5Th 19.5 &b 57 e gt e W s
at a max. optical path difference (OPD) of 1.8cm. The a5 SR ; 3600
FTIR is equipped with a KBr beamsplitter and a cryo-cooled 194 {gii &2, et s EEEERE D N
mercury-cadmium-telluride (MCT) detector. The field of : Sl e e,
view (FOV) of the instrument is 30 mrad but a telescope was 931§
used resulting in a FOV of 7.5mrad. The system is cou- 1 : 1 : :
pled to a video camera and an automatic scanning mirror 92| SRR S
that actively tracks the light coming from the sun and moon. 2300
The scanning device, which has been described in more de- T g e 2 & 2200
tail elsewherellarig, 2004 Harig et al, 2009, searches for KRR ans o0 S masl
the position of the most intense radiation in a specific wave- 99.4 -99.3 992 -99.1 -99.0 -98.9 -98.8 -98.7 -98.6 -98.5
length range in the following manner. First, a two dimen-

sional area is defined around the source and a low spectrdiid- 1. Topographical map of Mexico City and its surround-
resolution scan (at 20 cm) is carried out with a user-defined "9S- The yellow area depicts the Mexico City metropolitan

step size. The two stepper motors controlling the position ofed (MCMA,) and the re(.j d.OtS indicate the location of .the. FTIR
. . . sites. The black crosses indicate the used surface monitoring sites
the scanning mirror performs a fast scan, which takes onl

YRAMA, http://www.sma.df.gob.mx/simat/
a few seconds, and the mirror then moves to the pixel po—( TP g

sition where the highest light intensity was detected. The

spectrometer thf” collects infrared spectra at a higher resqsmission spectra at different grating temperatures created in
lution of 0.5 cnm = at this position for a fixed amount of time  the |aporatory (the selection criteria are the correlation in the
and then performs a new fast scan centered at the last PQegions 620700 and 1500—1650c¢mwhere water vapour
sit_io_n chosen_ with the maxi_mum inte_nsity. This system Was(H,0) and carbon dioxide (C£) totally absorb and remove
originally designed for passive detection of pollutants and theyhe sunlight). In a second step, the background is scaled and
visualization of toxic substancesirig et al, 2007 and has  corrected for offset before subtracting it from the measured
been also applied for characterizing the emissions of indus;gdiance spectrum, Fig. In the last step, the regions of total

trial plants Grutter et al. 20083, airplanes Elores-Jardines absorption in the atmosphere between 2000 and 22006 cm

2.1 Instrumentation

3100
3000
2700
2400

1918

etal, 2003 and volcanoesGrutter et al. 2008H). are used to fit a straight line, which is then also subtracted
from the measured spectra. This last correction removes ad-
2.2 Solar measurements ditional effects from the thermal emission of the spectrom-

eter and improves the spectral correction, especially in the

For solar absorption measurements, the scanner is Opt‘r'egion of evaluation, Fig, inset

mized for tracking between 2700 and 3200¢mand the The solar absorption measurements presented in this study
system works well without frequent adjustments even whenyore made between October 2007 and February 2008 from
thin clouds are present. The solar angle changes at aboyg.30_17:30 LT. An attempt was made to record spectra on
4.4mrad/min so that with a FOV of 7.5mrad, a new scanmqst working days with blue sky or thin cloud conditions.
needs to be started after approximately one minute. AboUfhg jntensity of the recorded spectra, as well as sky images
60 usable spectra are recorded and averaged for further prgsuen automatically after each tracking position are used to

cessing. _ . classify usable data.
The MCT detector readily saturates when direct solar ra-

diation is used. Therefore, the light is attenuated with a vari-2.3 Lunar measurements

able number of wire-mesh screens placed prior to the tele-

scope. A disadvantage of using metal gratings at the entrancéhe temperature distribution of the moon’s surface is
of the telescope (with 4 times magnification) is that the ther-strongly variable, with around 400K at the warmest points
mal emission of the mesh-filter interferes in the region be-on the bright side and as low as 200 K on the dark siie (
tween 800 and 2000 cnt and can influence the spectrum gacheva and Shevchenk000. The radiation of the moon

in the region where CO is evaluated. This thermal emissionconsists of two parts, the reflection from the sun and the
varies with the temperature of the grating and a three-stephermal emission of the moon itselétholt et al, 1993.
correction is applied to account for this interference; first, Both parts have a different spectral distribution; The sun
a background spectrum is chosen from a library of thermalhas its maximum near 20 000 cthand the moon’s thermal

www.atmos-chem-phys.net/9/8061/2009/ Atmos. Chem. Phys., 9, 80882009


http://www.sma.df.gob.mx/simat/

8064 W. Stremme et al.: Total column of carbon monoxide above Mexico City

sun O 3E-5+

0.0006 — moon

0.4

2E-5—
0.:

|
b J\ \ |
- Ll -

19 2000 2100 2200

N
!

T I T I T I
1900 2000 2100 2200

Radiance (a.u.)
1
°

044 0.0002 —

Radiance (a.u.)

0

' [ ' [ ' [ ' [ [
0 400 800 1200 1600 2000 2400
Wavenumber (cm'1 )

T T T T T T T T
1000 2000 Wavenuﬁoger (em-1) 000 2000 Fig. 3. Lunar spectrum in black (large box) recorded at the UNAM
site around full moon directly after the Fourier-transformation
Fig. 2. Typical solar spectrum (large box) recorded at the UNAM (gtep 1) and in orange the thospheric (+instrumental) self emi_s-
site after a background (thermal emission) subtraction (step 2). Th&'©"- Moon and thermal emission spectra have to be recorded with

small box (inset) shows the same solar spectrum in the region abOL}Pe same zenith angle and at almost the same time, so that the atmo-
the CO band after a further CO specific correction (step 3). spheric states are comparable. The corrected lunar spectrum around
CO band is shown in the small box (step 3).

radiation has, according to its mean temperature, a maximum o i
around 1000 cmt increased to every 5s resulting in an increased number of

usable spectra for further averaging and processing. Track-
ing the moon in the infrared worked even during the moon
Ieclips:e on 21 February in 2008 and in the presence of day-
light, which provided the possibility for comparing the re-

Below 2200cnt!, the thermal emission dominates the

shows a relatively low signal to noise ratio (Fig.around . .
2400cnTY), the thermal radiation integrated over the ob- sults from simultaneous solar. and lunar retrievals.

served half sphere of the moon is sufficient for the evaluation The pro_ce_dure fof preparing the moon spectra for the
of CO during full moon and up to one week before and after. co angly;ls IS QOne n threel steps.. 1) The ba(_:kground spec-
On the other hand, the measured atmospheric backgroun a, which is valid for the part!cul_ar t_|me frame, is Sl_Jbtracted.
radiation consists of thermal emission from the instrument, A SeCO’?d order polynomial is fitted t? the region of to-
back-scattered thermal emission from the earth and selfemist-":1I absorption around .thg CO band .and 'S sub;equently Sl.Jb'
sion of the atmosphere. Depending on the lunar zenith angléraCted' Thg self-emission correction of the instrument is
and the time of the day, these will have different contribu- done accordmg t@urton etal, 2.00.1 They used lunar spec-
tions that cannot be neglected, F3g.The contribution of the tro;copy to [nvestlgate .the emission of Sttom volcg noes
background emission is relatively small during a full moon durlng the night analyzmg_ at 2500 crh Th_e _correctlon for

but it is still necessary to record background spectra in ade—CO IS more pr?nounced since th? a_naly5|s 'S at_ lower energy
quate time intervals. The background spectra were recordeg1ear 2100cm-). 3) All spegtr.a W'th'r.' a 1(.) min time perlod.
approximately every hour towards a similar zenith angle ofare averaged to have a sufficiently high signal-to-noise ratio.

the moon.

Tracking of lunar radiation in this urban environment 3 CO column retrieval
worked best in the spectral region between 2000 and
2200 cnT?!, because here the contrast between the moon an@ihe CO columns from solar and lunar absorption spec-
interferences from thin clouds is higher than in the spec-tra in Mexico City were retrieved using the SFIT2 code
tral region near the maximum intensity of the moon (800 to (Pougatchev and Rinsland995. This radiative transfer
1000cnT1). However, better tracking was obtained a few and profile retrieval algorithm is mainly used for the anal-
days before and after full moon and during daylight usingysis of solar ground-based spectra from high-resolution in-
a wider spectral region (900 and 2200cth Because of  struments. As we will demonstrate, the use of this code for
the relatively low intensity available for tracking and mea- moderate-resolution spectra gives acceptable results for the
suring lunar absorption spectra, the tracking frequency wagoals sought in this work.

Atmos. Chem. Phys., 9, 8068678 2009 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 1 8 — T "
Rodgerq1976 and uses an a priori profile and a covariance , i i
matrix (Sa). The SFIT2 code (version rdrv.3.90) is able to & ©8 || \ \ '
read in a regularization matrir=Sa " so that the cognate ;E 0.6 ‘

constraint approaches suggestedlikhonov (1963; Steck g ' |
(2002; von Clarmann and Grabowsa007) can be realized. S 04 [ | |

The main difference in the mentioned retrieval approaches — o2 |— —
are their goals, aiming either to get the best estimation for one - | | | I | .
single atmospheric state (OET) or to reduce systematic hid-
den a priori information for a later (time) series analysisn( — 1 T [ T 1 T T 1T

Clarmann and Grabowsk2007). The constraint in ground- 5 %2 .

based solar retrievals or for NADIR sounders, for example, 2 0 PN A P AN

is crucial and different for each experimeBrémenko et aJ. T T

2008 Emmons et a).2008 Luo et al, 2007). 2110 2120 2130 2140 2150 2160
The atmosphere above the measurement site is described

with 29 layers from 2.260 km up to 100 km using the temper- b O

ature and pressure profiles from the continuous radiosonde VAT T T T T A AT T

measurements taken twice a day by the Servicio Meteoro- ;4 ( ‘ P AU

logico National in Mexico City $MN, 2009. SFIT2as- £ L] , |

sumes horizontal homogeneous layers and returns the directS 06 N |

vertical column. The slant path length of the sunlight in g 04 |— , ‘

each layer is calculated by the program RAYTRACE avail- lf_& o =) 1

able with SFIT2 from the NDACC-Server. The program
RAYTRACE determinates the curvature of the sunlight in 0 LA I T Y N A IR B
the atmosphere for the given astronomical sun zenith angle,
wavenumber and location and it produces the SFIT2-input-

T 02 (— —]
files which are used to change slant to vertical columns. é 0 MWWWMWWW
The spectral resolution allows retrieval of only one in- ¢ 2 —
dependent quantity that describes the volume mixing ratios T I R [ TR [ S
(VMR) of carbon monoxide in all layers. The constraint 2110 2120 2130 2140 2150 2160
is designed following mainly the guidance Byeck(2002); Wavenumber (cm-1)

von Clarmann and Grabowsk2007. The retrieval algo-
rithm fits the measured spectra by shifting the VMRs of Fig. 4. Example of a column retrieval of CO fro(a) a solar spec-
the lowest three layers (1.5 km) using the MOPITT-a priori trum taken on 22 January 2008 at 10:30 LT at the UNAM site. The
(NCAR MOPITT, 2008, Fig. 5a. This constraint is moti- measured solar spectrum is in red and the simulated spectrum in
vated through the assumption that there are strong CO varidlué. The retrieved CO column is equivalent to a CO column den-
tions in the mixing layer. A Gaussian distribution as is nor- Sty of 3.08 molecules/cfn (b) Example of a lunar CO column
mally assumed in the OET would lead to a systematic under{Z/** 10'®molecules/crf) retreived on 24 February at 02:51LT
estimation of pollution events, also recently mentioned bya.t the UNAM site. The measured anar spectrum is in black and the
. simulated spectra in blue. The residuals from the fits are shown on
Emmons et al(2008. A freely adapted VMR value in the o potiom.
boundary layer region reflects the typical situation in Mex-
ico City and when compared to a simple profile-scaling con-
straint, results in a lower smoothing error (Sdcl) and also et al, 2008. The reduced resolution of the spectra encour-
improves the averaging kernel in the region of interest,ig. ages a compromise between single line retrieval and band
The spectroscopic line data are taken from the HlI-retrieval. The single or few line retrievals have the advan-
TRAN 2004 compilation Rothman et a).2005 and for  tage, that the time for processing one spectrum is compara-
the sun spectra, the integrated solar model frddasge  bly small and a reasonably good fit can be realized. This
et al, 2009 is taken. The spectral region between 2110 tois desirable as the forward-model error indicated solely by
2160 cnt1 is fitted for evaluating CO. There are several rea- a systematic residual cannot be quantified. However, in this
sons for using a wide spectral range in this particular case astudy the resolution does not allow for an easy estimation of
opposed to several narrower windows as is more commonlyhe back-line, because the individual lines sit on a socket (the
done Pougatchev and Rinsland@995 Barret et al. 2003 smoothed CO-band). Spectra with 0.5¢hresolution do
Yurganov et al.2004 Sussmann and Buchwijt2005 Ve- not show completely separated CO absorption lines and there
lazco et al.2005 Fokeeva et a| 2007 Kramer, 2006 Senten  is also a significant interference of GQH>O and Q in this

www.atmos-chem-phys.net/9/8061/2009/ Atmos. Chem. Phys., 9, 80882009
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20 Table 1. Smoothing error for two retrievals using different con-
straints and calculated with different a priori covariances) @d-
dressing (a) the urban variability and (b) the regional variability.
The Sais based on a profile ensemble which is constructed from

— 10 (a) the MLH retrieval results and the surface concentrations and

(b) from MOPITT profile retrievals for winter 2007/2008 in the

area 102-90W and 17-22 N, (the relative information is in re-

spect to the average of the retrieved CO column in Mexico City
=2.8x 108 molecules/crf).

200 —

400 —

Pressure (hpa)
T
(<]

Altitude (km)

600 —

-3 Sa Smoothing error
STDEV  Block VMR  Scaling

T 12 (a) 2 Parameter  in (molec/@n 1.07E18 5.9E16 3.2E17
1E-8 1E-7 0 0.5 1 15 2 €& ooth % of meancol 38 2.1 11
VMR Sensitivity (b)) MOPITT  in(molec/crd) 8.8E16 3.5E16 2.2 E16

égmooth % of meancol 3.1 1.3 0.79

Fig._ 5. Left (r?\): Used a priori profile (black) from MOPITT and Total in (molec/crd)  1.07E18  6.9E16 3.2E17
retrieved profile (red) on 22 January 2008 at 10:29 LT at the UNAM % of meancol 38 25 11
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.

4.1 Smoothing error

To evaluate how in average the constrained retrieval differs
from the true state, the smoothing err@nooth is calcu-
é_ated Rodgers1990. (If more than one independent quan-
tities are available, the error is better described by the matrix

region. A wide spectral region contains therefore more infor-
mation Echle et al.2000 and improves the estimation of the
background slope and the columns of the interfering specie
The spectral window of 50 cnt chosen for this study seems
to contain sufficient information and is a good compromise%momﬁ'

to the computational requirements. In the used retrieval verg o u=(A—1)Sa(A—1)! (1)
sion, the instrumental line shape for the forward model was
set assuming a modulation of the Boxcar-apodization accordésmooth= v Ssmooth (2)

ing to a round aperture with an effective FOV of 41.5 mrad,
which describes the divergence of the light in the interferom-
eter.

The total column averaging kerneA) is shown in Fig.5b
(red curve for the used retrieval). The covariance magi), (
which describes the variability of the CO profiles, has to be
estimated in order to calculate the smoothing error. Two dif-
ferent and statistically independent phenomena can lead to
4 Retrieval diagnostics and error estimation a variation of the CO profiles motivating two different esti-
mations of the smoothing error: a) Through variations in the
This study presents new measurements and focuses on thgO emissions, in the mixing layer height and in local dynam-
relative variability and diurnal trends of the CO column ob- jcs which leads to a strong variability of CO in Mexico City.
served above Mexico City. An analysis and a quantificationp) Through regional transport phenomena and changes of the
of the main error sources are necessary in order to identify\CO profiles over wider areas due to for example biomass
the potential improvements to be done in the analysis, unburning. The smoothing error in the colurafy, ,.his calcu-
derstand its limitations and determine the use of the retrievedated for case a) phenomena using a “2-parameter” ensemble
columns, i.e. using the CO columns in photochemical modelsof possible CO profiles constructed with the retrieved mix-
or for satellite validation purposes. ing layer height and the CO surface concentrations (the av-
Error analysis in remote sensing retrievals is still a currenterage of the 5 nearest in situ CO measurements). The effect
topic. Many different errors have to be discussed as they cawnf the variance in the regional background (case b) of CO
play arole in the accuracy and in the precision of the retrievalon es”moothis estimated using an alternative covariance matrix
(Rodgers199Q 200Q von Clarmann et gl200% Sussmann  (see Tabld), constructed from the MOPITT profileSICAR
and Borsdorff 2007). Here we will discuss briefly system- MOPITT, 2008. The profile for the ensemble consists of re-
atic errors: smoothing error, temperature error and errors retrieved CO profiles (v.5.93) for the winter of 2007/2008 in
sulting from the instrumental line shape (ILS). The resulting the area between 17-2ll and 90-105W. In Tablel the re-
precision is estimated from the retrieved columns. sulting smoothing errors from the chosen constraint (“block

Atmos. Chem. Phys., 9, 8068678 2009 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 ~ Smoothing Temperature  ILS Total Random error
Description: Eslmootrfgmooth +5K all layer (Sect4.3) systematic measurement hourly mean
in (molec/cn?)  5.9E16 5.6E15 ~2.8E17  2.9E17 1.4E17 3E16

in (%) 21 0.2 ~10 ~10 4.9 11

VMR”") and for a “profile-scaling” constraint are presented. apodization and the FOV-parameter of 41.5 mrad. This value
The chosen CO retrieval reproduces the CO amount and itsvas found to minimize the residual of the CO fit tested on
diurnal cycle in the mixing layer quite well (error is less than an ensemble of various spectra with different solar zenith an-
5%) and the influence of the regional CO variance seems alsgles.

to be minimized. To confirm that the new retrieval has a smaller bias as the
old version which led to 25% higher CO columns, the addi-
4.2 Temperature error tional experiment described in Sedt5was performed. The

estimation of a systematic error of 10% through the ILS is

The temperature error, which may be classified as randongjiven by the difference between the injected and the retrieved
for a time series based on daily means, can be systematicallyojumn amount in the test experiment.

influenced by solar heating affecting the retrieved diurnal cy-

cle of the CO column. This error was estimated by retrieving4.4 Random errors

the same spectrum with different temperature profiles. The

assumed temperature influences the retrieved CO columns iRandom errors affect the precision of the measurement tech-
two ways: a) The absorbance of each molecule changes batique. They are by definition randomly different in each
cause the population of the lower state of an absorbing lineneasurement and occur due to spectrum preparation, cloud
depends on the temperature and b) the assumed air dengienditions and the noise. Random errors can be reduced by
ties assumed in the layers vary with temperature. Both partshe factor 14/N (Poisson statistics) by averagirg spec-

are separated input parameters in SFIT2 and they have ofra or their retrieval results. For solar measurements, each
posite effects on the retrieved columns. For a 5K increaseecorded spectrum is analyzed individually because the ran-
in temperature at a solar zenith angle of 4the CO col- dom noise is rather small due to the low resolution of the
umn changes by +2.14% and byl.96% due to changes instrument Harig, 2004). In the case of the lunar measure-
in the absorption by molecules and the air density, respecments, which have a smaller signal-to-noise ratios, the spec-
tively. The resulting effect on the retrieved CO column due tra are averaged over ten minute intervals.

to this change in temperature~i9.2%. Finally, both temper- The random error of a fixed time interval can be used to
ature effects cancel each other and the retrieved CO columnompare the precision of the measurement technique with
is rather independent of the temperature profile for the usedespect to others. To estimate the random error for the so-

spectral window. lar measurements, we evaluate the variability of the retrieved
. columns over a short time interval. A random error for a sin-
4.3 Errorinthe ILS gle measurement of 5% was estimated by the averaged dif-

) . . _ ference of consecutive measurements and the random error
The instrumental line shap.e (ILS) plays an important role infor an hourly mean#33 spectra) was 1.0%. This number
FTIR spectroscopy, especially with a moderate spectral resgorresponds to the average of all time intervals. In the time

olution of 0.5cnT™. Previous studies on a similar spectrom- jnterval of an hour, first a fitted straight line is subtracted and
eter have shown that the ILS results from a rather triangu+the standard error is then calculated.

lar and slightly asymmetric apodizatioHldrig et al, 2005

E. Flores-Jardines, personal communication, 2007). Soma&.5 Experimental evaluation of the retrieved CO

studies to optimize the retrieval-strategy and evaluate the er- column

ror related to the ILS have been done. However, the apodiza-

tion for the solar tracking mode is slightly different since the The precision is estimated from a series of measurements
sun slowly leaves the focus. The effective instrumental lineas in the previous section. This does not give insight into

shape and apodization function cannot be derived easily fronsources of errors, but it gives a reliable information about the

measurements within the laboratory. A former estimationtotal statistical error. The calculated total systematic errors
with a triangular apodization (see ACPD 9-11501, 2009) ledin the CO column consists of different particular addressed

too a slightly higher residual and higher CO columns thanerrors. All these errors are based on estimated variabili-
the retrieval strategy presented here, which uses a Boxcares and uncertainties. However, the error analysis from this
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4x10" with approximately equal amounts of CO was repeated every
minute during the sun-tracking phases. Figéaeshows, as
Vg 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 be-
tween retrieved and true column is not certainly linear for
a wide range. This control experiment proves the linear re-
sponse of the CO retrieval, shows no significant biases and
thus validates the current retrieval set-up.

The slope of the correlation plot in Figb should be
equivalent to the lowest layer averaging-kernel element. Nor-
mally, the averaging kernéd=dcol%?/ax5S, is calculated
using the same forward model as in the retrieval. In the de-
iy signed experiment, however, the forward simulation is done

0x10° . I . I . I . experimentally and therefore the forward model and the ILS
11:00 12:00 13:00 14:00 is evaluated. This experiment is limited by a) the estimation
time in the amount of injected CO b) the free volume in the tele-
4x10" scope housing, c) the mixing time in the telescope and d) the
rate of removal of CO through small holes.
1 (b) The error in a) is comparably low, as the volume is almost
cylindrical and the dead volume (mirrors or other compo-
3x10'* — R nents) is relatively small. The error sources b), c¢) and d)
.t 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 ILS-
error.

3x10" —

2x10"° —

1x10"° —

retrieved CO column (molecules/cm?)

2x10"° — .o

1x10" —

retrieved CO column (molecules/cm?)

0x10° T T T T T T T

0x10° 1x10" 2x10"° 3x10" 4x10"°

injected CO (molecules/cm?) 5 Results

Fig. 6. Evaluation experiment realized on 24 Ferbruary 2009 at theThe CO column was measured in Mexico City between Oc-
UNAM designed to test the measurement and retrieval performance@ber 2007 and February 2008 and the results are presented
(a) The retrieved CO column is plotted against time as pure CO wadn this section. The total column can change according to
injected into the closed telescope in constant time inter¢a)s.A  three main, independent mechanisms: 1) A regional variabil-
correlation plot between the measured and injected CO (5ml peity that can also be detected outside the urban area due to
injection). changes in global composition, annual variability or the in-
fluence from other sources such as biomass burning. 2) The
anthropogenic emission of CO within the metropolitan area,
bottom-up approach is not always complete or correct. Thewhich should present a diurnal pattern but might vary from
difference between two different ILS showed that this param-day to day. 3) The local and regional meteorological condi-
eter can lead to a 25% error. tions responsible for air flow patterns that affect the pollutant
To check if the CO column retrieval from solar spectra concentrations above the measurement site.
is overall a good result and to ensure that no important er- In the first part (Sect5.1), measurements that have been
ror sources are missing, an additional experiment was dondaken above the boundary layer are presented. These mea-
The cylindrical housing of the telescope was closed by a filmsurements were performed in order to gain more knowledge
that is transparent in the infrared and for a time period whenabout which part of the measured total columns belong to
the solar zenith angle did not change significantly, a largethe regional background levels and which can be attributed
amount of CO was injected into the closed cell. The injectionto the urban air within the mixing layer of Mexico City. In
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Fig. 7. CO column results at the high-altitude site in Altzomoni (19.42 98.65 W, 4010 ma.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 depictisCtife 864 molecules/crf

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 east of Mexico City a_md at 4010 m a.s.l._ From thgse spectra,
layer (Altzomoni remote site) during both campaigns. To avoid the the total CO column is obtained with a similar retrieval strat-

impact of pollution transport detected in the afternoons, only late€9Y as for spectra taken in Mexico City. Only the constraint

morning data were used (09:00-13:00 LT). was adapted to the assumption that Altzomoni is above the
mixing layer and an enhancement in the free troposphere
Altzomoni Column  Overallsun  mean sun Moon is well represented by a scaling of the a priori profile. A
(10*8 molecules/crf) (09:00-13:00LT) test shows that if in contrary to the presented profile-scaling-
2007 retrieval only the lowest two layers (1km) are allowed to
Minimum  0.71 0.71 0.79 freely adapt, the resulting columns are systematically 5%
Mean 0.81 0.83 0.90 lower.
ﬁJn?EeVr %‘(1):'4 %‘?iw %)64 The results of the measurements done between 29 Novem-
2008 ber and 2 December 2007 and 15-19 November 2008 are
Minimum  0.72 0.72 0.98 presented in Fig7. There were blue sky conditions during
Mean 0.84 0.85 1.13 the mornings with some clouds in the afternoons. At night
:Jr?ti/r %gfg %‘%‘4 2'367 the sky was typically clear, although the moon measurements
07/08 were sensitive to thin clouds and the available radiation was
Mean 0.83 0.84 1.01 limited. It can be observed that the CO column increases
STDEV ~ (£0.05) (:0.05) @0.07) slightly in the midday and early afternoon. This suggests that
number 2124 1249 54

the mixing layer rises above 2 km and that the urban pollu-
tion reaches the Altzomoni site. This is in agreement with a
recent study that presents the properties of gases and aerosols
at this same research si@gumgardner et gl2009. In that
Sect5.2 the daily means of 62 days during the measurementtudy, the anthropogenic influence detected particularly dur-
period are shown in order to identify patterns and possibleing the afternoons originated from all surrounding regions
differences between working days and weekends. Additionahnd not only when the wind came from the Mexico City area.
coincident information of the measured surface concentra- From the results presented in Figjand previous studies

tion of CO is used in Secb.4to study the diurnal patterns 4t this research site, one can assume that the Altzomoni
of column and ground-level CO and to reconstruct an effec-sjte is usually above the convective mixing layer before

tive mixing layer height, which is then compared with model noon. In Tables, the results from the average total columns

results. obtained both from lunar and solar measurements (be-
tween 09:00-13:00LT), are presented. The mean value of

5.1 Total CO column measurements above the (8.4+0.45)x 101" molecules/crhis in the expected range for
boundary layer this latitude and altitude which is based on other high altitude

CO measurements from NDACC stations in the Northern
Solar and lunar absorption spectra have been recorded at thiéemisphere as for example (Izana°28 2360 ma.s.l.,
high-altitude remote site of Altzomoni, located 60 km south Jungfraujoch 47N, 3580ma.s.l.,, Zugspitze 4HN,
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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.

X Table 4. Results from the retrieved CO column above Mexico
4E+018 | City: individual measurements and daily late morning means (9:00—
13:00LT).

Mexico  Sun Moon all weekday Sunday all
(10 molecules/crf) | daily mean (09:00-13:00)

Mean 2.86 2.08 2.82 2.75 2.04 2.63
STDEV 0.82 0.35 0.82 0.41 0.57 0.41
number 12179 651 12830 57 5 62

& 3E+018 4

X boflid X
x X e x
x  beflibeix

2Es0181 &

CO column (molec./cm2

1E+018 time periods, comprise 57 working days including Satur-

days. The mean column measured during the period was
(2.75+0.4)x 108 molecules/ctA.  The standard deviation
0—— ‘ ‘ ‘ ‘ ‘ ‘ (STDEV) within a working day was on average about 5%.
Mon Tue  Wed  Thu Fri Sat Sun We include Saturdays in the working days, as in recent time
the traffic conditions and the estimated CO emissions on Sat-
Fig. 9. Blue crosses: Same data as shown in 8igut sorted by day  yrday are similar to normal working day®ficial Inventory;
of the week. Mean column of a specific weekday (black squareshog. If the data collected on Saturdays are excluded from
and the corresponding STDEV (red bars). the data set, the average CO total column differs by only
0.4%.

2964 ma.s.l.) for this time of the yeaGardiner et al. , ,It IS eV|d.en.t from t,he_ data that, on days with ?f'
2007 Kramer 2006. A background lower limit of the ficient ventilation (em|ss_|ons are assumed to persist),
CO column (cogﬁz)=8.4x1017molecules/crﬁ correspond- the tota7l column apprgommates the background value of
ing to clear air in the region above 4km altitude is used 8.4x10* m(_)IecuI_es/_c - The total CO column amoun_t
as reference for future analysis and is expected to have gbov_e_Mexwo City is thus strongly dependent on the V.qu
variability smaller than 20%. poqdlthn, as can be seen from the large day—to—dgy varla_b|l—
ity in Fig. 8. This has also been observed in a time series
5.2 Day to day variations of the CO columns within ~ recorded in MoscowHokeeva et al 2008.
Mexico City Data was also collected on 5 Sundays during the mea-
surement period. The average total column was found to be
The daily CO columns measured at the UNAM site (2.04:0.57)x 10 molecules/crh, which is 26% lower than
in Mexico City from October 2007 to February 2008 the average of the working days. In Figthe data is pre-
are presented in Fig8. The data, expressed as sented according to the day of the week. Here the effect that
daily mean values recorded during the 09:00-13:00LTreduced emissions have on the total columns is clearly seen.
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The values measured are consistent with CO total col-
umn values reported previously in the region. During 2003,
total columns of (2-5) 10'® molecules/crh were measured
near downtown Mexico Cityde Foy et al.2007) and dur-
ing the MILAGRO field campaign in 2006, a mean value of
(1.74x 108 molecules/crf) was measured at the T1 research
site (Tecamac), located 50 km north east outside of Mex-
ico 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 ma.s.l.). A
mean column of3.5x 108 molecules/crh (Fokeeva et a).
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.

CO column

5.3 Diurnal and nocturnal behaviour of the CO column

MLH (m)
(reconstructed)

As the measurements are taken in a megacity, a strong lo-
cal source of CO, the columns change according to emis-

sions and horizontal transport. The sinks and sources due
to chemical processes are comparably small and can be ne-
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glected, 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 F9- 10. Top: Example day (25 February 2008) showing the CO col-

growth of the column while in average the horizontal trans- umn 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
port through ventilation keeps a balance, so that both part‘?ﬁearest RAMA stations. Bottom: The reconstructed effective mix-

are important in the actual CO CP'“”‘” above the city. S,'r,‘ceing layer height (blue) is presented with error bars calculated as
the column amount of fresh CO is extended over the mixingyescribed in Seck.4.2
layer, the surface wind speed together with a surface CO gra-

dient do not provide sufficient information to calculate the

I(_)ss through tran_sportation. A longer time S(_aries and addi- Thjs typical behaviour of a decreasing CO column dur-
tional meteorological data are needed to portion the CO coling the early night — early morning can be observed in Figs.
umn growth rate in the fresh emission and the transportationg 1 and 12 for different days documenting at which time the
However, the distribution of the wind speed and its corre-night jet cleans up the air pollution in the MCMA. This in-
lation with the total column of CO shows that there are differ- formation is relevant for simulating the air quality since if
ent phases during a day when the horizontal ventilation plays, chemistry transport model was to underestimate the effect
a major or minor role. The hourly mean wind speed values,of a cleaning night jet, it would overestimate the CO sur-
taken from the PEMBU networkh{tp://pembu.unam.mk/  face concentration like it is shown in the recent workTaf
were linearly interpolated to reach coincidence to the timegt al.(2009. In this case, it would also overestimate the to-
when the CO column measurement was taken. The averg| column amount of CO, however, if the CO column would
age wind speeds in the mornings between 09:00-13:00 L. Tpe reproduced correctly by the model it would be an indica-
is small (average for all measurements 0.48@8m/s)and  tion that only the vertical distribution of CO is wrong and the
no significant correlation K°=0.02) with the CO column  yertical transport of the model has a bias. This would be re-
was observed. During this time, vertical transport and freshflected by a wrong mixing layer height, as it is suggested by
emissions dominate vertical distribution and growth of the Tje et al.(2009.
CO column. In the early afternoon (13:00-16:00LT) and  pying the morning between 09:00 and 13:00 LT the CO
even stronger in the late afternoon until the evening (16:00+4n5n0rt is dominated by the vertical transportation and de-
22.09 LT), the CO column show; a clezar dependence on th%ek)pment of the MLH. Here the wind speed has an rather
ventilation. The correlation coefficie®t” between the CO- ¢4 average of (040.3) m/s. The high STDEV of the
column and surface wind speed reaches a value of 0.4 whicl};n g speed and the low correlation coefficig?=0.02 indi-
is rather high considering that the wind speed is measured e that it is not possible to directly obtain dilution factors.

at the surface and the column dilution depends also on thg, s time the CO column growth-rate differs only slightly
horizontal gradient of CO and the actual mixing layer heights.om the CO surface emission so that the average of the

(MLH). growth-rates after a classification by the wind patterns, days
of the week and filtering with other meteorological parameter
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Fig. 11. CO column at the UNAM site during October 2007 re- Fi9- 12.Same as Figl1, but for January 2008.
trieved from solar spectra in red and from lunar spectra in black.

The solid line represents the background CO column (F)g.

The estimated effective MLH (blue) is reconstructed from a modelmixmg '_[ime and _the relatively long lifetime of _CO' Even if
which assumes a single layer. 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
might allow for a top-down estimation of the emission. As columns of nitrous oxide (pD), methane (Chk) and hydro-
there exist various wind patterns and the emission estimatiogen fluoride (HF) have been separated by retrieving an effec-
has to be done individually for each day of the week, the dataive tropopause height from ground-based solar absorption
base of 62 days is too small to investigate emission trends andpectra $tremme 2007 and the tropospheric nitrogen diox-

is the aim of ongoing work. ide (NO) column can be derivedSissmann et al2005
from a combination of space-borne and ground-based col-
5.4 MLH estimation umn retrievals.

The total CO column (c§™) can be written as the sum of

Especially for Mexico City, the convective mixing layer two parts as expressed in EG),(

height and its dynamics plays a key role in air quality. The in
situ measurements of the CO surface concentrations Sshow @ ey
completely different diurnal behaviour than the CO column, Colgo Z/
as shown in the example presented in Hig. Even though
surface concentrations and column measurements are dep X -~ )
dent on wind conditions and changes in emissions, both aré/ MRco iS the volume mixing ratio of Coltpa_"(z) repre-
different quantities and a direct comparison is not possi-S€Nts the air density for the altitudend cofy® is the back-
ble without knowledge of the vertical structure of the atmo- ground column of CO._The part above the MLH is est|.-
sphere. In the mornings, a convective mixing layer is formedma;ﬁzd from the 7Iower limit value measured at Altzomonl,
and CO accumulates near the surface when the highest in siftP'co ~0-84x 10t molgcules/crﬁ, and the air density profile
concentration is measured. The MLH, driven by solar heatS Provided by the daily radiosonde measurements. For de-
ing (Whiteman et a.2000, grows and the CO concentration termining a representative surface concentration around the

decreases at the surface, regardless if the total CO columhiNAM site, the average of the surface CO VMR (hourly
stays constant or increases on a typical day. mean) of the 5 nearest monitoring stations (PLA, PED, TAX,

SUR, UlZ, see Figl) was calculated and to obtain a coin-
5.4.1 MLH reconstruction cident VMR, value, the CO surface volume mixing ratios
are linearly interpolated to the times of the column measure-
If the convective mixing layer is well defined, the vertical ments. The inversion of Eq3)to get Zy.H is done by an
CO-profile consists of two parts. The “normal” clean air IDL program for each column measurement.
CO profile above the mixing layer and a part with a nearly Because CO is used in this case as a tracer for the MLH
constant volume mixing ratio of CO (VMR) between sur-  (similar to Halland et al. 2008, the reconstruction works
face and upper boundary of the mixing lay&gm . The better during times of high pollution. The resulting time se-
assumption of a homogeneous mixing within the layer is theries for 2y are shown in Figsl0-13. The retrieved MLH
simplest approximation, but is also motivated by the shortis independent of the CO concentration and the CO surface

Z
VMR ¢o- pair(z)dz + cORZ, (3)
MLHg

eW_here ZiH is the location of the MLH above surface,

Atmos. Chem. Phys., 9, 8068678 2009 www.atmos-chem-phys.net/9/8061/2009/



W. Stremme et al.: Total column of carbon monoxide above Mexico City 8073

Wind dependent dilution of the CO column.

Time Wind speed Number  Correl. Wind dependence
LT Mean STDEV R2  Offset Slope
h m/s m/s cm?  cm2/(m/s)

09:00-13:00 0.42 0.32 5148 0.02 2.9E18 -3.3E17
13:00-16:00 0.96 0.65 3550 0.29 3.6E18 -6.9E17
16:00-22:00 0.97 0.88 1433 0.40 3.4E18 -6.7E17
22:00-09:00 0.02 0.07 908 0.00 2.2E18 2.1E17

1. The coexistence of two or more different layers in the
boundary layer — also reported from measurements on
other locations\(Viegner 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 estimateg4y in the afternoon.

3. The air near the surface might be clean at times, but a
polluted CO residual layer may be present above. Anin-
homogeneity like that would result in an over-estimated

R L e B R height Zy.q and could be a typical case during night
0 4 8 12 16 20 24 i i
Local ime (Hour) time, for example on 25 February, FitQ.
“5% 1000 W When applying the MLH retrieval during different seasons
ks 5 100 of the year, the annual variability of the CO background in
Eg 10 the free troposphere has to be taken into account. This was
2e probably not necessary for the interval of the current study.

The annual cycle of the CO column has not yet been studied

Fig. 13. All MLH values (black dots) reconstructed from the co or Mexico City and surroundings, but it might be somewnhat
measurements as a function of time of the day (15 October 2007 t4€SS than the amplitude of 3E17 moleculeslameasured at
29 February 2008 at the UNAM site). The blue squares and barghe Izana station (28N) (Kramer, 200§. The relative an-
correspond to the averages and STDEV for the hours with morenual cycle with maxima during the spring and minima dur-
than 100 measurements. The blue line follows the hourly averageing the autumn for this region, can be estimated from the

including those times with 10 measurements or more, as gathereNMOPIIT v.3 data NCAR MOPITT, 2008.
from the statistical chart in the bottom.

5.4.2 Error and sensitivity of the retrieved MLH
emissions (even if it is based only on CO measurements
and should therefore not show a weekly pattern. The recon
structed MLH and its typical diurnal cycle shown in Figis

!FWO independent CO measurements are used to retrieve
MLH, which is expected to have similar values like the me-

consistent with results of other instruments characterizing thd€0rological quantity, planetary boundary height. For a inter-
vertical structure of the boundary laye8Haw et al. 2007) pretation of its diurnal cycle and a comparison with model

and model-based studieBast and Zhongl998 Whiteman results, Sect5.4.3 the sensitivity of the reconstructed MLH
et al, 2000). to errors in the input parameters (surface and column CO

‘measurements) is evaluated.

The presented calculation of the MLH uses daily temper-
ature and pressure profiles. Alternatively, an exponential-
decreasing air density could be used to solve Bpagalyti-

The same connection between MLH, column measure
ments and surface concentration in the Mexico City region
has also been observed using Neédlumns Melamed et al.

2009. But especially in the afternoon and during the night S - .
time, the assumption of a well defined single mixing Iayerca"y' However, to get an insight in the sensitivity and possi-

might not be valid and further investigation is necessary,ble errors in the retrieved MLH, the air density is assumed to

Fig. 10. In such cases, the retrieved MLH has to be discusse®® constar;t in Eq3), which leads to an underestimation of
more carefully since the following scenarios might be possi-2round 10% at 2km MLH. The equation can then be solved
ble: for MLH in the following manner:
kT colyex—COlgitz
MLH~~—. SOMEX— Okl
VMR
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%[5,3x 10_16m-ppm] Acol (4) variability is found, as can be seen in Fida and a good
cm-2 JVMR correlation is obtained in some days, as shown in Edp.

The dependence of MLH on the errors due to column mea+or lower MLHs, the higher values of the model than the

surements results in reconstructed MLH show the existence of a bias either in the

9MLH _emppmy 1 Model or in the FTIR -reconstruction.

SAcol " [5~3>< 10 W] VMR 5) For a quantitative comparison, only measurements be-

, i tween 08:00 an 16:00LT are considered and when the sur-
and its dependence on the surface concentration measurgs.q \ind speed is below 1.2 m/s. Both selection criteria to-
ments in gether with the current retrieval version result in a correlation

dMLH 16m'ppm] Acol ©) of R%2=0.58 (see Fig13c). The original correlation when
dAVMR cm2 1 yMR2’ all data was considered (ACPD manuscript, no filtering) was

A typical error of 5% in the column measurement, R?=0.37. Although the slope in the fit is close to unity, the
motivated through its precision (Sect.d), results in average MLH from the model is higher and can be described

5col=1.4x 1017 molecuels/crh and for the surface measure- DY @ Systematic offset of 525m , E§).

ments, we ge6VMR=0.0611ppm if an error of the same | H 0 4e—0.99xMLH£1ir—525m ®)
magnitude (5%) is assumed. These constant errors show that

the resulting error in the calculated MLH has a systematic5.4.4 Impact of the CO residual layer on the MLH
variation which is dependent on the atmospheric state and reconstruction

changes throughout the day.

~ [5.3><10*

Theoretically, it could be assumed that a residual layer con-
taining CO could exist which would produce the bias in the
reconstructed MLH. In this case the model in S&ct.1and
specifically Eq:3 could be extended by separating the freshly
The calculated errorsfj ;) is larger during the night, emitted CO from a older layer of CO in the boundary layer.

when the surface concentrations are Usua”y low. SmalleITO get a better insight, the S|mp||f|ed approximation for the
errors result when both column and surface CO values ar@econstruction of the MLH in Eqtis used for the extension,
larger, as is the case during the morning and early afternooiyhich results in the following expression, where gghnd

(see Figs10, 11and12). The presented error analysis of the VMR esare CO column and VMR of the residual layer:
MLH-retrieval confirms independently, that the comparison

aMLH aMLH
stot =\/ ——.scol)2 SVMR)2 7
MLH (8Acol ) +(8VMR ) (7)

p  Acol—cOles

and discussion of the MLH should be restricted to the timespmLHA~-—. ——— """ 9)
between 08:00-16:00 LT, when also the convective layer is kT VMR—VMR es
well defined, as mentioned in Sebt4. As in the error analysis, we evaluate the dependence of the

o _ _ two unknown quantities cpk and VMRes If we assume
5.4.3 Mixing layer height comparison: FTIR vs. model  that the NARR model reports the correct MLH, the expres-
sion can be used to portion the amount of fresh and old CO

In Fig. 13 we _present a comparison of the_retrieved_ MLH \yith the assumption that the residual layer of CO (VMR
(Sect.5.4.1) with that from the North American Regional colre) remains constant over the time period.

Reanalysis (NARR) during the measurement period (NCEP,

20081). The data from this operational model is available in mih=L_. 1 Acol COlres (10)
3h snappshots and has a comparably high resolution since f ~ kT \vmr vmr2 / \ VMR es

uses the NCEP Eta model (32 km/45 layer) together with the Equation10is mathematically ill posed and can be solved

Regional Data Assimilation System (RDAS), so that thereby a least-square fit. The solution of EI gives the value

are 3 grid points within the basin and the nearest grid-point .
. o for the surface background concentration VMRO0.33 ppm
of the model is at 19.38N and 99.215W, which is centered _ 97 . bp
: . . and coje=—0.15x 10" molecules/cr. Since caks has to
10km from the measurement site. A direct comparison of )
. ! : . . be seen as correction to the measured background value of
the retrieved MLH with data from the daily radiosonde is not _ 7 . .
. i 0latz=8.4x 101" molecules/crf, it can also be negative.
very useful because these are launched at 06:00 and 18:00 LT, ) .

. . In Fig. 14d, the correlation between the MLH from the
that is when we have the lowest measurement density. The .
. : . . o . model and the reconstructed MLH from this extended model
information of the radiosondes is however assimilated in the

NARR model and therefore used indirectly in this compari- - presented (MLihode0.87MLHFrir—35m). With the
son assumption of a constant residual layer the coefficient of cor-

. . . 2_ _
All model data are interpolated linearly to the time of the relation is improved ta®"=0.63. If the MLH of the NCEP

measurements. Similar mean values and ranges of the MLI—IYIOdel is valid for Mexico City, the result above suggests that
) generally, the CO concentration within the boundary layer

1pata available at: http://wwwt.emc.ncep.noaa.gov/mmb/ can be portioned in a fresh CO with a high variability and a
rreanl/index.html near-constant background level of about 0.33 ppm.
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Fig. 14. (a)Same as Figl3 but showing model-derived MLH (NCEP, 2008tp://wwwt.emc.ncep.noaa.gov/mmb/rreanl/index. htasl a
function of time of the day and interpolated to the measurement titbp®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 sp&etfsm/s and
retrieved MLH values<4000 m. (d) Same agc) but assuming a CO residual concentration of 0.33 ppm according to the extended model
described in Secb.4.4

6 Conclusions working days (2.7%0.41x10®molecules/crf).  The
clearly observed weekly and diurnal patterns proves that
In this work, the column densities of carbon monoxide in it is possible to gain new information about the anthro-
Mexico City are reported and their diurnal and daily pat- pogenic emissions from the column measurements. A typical
terns are presented. The total CO columns have been résackground CO column of (8440.5)x 10*8 molecules/crh
trieved from solar and lunar infrared spectra measured with avas estimated for the period from measurements carried
low-cost instrumental set-up, which consists of a moderate-out at the remote, high-altitude research site of Altzomoni
resolution FTIR spectrometer and a simple scanning device(4010 m a.s.l. 60 km south-east of Mexico City). This back-
The quantitative analysis used is described here and the moground value was used to estimate which part of the column
important error sources are evaluated. The results demormeasured in Mexico City is not part of the pollution within
strate that this experimental set-up can provide reliable inthe mixing layer.
formation on the absolute column of CO and most relevant The high measurement frequency allowed for the inves-
for this study, it can successfully follow its evolution during tigation of diurnal and nocturnal behaviour. The diurnal
the day. Also, the CO columns are measured for the firsichange of the CO column and its surface concentration do
time in a megacity during the night using lunar absorption not correlate but they can complement each other and pro-
spectroscopy. vide extra information about the vertical dispersion of CO.
Using an initial data set of 62 days during the winter The mixing layer height (MLH) was reconstructed from the
2007/2008, a significant difference is seen in the CO columnCO column and surface concentration measurements. The
between Sundays (2.84.57x10*®¥molecules/cr) and diurnal cycle of the reconstructed MLH shows the typical
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boundary layer behaviour (growth between 09:00-13:00 LT),de Foy, B., Lei, W., Zavala, M., Volkamer, R., Samuelsson, J., Mel-
which is a behaviour well known based on model studies and lqvist, J., Galle, B., Maitez, A.-P., Grutter, M., Retama, A., and
measurements from other instruments. The reconstruction, Molina, L. T.: Modelling constraints on the emission inventory
which is not valid for all times of the day, seems to work ~ and on vertical dispersion for CO and 5@ the Mexico City
well when a single convective layer is present. Metropolitan Area using Solar FTIR and zenith sky UV spec-

The ability to reproduce under special conditions the tros?opy, Atmos. Chem. Phys., 7, 781-801, 2007,

. S http://www.atmos-chem-phys.net/7/781/2Q07/

MLH evolution from only CO measurements, which is in

} i . Dils, B., De Mazere, M., Miller, J. F., Blumenstock, T., Buchwitz,
essence independent of the pollution levels and the emis- \; 4e Beek R.. Demoulin. P.. Duchatelet. P.. Fast. H.. Franken-

sion patterns in the city, opens the possibility for a top-down  perg, ¢, Gloudemans, A., Griffith, D., Jones, N., Kerzenmacher,
estimation of the CO emissions to be performed based on T, Kramer, I., Mahieu, E., Mellqvist, J., Mittermeier, R. L.,
ground-based remote sensing measurements. Attempts to Notholt, J., Rinsland, C. P., Schrijver, H., Smale, D., Strandberg,
pursue this objective will be sought with a larger measure- A., Straume, A. G., Stremme, W., Strong, K., Sussmann, R., Tay-
ment period and additional observations so that the vertical lor, J., van den Broek, M., Velazco, V., Wagner, T., Warneke, T.,
structure and dynamics of the atmosphere can be better char- Wiacek, A., and Wood, S.: Comparisons between SCIAMACHY
acterized. Also, this work shows the feasibility for using total ~ @nd ground-based FTIR data for total columns of CO4QED,
CO measurements at this sub-tropical location for the valida- 2nd O, Atmos. Chem. Phys., 6, 19531976, 2006,
. o . http://www.atmos-chem-phys.net/6/1953/2006/
tion of NADIR sounders. This simple experimental approach .

. . M Echle, G., von Clarmann, T., Dudhia, A., Flaud, J.-M., Funke, B.,
f:ould be d_eployed in emerging megacities in oth_er develop- Glatthor, N., Kerridge, B., bpez-Puertas, M., Mdrt-Torres,
ing countries so that comparisons between the different pop- ¢ ; "ang stiller, G. P.: Optimized Spectral Microwindows for
ulated cities, emissions from top-down estimations and for pata Analysis of the Michelson Interferometer for Passive Atmo-
wider satellite validations can be realized. spheric Sounding on the Environmental Satellite, Appl. Optics,

39, 5531-5540, 2000.
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