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Abstract. Carbon monoxide (CO) is an important atmo- surements of its spatial pattern and time evolution is required
spheric constituent affecting air quality and climate. SCIA- for example for air quality monitoring and forecasting appli-
MACHY on ENVISAT is currently the only satellite instru- cations.

ment that can measure the vertical column of CO with nearly SCIAMACHY (Bovensmann et 311999, because of its
equal sensitivity at all altitudes down to the Earth’s surfacenear-infrared nadir observations, is the first and currently
because of its near-infrared nadir observations of reflecte@nly satellite instrument that can measure CO columns with
solar radiation. Here we present three years’ (2003—2005hearly equal sensitivity at all altitude levels including the
of SCIAMACHY CO columns consistently retrieved with boundary layer. This is demonstrated by SCIAMACHY’s
the latest version of our retrieval algorithm (WFMDv0.6). CO column averaging kernelBigchwitz et al, 2004 which

We describe the retrieval method and discuss the multi-yeaare close to unity throughout the troposphere. The physi-
global CO data set focusing on a comparison with the opercal reason why SCIAMACHY has nearly equal sensitivity
ational CO column data product of MOPITT. We found rea- at all altitudes is that SCIAMACHY observes solar radia-
sonable to good agreementZ0%) with MOPITT, with the  tion which has been reflected at the Earth’s surface combined
best agreement for 2004. We present detailed results for vamwith the fact that the spectral region used for CO column re-
ious regions (Europe, Middle East, India, China) and discusgrieval is relatively transparent. The reflected solar radiation
to what extent enhanced levels of CO can be detected ovaneasured by SCIAMACHY has therefore passed the entire
populated areas including individual cities. The expected CCatmosphere down to the Earth’s surface.

signal from cities is close to or even below the detection limit  Accurate CO column retrieval from SCIAMACHY is

of individual measurements. We show that cities can be idenhowever not trivial, because the CO lines are weak and su-
tified when averaging long time series. perimposed by much stronger absorption lines of water vapor
and methane, because of an ice layer that grows on the detec-
tor, and because of an increasing number of bad or dead de-
tector pixels Gloudemans et al2005. Several groups have
developed retrieval algorithms for CO from SCIAMACHY
and the results have been published in recent papersh¢

1 Introduction

Air pollutlt_)n resulting from fossil fue_l combustion has bg- Witz et al, 2004 2005 2006 Frankenberg et al2005 de
come an important problem, especially for countries with

an increasing energy demand and inherent fuel consumptiol‘aalt et al, 200§ Gloudemans et 312009. Here we present

; . . ORbr the first time three years (2003—-2005) of consistently re-
such as China. C_arbon !“‘?”OX'de (CO) contrllbutes o Alrieved SCIAMACHY CO columns and discuss the ability of
pollution because it is toxic in large concentrations, acts a:

X > 335CIAMACHY to detect enhanced levels of CO correspond-
a pre-curser to tropospheric ozone and — because CO is the . ) S .
leading sink of the hydroxyl radical (OH) — largely deter- Ing to highly populated areas including individual cities. To

mines the self-cleansing efficiency of the troposphere (seeassess the quality of our data product we present a compari-

. ; : son with MOPITT using the operational CO vertical column
e.g.,.Ber.gamascr_u et a!ZOOQ and references given therein). data product of MOPITT. The SCIAMACHY CO columns
CO is highly variable in space and time and accurate MeAyiscussed here were retrieved using the scientific retrieval al-

Correspondence tayl. Buchwitz gorithm WFM-DOAS version 0.6 (WFMDvO.6).
(michael.buchwitz@iup.physik.uni-bremen.de)

Published by Copernicus Publications on behalf of the European Geosciences Union.



2400 M. Buchwitz et al.. SCIAMACHY carbon monoxide

WFMDv0.6 is similar to (but not identical with) exceptions which are relevant for CO retrieval, namely the
WFMDvO0.5 which has been used to retrieve CO for the yearchannel 8 ice layer issue and the increasing number of bad
2003 Buchwitz et al, 2006§. The WFMDvO0.5 year 2003 and dead detector pixel&loudemans et 32005 (more de-
data set has been validated by comparison with a global netails are given below).
work of ground-based Fourier Transform Infra Red (FTIR)
stations Dils et al, 20063 and it was found that agreement ] ]
is typically within 10-20%. Recently a first comparison of 3 Retrieval algorithm WFM-DOAS

the WFMDvO0.6 CO has b formeil§ et al, 2006 I . . . . .
© M as been performeldiie et a b a’he Weighting Function Modified Differential Optical Ab-

using seven European FTIR stations for the years 2003 an . . ;
2004. In that study it has been found that the average gifSorption Spectroscopy (WFM-DOAS) retrieval algorithm has

ference between SCIAMACHY and FTIR CO is about 10% réady been described in detail elsewh&@acpwitz et al,

for 2003 and about 1% for 2004. The positive bias of SCIA- 2000k 2_004 2_006' Here wegvea short Overview of WFM-
MACHY CO for 2003 and the much lower bias for 2004 is DOAS mcludmg a d|scu_55|on of the_ main differences be-
consistent with the results presented here based on a compa{wee_n the previous version 0.Bychwitz et al, 2009 and .
ison with MOPITT. The standard deviation of the difference V€SN _0'6 Wh'Ch has been used to generate the data set dis-
between SCIAMACHY and FTIR CO is about 20% for both C“\j\f{f&'gg‘fsp?‘peri o based !
years. This roughly corresponds to the SCIAMACHY CO § IS & east.square.s metho ased on scaling
retrieval precision for the spectral fitting window used for pre-selected V"'-‘”'C"%' profiles (a single CO profile is used fo_r
WFMDVO0.6 CO retrievals (the instrument noise related errorWFMDVO'G)' The fit parameters for thg trace gases are di-
is about 10% if the entire CO band is used: for WFMDVO.6 rectly the vertical columns. The logarithm of a linearized

however not all lines covered by SCIAMACHY are used) radiative transfer model plus a low-order polynomial is fit-
The correlation coefficient of the SCIAMACHY and the. ted to the logarithm of the ratio of a measured nadir radiance

FTIR CO is about 0.8 also indicating good agreement of theand solar irradiance spectrum, i.e., observed sun-normalized

SCIAMACHY WEMDVO0.6 CO columns with the ETIR mea- radiance. The least-squares WFM-DOAS equation can be
surements. written as follows (the fit parameters are underlined):
In order to generate a consistent multi-year data set the 2
WFMDVO0.5 algorithm had to be adjusted mainly in or- [In 7% —In 1™°%V) ” = |RES|? — min, (1)
der to take into account the increasing number of bad and
dead detector pixels but also to consider updates of speawvhere the linearized radiative transfer model is given by
troscopic line parameters and the availability of new SCIA-
MACHY spectra with improved calibration (details are given

in Sect. 3). In "°%V) = In 1"%V) 2
The paper is organized as follows: after a short overview 9In ymod R _

about the SCIAMACHY instrument and the retrieval method + W x (Vj = Vj) + Pi(am).

the CO measurements are presented and discussed in detalil. j=1 / v

The discussion focuses on a quantitative comparison with

MOPITT and on regional results. Indexi refers to the center wavelengthof detector pixel

numberi. The components of vectoh, denotedV;, are

the vertical columns of all trace gases which have absorp-
2  The SCIAMACHY instrument tion lines in the selected spectral fitting window (here: CO,

CHa, and RO). The fit parameters are the desired trace gas
SCIAMACHY (Bovensmann et 311999 is a spectrome- vertical columnsV; and the polynomial coefficients,. An
ter aboard the European environmental satellite ENVISATadditional fit parameter also used (but omitted in Egs. (1)
which measures reflected, scattered and transmitted solar rand (2)) is the shift (in Kelvin) of a pre-selected tempera-
diation in the spectral region 214-2380 nm at moderate spedure profile. This fit parameter has been added in order to
tral resolution (0.2—1.6 nm). On the Earth’s day side SCIA-take the temperature dependence of the trace gas absorption
MACHY mainly performs a sequence of alternating nadir cross-sections into account. The fit parameter values are de-
and limb observations (each lasting about one minute). Foiermined by minimizing (in least-squares sense) the differ-
this paper only the nadir measurements (and the solar obence between observation (Ifi*$ and WFM-DOAS model
servations) are relevant and only channel 8 which covers thé¢ln Il.m"d), i.e., fit residuum RES for all spectral points,;
spectral region 2265-2380 nm with a spectral resolution ofsimultaneously. A derivative, or weighting function, with re-
about 0.24 nm. The horizontal resolution of the nadir mea-spect to a vertical column refers to the change of the top-of-
surements depends on orbital position and spectral intervadtmosphere radiance caused by a change (here: scaling) of
but for CO is typically 120 km across track times 30 km along a pre-selected trace gas vertical profile. Because water va-
track. SCIAMACHY performs very well with two major por is highly variable and the water vapor absorption lines
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g 0.05 Fig. 2. Dependence of the retrieved CO column on the choice of the
7 005 Bad and Dead detector Pixel Mask (BDPM). CO columns have been
3 o1sP , j retrieved from orbit 8663 from 27 October 2003 using four differ-
= 22| 80te+22molec/om’ +/-18.0% ent BDPMs, namely the pixel mask used for WFMDVO0.6 and three

2326 2328 2330 2332 2334 other pixel masks generated by SRON (see main text), valid for De-
Fit Residuum (relative difference measurement - model) cember 2003, December 2004, and December 2005. Shown is the
= difference between the average CO in 10 degrees latitude bands rel-

% ative to the CO column retrieved using the WFMDVO.6 pixel mask.
pe) As can be seen, the choice of the BDPM has a significant impact on
& -0.08L the retrieved CO column.

2326 2328 2330 2332 2334
Wavelength [nm]

witz et al, 20003 for assumed (e.g., climatological) “mean”
Fig. 1. Example of a WFM-DOAS CO fit for a scene with sig-  columnsV. Multiple scattering is fully taken into account.
n|f|_cantly elevated CO due to biomass bunjlng over Mozamblque,-l—he least-squares problem (Egs. 1 and 2) can also be ex-
Africa, measured on 27 October 2003 (Or.b't 8663). The top panel ressed in the following vector/matrix notation: Minimize
shows the measured sun-normalized radiance (black symbols) al 2 . L T
the fitted WFM-DOAS linearized radiative transfer model (red line). Ty—AXI| W't? re_slp)gct tox. The solutlon. 'SXZCXA_ }/
The bottom panel shows the (total) fit residuum, i.e., the relative dit- WereCx=(A"A)"" is the covariance matrix of solution

ference between the measurement and the WFM-DOAS model aftef N€ errors of the retrieved Columns‘;j, are estimated as

the fit. The root mean square (RMS) relative difference between th . _\/ - N
measurement and the model is 0.0127, corresponding to a diffeﬁO”OWS' oy, = (Cx)jjx Zi RESZ/(m_n)’ where (Cx)

ence of 1.27%. The second panel shows details of the CO fit. Thds the j-th diagonal element of the covariance matrixjs
red line is the scaled CO weighting function, i.e., the scaled deriva-the number of spectral points in the fitting window ands
tive of the sun-normalized radiance with respect to a change of theahe number of linear fit parameters (RES the spectral fit
CO column (see Egs. 1 and 2). The scaling factor is the retrievedesiduum, see Eqgs. 1 and 2). Figure 1 illustrates all this by
CO column. The symbols denote the CO fit residuum which is de-showing a WFM-DOAS example fit.
f!ned as the scaled C.:O weighting function (red cu_rve) plus the total Version 0.6 differs from version 0.5 in several aspects: (i)
fit residuum (shown in the bottom panel). The retrieved CO column . o .

use of a slightly smaller spectral fitting window (2324.4—

is 3.8210'8 molecules/crh +20%. The green vertical lines indi- . . . .
cate the spectral position of the detector pixels not classified bad 02335'0 nm) covering four CO lines; see Fig. 1 which shows

dead by the Bad and Dead detector Pixel Mask (BDPM) used ford WFMDV0.6 example fit, (i) an optimized so called bad
WFMDVO0.6. The following two panels are similar as the second and dead detector pixel mask that defines the to be excluded

panel, but show details of the methane and water vapor spectral fitdetector pixels for the time period 2003—-2005 (details are
given below), (iii) use of better calibrated spectra (Level 1

version 5 instead of version 4) with nominal calibration (for
are relatively strong, WFM-DOAS has been implemented WFMDvO0.5 we had to improve the dark signal correction but
as an iterative scheme with respect to the water vapor verthis is not needed any more for Level 1 version 5), (iv) use of
tical column fit. The WFM-DOAS reference spectra are the Hitran 2004 Rothman et aJ.2005 line parameters instead
logarithm of the sun-normalized radiance and its derivatives.of Hitran 2000/2001Rothman et a.2003, (v) slight mod-
They are computed with a radiative transfer mod&ilch- ification of the quality flag that defines a good measurement
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Carbon monoxide SCIAMACHY 26-Oct-2003 CO columns SCIAMACHY [WFMDVO. 6]

T
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Fig. 3. Single overpass CO columns as measured by SCIAMACHY
on 26 October 2003 over Southern California, USA. The flight di-
rection of ENVISAT is from north(-east) to south(-west). Only the
SCIAMACHY ground pixels which were (automatically) classified
good by the WFMDVO0.6 retrieval algorithm are shown. As can be
seen, all of the measurements over water are classified bad for this
scene (there are also some gaps over land mostly due to clou
which are identified using the simultaneously retrieved methane
columns). Shown is a nearly rectangular block (one state) of nadir
measurements which corresponds to about one minute of measure
ments (the gaps before (towards top right) and after (towards bot-g
tom left) are due to the limb observations). Each (nearly east to g
west) scan line consists of eight ground pixels each covering anF24e[s[5)
area of about 30 km along track times 120 km across track. The CO
measurements are plotted on top of a MODIS/Terra reflectivity map CO column [10"° molec./om’]

from measurements of the same day which shows extended smok 130 157 185 212 240 267 295 322 350
plumes originating from fires located for example near San Diego

(indicated by the most southward located red square). As can bﬁg_ 4. Yearly averages of the SCIAMACHY WFMDVO0.6 CO col-
seen, the highest CO columns are measured near San Diego clogénn data product. All data for which the WEMDVO0.6 quality flag
to the fires. The MODIS image has been obtained from earthobserqyhich is part of the data product) indicates a successful measure-
vatory.nasa.gov. ment have been averaged.

(e.g., the root-mean-square (RMS) of the fit residuum has tqo additional bad and dead pixels in 2004 and 2005. There
be better than 0.02 for WFMDvV0.6 compared to 0.025 for gre basically two options to deal with this (i) use of time
WFMDVO.5). dependent pixel masks (e.g., the ones generated at SRON
The main difference compared to WFMDVO0.5 is the use ofavailable fromhttp://www.sron.nlfrienk/updatesronserver/
a different Bad and Dead detector Pixel Mask (BDPM). Note BDPMs/DataBase/SelectedMasks.phgy (ii) use of a static
that for this study no distinction is made between a dead depixel mask optimized for the time period of interest (here:
tector pixel (which shows no or very low response or has a2003—-2005). We have investigated both options and decided
very high dark signal) and a bad detector pixel (which showsto use the latter approach. We have found that the retrieved
reponse but has quite high dark signal). For this study a de€O column depends significantly on which detector pixels
tector pixel is either classified useful or not useful, i.e., deadare considered in the fit and which are not, i.e., on the pixel
or bad. The BDPM is a binary mask which defines for eachmask. This is illustrated in Fig. 2. This shows that a time
detector pixel if itis useful, i.e., if it will be considered for re- dependence of the retrieved CO columns is introduced by
trieval or not. For channel 8 (SCIAMACHY's only CO chan- using a time dependent pixel mask. In order to avoid (or
nel) it has been found that the number of bad and dead pixat least to minimize) this we defined a static pixel mask by
els increases on average nearly linearly with time (see welanalyzing fit residuals of measurements covering the 2003—
page of SRONhttp://www.sron.nl. Processing year 2004 2005 time period. The WFMDvO0.6 pixel mask which re-
and 2005 spectra with the pixel mask which had been usedulted from this exercise is identical (as much as possible)
for year 2003 WFMDVO0.5 processing was not possible duewith the WFMDvVO0.5 pixel mask except that several pixels

Atmos. Chem. Phys., 7, 2398411, 2007 www.atmos-chem-phys.net/7/2399/2007/
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Carbon monoxide SCIAMACHY Jan-Feb 2004
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Fig. 5. Year 2004 bi-monthly averages of the SCIAMACHY WFMDvO0.6 CO column data product. The individual measurements have been

gridded and smoothed but data gaps have not been filled. All data have been averaged for which the WFMDvVO0.6 quality flag indicates a

successful measurement.

had to be excluded because they resulted (at a certain poimtear Los Angeles and San Diego. Despite the large footprint
in time in the investigated time period) in large spikes in the size and the imperfect match with the location of the fires
fit residuum due to either very high noise or (nearly) no re-Fig. 3 shows that the elevated CO resulting from the fires can
sponse to the incoming light level. It has to be pointed outbe detected using single overpass data. Figure 3 also shows
however that even when using a single mask this does nobnly those ground pixels for which the CO measurements
guarantee that the data are entirely free of a time dependeratre classified successful by the WFMDvO0.6 quality flag. The
bias (see discussion in Sect. 4). fraction of ground pixels over water classified successful is in
general significantly lower compared to the fraction of mea-
surements over land (for this scene all ground pixels over
water are rejected but as shown later this is not always the

In the following we mainly present spatially and temporally case)_. This is be-_cause of the low r(_eflect|V|ty of wat_er in the
averaged measurements with the exception of Fig. 3 Whicmegr—lnfra_lred which results_m low signal and I(.)W signal-to-
illustrates the spatial sampling. Figure 3 shows individual noise ratios and therefore in worse spectral fits. The root-

SCIAMACHY CO measurements obtained on 26 Octobermhean-square (R'\:IS) gfttr?e :.'tttrzs'dléw? (dll‘fererfwe beg\'?e.n
2003 over Southern California when large areas were burniné e measurement and the fitted radiative transfer model) is

4 Discussion of the year 2003—-2005 data set

www.atmos-chem-phys.net/7/2399/2007/ Atmos. Chem. Phys., 7, 28932007
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Carbon monoxide SCIA@MOPITT 14-31 July 2004

-
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Fig. 6. Left: SCIAMACHY CO measurements over North America during the second half of July 2004 showing elevated levels of CO
originating from fires in Alaska and Canada (the location of the fires is shown using AATSR fire counts obtainéttfirgdup.esrin.esa.
it/ionia/wfa/index.asmlisplayed as black squares in the inlet figure (red marked rectangle)). The CO plume covers large parts of Canada
and the Atlantic Ocean south of Greenland extending nearly to Europe. The two panels on the right hand side show the same scene bu
using only the SCIAMACHY measurements where MOPITT data are also available (top) and the MOPITT CO columns at locations where
SCIAMACHY data are also available (bottom).

one of the criteria that determines if a measurement will beFor such a relatively clear and spatially homogeneous region
classified successful. a good agreement between both sensors can be expected as
Figure 4 shows yearly averages of the three years of meadifferences due to different overpass times, different spatial
surements discussed in this paper, namely 2003, 2004, angsolution and different altitude sensitivity only play a minor
2005. Well known major source regions of CO located in role under these circumstances. This is confirmed by Fig. 7
South America, central Africa, and China, are clearly vis- which shows that the CO columns as measured by both sen-
ible for all three years with apparently considerable sourcesors agree very well with one exception: at the beginning
strength variations from year to year. Also visible is the inter- of 2003 the SCIAMACHY CO is systematically higher by
hemispheric gradient with much higher CO columns over theabout 20%.
northern hemisphere. Figures 9-11 show a comparison with MOPITT for six re-
To display the seasonal variation of the CO columns Fig. 5gions including strong source regions such as South Amer-
shows bi-monthly averages for the year 2004. The largdca, South Africa, and South East Asia. The six regions
scale pattern (seasonality of CO originating from biomassare shown in Fig. 8. A similar comparison for the same
burning in Africa and South America; reduction of the inter- six regions has been shown Buchwitz et al.(2006 for
hemispheric gradient towards autumn, etc.) is consistent withhe WFMDv0.5 CO year 2003 data set. The comparison
what is known from previous measurements, e.g., from MO-of Fig. 6 of Buchwitz et al.(2006 with Fig. 9 shows that
PITT (see, e.g.Bremer et al.2004. In addition to these for January to October 2003 the WFMDvV0.5 columns and
large scale features the maps also show considerable finkhe WFMDvVO0.6 columns are quite similar despite the dif-
structure. For example the July/August average shows a nafferences between the two versions of the retrieval algorithm
row band of elevated CO extending from Alaska and Canadand the fact that many more orbits have been processed by
over the Atlantic ocean to close to Europe. Figure 6 showswFMDv0.6 due to improved data availability. There are
that the high CO is due to fires in Alaska and Canada in Julyhowever also differences, for example over Europe in sum-
2004. Figure 6 also shows that a similar pattern has also beemer 2003. Here the old version 0.5 data set showed very high
observed with MOPITT and that the agreement between theCO columns and also an exceptionally large scatter, not ob-
SCIAMACHY and the MOPITT CO columns is very good, served by the ground based FTIR measureméddits €t al,
even over water. 20063. The CO version 0.6 data set presented here does not
A comparison with MOPITT for the entire time period for show this exceptional behaviour any more, most likely due
a region far from local sources (Sahara) is shown in Fig. 7.to the improved calibration of the spectra. When comparing

Atmos. Chem. Phys., 7, 2398411, 2007 www.atmos-chem-phys.net/7/2399/2007/
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CO columns SCIAMACHY WFMDv0.6 - 2003-2005
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Fig. 7. Comparison of SCIAMACHY and MOPITT CO columns
as measured over the Sahara (800 km radius around 25 deg latitud 2
and 10 deg longitude) during 2003—-2005. The grey dots are the 8
individual SCIAMACHY measurements. The grey vertical lines
show the standard deviation of the daily data and the grey squares
their mean value. The thick black line has been obtained from the
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triangles correspond to the daily mean MOPITT CO columns. The

thick red line corresponds to their average (30 days running mean)Fig. 9. Regional comparison of SCIAMACHY WFMDv0.6 CO

Regions for CO compariso

columns (black) with MOPITT (red) for the year 2003. The location

of the six regions is shown in Fig. 8. The symbols show the daily
averages of all coincident grid points. For SCIAMACHY all mea-
surements have been averaged for which the WFMDvO0.6 quality
flag indicates a successful measurement. The solid lines represent
30 days running averages. For each region the following quantities
are shown which have been computed based on the (not smoothed)
daily averagesd% is the mean difference SCIA-MOPITT in per-
cent,s% denotes the standard deviation of the difference in percent,
andr is the correlation coefficient. The comparison method used
here is exactly identical with the method used for WFMDVO0.5 year

Fig. 8. Six regions defined for a detailed comparison of the SCIA- 2003 dataBuchwitz et al, 2006 to enable a comparison of the two

MACHY WFMDvO0.6 CO columns with MOPITT shown in Figs. 9—

11.

Fig. 6 of Buchwitz et al.(2006 with Fig. 9 shown in this

versions.

Figures 9-11 show that the best agreement with MO-

paper one may wonder why the MOPITT columns are differ-PITT is for the year 2004 (Fig. 10). The mean difference
ent? The reason for this is that due to the different quality ofbetween the regional daily averages is typically less than
the SCIAMACHY spectra, the SCIAMACHY measurements 10%, the standard deviation of the difference is typically
classified good are different for version 0.5 and version 0.6less than 20% and the linear correlation coefficient is be-
As only those MOPITT data are selected where also a (goodjween 0.52 and 0.66. For 2003 and 2005 the agreement is
SCIAMACHY measurement exists, also the daily averagednot that good with SCIAMACHY CO being typically some-
MOPITT columns change if the SCIAMACHY data selec- what higher compared to MOPITT. Perfect agreement be-

tion changes.

www.atmos-chem-phys.net/7/2399/2007/

tween both sensors cannot be expected because of different
overpass times, different footprint size, and because of dif-
ferent altitude sensitivity. Especially the different altitude
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Fig. 10. As Fig. 9 but for the year 2004. Fig. 11. As Fig. 9 but for the year 2005.

sensitivity does strictly speaking not allow a direct compari- The year 2005 comparison shown in Fig. 11 reveals that
son, as SCIAMACHY is also sensitive to the boundary layerespecially for South America and South Africa the number
whereas the sensitivity of MOPITT is close to zero in the of data points is significantly reduced in comparison with
boundary layer. Unfortunately, the SCIAMACHY measure- 2003 and 2004 (see also Fig. 4). This is because in 2005
ments do not allow to retrieve height resolved CO informa-the percentage of the measurements being classified “bad”
tion. Therefore it is not possible to apply the MOPITT aver- (see discussion of the WFM-DOAS quality flag in Sect. 3) is
aging kernels to the SCIAMACHY retrievals to consider the larger than for the two other years. To analyze this we looked
different altitude sensitivities of the two sensors. At presentat time series of CO columns over the Sahara located outside
we cannot exclude that at least partially the differences bemajor source region with relatively high surface albedo and
tween SCIAMACHY and MOPITT are due to problems of low cloud cover (using the same area also used for Fig. 7).
the SCIAMACHY instrument. 2003 was the year with the We found that especially during the last third of 2005 the
largest changes of the channel 8 ice layer. The ice layer rescatter of the RMS of the fit residuum increases from a typ-
duces the optical throughput of channel 8 (which reduces thécal range of 0.01-0.015 to 0.01-0.03 (see also Fig. 7). As
signal to noise performance and therefore increases the ratiguality good” is only assigned to a measurement if the RMS
dom error of the CO columns) but also results in changes ofs below 0.02 this means that many more measurements are
the instrument slit function (which results in systematic er- rejected in 2005 compared to 2003 and 2004. To investi-
rors of the retrieved CO columns). Our first order correction gate this we have analyzed individual fits at various points in
for the systematic errors caused by the ice layer is to normaltime in order to find out if one or more individual detector
ize the retrieved CO columns with methane retrieved frompixels are causing the observed increase of the RMS but we
the same fitting windowRuchwitz et al, 2006. Neverthe-  did not find a significant degradation of any of the individ-
less, some error remains. 2005 is the year with the largestial detector pixels classified “good” in our WFMDVO.6 pixel
number of bad and dead detector pixels. Both effects maynask, i.e. the one used for WFMDVO.6 retrieval. From this
result in 2004 being on average the best of the three years. we conclude that the noise level of the entire spectrum in-
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Fig. 12. Comparison of SCIAMACHY CO (left) and N®(right) measurements over Europe for 2004 (the;Ni@s been retrieved at the
University of Bremen by A. RichteRichter et al.2005).

creases rather than the noise of a few detector pixels. Furthehis corresponds to aboutxa 0 molecules/crh (assum-
studies are needed to investigate this in more detalil. ing a tropospheric column of >210® molecules/crf, see

In the remaining part of this section we focus on more Fig. 12). What are the typical source strengths of polluted
regional results. Especially for air quality measurements itregions including cities? For both CO and Ne Univer-
would be very interesting to analyze to what extent it is pos-sity of Cologne, Germany, produces daily air quality fore-
sible with SCIAMACHY to see elevated CO corresponding casts available on the EURAD web padpt)://www.eurad.
to heavily populated regions including individual cities as is uni-koeln.d¢ for various spatial regions. For NOnear
possible with, for example, the SCIAMACHY NOneasure-  surface concentrations of 10@/m? roughly corresponding
ments. Figure 12 shows year 2004 CO over Europe, northerto 100 ppbv are often reached. For CO the concentration
Africa, and the Middle East compared to tropospheric,NO changes are below 109@/m? corresponding to 1000 ppbv
The tropospheric N@has been retrieved at the University of (a value that is typical for, for example, the most polluted
Bremen also using a DOAS algorithmRithter et al. 20095. streets in Bremen, but this is not a typical average concen-
Various polluted regions in Europe are clearly visible in the tration for the footprint size of SCIAMACHY). For the fol-
NO; (London area, Ruhr area in western Germany, Po valleylowing we assume similar source strength for both,N@d
in northern Italy) as well as individual cities (e.g., Madrid, CO corresponding to an increase of the volume mixing ratio
Barcelona, Paris, Rome). For CO the picture is not so cleafVMR) in the range 10-100 ppbv. Anincrease of the VMR of
although elevated CO is also visible over a number of regionsl00 ppbv in the lowest 1 km of the atmosphere corresponds
where also N@is high (e.g., London area, Ruhr area, large to a vertical column change of abouk 20" molecules/crh
parts of the Netherlands and Belgium, Po valley, the areavhich roughly corresponds to the single measurement pre-
around Rome, Lisbon, Casablanca, lzmir, Kuwait, southerrcision of the SCIAMACHY CO measurements but is signif-
Irag). Of course a one-to-one relationship between the COcantly larger than the estimated error for NOThis dis-
and the NQ is not to be expected because of differences ofcussion shows that the detection of enhanced levels of the
the two gases with respect to their sources, atmospheric lifetwo pollutants due to cities with SCIAMACHY is consider-
times, and transport. ably more challenging for CO compared to NOFurther-

What are the expected signals and the detection limitsnore, there are two additional complications: the footprint
The single measurement precisions (random errors due to irsize of the CO measurements is typically twice as large as
strument noise) are, for best cases (e.g., high albedo, higthe footprint size of the N@measurements and the lifetime
sun, high tropospheric N£, about 10% for both CO and of CO is much larger (about two month) compared toZNO
tropospheric N@ (the absolute errors are typically larger). (hours to days). These considerations may explain why the
For CO this corresponds roughly to a column change ofCO shown in Fig. 12 appears to be significantly noisier com-
2x 10" molecules/crh (assuming a typical total column of pared to NQ. The estimated precisions were single mea-
2x 108 molecules/crf, see Fig. 12). For tropospheric NO ~surement precisions not representative for yearly averages.
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Fig. 13. SCIAMACHY CO vertical columns (middle) over four regions (from top to bottom: Europe, Middle East, China, and India). The
left column shows the population density for these regions and the right column shows the CO column difference SCIAMACHY-MOPITT.
The population density map has been obtained finttm//veimages.gsfc.nasa.gov/116/mmsity.jpg

SCIAMACHY achieves global coverage in about six days, ments are useful (negligible cloud cover etc.) this results in

i.e., each location is revisited about every six days (dependi18 measurements per year. Assuming that the retrieval preci-
ing on latitude). This results in about 60 measurements pesion improves with the square root of the number of measure-
location each year. Assuming that 30% of these measurements added gives an improvement of about a factor of 4 re-
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Fig. 14. The top left panel shows a zoom into the map shows in Fig. 13 focussing on the region around Madrid in central Spain. Compared
to Fig. 13 the color scale has been optimimized for Madrid and surroundings. Each colored square corresponds to the average CO columr
within a 0.5 degree latitude by 0.5 degree longitude grid box. The triangle shows the location of Madrid and the black rectangle shows the
size of a SCIAMACHY ground pixel. The spatial extent of Madrid and an image of Madrid and its surroundings are shown in the top right
and bottom panels, respectively. Both maps have been obtainechftprfimaps.google.esThe size of a SCIAMACHY ground pixel is

shown as a black rectangle in the top left panel and as a white rectangle in the bottom panel.

sulting in a precision of about-510*® molecules/crh (2.5%  shown on the right hand side. Because of the different al-
of a typical column of 210 molecules/crf) for a yearly titude sensitivities of SCIAMACHY, which is sensitive to
average. This shows that due to the relatively small numbethe boundary layer, and MOPITT, which has low boundary
of measurements for a given location per year the improvedayer sensitivity, one would expect that the SCIAMACHY
ment due to averaging helps but only marginally. columns are higher especially over CO source regions. Fig-
ure 13 is an attempt to investigate this. For Europe how-
Figure 13 shows more regional results obtained from av-ever the picture is not very clear except for the Po valley,
eraging three years of data. The results for Europe indicatghere the SCIAMACHY CO values are higher. For the Mid-
that averaging improves the precision as the CO over Europglle East SCIAMACHY measures higher CO over Beirut and
appears to be less noisy compared to Fig. 12 (see, e.g., LOrHaifa and over other regions which are however not confined
don area, the Netherlands, Belgium, and western Germany}o well defined source areas. For China and India SCIA-
Elevated CO over highly populated areas is also visible forMACHY measures higher CO in the region south of Beijing
a number of regions and cities outside Europe, e.g., alongnd along the Ganges (however more northward compared
the Mediterranean Sea (such as Izmir, Iskenderun, Beirutio the maxima of the population density map). Similar re-
Haifa), the region between Bagdad and Basra, as well agults are shown iBuchwitz et al.(200§ for WFMDV0.5
the populated areas of India and China (see the populatiogear 2003 CO. For India the most localized enhanced values
density maps added on the left hand side of Flg 13) To in-measured by SCIAMACHY Compared to MOPITT can be
vestigate if the SCIAMACHY CO columns are higher com- gpserved over Pune.
pared to MOPITT, especially over the populated CO source
regions, the column difference with respect to MOPITT is
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For Europe Fig. 13 suggests that SCIAMACHY does not (BMBF) via DLR-Bonn (50EE0027, project SADOS), from ESA
observe enhanced levels of CO over several major cities sucEMES/PROMOTE) and from the University and the State of
as Madrid or Paris. A zoom into Fig. 13 however reveals Bremen. We acknowledge exchange of information within the
that CO over Paris is enhanced compared to its surroundinguropean Commission Network of Excellence ACCENT.

For Madrid this is not so easy to see because the color scale

is not appropriate for Madrid and surroundings. Figure 14Edited by: R.Volkamer

shows a zoom into the region around Madrid using a more

appropriate color. scale showing that C_O near Madrid is iNReferences
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