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Abstract. The remote sensing of the atmospheric green-in southern tropical/sub-tropical Africa. The SCIAMACHY
house gases methane (gtnd carbon dioxide (C£) in the data also show low C©mixing ratios over this area. Ac-
troposphere from instrumentation aboard satellites is a neveording to the model the sink region becomes a source re-
area of research. In this manuscript, results obtained frongion about six months later and exhibits higher mixing ra-
observations of the up-welling radiation in the near-infraredtios. The SCIAMACHY and the model data over this region
by SCIAMACHY on board ENVISAT are presented. Ver- show a similar time dependence over the period from Jan-
tical columns of CH, CO, and oxygen (@) have been re- uary to October 2003. These results indicate that for the first
trieved and the (air or) @normalised ClH and CG col- time a regional C@surface source/sink region has been de-
umn amounts, the dry air column averaged mixing ratiostected by measurements from space. The interpretation of the
XCH4 and XCQ derived. In this manuscript the first results, SCIAMACHY CO, and CH, measurements is difficult, e.g.,
obtained by using the version 0.4 of the Weighting Func-because the error analysis of the currently implemented re-
tion Modified (WFM) DOAS retrieval algorithm applied to trieval algorithm indicates that the retrieval errors are on the
SCIAMACHY data, are described and compared with global same order as the small greenhouse gas mixing ratio changes
models. For the set of individual cloud free measurementghat are to be detected.

over land the standard deviation of the difference with re-
spect to the models is in the rangd.00—200 ppbv (5—-10%)
for XCH4 and~14-32 ppmv (4—9%) for XC&@ The inter- )
hemispheric difference of the methane mixing ratio, as de-1 Introduction

termined from single day data, is in the range 30-110 ppbv . . L )
and in reasonable agreement with the corresponding modd} Prerequisite for reliable predlctlons of future atmospherlc
data (48-71ppbv). The weak inter-hemispheric differencedreenhouse gas amounts is an adequate understanding of the
of the CQ mixing ratio can also be detected with single temporal and spatial behaviour of the surface sources and
day data. The spatiotemporal pattern of the measured ansinks and their response to climate change. Our understand-
the modelled XC@ are in reasonable agreement. However ing of the spatial distribution and temporal evolution of at-
the amplitude of the difference between the maximum andnospheric methane and carbon dioxide is limited by our cur-
the minimum for SCIAMACHY XCQ is about-20 ppmv rent knowledge of their sources and sinks: their variability
which is about a factor of four larger than the variability _belng a significant source of uncertainty (see, Hg“‘”ef"

of the model data which is abodt5 ppmv. More studies N9 €t al, 1999 Gurney et al. 2002 and references given
are needed to explain the observed differences. The xcotherein). Our knowledge about the spatial and temporal pat-
model field shows low C@concentrations beginning of Jan- (€M Of sources and sinks of Gidnd CQ stems in large part

uary 2003 over a spatially extended £€nk region located frpm the inverse modelling of the in-situ measurements qf a
highly accurate but rather sparse network of surface stations

Correspondence tavl. Buchwitz (e.g. NOAA/CMDL). The results, obtained at scales of conti-
(michael.buchwitz@iup.physik.uni-bremen.de) nents and oceanic basins, yield annual source/sink strengths
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with significant uncertainty (on the order of 100% for many columnx0.2095, where 0.2095 is the;@ixing ratio of dry
regions) Houweling et al. 1999 Gurney et al.2002. air (XCO, is defined analogously).
Retrievals of the amounts and distributions from spaced A subset of the SCIAMACHY data products discussed in

based remote sensing instrumentation have the potential tBiS Paper has been compared with Fourier Transform Spec-
overcome the limitations of the surface network. This, troscopy (FTS) solar occultation measurements obtained
however, requires high accuracy and precisioRayner during a cruise of the German research vessel Polarstern
and O'Brian (200]) conclude that for C® a precision of from Cape Town to Bremerhaven in January/February 2003
2.5ppmv (0.7%) for monthly averaged column data at (Warneke et a).2005 (the ship track is shown in Fige). In
8x10° spatial resolution is needed for a performance com-that study agreement withir5% has been found for mea-
parable to the current network of ground stations. SimilarSurements over land (Africa). For the SCIAMACHY mea-
conclusions have been drawn by other studies,Hogwel- surements over the Atlantic Ocean (closer to the ship track)
ing et al.(2003, where characteristics of the SCIAMACHY larger deviations (scatter) are found. This is expected be-
instrument (e.g., spatial sampling) are taken into account irfFause of the low surface spectral reflectance of the ocean
estimating regional C@source/sink uncertainty reductions. @nd the resultant low signal-to-noise ratio for the spectra.

For methane such detailed studies are currently not availabi&everal days of SCIAMACHY methane columns have been
but similar requirements are to be expected. compared with five land based FTS ground stations having a

precision of~1-3% and an accuracy 6f10% for methane
columns (le Maziere et al.2004. The agreement is typi-
cally within 15%. It is however difficult to draw firm con-
concentrations in the tropical region (28-2C° S) derived clusions froml thgt study due to the small nL!mber of good
from TOVS/NOAA-10 observations. cloud free _commdences_, because some stations are located
i ] on mountains (Jungfraujoch, Zugspitze) only observing over-
The first global maps of Ccolumns have been retrieved head columns, or are located near the coast (Lauder) which
from IMG/ADEOS thermal infrared (TIR) nadir spectra g problematic due to the lower quality of the SCIAMACHY
(Kobayashi et a].1999ab; Clerbaux et al.2003. The re-  pear-infrared/nadir measurements over water.
sults show qualitatively the expected variability, for exam-  The CQ and CH, data products have been compared with
ple the North-South hemispheric gradient but also have somgjopal models of atmospheric transport and chemistry. This
limitations, related to the retrieval algorithi@lerbaux etal. g5 an important step in assessing the quality of the data prod-
2003. TIR nadir CH, and CQ observations have their cts: validation by comparison with independent measure-
maximum sensitivity in the middle troposphere and are rela-ments being limited by the number of ground stations.
tively insensitive to the lower troposphere, due to the lack of The WEM-DOAS v0.4 methane and carbon dioxide
thermal contrast. However many of the sources and sinkgolumns and models, discussed in this manuscript, are
of CHs and CQ are located in the boundary layer, thus pjanned in the longer term to be used to infer information
the modulation of the mixing ratios of these gases result-zpoyt the surface sources and sinks of the greenhouse gases
ing from regional sources and sinks is most significant inCH4 and CQ (e.g. within the European Commission 5th
the boundary layer. The SCIAMACHY near-infrared (NIR) framework research project EVERGREEN, $t#0://www.
nadir measurements are highly sensitive to concentratiorpmmi_n|/evergree)1by means of inverse modelling. Because
changes at all altitude levels, including the boundary layerine surface sources and sinks only result in a weak modu-
As absorption is measured, the measurements are sensitiygion of the background columns, this application requires
to the column in a given altitude range rather than the mix-pigh accuracy and precision (see discussion given above).
ing ratio. This is also true for the near-infrared £hhea- WFM-DOAS is a scientific algorithm independent of the
surements of the MOPITT instrument on-board EOS-Terraofficial operational algorithm of ESA/DLR which is under
which utilises gas correlation spectroscopy, butthe€6l-  gevelopment. In this context it is important to point out
umn data product of MOPITT has not yet been releasednat other groups are also working on scientific retrieval al-
(http://terra.nasa.gov/About/MOPIT)T/ gorithms using different approaches (@eudemans et al.
Vertical columns of atmospheric GHand CG are re- 2004 Frankenberg et 312005.
trieved from nadir spectra of the up-welling radiance in  This paper is organised as follows: In Sezthe SCIA-
the near-infrared spectral region, measured by the SCIAMACHY instrument is introduced followed by a short de-
MACHY instrument. CH and CQ have been retrieved re- scription of how the spectra are pre-processed to improve the
spectively from the spectral regions 2265-2280 and 1558-ealibration (Sect3). The WFM-DOAS retrieval algorithm is
1594 nm, which are relatively free from interfering absorber. introduced in Sec4. Section5 discusses the altitude sensi-
Simultaneously, oxygen (£) columns have been retrieved tivity of the SCIAMACHY measurements. The cloud iden-
from the oxygen A band (around 760 nm). This enables thetification scheme is explained in Seé. In Sect.7 spec-
dry air column averaged mixing ratios, denoted as %CH tral WFM-DOAS fit are presented and discussed. A short
and XCQ, to be determined: XCH=CHj-column/G- overview about the models used for the comparison is given

Measuring CH and CQ from space is a new research area
and only a few relevant studies exigthedin et al.(2003
reported recently on their retrieval of mid-tropospheric,CO
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in Sect.8. In Sect.9 the SCIAMACHY data are compared 3 Pre-processing of SCIAMACHY spectra

with the corresponding model results. The conclusions are

given in Sectl0. The SCIAMACHY spectra used for this study are the EN-
VISAT operational Level 1 data products. The calibration
is currently not optimal (especially in the NIR). During the
commissioning phase of ENVISAT in the first six months of

2 The SCIAMACHY instrument the mission in space, the planned in-orbit dark signal mea-
surement strategy was identified as being inadequate. As a

The SCanning Imaging Absorption spectroMeter for At- result improved dark signal measurements began at the end

mospheric CHartographY (SCIAMACHY) instrumergur- of 2002. These improved measurements are made more fre-
rows et al, 1995 Bovensmann et al1999 2004 is part of qugntly (every orbit) and with pixel exposure (reado_ut) time;
the atmospheric chemistry payload of the European Spac}é’h'Ch better match the exposure tlmes of the daytime nadir
Agencies (ESA) environmental satellite ENVISAT, launched Meéasurements. They are included in the Level 1 data prod-
in March 2002. The SCIAMACHY objectives and instru- UCtS but are not used by the version of the Level 0-1 proces-
ment concept were developed between 1984 and 1988 andPr ayallable for this study. Forthls study, the binary Leyel 1
proposed to ESA for flight on the ESA polar platform in July data files have been patchgd , i.e. the standar.d dark signals
1988, subsequently renamed ENVISAT. This proposal Wa{navg bfe_en replaced by the |mproveq ones. This has resulted
supported by the German space agency (DLR). In February'f1 S|gn|f|cantly better WFM'D,OAS_ fits, as e?(pect.e_d. !n or-
1989, SCIAMACHY was selected as a national contribution der to further improve the calibration, non Imegnﬂes in the
after peer review for its Phase A study. Subsequently theanal_ogue to digital converter (ADC) are ta_ken Into acgount
relevant Dutch and Belgian space agencies, joined the cor{|€IPo0l, 2003. Nevertheless, there is still room for im-

sortium developing and providing SCIAMACHY to ESA for provements with respect to the dark signal correction as the
ENVISAT. variation of the dark signal over the orbit is not yet taken into

Lo __account.
ENVISAT flies in sun-synchronous polar low Earth orbit

crossing the equator at 10:00 a.m. local time. SCIAMACHY Especially the channel 8 detector array is very inhomoge-

is a grating spectrometer that measures spectra of scatteregc o> with respect to detector pixel properties, such as quan-

reflected, and transmitted solar radiation in the spectral reEum efficiency and dark signal, which vary strongly from

gion 240-2400nm in nadir, limb, and solar and lunar oc- pixel to pixel. Thus bad and dead pixels are not included
cultation viewing modes T,he SéIAMACHY near-infrared in data product retrieval. We have extended the “dead pixels
(NIR) nadir spectra cont(:iin information about many impor- mask” of the Level 1 data product to reject individual pixels

tant atmospheric trace gases such as,CGEO,, CO, and mducmg_ strong (f_rgm several Per“:‘”t up to Sev eral ten per-
N>O cent) spikes (positive or negative signal deviations from the
20.

) ) signals of the adjacent pixels) in the solar irradiance and/or
For this study observations from channel 4 (fa)@han-  nadir radiance spectra.

nel 6 (for CQ) channel 8 (for Ch), and Polarisation Mea-  zs the calibration of the solar reference spectra as con-

surement Device (PMD) number 1-820-380nm) have tained in the Level 1 data products is also preliminary, a so-

been used. Channels 4, 6 and 8 measure simultaneoUS|y, \oterence spectrum with an improved calibration has been

the spectral regions 600-800nm, 970-1772nm and 23605¢0q This spectrum has been generated and made available

2385 nm at spectral resolutions of 0.4,. 1.4 and Q.2 nm, re«by ESA (provided by J. Frerick, ESA/ESTEC).
spectively. For channel 8 data, the spatial resolution, i.e. the

footprint size of a single nadir measurement, i3Q0 kn?

corresponding to an integration time of 0.5 s, except at high

solar zenith angles (e.g. polar regions in summer hemi# The WFM-DOAS retrieval algorithm

sphere), where the pixel size is twice as largeq280 kn¥).

For channel 4 and 6 the integration time is smaller, i.e.4.1 Description of the method

0.25s, and corresponds t0:360 kn?. SCIAMACHY also

performs direct (extraterrestrial) sun observations mainly toThe Weighting Function Modified Differential Optical Ab-
obtain the solar reference spectra needed for the retrievakorption Spectroscopy (WFM-DOAS) retrieval algorithm has
The in-flight optical performance of SCIAMACHY is over- been developed primarily for the retrieval of the total col-
all as expected from the on-ground calibration and characumn amounts of CO, Cij CO,, H,0, and NO, from the
terisation activitiesBovensmann et 3l2004. One excep- SCIAMACHY NIR nadir spectra Buchwitz et al, 2000a
tion is the time dependent optical throughput variation in the2004 Buchwitz and Burrows2004. WFM-DOAS, how-
SCIAMACHY NIR channels 7 and 8 due to ice build-up. ever, is not limited to this application and has also been
This effect is minimised by regular heating of the instrument successfully applied to ozone total column retrieval using
(Bovensmann et gl2004) and further discussed in Seétl GOME data Coldewey-Egbers et al2004 and to water

www.atmos-chem-phys.org/acp/5/941/ Atmos. Chem. Phys., 598212005
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vapour retrieval using GOME and SCIAMACHY nadir spec- V. Multiple scattering is fully taken into account. The least-

tra around 700 nmNcel et al, 2004). squares problem (Egs. 1 and 2) can also be expressed in the
Any algorithm that aims at retrieving atmospheric infor- following vector/matrix notation: Minimisély—A x || with

mation from global satellite data not only has to be accuraterespect tox. The solution iKS=CxA”y whereCy=(ATA)~1

but also has to be sufficiently fast in order to be able to pro-is the covariance matrix of solutioh The errors of the re-

cess huge amounts of data (SCIAMACHY spectra comprisdrieved columns are estimated as followséss et a|.1992):

about 8000 data points, which are recorded several times p%{/,:\/(cx)jj x Y, RES?/(m — n), where(Cy);; is the j-

second corresponding to a daFa _rate of 400 kbit per sec:ond}h Jdiagonal element of the covariance matrixis the num-

Accuracy and speed are conflicting requirements and an ap;., ¢ spectral points in the fitting window ands the num-

propriate compromise h_as to be fou_nd. The WEM-DOAS o o jinear fit parameterR(E S; is the spectral fit residuum,
algorithm in its current implementation (look-up table ap- (. Eq. 1)

proach) as described in this section is very fast. The process-

ing of an entire orbit of pre-processed SCIAMACHY spectra | : ;
(see Sect3) requires a couple of minutes per fitting window simulations, a look-up table approach has been implemented

on a standard single processor PC, which is more than one ofS€€ Buchwitz and Burrows, 2004, for details). The WFM-
der of magnitude faster than real time (one orbit lasts abouP ©OAS reference spectra (radiance and derivatives) have been
100 min). computed for cloud free conditions assuming a US Standard
WFM-DOAS is based on fitting the logarithm of a lin- Atmosphere, a tropospheric maritime and stratospheric back-
earised radiative transfer mod&t*d plus a low-order poly- ground aerosol scenario and a surface albedo of 0.1. They
nomial P to the logarithm of the ratio of a measured nadir 46Pend on solar zenith angle, surface elevation (0-3km in

radiance and solar irradiance spectrum, i.e. observed surpteps of 1km), and water vapour column.

In order to avoid time consuming on-line radiative transfer

normalised radiancé?*. The linear least-squares WFM- It is important to point out that no a priori information

DOAS equation can be written as follows (fit parameters areis used to constrain the retrieved columns, i.e., the retrieved

underlined): columns are not forced to lie in a pre-defined interval. This
however does not mean that the retrieved columns are in-

”In % —In Iimod(g) ”2 = |RES/||?2 — min. 1) glependgnt on a priori informati(_)n. As explained, a priori
information on the atmosphere is used to get a reasonable

where the linearised radiative transfer model is given by linearisation p_omt for the unconstrained linear least-squares
WFM-DOAS fit.

d d
In 1"°%(V) = In I"°“(V) (2)
L 3lInpmod 4.2 Error analysis

2

j=1

X (&— Vi) + Pi(am).

Vj

IVj
The random error (precision) of the retrieved £&hd CQ
Indexi refers to the canter wavelength of detector pixel ~ ¢0lumns due to instrument noise-isl% (1-sigma) for the
numberi. The components of vectoi€, denotedV;, are spectral fitting wmdow_s used for this study _(for an albedo
the vertical columns of all trace gases which have absorptiorPf 0-1 and a solar zenith angle of §qBuchwitz and Bur-
lines in the selected spectral fitting window. The fit param-"OWS 2004. In addition to instrument noise a large num-
eters are the desired trace gas vertical colurﬁnand the berof other error sources contrlputg to the overall error such
polynomial coefficients,,. An additional fit parameter also @S €rrors resulting from the variability of temperature and
used (but omitted in Egs. 1 and 2) is the shift (in Kelvin) water vapor profiles, aerosols, undete_zcted sub-visual cirrus
of a pre-selected temperature profile. This fit parameter ha§/ouds, and albedo effects. The resulting errors are partially
been added in order to take the temperature dependence 8yStématic and partially random, i.e., they influence both the
the trace gas absorption cross-sections into account. Therecision (scatter) and the accuracy (bias) of the retrieved
fit parameter values are determined by minimising (in a lin-columns.

ear least-squares sense) the difference between observationTo quantify these errors an error analysis of the current
(In I;””) and WFM-DOAS model (Inll.m”d), i.e. fitresiduum  implementation of the WFM-DOAS retrieval algorithm has
RES;, for all spectral points,; simultaneously. A deriva- been performed by applying WFM-DOAS to simulated nadir
tive, or weighting function, with respect to a vertical column spectra Buchwitz and Burrows2004). Tablel summarises
refers to the change of the top-of-atmosphere radiance causetde most important results for the Gldnd CGQ columns and

by a change (here: scaling) of a pre-selected trace gas verticébr the column averaged mixing ratios Xgldnd XCQ. In
profile. The WFM-DOAS reference spectra are the logarithmthe following we will shortly discuss the results shown in
of the sun-normalised radiance and its derivatives. They ar@able 1. For details, e.g., about the aerosol scenarios and
computed with a radiative transfer mod@&ugchwitz et al, the model atmospheres, we referBachwitz and Burrows
2000h for assumed (e.g. climatological) “mean” columns (2004 and the references given therein.

Atmos. Chem. Phys., 5, 94962, 2005 www.atmos-chem-phys.org/acp/5/941/
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Table 1. Results of the error analysis performed by applying WFM-DOAS to simulated SCIAMACHY measurements for the retrieval of
CHygy, COy, and & columns as well as for the Locolumn normalized mixing ratios XCHand XCG. The results are valid for a solar

zenith angle of 50. The errors on the columns are the relative difference of the retrieved columns and the known columns of the model
atmosphere. The XCHerror has been calculated from the listed relative error of thg @Humn € 4) and the relative error of the O

column € o) as follows:excga = (1 + ecga)/(L+ €p2) —1). The XCQ, error has been calculated analogously. Details concerning

the radiative transfer simulations performed to obtain the errors are giBurcimwitz and Burrow$2004). The acronyms and abbreviations

have the following meaning: Profiles: USS: US standard atmosphere profiles; “ref.”: reference atmosphere for WFM-DOAS radiative
transfer simulations (because the retrieval is self consistent the corresponding retrieval errors are zero), SAS: profiles of sub-arctic summer
atmosphere, SAW: sub-arctic winter, MLS: mid-latitude summer, TRO: tropical atmosphere. Aerosols: DEF: WFM-DOAS default aerosol
scenario (maritime aerosol in the boundary layer and background stratosphere), OAC: OPAC Average Continental aerosol scenario. ASOD
is the aerosol scattering optical depth atri. Sub-visual cirrus clouds: SOD: scattering optical depth (wavelength independent).

Error source Clcolumn CGQ column G column XCH, XCO»y
error (%) error (%) error (%) error (%) error (%)
Profiles (Temp., HO, etc.):
USS (ref.) 0.0 0.0 0.0 0.0 0.0
SAS 1.3 0.0 0.0 13 0.0
SAW 1.1 0.1 0.4 0.7 -0.3
MLS 0.9 -0.1 0.1 0.8 -0.2
MLW 1.2 0.4 0.8 0.4 -0.4
TRO -0.4 -0.4 0.0 -0.4 -0.4
Aerosols:
DEF (ASOD: 0.15) (ref.) 0.0 0.0 0.0 0.0 0.0
OAC (ASOD: 0.04) -0.3 -0.5 -0.5 0.2 0.0
No aerosol (ASOD: 0.00) -0.3 -0.8 —-25 2.3 1.7
Sub-visual cirrus at 12 km:
SOD 0.00 (ref.) 0.0 0.0 0.0 0.0 0.0
SOD 0.01 -1.1 —-0.4 1.1 -2.2 -15
SOD 0.02 —-2.4 -0.8 2.0 -4.3 2.7
Albedo:
0.30 0.8 14 -3.0 3.9 45
0.20 0.5 0.9 -1.5 2.0 24
0.10 (ref.) 0.0 0.0 0.0 0.0 0.0
0.05 -0.7 -1.3 -2.1 1.4 0.8
0.03 -15 -2.6 —6.3 5.1 3.9

To estimate the errors originating from the variability of tered radiance (which is considered by the polynomial in-
temperature and trace gas vertical profiles (mainly water va€luded in the WFM-DOAS fit) but also the relative depth of
por) simulated spectra have been generated using varioutie absorption lines of the gases. This introduces an error.
model atmospheres (using the same pressure profile). As cddnfortunately, this error is not the same for the greenhouse
be seen in Tablé&, the errors are typically below 1% for the gases and for ®as scattering depends on wavelength. Scat-
columns and for the ratio of the greenhouse gas columns withering gets more important the shorter the wavelength (note
the @ column, i.e., for XCH and XCQ. The errors due to that & is retrieved from the 760 nm spectral region, £0
temperature profile variations are relatively small because d&rom the 1580 nm region, and GHrom the 2270 nm region).
weighting function for a temperature profile shift is included If these errors would be the same for all gases they would
in the retrieval. Errors due to water vapor profile variations cancel if the ratio with the @column is computed, i.e., for
are also quite small because a weighting function for waterXCH4 and XCQ. Unfortunately, this is not always the case.
absorption is included in the fit and because the spectral fitThe error on the retrieved Qcolumn may even have an op-
ting windows have been selected such that interference witlposite sign compared to the error on the greenhouse gases
water vapor absorption is small. (see, e.g., sub-visual cirrus scenarios). This is because an

Due to scattering, aerosols and (cirrus) clouds influencealbedo weighting function is included in the; @t which is
the (average) light path of the detected solar photons andjot included in the Chiand CQ fits. The albedo weight-
therefore, influence not only the overall level of the backscat-ing function has been included in the @ to reduce (very)

www.atmos-chem-phys.org/acp/5/941/ Atmos. Chem. Phys., 598212005
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Fig. 1. Correlation of the C®, CHy, and & columns as retrieved from SCIAMACHY measurements around Senegal on 23 January 2003
with the surface elevation of the corresponding ground pixels. The black symbols are the retrieved columns and the black vertical lines are
the fit errors (see Sedt). The green lines show the expected values for the columns computed using a standard pressure profile. The dotted
lines indicate their estimated variabilit=8% for CO, and G, 5% for CHy). The red lines have been determined from simulated retrievals

(see main text for details). The numbers given at the right hand side of each panel show the column retrieval error for 400 m surface elevation
as determined from simulated retrievals (figure adapted Bochwitz and Burrows2004).

large @ errors resulting from albedo variationBychwitz on 23 January 2003. The columns are plotted as a function of
and Burrows 2004). The errors due to albedo variability the ground height (the height above sea level obtained from
of the currently implemented retrieval algorithm are listed a surface topography database) of the corresponding nadir
in Tablel. The error is zero for an albedo of 0.1 (becauseground pixels. For a standard pressure profile the pressure
this the albedo assumed for WFM-DOAS retrievals which drops by about 1.2% per 100 m altitude increase. This corre-
are self consistent) but can be as large as a few percent faponds to an air column decrease of 1.2% per 100 m ground
ground pixels with much lower or much higher albedo. This pixel height increase. For the relatively long-lived and there-
error needs to be reduced in future versions of the retrievafore well-mixed gases CHand CQ this corresponds to a
algorithm, e.g., by estimating the surface albedo from thecolumn decrease 6$1.2% per 100 m altitude increase. Fig-
SCIAMACHY measurements and using a look-up table thature1 shows that small column variations {%) due to small
also depends on surface albedo. surface elevation changes100 m) can in fact be observed
An error source not discussed in detailBuchwitz and ~ with SCIAMACHY to a high degree of accuracy. The mea-
Burrows(2004) is the influence of the pressure profile on the surements shown in Fig.demonstrate the theoretically pre-
retrieved columns, most notably the error due to surface presdicted sensitivity of SCIAMACHY to small (partial column)
sure variations. If an incorrect pressure profile (with a wrongCHs and CQ changes in the lower troposphere (see Sgct.
surface pressure) is used for the retrieval an error is intro- Figurel, however, also shows that the dependence of the
duced because the absorption cross sections (line shapes) @trieved columns on surface elevation is somewhat larger
the trace gases depend on pressure. This influences the rdvan expected (slope of the green lines). This can be ex-
trieval although the spectral resolution of SCIAMACHY is plained by the fact that a constant (US Standard Atmosphere)
typically not high enough to resolve individual lines. Fig- pressure profile is currently used in WFM-DOAS in combi-
ure 1 shows CQ, CHg4, and Q columns as retrieved from nation with a look-up table that includes different surface el-
SCIAMACHY for a cloud free scene near Senegal, Africa, evations (surface pressures) but only on a coarse grid (0, 1,
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2, and 3km). A simple next neighbour approach is currentlytude level. The averaging kernels (AK) are defined as fol-
used to select the reference spectra (radiance and derivativelws: AK (z;)=(V'?—V")/(VIP V™) where V™ is the
for a given ground pixel. Therefore, for ground pixels with true greenhouse column for the unperturbed greenhouse pro-
an average surface elevation of less than 500 m (as shown fifile, V' is the retrieved greenhouse column for the unper-
Fig. 1) identical WFM-DOAS reference spectra (those for O turbed greenhouse profile, ahd” andV'? are the true and
km ground height) are currently used (except for solar zenithretrieved columns for the perturbed profiles (having an en-
angle interpolation). They have all been computed assumindnanced greenhouse gas concentration at altiti)deespec-
a standard pressure profile with 1013 hPa at the lowest levelively. AK (z;) is thei-th element of the averaging kernel,
The advantage of this approach is (apart from the fact thatvhich is a vector. The altitudg is the altitude where the
the look-up table is relatively small) that the variability of trace gas profile has been perturbed. The true coluffiris
the retrieved columns, e.g. the variability shown in Higis the column of the standard model atmosphere. To illustrate
entirely due to the spectral measurements of SCIAMACHY this: A value of the column averaging kernel of 1.2 at 5km
and does not result from any a priori information. Because allmeans that if, for example, 100 molecules (per volume ele-
the reference spectra are identical it is thereby ensured that nment) are added at 5km (to the standard profile), 120 addi-
artificial variability is mixed into the measured (!) columns tional molecules are retrieved, which is an overestimation of
by using a priori information in the retrieval process. The 20% (not of the total column but) of the difference between
red lines shown in Figl have been determined by applying the true profile and the standard (or a priori) profile. If the
WFM-DOAS to simulated measurements computed with thetrue profile has lower values than the standard profile the re-
same profiles (including the pressure profile) as used for thérieved column will be underestimated accordingly. We have
generation of the look-up table but with a lower boundary verified that WFM-DOAS retrievals are self-consistent, i.e.,
equal to the surface elevation of the corresponding groundhat the retrieved columi”™ for the unperturbed profile is
pixels and, therefore, with the correct surface pressure. Asiumerically equal to the true columif* of the unperturbed
can be seen, the dependence of the retrieved columns arpiofile.
mixing ratios on the surface elevation is better represented by Due to the fact that the SCIAMACHY/WFM-DOAS aver-
the slopes of the corresponding red lines than by the slopeaging kernels are “imperfect” in the sense that they deviate
of the green lines. This shows that the “slope error” seenfrom unity, a so-called smoothing error will result for the re-
in Fig. 1 can in fact be explained by the use of a constanttrieved columns. This smoothing error has been estimated
pressure profile. This error source needs to be minimised iy Connor et al(2003 for the CQ measurements of SCIA-
future versions of WFM-DOAS. This, however, is not triv- MACHY and other instruments using an optimal estimation
ial if one wants to avoid the use of highly correlated a priori profile retrieval algorithm. For SCIAMACHY the estimated
information (e.g., surface pressure from meteorological analCO, column smoothing error is 0.5 ppmv (the results for the
ysis) with errors on the order of (or even significantly larger other instruments are: AIRS on Aura: 1.5ppmv, planned
than) the weak surface source/sink signal to be detected. OCO instrument: 0.3 ppmv, ground based FTS: 0.01 ppmv).
These values are valid for an optimal estimation profile re-
trieval algorithm. For WFM-DOAS retrievals the smoothing
5 Sensitivity to boundary layer CH4 and CO2 error is expected to be somewhat larger because of the larger
deviation of the averaging kernels from unity.
One significant advantage of the near-IR spectral region, in For altitudes where the averaging kernels are significantly
contrast to, e.g. the thermal IR region, for the detection oflarger than zero (where they are on the order of 1.0) the mea-
greenhouse gas columns is that the radiation detected by surement system, here SCIAMACHY, is sensitive to concen-
nadir viewing satellite instrument is highly sensitive to trace tration changes. In this context it has to be noted that the
gas concentration changes in the boundary layer. This igxact value of the averaging kernel not only depends on the
important as the concentration variation due to sources anghstrument but also on the retrieval algorithm. The averag-
sinks is largest in the lower troposphere and, therefore, thisng kernels shown here are valid for the WFM-DOAS algo-
region must be probed in order to get accurate informatiorrithm as used for this study. They will be different for differ-
on surface sources and sinks. ent algorithms (i.e. WFM-DOAS, which is based on scaling
This sensitivity is theoretically demonstrated for SCIA- entire profiles, has other averaging kernels than, for exam-
MACHY CH4 and CQ observations, by computing the ple, an optimal estimation profile retrieval algorithm, which
CH4 and CQ vertical column averaging kernels, which has more degrees of freedom). These remarks refer to the
are shown in Fig2. For this purpose WFM-DOAS has details of the averaging kernels, not however to some gen-
been applied to simulated nadir spectra generated for aeral conclusions about the sensitivity to the lower atmosphere
unperturbed as well as for perturbed greenhouse gas prowvhich can be drawn independently of any retrieval algorithm.
files. A perturbed ChH or CO, profile has been gener- Thisis because qualitatively the altitude sensitivity can be as-
ated from the unperturbed profiles by adding a certain (consessed without using averaging kernels simply by computing
stant) number of Cil or CO, molecules at a given alti- the derivatives of the top of atmosphere radiance with respect
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Fig. 2. SCIAMACHY averaging kernels for WFM-DOAS retrievals of Gldolumns (left) and C@columns (right). The averaging kernels
have been computed by applying WFM-DOAS to simulated spectra for various solar zenith angles.

to concentration changes at the altitudes of interest. Thes#999. A simple single threshold algorithm is used. This
derivatives (which are not shown here) are consistent with thealgorithm does not specifically detect clouds but enhanced
averaging kernels shown in Fig. They show, for example, UV backscatter which results from clouds but also from en-
that the sensitivity decreases with increasing perturbation alhanced aerosols and higher than average surface reflectivity
titude which is consistent with the averaging kernels shown(e.g. due to ice and snow). The algorithm works as follows:
in Fig. 2. This is typical for relatively strong absorption lines First, each interpolated PMD 1 readout as contained in the
and is due to saturation of unresolved lines in the strong abtevel 1 file (32 values per one second integration time) that
sorber limit Goody and Yungl1989 which gets more impor-  corresponds to a given (main channel) ground pixel is divided
tant the narrower (i.e. the less pressure broadened) the lindsy the cosine of the solar zenith angle to obtain a quantity ap-
are. proximately proportional to top-of-atmosphere reflectivity. If

The SCIAMACHY/WFM-DOAS averaging kernels for this “PMD 1 reflectivity” is higher than a pre-defined thresh-
CH4 and CQ shown in Fig.2 indicate that the sensitivity of old the corresponding sub-pixel is assumed to be cloud con-
the SCIAMACHY nadir measurements for solar zenith an- taminated. A (main channel) ground pixel is flagged cloud
gles less than-70° is high (larger than 0.5) at all altitudes contaminated if at least one of its PMD sub-pixels is cloud
below~100 hPa {16 km), including the boundary layer. contaminated.

PMD 1 has been selected for the cloud mask generation
6 Cloud identification because the scattered and reflected solar UV radiation de-
tected by SCIAMACHY’s nadir mode penetrates deep into
The WFM-DOAS algorithm as described in Setis strictly the atmosphere (that is, the average scattering height is lo-
speaking only appropriate for cloud free scenes. As cloudcated close to the Earth surface) but the sensitivity to the
contamination results in errors on the retrieved columns it isEarth surface is significantly lower than for the other PMD
important to at least identify the cloud free pixels. For this channels covering parts of the visible and NIR spectral re-
purpose a cloud mask is generated (0: pixel probably cloudyions because scattering in the atmosphere decreases with
free, 1: pixel probably cloud contaminated). increasing wavelength. This effect can be seen when com-
Currently, this cloud mask is generated using the sub-paring global maps showing the signal of the various PMDs.
pixel information provided by SCIAMACHY’s Polarisation For example, a land to sea contrast is (nearly) not visible for
Measurement Device (PMD) number 1 covering approxi-PMD 1 but clearly visible for the other PMDs (not shown
mately the spectral region 320—-380 nBoyensmann et gl.  here). The threshold has been determined empirically by
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(a) MODIS/Terra Daily Reflectance 24-Jan-2003 + SCIAMACHY cloudfree
scenes (red)

Fig. 3. Map of SCIAMACHY PMD 1 nadir reflectivity for 24
January 2003. The colors have the following meaning: White cor-
responds to high PMD signal (e.g. due to clouds) and dark blue to
low signal. Pixels with a signal below a given threshold are inter-
preted as cloud free. These pixels are shown in green. The contour
of the green areas are shown in red. These red contour lines ar
also shown on top of the MODIS image from the same day shown
in Fig. 4. Large cloud free regions have been identified over north- §
ern Africa, India, south-east Asia, over the southern part of South
America, and Australia.

Fig. 4. (a) MODIS/Terra daily reflectance data product for 24

visual inspection of global maps of PMD reflectivities over- January 2003, i.e,, for the same day as the PMD image shown in
P 9 P Fig. 3 (Source: http://landga2.nascom.nasa.gyovThe cloud free

laid with cloud masks generated for various thresholds. Asscenes as determined from the SCIAMACHY PMD data are shown

an example, Fig3 shows a PMD 1 map for 24 January 2003. 4 req contour linegb) Zoom into the image shown in panel (a).
The value of the threshold has been selected as low as pos-

sible to avoid cloud contamination as good as possible. Se-

lecting a slightly lower threshold would result in nearly all ysed to identify cloud free scenes has already been tuned to
pixels being classified as “possibly cloud contaminated” (seeye as conservative as possible it needs to be investigated if
Fig. 10). a more complex algorithm needs to be developed to avoid
To verify the PMD algorithm the SCIAMACHY data have even small cloud contamination. This algorithm should also
been compared with regional and global radiance or refleche able to discriminate between clouds and snow/ice covered
tivity maps of other sensors such as AVHRR/NOAA and surfaces. This can probably be achieved using a combination
MODIS/Terra. As an example Figlt shows the daily re-  of various PMDs covering not only the UV but also parts of
flectance data product of MODIS/Terra for 24 January 2003 the visible and near-infrared as observed by SCIAMACHY.
The MODIS image has been overlaid with the cloud free
areas as determined from the SCIAMACHY data shown in
Fig. 3. Figure4 shows good agreement between the cloud7 Methane and carbon dioxide WFM-DOAS fits
free areas as determined with the SCIAMACHY PMD al-
gorithm and the cloud free areas visible in the MODIS im- Figure5 shows typical CH, CO, O, WFM-DOAS fits. For
age. As can be seen, even small cloud free regions locate@H, a small spectral fitting window in SCIAMACHY chan-
within or at the edge of large complex cloud fields have beemel 8 is used, for C® a small fitting window in channel
detected. The comparison also shows that there still migh6, and for Q the A band located in channel 4. As can be
be some small scale clouds in the SCIAMACHY pixels not seen, the spectral absorption structures of all three gases are
detected by the PMD algorithm. This needs further investi-clearly visible in the SCIAMACHY data and relatively good
gation taking into account the time difference between thefits to the methane, carbon dioxide and oxygen absorption
sensors (the local equator overpass time is 10:00 a.m. fobands have been obtained. The root-mean-square (RMS)
ENVISAT and 10:30a.m. for Terra). The dependence ofdifference between the WFM-DOAS model and the SCIA-
the measured XC®on the PMD threshold is discussed in MACHY measurement shown is 1.7% for the methane win-
Sect.9.2 As the relatively simple PMD algorithm currently dow, 0.7% for the C@window, and 1.3% for the @window.
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Orbit 4714 / 24-Jan-2003 / Px:583/Lat:28.91/Lon:3.66 Orbit 4714 / 24-Jan-2003 / Px:1864/Lat:29.17/Lon:2.25 Orbit 4714 / 24-Jan-2003 / Px:2108/Lat:29.17/Lon:2.25
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Fig. 5. Typical WFM-DOAS fits for methane (left), C&Xmiddle), and Q (right). Methane (left): The SCIAMACHY sun-normalised nadir
spectrum (symbols) and the WFM-DOAS model spectrum (solid line) is shown in the top panel. The other panels show the fit results for
the individual fit parameters, e.g. methane (second panel). The retrieved methane colums 19¥580lecules/crh £3%. In addition

to methane, MO and BHO (both are weak absorber in this spectral region) and a shift of the temperature profile are included in the fit (see
Buchwitz and Burrows2004 for details). The retrieved §O column is 6.% 10'8 molecules/crh £22%. The root-mean-square (RMS)
difference between measurement and WFM-DOAS model is 0.017 (1.7%). Middle: As left panel butfof B®retrieved CQ column

is 8.11x 10?1 molecules/cr £6%. The root-mean-square (RMS) difference between measurement and WFM-DOAS model is 0.0066
(0.66%). Right: As left panel but for £ The retrieved @ column is 4.5& 10?4 molecules/crh +1.4%. The root-mean-square (RMS)
difference between measurement and WFM-DOAS model is 0.0134 (1.3%).

The fit residuals, i.e. the difference spectra between meaeolumns have not been scaled. This issue needs further study
surement and model as shown in Figare not yet signal- and we hope that in the future we do not need the scaling fac-
to-noise limited but are dominated by rather stable spectrators any more. At this point we focus on finding out to what
artifacts. This needs further investigation, e.g. by analysingextent atmospheric variability can be detected with SCIA-
time series, but is most probably due to a combination of var-MACHY because this is where the information on sources
ious errors such as errors in the spectroscopic daghfnan  and sinks mainly comes from.
et al, 2003, errors due to the still preliminary calibration
of the SCIAMACHY nadir and solar spectra, and spectrom-
eter slit function uncertainties. Probably as a result of this ,
the CQ and @ columns initially retrieved showed a signif- 8 Global models of chemistry and transport

icant bias, namely a systematic underestimation of the CO . . .
y asy e In this section a short description the global models of chem-

columns and an overestimation of the €lumns (the mix- | " dt ¢ din the studv is ai Three diff

g raos o hese gases ar qute wel knoun and co oY 46 LEnifor see 1 e sy s ven, e Ser
ary very much; therefore a good estimate of their columns ’

vary very mu g ! ! y (TM3 model of KNMI, TM5 model of JRC) and one for the

for a given location can be made even without any SCIA- : o
MACHY measurement). In order to roughly compensate for ©0MParnson of carbon dioxide (TM3 model of MPI-BGC).

this, constant (i.e. space and time independent) scaling fac-
tors have been applied to all WFM-DOAS version 0.4,CO 8.1

and @ columns shown in this study. These scaling factors
are 1.27 for the C@columns and 0.85 for the Ocolumns.  TM3 is a global off-line chemistry-transport model driven

All columns have simply been multiplied with these factor by meteorological fields from the ECMWF weather fore-
(this transformation can be reversed, if considered necessargast model. The model is run on a resolution of>23%°

by dividing all WFM-DOAS version 0.4 columns by these and 31 vertical layers. The version applied here is basi-
numbers). As absolute measurements are difficult, scalingally the same as described.ialieveld and DentengR000,
factors have also been used in other studies. For exampl&€Xcept that Chl emissions are included, closely following
Yang et al.(2002 applied a scaling factor of 1.058 to their Houweling et al(1999. CHs concentrations at the highest

XC02 measurements. The WFM-DOAS version 04£H model level (10 hPa) are nudged to the monthly'mean zonal
HALOE/CLAES climatology from UARS.

TM3 model of KNMI
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Fig. 6. Panel(a): Methane vertical columns (VC) on 24 January 2003, as retrieved from SCIAMACHY. Shown are all data with fit errors
less than 10%(b): As (a) but for XCH,. Panelqc) and(d): As (a) and (b) but restricted to cloud free pixgls). Methane vertical columns
from KNMI/TM3 model. (f): XCH4 from KNMI/TM3 model.

8.2 TM5 model of JRC icals is simulated using pre-calculated OH fields based on
CBM-4 chemistry and optimised with methyl chloroform,

The TM5 model is a two-way nested atmospheric zoomfor the stratosphere also the reaction of Obith Cl and

model Krol et al,, 2005. It allows to define zoom regions O(!D) radicals are considered.

(e.g. over Europe) which are run at higher spatial resolution

(1x1°), embedded into the global domain, run at a resolu-8.3 TM3 model of MPI-BGC

tion of 6x4°. We employ the tropospheric standard version

of TM5 with 25 vertical layers. TM5 is an off-line model TM3 3.8 (Heimann and Krner, 2003 is a three-dimensional

and uses analysed meteorological fields from the ECMWHRglobal atmospheric transport model for an arbitrary number

weather forecast model to describe advection and verticabf active or passive tracers. It uses re-analysed meteorologi-

mixing by cumulus convection and turbulent diffusion. £H cal fields from the National Centre for Environmental Predic-

emissions are as described Bgrgamaschi et a(2004) (a tion (NCEP) or from the ECMWEF re-analysis. The modelled

priori emissions). Chemical destruction of gHy OH rad-  processes comprise tracer advection, vertical transport due
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to convective clouds and turbulent vertical transport by dif- small number of days all 14 daily orbits were available for
fusion. Available horizontal resolutions range from B> this study.
to 1.1x1.1°. In this case, TM3 was run with a resolu-  Figure6a shows the methane vertical columns as retrieved
tion of 1.8x1.8 and 28 layers, and the meteorology fields from the SCIAMACHY measurements from 24 January
were derived from the NCEP/DOE AMIP-II reanalysis. £0 2003. As described above, no cloud correction is being per-
source/sink fields for the oceans originate fr@akahashi  formed by WFM-DOAS. The low columns (shown in blue)
et al.(2002, for anthropogenic emissions from the EDGAR mainly correspond to cloud covered scenes for which only
3.2 database and for the biosphere from the BIOME-BGCthe column above the cloud is observed. This can be seen
model. by comparing (the blue regions of) Figa with (the white
Since the finalisation of the first version of TM3 in regions of) Fig.3. Only ground pixels with a methane col-
1993 the model has been used in numerous simulationsmn fit error of less than 10% are shown in Fag, i.e. only
of greenhouse-gas related effects. After model enhancepixels where a relatively good match of the WFM-DOAS
ments, transport properties were always verifislgithann  model and the measurements has been achieved. Most of
and Korner, 2003. Concerning CQ, a careful evaluation the rejected pixels (those having a fit error larger than 10%)
of TM3 results with in situ atmospheric measurements fromare located over the oceans. Except for sun-glint condi-
various air-craft campaigns and ground based measurementi®ns the reflectivity of the ocean is low, especially at near-
shows that the model simulates realistic mixing ratio distri- infrared wavelength. As a result, the signal detected by
butions at the surface but also in upper parts of the tropo-SCIAMACHY is low and, therefore, also the signal-to-noise
sphere (Peylin et al., personal communicatjon ratio, resulting in spectral fits being significantly worse com-
The TM3 model output contains 3-dimensional time- pared to fits over land.
series of average GQOnixing ratios per grid box. To get the Figure6c shows the same columns as shown in Bagbut
column abundance in molecules/&those values are multi-  restricted to cloud free pixels. These columns can be com-
plied with the air mass of the respective boxes, summed-up ipared with the corresponding KNMI/TM3 model columns
the vertical and divided by the area. Column averaged mix-shown in Fig.6e. As can be seen, the measured columns
ing ratios were computed by dividing the column abundancecorrespond quite well with the model columns. The low-
by the respective column air mass. est columns (blue) are located over elevated regions, e.g.,
the Himalaya region. Column variations are primarily due
to changes of surface topography (the higher the average
9 Comparison of SCIAMACHY data with models surface elevation of a ground pixels the lower the air mass
above this pixel and the lower the column of a well-mixed
gas). Over northern Africa the measured as well as the model
columns are in the range 3.5-3.80'° molecules/crh. Over
South America the columns are significantly lower (less
than 3.4<10'° molecules/crf), especially over the Andes
mountains. This is true for the measurements as well as

’ - g . for the model data. Over Australia the measured columns
30x120kn?). The model grids are typically integer multi- are around 3.210° molecules/crd which is a few per-

ples of 0.8. This enables to map the model data onto the .oyt higher than the model columns which are around
0.5° grid without any interpolation. The only exception is 35,1019 molecules/cra.
the MPI-BGC/TM3 model where a bi-linear interpolation Figure 6b shows the methane dry air column averaged

scheme has been used. mixing ratio XCH; as measured by SCIAMACHY for all

ground pixels where the methane fit error is less than 10%.
91 Methane columns and XGH Figure 6d shows the same data but restricted to the cloud
In this section SCIAMACHY data are compared with cor- free pixels. Figuresf shows the corresponding KNMI/TM3

responding model data. Detailed results are presented forPOde,I res‘,"ts- The colour scale used for Fpis nc_)t ex-
four days of the year 2003 (24 January, 28 March, 30 I\/l‘,jl),’actly identical with the colour scale used for F&gl in or-

and 23 July). These days have been selected based on sé%i/ir to“better ﬁhow the;]XCA-Bgaltial patterné whichh is some-
eral criteria with the main criterion being availability of all what “smoother” in the model compared to the measure-

14 daily ENVISAT orbits in consolidated Level 1b format mhents.dFilglgudreG enables a ﬁorrr]]parison of the meas.ured 6I1Ind
(i.e. entire orbits including all the necessary auxiliary datatN® modelled XCh. Overall, the patterns agree quite well.

needed for calibration). Not all ENVISAT orbits have yet Both data sets show relatively high values in the northern

been processed and made available by ESA and only for Qemisphere and relatively low values over South America.
Over Australia the measured XGHs about 1-2% higher

1p. Peylin, personal communication, Laboratoire des Science{~1.74 ppmv) compared to the modet.70 ppmv). Dif-
du Climat et I'Environement, Gif-sur-Yvette, France ferences on the order of 1-2% are also observed over other

In order to facilitate a quantitative comparison of the SCIA-
MACHY data with the model fields, all data have been grid-
ded on a common 0:80.5° latitude/longitude grid. This
corresponds to a grid box size of about&D kn? (except

at high latitudes) which is on the order of the resolution of
the SCIAMACHY ground pixels (C@ 30x60kn?, CHa:

Atmos. Chem. Phys., 5, 94962, 2005 www.atmos-chem-phys.org/acp/5/941/
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2200 | 7 2200 |
L SCIAMACHY [ppbv]: Mean=1752.0, IHD= 53.2 i L SCIAMACHY [ppbv]: Mean=1752.0, IHD= 53.2
| Model [ppbv]: Mean=1736.8, IHD= 71.2 7 [ Model [ppbv]: Mean=1741.8, IHD= 56.2 7
2000 B 7 2000 [ 7
z B = I
2 1800 2 1800
Q L Q
k= . 2
Q1600 S 1600 - 71 1
1400 [~ 7 1400 B ]
1200, I . L . ! ] 1200 [ R
-50 0 50 -50 0 50
Latitude [deg] Latitude [deg]

Fig. 7. XCH4 as a function of latitude as measured by SCIAMACHY (red points) and the corresponding KNMI/TM3 (left) and JRC/TM5
(right) model data (blue crosses). The two horizontal red lines show the average values of the SCIAMACHY data in the latitud@®ands

to —10° and—10 to +9C. The two vertical red lines indicate the standard deviation of the SCIAMACHY data in the two latitude bands.
The blue lines show the same quantities but for the models. The comparison is limited to cloud free measurements over land. The mean
value of all the SCIAMACHY data is 1752.0 ppbv and the corresponding model values are 1736.8 ppbv (KNMI/TM3) and 1741.8 ppbv
(JRC/TM5). The interhemispheric difference (IHD) as measured by SCIAMACHY is 53.2 ppbv and the corresponding model values are
71.2 ppbv (KNMI/TM3) and 56.2 ppbv (JRC/TM5).

regions, e.g. over Mexico, where the measured X081  meteorology (ECMWF), advection scheme and parameteri-
~1.72 ppmv and the model values are arourl76 ppmv.  sation of sub-grid-scale vertical mixing. However, they are
The largest difference is observed over the Himalaya regionapplied here in different resolutions (TM3: %3.5; TM5:
where the measured XGHare about 10% higher than the 6x4, over Europe & 1) and use different CiHemission in-
model values. ventories. A coupled European-global inversion based on
Figure7 shows the measured XGHind the KNMI/TM3  the TM5 model has recently been performed3gygamaschi
and JRC/TM5 model values as a function of latitude. As €tal.(2004, using high-precision ground-based in-situ mea-
can be seen, the variability of the measured X%Gsi sig- surements. The inversion, performed for year 2001, suggests
nificantly higher €100 ppbv or 5%) than the model XGH  €.9. higher emission from USA, Southern Africa, and India,
(~30 ppbv). The hemispheric averages of the SCIAMACHY and lower emission from Northern Africa, Russia and East
data (red horizontal lines) agree quite well with the corre-Asia compared to the bottom-up inventory used in this study,
sponding model values which have been computed usingVith significant influence on the simulated global £ttis-
the same (latitude/longitude) grid boxes as used for SCIA-ribution. For future comparisons of SCIAMACHY data we
MACHY. The difference between the hemispheric averageswill use such optimised Cisimulations, representing a cal-
is the inter-hemispheric difference (IHD). The IHD as de- ibrated reference consistent with global in-situ observations.
termined from the SCIAMACHY measurements on 24 Jan- A similar analysis has also been performed for three other
uary 2003, is 53ppbv. The corresponding model valuesdays of the year 2003. The results are summarised in Tables
are 71 ppbv for the KNMI/TM3 model and 56 ppbv for the and3. These tables shows that the quantities used to charac-
JRC/TM5 model. Note that the model values have been deterise the level of similarity between the measurement and
termined taking into account the spatial sampling of SCIA- the models (i.e. correlation coefficient, mean difference and
MACHY and, therefore, are not identical with a model IHD standard deviation of the difference) are significantly differ-
computed from all model grid boxes. For this day a latitude ent for the four days analysed. For example the correlation
of 10° south has been selected to “separate” the hemispheresoefficient for the CH columns is 0.88 on 24 January 2003,
This latitude roughly corresponds to the (average) position ofout as low as 0.55 on 30 March 2003. This can be explained,
the inter-tropical convergence zone (ITCZ) in January as carat least partially, by the fact that the correlation coefficient
be concluded from, e.g. Fid, which shows a gap of SCIA- strongly depends on the range of columns observed which
MACHY measurements around1( latitude due to large is primarily determined by the range of ground pixel surface
cloud cover (typical for the ITCZ) with higher than average pressures covered by cloud free pixels (on 24 January, for
methane mixing ratios north of this region and lower mix- example, one orbit goes over the nearly cloud free Andes
ing ratios south of this latitude. Both models use the samemountains, which is not the case for 30 March).

www.atmos-chem-phys.org/acp/5/941/ Atmos. Chem. Phys., 598212005
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Table 2. Overview of the comparison of the GHtolumns as retrieved from SCIAMACHY for cloud free scenes over land for four days
with CH4 KNMI/TM3 model columns. The last column lists the average transmission of SCIAMACHY channel 8 relative to first in-orbit
measurements (Source: SCIAMACHY Operations Support Team web ptigg/atmos.af.op.dIr.de/projects/scgps/

Model Day N Mean difference Standard deviation Pearsonsr Pearsonsr Channel 8
grid CHy columns CH columns CH columns SCIACH relative
boxes SCIA-model SCIA-model SCIAvs. model vs; O transmission
(109 molec./cnf)  (10'° molec./cn?) columns )
KNMI/TM3  2003/01/24 2770  +0.06 (+1.8%) 0.18 (5.7%) 0.88 0.87 0.9
2003/03/28 4437 —0.32 (-9.3%) 0.21 (6.5%) 0.82 0.89 0.7
2003/05/30 7581  +0.02 (+0.5%) 0.38 (11.0%) 0.55 0.84 0.8
2003/07/23 8535 —0.53 (-15.3%) 0.32 (8.9%) 0.62 0.86 0.6

Table 3. Overview of the comparison of XCHas retrieved from SCIAMACHY for cloud free scenes over land for four days with XCH
KNMI/TM3 and JRC/TM5 model values. The latitudes listed in the table are the latitudes chosen to separate the northern from the south-
ern hemisphere taking into account the position of the inter-tropical convergence zone (ITCZ) for the calculation of the inter-hemispheric
difference (IHD) of the column averaged methane mixing ratio XCH

Model  Day Mean difference  Standard deviation Pearsonsr Latitude IHD IHD
XCHgy XCHg XCHgy forIHD  SCIA  model
SCIA-model SCIA-model SCIA vs. model (deg) (ppbv) (ppbv)
(ppbV) (ppbV)
KNMI/  2003/01/24  +15 (+0.9%) 98 (5.7%) 0.19 -10 53 71
T™M3 2003/03/28 —183 (-10.5%) 89 (5.1%) 0.10 0 30 55
2003/05/30 +51 (+2.9%) 200 (11.3%) 0.25 3 110 56
2003/07/23 —260 (—14.8%) 121 (6.8%) 0.04 15 31 60
JRC/ 2003/01/24  +10 (+0.6%) 97 (5.6%) 0.18 -10 53 56
TM5 2003/03/28 —186 (—10.6%) 89 (5.1%) 0.07 0 30 48
2003/05/30 +48 (+2.7%) 200 (11.3%) 0.25 3 110 56
2003/07/23 —266 (—15.1%) 122 (6.8%) 0.01 15 31 63

In this context it also has to be pointed out that the WFM- close to 1.0 but decreases (roughly exponentially) with time.
DOAS Version 0.4 retrieval scheme and related parameter3able 2 shows that the transmission is highest (0.9) for 24
(degree of the polynomial, slit function parameters, dead andlanuary 2003. For this day (a day shortly after a major de-
bad detector pixel mask, solar reference spectrum, etc.) areontamination phase) the comparison with the KNMI/TM3
identical for all days, i.e. the retrieval scheme is rather staticmodel shows the best agreement (e.g. highest correlation co-
This might not be the optimum because certain time depenefficient, smallest standard deviation of the difference). For
dencies might need careful consideration, e.g. to take int®8 March and 23 July the SCIAMACHY CHcolumns are
account effects resulting from the time dependent ice-layeion average 10-15% lower than the model columns (whereas
build up in SCIAMACHY’s channel 8 (see Se@) which for the other days the agreement is within 2%). For these
has been used for CHetrieval. The average channel 8 rela- two days the transmission has its lowest value. The tables
tive transmission is shown in the last column of Tahl& his show that the level of agreement (measured by, e.g. the mean
transmission has been determined from ratios of solar (andlifference) between measurement and model(s) is similar for
internal calibration lamp) spectra as measured in-orbit byCH4 and XCH;,. This shows that the time dependence of the
SCIAMACHY. The transmission values listed characterise quality of the retrieval is primarily determined by the chan-
the change of the transmission relative to the first in-orbitnel 8 methane column retrieval and not by the channe}4 O
measurements. In order to bring this transmission back to itsetrieval (as the division by ©performed to obtain XCH
maximum value (of+1.0) SCIAMACHY (more precisely, its does not change the time dependence). This time dependence
radiant cooler) is regularly heated (“decontamination”) to getneeds further investigation by careful analysis of more data
rid of the ice layer. After decontamination the transmission is(e.g. using an entire year) which is beyond the scope of the

Atmos. Chem. Phys., 5, 94962, 2005 www.atmos-chem-phys.org/acp/5/941/
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Table 4. Overview of the comparison of thes@olumns as retrieved from SCIAMACHY for cloud free scenes over land for four days with
O, columns computed from ECMWF surface pressurg.(he conversion has been done assuming that a surface pressure of 1013 hPa
corresponds to an{£column of 4.5k 10?4molecules/crf.

Model Day Mean difference Standard deviation  Pearsonsr
O, columns G columns Q columns
SCIA-model SCIA-model SCIA vs. model
(10** molec./cnf) (10?4 molec./cn?)
ECMWF/KNMI  2003/01/24  +0.00 (+0.2%) 0.30 (7.9%) 0.62
2003/03/28 +0.02 (+0.7%) 0.32 (8.3%) 0.59
2003/05/30 —0.10 (-2.1%) 0.51 (12.0%) 0.27
2003/07/23 —0.07 (—1.7%) 0.46 (10.8%) 0.38

Table 5. Overview of the comparison of the G@olumns as retrieved from SCIAMACHY for cloud free scenes over land for four days
with CO, MPI-BGC/TM3 model columns.

Model Day N Mean difference Standard deviation Pearsons r Pearsons r
grid CO;, columns CQ columns CQ columns SCIACQ
boxes SCIA-model SCIA-model SCIAvs. model vs O
(10 molec./en?) (10?1 molecules/crf) columns
MPI-BGC/TM3  2003/01/24 2990  +0.14 (+2.0%) 0.50 (7.6%) 0.65 0.89
2003/03/28 4206  +0.06 (0.9%) 0.54 (7.9%) 0.66 0.89
2003/05/30 6982 —0.18 (—2.3%) 0.83 (11.4%) 0.34 0.83
2003/07/23 9051 —0.27 (-3.7%) 0.82 (11.2%) 0.35 0.88

Table 6. Overview of the comparison of XCfas retrieved from SCIAMACHY for cloud free scenes over land for four days with XCO
MPI-BGC/TM3 model values. The latitudes listed in the table are the latitudes chosen to separate the northern from the southern hemisphere
taking into account the position of the inter-tropical convergence zone (ITCZ) for the calculation of the inter-hemispheric difference (IHD) of
the column averaged COnixing ratio XCO,. Positive (negative) values of the IHD indicate larger mixing ratios over the northern (southern)
hemisphere.

Model Day Mean difference  Standard deviation Pearsonsr Latitude IHD IHD
XCOy XCO» XCO»y for IHD SCIA  model
SCIA-model SCIA-model SCIA vs. model (deg) (ppmv) (ppmv)
(ppmv) (ppmv)
MPI-BGC/ 2003/01/24 —5.1 (—1.4%) 14.4 (3.9%) 0.11 -10 +4.4 +3.0
T™M3 2003/03/28 —10.6 (-2.8%) 16.7 (4.5%) 0.26 0 +11.7 +5.1
2003/05/30 —10.9 (—2.9%) 32.1(8.5%) 0.11 3 +10.3 +3.1
2003/07/23 —18.8 (-5.1%) 20.2 (5.4%) 0.25 15 -104 -14

current study (our recent analysis of nearly a year of datawinter to northern hemisphere summer (see Bijand the
has confirmed that there is in fact a very clear correlationcorresponding KNMI/TM3 model data shown in Figj).
between the methane bias and the throughput loss of channel
8). Also its consequences for future versions of WFM-DOAS
need to be assessed. TaBlshows thatv, the number of
(latitude/longitude) grid boxes is significantly different for

the four days investigated. This is mainly due to a signifi- the retrieved @columns are not expected to be free of errors.

T e e e ECMIIF suface pressure a5 used by e KNMI/TUS
P going P model has been used to computer@odel columns using the

The column averaged mixing ratio of methane has been
computed by dividing the retrieved methane column by the
retrieved Q column. Therefore, the quality of the retrieved
Oz column is also important. As has been shown in S&ét.

www.atmos-chem-phys.org/acp/5/941/ Atmos. Chem. Phys., 598212005



956

SCIA/WFMD CO, 20030124 "t mesg

8.50
~ 830
«| 810
1 790
7.70
7.50
t 780
Ll 710
7 690
| 670
| 650

Michael.Buchwitz @iup.physik.uni-bremen.de (WFMDvO.4, gridded 0.5¢0.5, cloudiree, fiterror<10%)

C

MPI-BGC/TM3 CO, 20030124 * [‘°2'm°';f;%mzl

| 785

7.70
| 755
| 7.40
7.05
7.10
| 695
6.80
6.65
650

1m3_MPlJena_20030124_CO2col_1July2004.grid plotted by Michael.Buchwitz @iup.physik uni-bremen.de

e

SCINWFMD Co2 2003(J/F) b

5. dotifres, srior <10, anvermge  dan 24427+ 30431 +Feb_ Mj

Fig. 8.

M. Buchwitz et al.:

Methane and carbon dioxide from SCIAMACHY

b

XCO, [ppmv]
400
394
388
382
376
370
364
358
352
346
349

SCIA/WFMD XCO, 20030124

Mlchae‘\ Buchv‘mz@lu‘p D?\ys\;(.um-b‘remsn ;15 (WF‘MDvn :1, gndd;ad 0. Sx‘(l 5, z:\u‘udivee,‘ﬁ\enm‘dﬂ“/h)‘
d XCO, [ppmv]
377
376
375
374
373
372
37
370
369
368
SSZ

MPI-BGC/TM3 XCO, 20030124

1m3_MPlJena_20030124_XCO2_1July2004.grid plotted by Michael.Buchwitz @iup.physi uni-bremen.de

f

XCO2 [ppmy|
400

93

a6t
arg -
| arab
355
85

61
344
37

330

5, deucfres, sror <1(%%, average | dan_24aT7-+ 3431 +Feh_3+d45)

SCIA/WFMD XCO2 2003(J/F)
s

Panel(a): CO, columns for cloud free scenes as retrieved from the SCIAMACHY measurements of 24 January 2003. Shown

are only the cloud free pixels with a GQit error of less than 10%. Pang@): As (a) but for XCQ. (c): CO» vertical columns (VC) on
24 January 2003 from the TM3 model of MPI-BG(@): As (c) but for XCG. Note that the colour scales used for the SCIAMACHY
measurements and the TM3 model results are not iden{ienlSimilar as panel (a) but average over seven days in the time period end of

January to beginning of February 2003. The red lines show the ship track of the research vessel Polarstern (see FTS measurements shown

Fig. 9). Panel(f): As panel (e) but for XCQ.

linear hydrostatic relation between surface pressure and oveen the individual columns may cancel. This however requires

head air mass and the constant mixing ratio efiodry air.

a good correlation between the measured methane and oxy-

These @ model columns have been compared with the O gen columns. For the four days investigated in this study the

columns retrieved from SCIAMACHY. Tablé summarises

correlation coefficients between the measured, @Ad G

the results. As can be seen, the standard deviation of theolumns is given in Tabl@ showing that the correlation is
relative difference is on the same order as for the methaneeasonably good (nearly 0.9).

columns (see Tablg). When the XCH is computed errors

Atmos. Chem. Phys., 5, 94962, 2005
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9.2 Carbon dioxide columns and XGO 390
CO2 surface cruise Jan/Feb 2003
+ FTS_NIR

In this section SCIAMACHY CQ measurements are com- ® higdel
pared with data from the MPI-BGC/TM3 global atmospheric < *¢
transport model. Figur@ shows the CQ columns as re-
trieved from the SCIAMACHY nadir measurements on 24
January 2003. The columns shown in F&n are those t t
retrieved from cloud free pixels where at least a reason-
able fit of the WFM-DOAS model to the measurements has  ze0 -
been achieved (fit error less than 10%, see also Sebt. g . = m‘:m s @ 5
Figure 8c shows the C@ columns of the MPI-BGC/TM3

model for the same day. The colour scale is different forgjg 9 column averaged COmixing ratios (red) measured
both figures. Adjusting the colour scale was necessaryy Fourier Transform Spectroscopy (FTS) during a ship cruise on
in order to better visualise the spatial column distributionsthe Atlantic in January/February 2003. The ship track is shown
in the two data sets. As can be seen, the spatial patterim Fig. 8e. The corresponding MPI-BGC/TM3 XGQnodel data

are quite similar; both data sets show low columns overare shown in blue. In-situ surface sampling data performed by
the Himalaya, the Andes and over south Africa and largerNOAA/CMDL at ground stations close to the cruise track are shown
columns over north Africa and Australia. The linear corre- @s green symbols (connected by a green line). The surface stations
lation coefficient (Pearsong is 0.65, the mean difference is are: Mace Head, Terceira Islgnd, Tem_arifg Island, Aspe_nsion, and
0.14x 1021 molecules/crh (2%), and the standard deviation Crozet Islapq. The_green vertlgal bars |nd|c§te the varlatlon' of sur-
of the difference is-0.50x 1021 molecules/crﬁ(?.G%). Fig- face CQ mixing ratio over the time of the cruise at each station.

ures8b and8d show the corresponding G@ry air column
averaged mixing ratios XC£ The standard deviation of the
difference ist14.4 ppmv (3.9%) for the data over land. Unfortunately, due to clouds, this apparently interesting
The quantitative results of this comparison, also for ther€gion is not observed in the SCIAMACHY data on 24 Jan-
three other days discussed in this paper, are summarised #ary 2003 (see Figgh). In order to increase the number of
Tables5 and6. For the CQ columns and for XC@the bias cloud free pixels in this area all available orbits (for seven
relative to the model is about a few percent for all four days.days of SCIAMACHY data) from in the time period 24 Jan-
The standard deviation of the difference is in the range 7-tary to 8 February 2003, have been processed. The results
12% for the CQ columns and about a factor of two better for have been averaged (using only the cloud free pixels with a fit
XCO, which indicates that errors cancel when the retrievederror less than 10%) and these averages are shown irgeigs.
CO, column is divided by the retrieved Qolumn (for the and8f). As can be seen, the spatial distribution of thesCO
quality of the retrieved @columns see Tabld). The corre-  columns and mixing ratios as measured by SCIAMACHY
lation coefficients between the measured,@@lumns and  over Africa show good agreement with the corresponding
the measured Q:0|umns is near|y 09 (See Tatﬁ)g Table6 model data. The SCIAMACHY measurements show an ex-
also lists the inter-hemispheric differences (IHD) of the,CO tended region of low C@mixing ratios over a similar region
mixing ratio as measured by SCIAMACHY compared to the than the model. The measured £@ixing ratios in the Zam-
corresponding model values. This comparison shows thaPi@/Congo area are about 20 ppmv lower than typical values
SCIAMACHY can detect the small inter-hemispheric differ- in its surroundings, whereas the depth of the@@ugh in
ence with single day data. The magnitude of the measure¢he model is about 5 ppmv.
difference is, however, systematically larger than the corre- According to the model the air masses with the low,CO
sponding model values. concentrations over Zambia are transported by winds west-
A prominent feature of the model results shown in Bd.  ward over the Atlantic ocean where the mixing ratios in the
is an extended region of relatively low G@nixing ratios in  latitude range $S-25 S are several ppmv lower than the
the southern part of Africa around Zambia. Here the mixingbackground concentration (see Figd). These air masses
ratio is about 5 ppmv lower than typical values in the sur- have been observed by ship-based solar occultation Fourier
roundings. The meteorology over southern Africa is domi- Transform Spectroscopy (FTS) measurements obtained in
nated by a persistent high pressure system causing a largéhe same time period during a cruise of the German research
scale, counterclockwise rotating closed circulation systemyvessel Polarsteriarneke et a).2005. As shown in Fig9
This acts as a giant containment reservoir for trace gaseghe column averaged COnixing ratios measured by FTS in
The African tropical/sub-tropical regional sink in the model the latitude range’55—-25 S are up to 5 ppmv lower than the
is primarily due to CQ uptake by vegetation in their main background concentrations observed at higher and lower lati-
growing season. According to the model, this sink convertstudes. This is roughly consistent with the model simulations.
into a relatively strong source six months later, when theFigure 9 also shows that these extremely low £@ixing
drought season begins. ratios are not observed by the network of ground stations,

CO:2 (ppmv)
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SCIAMACHY as a function of the PMD1 threshold used to identify

cloud free scenes. Top left: As Figf. but restricted to 16 ENVISAT orbits passing over Africa in the time period 24-30 January 2003. The
WFM-DOAS v0.4 default value of 0.7 for the PMD1 threshold has been used to identify cloud free pixels. The PMD1 readouts are divided
by the cosine of the solar zenith angle and a pre-defined constant value such that (most of) the normalised data are in the range between 0 ar

1. PMD sub-pixels with values below 0.7 are classified cloud free.
0.65, 0.6, and 0.55.

SCIA/WFM-DOASV0.4 versus MPI-BGC/TM3:
XCO, monthly averages over Africa

Mean

10S-158

158-20S

20S-25S

MoJ J
MONTH 2003

Fig. 11. Monthly mean XCQ as measured by SCIAMACHY
(black lines) determined by averaging data from all available orbits
inthree 5 latitude bands over Africa. Only cloud free ground pixels

The other three panels also show the avepdgat Xat@resholds of

which perform in situ measurements of the £@ixing ra-

tio at ground level. The SCIAMACHY measurements have
not been included in Fi because of the low quality of the
SCIAMACHY CO, measurements over ocean (due to the
low reflectivity of water in the near-infrared).

In order to investigate the time behaviour of the retrieved
CO, mixing ratios in this region more SCIAMACHY data
have been processed. Figuté shows monthly averages
of the CQ mixing ratios as measured by SCIAMACHY
over Africa in the time period January to October 2003 (no
consolidated orbit files for 2003 after October are currently
available). The averages have been computed using all the
consolidated orbit files that have been made available by
ESA for this time period. The data shown are averages for
three adjacent Slatitude bands. Figurdl shows that in
January/February 2003 the measured mixing ratios are 5—

have been considered. The first of the three curves, for example20 PPMV lower that the January to October 2003 average. Six

shows the monthly average XGQ@alues for the latitude interval
10° S-15 S. The average value for this interval is 350 ppmv (see
value given on the right hand side). The mixing ratio difference
between the dotted horizontal lines is 20 ppmv. From this it can
be seen that the XCOin the 10 S-15 S latitude band is about

months later (July/August) the mixing ratios are 5-15 ppmv
higher than the average. This time dependence is in reason-
able agreement with the model results also shown inHig.

The measured amplitude-6—20 ppmv) is, however, signif-
icantly larger than the amplitude of the model data2€

(350-18=) 332 ppmv for February and about (350+13=) 363 ppmvs5 ppmy). The linear trend, which is typically about 1.5 ppmv

for July 2003. The corresponding MPI-BGC/TM3 model data are
shown in red.

Atmos. Chem. Phys., 5, 94962, 2005

COy increase per year, has not been subtracted from the data
shown in Fig.11. An accurate estimation of this trend from
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SCIAMACHY/WFM-DOASVO0.4: MPI-BGC/TM3:
XCO, monthly averages (global) XCO, monthly averages (global)
40N-35N 40N-35N
35N-30N 35N-30N
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25N-20N 25N-20N
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Fig. 12. Panel(a): As Fig.11but for global (i.e. not restricted to Africa) year 2003 data over land including an extended range of latitudes.
The three latitudes ranges also shown in Eigjare shown in red. The distance between the dashed horizontal lines corresponds to 20 ppmv.
The somewhat irregular lines around the equator and at 3%-40e due to the small number of cloud free measurements over(lgnés

(a) but for the MPI-BGC/TM3 model. The averages have been calculated using all model data over land in the corresponding latitude bands.
The distance between the dashed horizontal lines corresponds to 5 ppmv.

the data requires at least one full seasonal cycle, i.e. one yeaxtended regions of low COcolumns over Africa visible
of data. in Fig. 8) are not present in the XCCfield where only a
nearly circular region of low mixing ratios in the area around

For th IAMACHY ignifi inty is in- !
or the SC CHY data a significant uncertainty is in SZambla/Congo is visible.

troduced by the large number of cloud contaminated pixel
in the region around Zambia/Congo. Figudfeshows large To investigate if the XC@results shown in Figdf are in-
gaps indicating no cloud free pixels even in the several daydluenced by clouds, the sensitivity of the Xgon the PMD
average. The XC@values observed for the cloud free pix- threshold (which is used to identify cloud free pixels) has
els located in between the clouds are, however, consistenbeen investigated. The results are shown in EQ. If the
They are consistently lower than typical values in the sur-threshold is decreased more and more ground pixels are be-
roundings. At present we cannot entirely exclude that theing classified “cloud contaminated” resulting in larger data
measured trough of (very low) GOnixing ratios over the gaps. The XC@ pattern, however, remains basically un-
Zambia/Congo area is at least partially due to the shieldingchanged. From this one may conclude that the observed
effect of clouds not detected by the rather strict cloud identi-“CO2 hole” shown in Fig8f is not an artifact resulting from
fication algorithm used for this study. residual cloud contamination.

In this context it is important to point out that errors on  Figure12a shows similar results as Figyl but for global
the retrieved (absolute) GQcolumns (resulting from, e.g. data (over land), i.e. not restricted to Africa, and for an
clouds) are expected to cancel at least partially when the COextended latitude range. In the latitude rangé 3025 S
mixing ratio is computed due to the division of the retrieved (shown in red) the seasonal behaviour of the global average
CO;, columns by the simultaneously retrieved €olumns. s similar as the average over Africa shown in Fig. The
This is nicely illustrated in Figs8e and8f which show that  amplitude, however, is somewhat lower due to the smoothing
most of the surface pressure induced effects (see, e.g. thatroduced by including observations over land areas where
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(according to the model, see Figf) the column averaged columns, the so called dry air column averaged mixing ratios
mixing ratios are closer to the background concentration, i.e XCH4 and XCQ. It has been shown that for cloud free mea-
where the surface fluxes do not result in large regional mix-surements over land the SCIAMACHY data are in reasonable
ing ratio variations as over Zambia/Congo. For northern lat-agreement with global models of transport and chemistry.
itudes Fig.12 shows a similar seasonal behaviour as in the For methane four days have been analysed in detail. The
southern hemisphere but with the expected six-months phasmean differences between the measured and the modelled ab-
shift. Figurel2b shows the corresponding results of the MPI- solute columns are +0.5% and +1.8% for two of the analysed
BGC/TM3 model. Apart from the different amplitude (which days but—9.3% and—15.3% for the two other days. This
is about a factor of four higher in the SCIAMACHY data) indicates that there is a time dependent bias. This bias is
the agreement between measurement and model is good most probably related to time dependent instrument charac-
the latitude range TB—-25 S (shown in red). Outside this teristics (due to ice build up on the detectors) that have not
latitude band the differences are larger. For example in theyet been considered good enough in the calibration and/or
northern mid-latitudes the maximum is around April/May in retrieval process. The standard deviation of the difference is
the model data but around February in the SCIAMACHY less than 0.410'° molecules/cr (~10%) for all four days.
data. The linear correlation coefficientis in the range 0.55-0.88.
Figurel2may be compared with a similarly structured fig- The inter-hemispheric difference of the methane mixing ra-
ure fromChedin et al(2003, where monthly averaged mid- tio as determined from single day cloud free measurements
tropospheric C@mixing ratios are shown derived from four over land is in the range 30—110 ppbv and in good agreement
years of TOVS/NOAA-10 data in the latitude range" 8-  with the corresponding model data which are in the range
20° N. Figure 2 ofChedin et al.(2003 shows similarities  48-71 ppbv.
with the results shown in Figl2 but also differences. In The WFM-DOAS v0.4 XCH data product is not an ab-
the latitude range ©-2C° N, for example, the mixing ratios solute measurement, as the @olumns used to normalise
shown inChedin et al(2003 are in reasonable agreement the methane columns have been scaled with a constant fac-
with the model data shown in Fig.2b. The seasonal cy- tor of 0.85, i.e., XCH has essentially been scaled with 1.18
cles are similar but the amplitudes are different (e.g?,\20  (=1/0.85). The WFM-DOAS v0.4 C®Ocolumns have also
15° N: Chedin: 3-4 ppmb, MPI-BGC model: 1-2ppmv). been scaled (using a constant scaling factor of 1.27) to com-
In the latitude range B-20° S, however, the mixing ratios pensate for a still to be investigated systematic underestima-
shown inChedin et al.(2003 significantly differ from the tion. We have used the assumption that the scaling factors
mixing ratios shown in Figl2. For example, the most are constant, i.e., independent of time and location. If this
pronounced mixing ratio minima are in July-September inis a valid assumption down to an accuracy of one or a few
Chedin et al(2003 whereas these are the month where thepercent is currently unclear. Because of the scaling factors
largest mixing ratios have been measured by SCIAMACHY. this study focused on variability rather than on the absolute
The about a factor of four higher variability of the SCIA- values of the methane and g@easurements.
MACHY data compared to the model may be explained at The scaled C@columns agree with the model data within
least partially by the SCIAMACHY C@ column averag- a few percent. This indicates that there is no obvious time
ing kernels (see Fig2) which show that C@ variability is dependent bias (as has been observed for methane). The
overestimated (by about 50%) if the concentration changestandard deviation of the difference relative to the model
are confined to the lowest parts of the troposphere. Thds less than 0.8810%' molecules/crh (~12%) for all four
SCIAMACHY averaging kernels have not (yet) been applieddays. The linear correlation coefficientis in the range
to the model data when comparing the measurements witl9.34-0.66. The comparison with the model shows that
the model data. Also the scaling factors used for thee CO SCIAMACHY can detect the small (a few ppmv) inter-
columns (1.27) and the Zrolumns (0.85) may contribute to hemispheric difference (IHD) of the GOnixing ratio using
this. They essentially result in a XG@caling factor of 1.49  single day measurements. The magnitude of the measured
(=1.27/0.85). Both effects together may result in an overesinter-hemispheric difference is systematically larger than the
timation of the variability of the measured XG®y abouta  corresponding model IHD. In general, the £@riations as
factor of two. measured by SCIAMACHY are about a factor of four larger
than the variability of the model data. This can partially
be explained by the SCIAMACHY averaging kernels which
10 Conclusions have not yet been taken into account when comparing the
measured data with the model data. Also the currently used
SCIAMACHY nadir spectra recorded in the time period Jan- scaling factors may contribute to this (because they are larger
uary to October 2003 have been processed with version 0.than 1.0 for the C@ columns and XC@). The CQ mea-
of the WFM-DOAS inversion algorithm to retrieve verti- surements of SCIAMACHY indicate that for the first time a
cal columns of CH, CO,, and @. The G columns have natural CQ source/sink region has been detected using satel-
been used to compute,@r air normalised greenhouse gas lite measurements.

Atmos. Chem. Phys., 5, 94962, 2005 www.atmos-chem-phys.org/acp/5/941/



M. Buchwitz et al.: Methane and carbon dioxide from SCIAMACHY

961

Despite the encouraging first results presented here, there spectra: Retrieval algorithm and first results, in: Remote Sensing

is room and need for further improvements. For example,

of Clouds and the Atmosphere VI, edited by: &éér, K. P.,

only small spectral windows have been analysed so far cov- Comeron, A, Carleer, M. R., and Picard, R. H., Proceedings of
ering only a few of the methane and carbon dioxide absorp- SPIE, 5235, 375-388, 2004.

tion lines detected by SCIAMACHY. In this context it will
be very interesting to retrieve methane (also) from SCIA-
MACHY channel 6 not affected by a changing ice-layer as

Buchwitz, M., Rozanov, V. V., and Burrows, J. P.. A near in-

frared optimized DOAS method for the fast global retrieval
of atmospheric Chj, CO, CGQ, H»0, and NO total col-
umn amounts from SCIAMACHY/ENVISAT-1 nadir radiances,

channel 8 which has been used for this study. Our ultimate j Geophys. Res., 105, 15 23115 246, 2000a.
goal is to obtain nearly bias free retrievals with a single mea-g;chwitz, M., Rozanov, V. V., and Burrows, J. P.: A correlated-k
surement precision as close as possible to the theoretical limit gjstribution scheme for overlapping gases suitable for retrieval

of ~1% (Buchwitz et al, 20003.
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