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ABSTRACT

Carbon Monoxide is an important atmospheric traa®. ¢ plays a key role in the global OH budget #ng in the
cleansing capacity of the atmosphere and is ofsmd was a tracer for pollutant transport. The saathstrument
SCIAMACHY has been measuring CO total columns &wesal years now, allowing to study its inter anila-annual
variability. We present a quantitative and systeeratalysis of SCIAMACHY CO total column measurertsefor the
years 2003 and 2004. SCIAMACHY CO retrievals arenpered by the presence of an ice layer on the tetec
However, a detailed correction scheme has beendadlin the retrieval algorithm, resulting in C@atacolumns with
a precision of 1% for monthly means under ideatwitstances (cloud free pixels, high surface albegatial
averaging). For lower surface albedos a precisid®% is obtained. Thus, SCIAMACHY CO total column
measurements are of sufficient quality to provideful new information. Comparisons with a chemistapnsport
model simulation show similar spatial patterns tfog global distribution of modeled and measured QQantitative
comparisons of modeled and measured seasonalieasiahow a good agreement for very different typeseasonal
cycles. Differences do occur but can be attribui@dcan inaccurate representation of model emissamss e.qg.
confirmed by recent updates of biomass burning sonisdata bases.

INTRODUCTION

Carbon Monoxide (CO) is an important trace gashie ¢hemistry of the atmosphere. It enables theuymtozh of
tropospheric ozone and the destruction of the hgydrnadical, the “cleaning agent” of the atmosphétalso affects
the air quality in the boundary layer. Besides stdal emissions, a substantial but poorly knownrse of CO is
biomass burning. The latter source is very varighl®ughout seasons, from year to year, and peatitot This
variability leads to strong temporal and spatiaraies in the tropospheric CO concentration. Sinedifetime of CO
ranges from several weeks to several months, C@nigxcellent tracer of atmospheric transport peEsThe
SCanning Imaging Absorption spectroMeter for Atnfajic CartograpHY (SCIAMACHY) on board the ENVISAT
satellite allows to construct global maps of COolkal CO maps are also available from thermal nefita
measurements by the MOPITT instrument on boardBO®S-TERRA satellite (e.g., Drummond and Mand, 1996;
Deeter et al., 2003), the Tropospheric EmissioncBpmeter (TES) instrument on board EOS-Aura (Begr et al.,
2001), and the Interferometric Monitoring of Greenbe Gases (IMG) instrument on board the ADEOSIlsate
(Clerbaux et al., 2003; Barret et al., 2005). Altele instruments measure CO in the thermal infranéth good
sensitivity in the free troposphere but in prineiplo sensitivity in the boundary layer in contragh SCIAMACHY,
which measures in the near-infrared.

Ground-based FTIR measurements provide high qusdiigl column measurements but have very limitedtiap
coverage [Dils et al., 2005]. Validation with FTHReasurements often consists of comparison with SABHY CO
measurements within a range of several hundrettotsands of kilometers [Sussman and Buchwitz, 2D@S et al.,
2005]. As a result, such a validation of SCIAMACHXO is based on very few truly collocated measurésndn
addition, some FTIR stations are located on topmofintains which — due to their small spatial fowtpr are also
difficult to compare with SCIAMACHY CO total colummeasurements which have a footprint of 30x126. kbther
complications can be low surface albedo, which eobsa SCIAMACHY noise errors and clouds, which reduc
collocation possibilities [Sussman and BuchwitzDZJ0 Only qualitative comparisons have been dondasaising
visual identification of spatial patterns correlgtiSCIAMACHY with MOPITT CO total column measurenteor with
MODIS fire count maps [Buchwitz et al., 2004, 2085ankenberg et al., 2005; de Beek et al., 2006].
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Therefore, de Laat et al. (2006) have comparedrétreeved SCIAMACHY CO total columns quantitatively the
atmospheric chemistry model TM4 (Dentener et &03), which provides useful information on globeatures and
seasonality. This paper summarizes the work dgrael_aat et al. (2006).

Retrieval and calibration

The CO total columns are retrieved from near-irfdaspectra measured by SCIAMACHY between 2324.5283d .9
nm. The near-infrared retrievals have proven mampiex due to many instrument/calibration issuedescribed in
Gloudemans et al. (2005). The most important problare the presence of an unexpected ice layemeoddtectors,
which varies in time and the increasing numberezdidetector pixels (Kleipool et al., 2005). Thedfects have been
reduced by applying dedicated in-flight decontaromaprocedures and additional in-flight calibratimeasurements,
as well as improvements to the calibration (Liching et al., 2005). In addition, in-house knowled§éhe instrument
and calibration has allowed to derive accurateemions for the ice layer which are included in tegieval algorithm.
The results presented here are derived with thatite Maximum Likelihood Method (IMLM) developed 8RON
(Schrijver, 1999; Gloudemans et al., 2005). Reduits earlier versions of the IMLM retrieval algtimn have been
presented in Straume et al. (2005) and Gloudemiaak €005). The current version 6.3 is preseitede Laat et al.
(2006) and contains two major improvements as wsllsome smaller ones: the 2004 version of the HNRA
spectroscopic database has been incorporated irettievals (Rothman et al., 2005), and ECMWF dege been
used. The quality of the current CO product hasnbassessed quantitatively in de Laat et al. (26d86)ugh
comparisons with chemistry transport simulations.

Model description

The global chemistry-transport model TM4 [Meirirntkad, 2005] used for this study is a follow-upTdfi3 [Dentener et
al., 2003, and references therein]. Anthropogerticebnissions are based on Van Aardenne et al. [20@1e natural
emissions are as in Houweling et al. [1998]. Thaseaality of CO biomass emissions is based on tdilogical

emission estimates (Hao and Liu, 1994).

De Laat et al. (2006) show that in general, avei@@econcentrations as well as long term (monthihg ahort term
(deseasonalized) variability seen in in-situ measients are adequately reproduced by the modelniduel results
can thus be used as a powerful tool to evaluatdBBICHY CO total columns.

Filtering of the data and calculation of monthly averages

The SCIAMACHY CO total column errors due to randoretrument noise for single measurements are daige -
typically 10-100 %. They depend on the signal lexfethe SCIAMACHY spectra and are thus relatedddations in
surface albedo and solar zenith angle. The instntmeise error is calculated using an instrumentehavhich
includes pre- and in-flight measurements to de#h wontributions of Johnson noise, photoelectroiseycand detector
read-out noise.

Due to the large noise errors of the individual S@ACHY CO total columns, multiple single column nsegements
need to be averaged to obtain information on C® witiseful precision. A common method to averagasonr@ments
with different errors is to use weighted means. Wegght of each measurement is taken inverselygtamal to the
square of the errors:

X =25 i which w = L

wav Z w o, 2

With X, the weighted average, & single column measuremestthe error corresponding to measuremerand vy
the weight of this measurement. The error of thglted mean (3¥%..) is expressed as:

1
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-

This method is applied to the retrieved SCIAMACHY Columns - as well as to collocated TM4 model gala for

both spatial and temporal averaging using theuns&nt-noise errors.

The measurements need to be filtered to removardauof biases. Only pixels with a cloud coveresd than 20%
are used. This cloud cover has been determined thenmumber of cloud-free polarization measuremém80 km)

within one SCIAMACHY observation (60-240x30 km) ngithe SPICI algorithm [Krijger et al., 2005]. CO@lumn




measurements for very low surface albedos (< G0B1e locations over land and all above sea) — launsl ery low
signal-to-noise - turn out to be often unrealidtichigh with large noise errors (> 1.5 *molecules/crf) and are
removed.

The retrieved CO columns are combined on a mor8hk2° longitude-latitude grid, which correspondstite TM4

model resolution. Because of low land surface albettequent high cloud cover, possible errorsaagd solar zenith
angles at high latitudes, the analysis is resttitbethe latitude range of 60°S to 60°N.

Results

Figure 1 shows the global distribution of SCIAMACHIO averaged over one year of data from Septemb@3 2
through August 2004. The corresponding TM4 modslite, sampled in the same way as the SCIAMACHY data,
are also shown.
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Fig. 1: Annual mean CO total columns {#@nolecules/cfy September 2003 — August 2004) on 2°x3° resolutisn
TM4 (panel 1) and SCIAMACHY (panel 2). Panel 3 shtive instrument-noise related SCIAMACHY errors%asf
the annual mean TM4 CO total column value). Indidain panel 3 are also the locations used in FigRrérom: de
Laat et al. (2006).

A number of similarities between the SCIAMACHY Catdl columns and the model can be seen. CO colares
lower over southern South America, southern Afaca over Australia compared to northern mid-lagsicEmission
regions like Amazonia, equatorial Africa (biomasgring), South and Southeast Asia, Europe and Nanierica
(anthropogenic) can clearly be discerned, as egde@O columns are lower over the mountainous rsgio
Discrepancies are also visible: SCIAMACHY CO colwsrare higher than the TM4 model results at northmeiak
latitudes, over East Asia, Amazonia, Africa sousteaf the equator and over Indonesia. On the otrerd,
SCIAMACHY CO is lower over India and also over rmtn Africa (10°-30°N) compared to the model. Ferthore,
the spatial variability in CO columns over low sw# albedo regions (high latitudes, tropics) ishergin the
SCIAMACHY CO total columns than in the model result



The bottom panel of Fig. 1 shows the correspondamglom instrument noise error of the annual meaBBCHY
CO. Clearly small errors are obtained for arid oegilike deserts, which have a high surface altzdblow cloud
cover. Larger errors are found over vegetated rsgigropical rainforests, higher latitudes) andtiphisea pixels,
reflecting lower surface albedos and more cloudsnes. Most annual mean CO measurements have roiss e
smaller than 10 %.

Some discrepancies may also be explained by thecunate model emissions. Large forest fires occuat high
latitudes in 2003 (Siberia; Yurganov et al. [200&f)d 2004 (Alaska) and their emissions are notidedl in the model
simulation. Similarly, the climatological biomassrhing emissions used in the model over equateeigibns may not
be representative for this time period. Curreninegties of east Asian CO emissions may be too lostrfia et al.,
2004]. Higher hydrocarbon emission estimates —rengtindirect source of CO, notably isoprene - als quite
uncertain. In addition, model emissions over Indiay be overestimated [J. van Aardenne, personaieonitation].
Recently, preliminary model simulations with themn&FEDv2 biomass burning emission data base (vamaef et
al. 2006) have been performed and show a muchrloetteparison of SCIAMACHY CO and the model simudas.
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Fig. 2: Comparison of monthly mean CO total colunfmasn SCIAMACHY (black) and TM4 (red) for nine sfiec
locations (2°x3° grid boxes). Error bars denote tR€eIAMACHY noise error. From: de Laat et al. (2006

A gquantitative analysis of the SCIAMACHY monthly are CO total columns is presented in Figure 2. Tigisre
shows the seasonal variation of the SCIAMACHY CQhat nine locations indicated in the bottom parfdfigure 1.
For locations A to F in Figure 2 the SCIAMACHY Cotal columns and the modeled seasonal variatioreeagell,
with average absolute differences in monthly meaalf below 10 %. Differences also occur, e.g. oégeria [C]
during January to May, where modeled CO is higfigis pattern is consistently found over northwestgfrica as
suggested by Figure 1 and most likely related &xénrately modeled biomass burning emission inhreguatorial
Africa. Simulations including the GFEDv2 data ba@@an der Werf et al. 2006) compare much better with
SCIAMACHY CO.

Note that locations A-F have small noise errormégally less than 6 % for monthly means) due tdgh Isurface
albedo and sufficient ‘cloud-free’ SCIA measurenseper month and grid box. Locations [H] and [I] Baower
surface albedos and fewer “cloud-free” observatiansl thus larger noise errors. These large errarspbr a
comparison of seasonal variations since the medsm@nth-to-month variations are much smaller thadividual
monthly mean noise errors. For these locationsulggbrmation can only be obtained by averagingrdarger regions
or time periods.

A remarkable difference is found over South Afr[&] where the measurements have small noise erfodistinct
maximum in the SCIAMACHY CO total columns is searSeptember and October 2003 and August 2004. Tueim
results do not show a peak in CO in October 200Bew®O increases after May 2004. Also in this casmulations
including the GFEDv2 data base (van der Werf e2@06) compare much better with SCIAMACHY CO, bath
absolute values of the maximum and the timing efrttaximum, than the simulations using climatologéraissions.



Thus, the GFEDv2 biomass burning emission data loéesmly is a major improvement over simulationsngs
climatological emissions as used in de Laat e{(2006). It also highlights the potential use of SMIACHY CO
measurements to optimize surface emissions

Acknowledgements

SCIAMACHY is a joint project of the German Spaceefgy DLR and the Dutch Space Agency NIVR with
contribution of the Belgian Space Agency BUSOC. ah¢hors would like to thank the European Spacendgend
the Netherlands SCIAMACHY Data Center (NL-SCIA-D®y providing data and processing services, and Arj
Segers and Coen Schrijvers for providing the ECMidEa per SCIAMACHY ground pixel. The work performfea
this publication is (partly) financed by the Netheds Agency for Aerospace Programmes (NIVR) ardBhropean
Commission (Fifth Framework Programme on Energyif®nment, and Sustainable Development, ContracEMS>-
1-CT-2002-00079, project EVERGREEN).

References

1. van Aardenne, J.A., F.J. Dentener, C.G.M. Kl@wldewijk et al., A 1x1 degree resolution data afehistorical
anthropogenic trace gas emissions for the peri@®-1890,Global Biogeochem. Cycles, , 1909-928, 2001.

2. Barret, B., Turquety, S., Hurtmans, D., et 802 Global carbon monoxide vertical distributidnsm spaceborne
high-resolution FTIR nadir measurements, Atmos.r@hehys. Discuss., 5, 4599-4639

3. De Beek, R., M. Buchwitz, S. Noél et al., Atmbspc carbon gases retrieved from SCIAMACHY by WENDAS:
improved global CO and CHand initial verification of C@ over Park Falls (46°N, 90°WAtm. Chem. Phys.
Disc., § 363-399, 2006.

4. Beer, R., Glavich, T. A., and Rider, D. M. 200mropospheric emission spectrometer for the Earisetving
System's Aura satellite, Applied Optics, 40, 238867

5. Buchwitz, M., R. de Beek, K. Bramsteelt al., Global carbon monoxide as retrieved fromiABCACHY by WFM-
DOAS, Atm. Chem. Phys., 4945-1960, 2004.

6. Buchwitz, M., R. de Beek, S. Noél, et al., Carboonoxide, methane and carbon dioxide columns retdevom
SCIAMACHY by WFM-DOAS: year 2003 initial data séttm. Chem. Phys., 3313-3329, 2005.

7. Clerbaux, C., Hadji-Lazaro, J., Turquety, S.,g\d¢ G., Coheur, P.-F. 2003: Trace gas measurenfremtsinfrared
satellite for chemistry and climate applicationgn@ds. Chem. Phys. Vol. 3, pp 1495-1508.

8. Deeter, M.N., L.K. Emmons, G.L. Francis et &perational carbon monoxide retrieval algorithm aetected
results for the MOPITT instrument, Geophys. Res., 1080i:10.1029/2002JD003186, 2003.

9. Deeter, M.N., L.K. Emmons, D.P. Edwards et #ertical resolution and information content of C@ofdes
retrieved by MOPITTGeophys. Res. Lett, 3doi: 10.1029/2004GL020235, 2004.

10. De Laat, A. T. J., A. M. S. Gloudemans, H. §ebr, M. M. P. van den Broek, J. F. Meirink, I. &b, and M. Krol
(2006), Quantitative analysis of SCIAMACHY carbormmoxide total column measuremer@eophys. Res. Lett.,
33, L07807d0i:10.1029/2005GL025530.

11. Dentener, F., M. van Weele, M. Krol et al., Ads and inter-annual variability of methane emissiderived from
1979-1993 global CTM simulation8tm. Chem. Phys., 33-88, 2003.

12. Dils, B. , M. De Maziére, et al., Comparisons betweSCIAMACHY and ground-based FTIR data for total
columns of CO, Clk| CO, and NO, Atm. Chem. and Phys. Disg,Z77-2717, 2005.

13. Drummond, J. R. and Mand, G. S. 1996: The Measents of Pollution in the Troposphere (MOPITT9ttnment:
Overall Performance and Calibration Requirememtstrial of Atmospheric and Oceanic Technology, 13L.3



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Frankenberg, C., U. Platt and T. Wagner, Radtief CO from SCIAMACHY onboard ENVISAT: detectiaof
strongly polluted areas and seasonal patternimaiCO abundance&tm. Chem. Phys., 3639-1644, 2005.

Gloudemans, A.M.S., H. Schrijver, Q. Kleipodl &., The impact of SCIAMACHY near-infrared instnent
calibration on CHand CO total columngtm. Chem. Phys., 2369-2383, 2005.

Hao, W.M. and M.H. Liu, Spatial and temporadtdbution of tropical biomass burninglobal Bioegeochem.
Cycles, 8495-503, 1994

Houweling, S., F.J. Dentener, and J. Lelievélg impact of non-methane hydrocarbon compoundsopospheric
photochemistry). Geophys. Resl03, 10,673-10,696, 1998.

Kleipool, Q.L., R.T. Jongma, A.M.S. Gloudemaes al., In-flight Proton-induced Radiation Damage t
SCIAMACHY's Extended-wavelength InGaAs Near-infdiréetectors, submitted tdnfrared Physics &
Technology2005.

Krijger, J.M., I. Aben, and H. Schrijver, Disttion between clouds and ice/snow covered surfatethe
identification of cloud-free observations using ARIACHY PMDs, Atm. Chem. Phys., 2729-2738, 2005.

Lichtenberg, G., Q. Kleipool, J.M. Krijger eft,aSCIAMACHY Level 1 data: Calibration concept amdflight
calibration,Atm. Chem. Phys. Disc., 8925-8977, 2005.

Meirink, J.F., H.J. Eskes, and A.P.H. Goedastieity analysis of methane emissions derivedft8eCIAMACHY
observations through inverse modelidggn. Chem. Phys. Disc., 8405-9445, 2005.

Petron, G., C. Granier, B. Khattatov et al.,midy CO surface sources inventory based on th@-2001 MOPITT
satellite dataGeoph. Res. Lett., 3tloi: 10.1029/2004GL020560, 2004.

Rothman, L.S., D. Jacquemart, A. Barbe etTdle HITRAN 2004 molecular spectroscopic databdQSRT, 96
139-204, 2005.

Schrijver, H. 1999: Retrieval of carbon mom®simethane and nitrous oxide from SCIAMACHY meeamants,
in Proc. ESAMS, European Symposium on Atmosphergaslirements from Space, ESA WPP-161 1, ESTEC,

Noordwijk, The Netherlands, 28894.

Straume, A.G., H. Schrijver, A.M.S. Gloudemastsal., The global variation of CH4 and CO as ségn
SCIAMACHY, Adv. Space Res., 38621-827, 2005.

Sussmann, R. and M. Buchwitz, Initial validatiof ENVISAT/SCIAMACHY columnar CO by FTIR profile
retrievals at the Ground-Truthing Station Zugspitaém. Chem. Phys, 3497-1503, 2005.

Yurganov, L.N., P. Duchatelet, A.V. Dzholanaét Increased Northern Hemispheric carbon monokigielen in
the troposphere in 2002 and 2003 detected fromngkramd from spacétm. Chem. Phys., 563-573, 2005.

van der Werf, G. R., J. T. Randerson, L. Gjglio J. Collatz, P. S. Kasibhatla, and A. F. AmtiaJr (2006),
Interannual variability in global biomass burningissions from 1997 to 200Atmos. Chem. Phys. Disc,, &27-
3264.



