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Abstract. Atmospheric CQ concentrations, retrieved from tected by SCIAMACHY are within 2% of those of the model
spectral measurements made in the near infrared (NIR) byvith the mean difference between the £distributions also
the SCIAMACHY instrument, using Full Spectral Initia- approximately 2.0%. Additionally, analysis of the retrieved
tion Weighting Function Modified Differential Optical Ab- CO; distributions reveals structure not evident in the model
sorption Spectroscopy (FSI WFM-DOAS), are compared tofields which correlates well with land classification type.
ground based Fourier Transform Infrared (FTIR) data and to From these comparisons, it is estimated that the overall
the output from a global chemistry-transport model. bias of the CQ columns retrieved by the FSI algorithm is
Analysis of the FSI WFM-DOAS retrievals with respect <4.0% with the precision of monthly°k1° gridded data
to the ground based FTIR instrument, located at Egbertclose to 1.0%.
Canada, show good agreement with an average negative
bias of approximately-4.0% with a standard deviation of
~3.0%. This bias which exhibits an apparent seasonal trendy  |ntroduction
is of unknown origin, though slight differences between the
averaging kernels of the instruments and the limited tempo-Carbon dioxide (C©) is the dominant anthropogenic green-
ral coverage of the FTIR data may be the cause. The relativeouse gas whose rapid 30% increase in the last 200 years has
scatter of the retrieved vertical column densities is larger tharcaused an enhancement in the radiative forcing of the Earth’s
the spread of the FTIR measurements. Normalizing the CO atmosphere (Intergovernmental Panel on Climate Change,
columns using the surface pressure does not affect the mag001). The growth in atmospheric G@& attributed primar-
nitude of this bias although it slightly decreases the scatter ofly to the burning of fossil fuels and land use change with
the FSI data. the present concentration far exceeding,@€¥els over the
Comparisons of the FSI retrievals to the TM3 global |ast 650000 years (Siegenthaler et al., 2005). Two impor-
chemistry-transport model, performed over four selectedtant sinks which control the amount of GGn the atmo-
Northern Hemisphere scenes show reasonable agreemenfphere are the terrestrial biosphere and the ocean, which have
The correlation, between the time series of the SCIA-been estimated to have absorbed approximately half of the
MACHY and model monthly scene averages, ar@.7 or  anthropogenic emissions (Sabine et al., 2004). Understand-
greater, demonstrating the ability of SCIAMACHY to de- ing the response of both these sinks and of the carbon cycle
tect seasonal changes in the £dstribution. The ampli- as a whole, to escalating atmosphericG€vels and global
tude of the seasonal cycle, peak to peak, observed by SClAwarming is essential for predicting future climate change, es-
MACHY however, is larger by a factor of 2—-3 with respect to pecially as feedback mechanisms within the cycle are still
the model, which cannot be explained. The yearly means denot fully understood (see Friedlingstein et al. (2003) and ref-
erences therein).
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Whilst much effort has gone into estimating carbon cycle2 The SCIAMACHY instrument
fluxes using chemistry transport models and inverse meth-
ods, their distribution and magnitudes can still only be made|_aunched onboard the ENVISAT satellite, in March 2002,
at continental and ocean basin scales (Gurney et al., 2002}he SCanning Imaging Absorption spectroMeter for Atmo-
To place tighter constraints on the models, more observationspheric CHartographY (SCIAMACHY) instrument is a pas-
of the atmospheric C®distribution are needed to comple- sive UV-VIS-NIR hyper-spectral spectrometer designed to
ment those supplied by the sparse network of NOAA/CMDL investigate tropospheric and stratospheric composition and
ground stations. Satellite measurements can, in principleprocesses (Bovensmann et al., 1999). The instrument mea-
provide the dense sampling needed. However, the low spasures sunlight that is reflected from or scattered by the at-
tial and temporal gradients associated with atmospherie COmosphere, covering the spectral range 240-2380 nm (non-
require measurements to be made accurately and to a higkontinuously) using eight separate grating spectrometers (or
precision to be of any value. To improve over the existing channels). The spectral resolution varies between channels
ground network monthly averaged column data, at a preci{0.2—1.4 nm) with each channel consisting of 1024 diode de-
sion of 1% (2.5 ppmv) or better, for ari 810° footprint are  tectors, with each detector pixel sampling at about half the
needed (Rayner and O’Brien, 2001), although regionally thisfull-width half-maximum (FWHM) for a given channel. For
threshold can be relaxed (Houweling et al., 2004). the majority of its near polar sun-synchronous orbit SCIA-

Recent efforts utilizing the thermal infrared, for exam- MACHY makes measurements of the atmosphere in an al-
ple using the NOAA-TOVS (Cédin et al. 2002, 2003) or  ternating limb-nadir sequence. In addition the solar irradi-
AIRS instruments (Chevallier et al. (2005), Chahine et al.ance and lunar radiance are measured using solar/lunar oc-
(2005)) and the adjacent near infrared, using SCIAMACHY cultation. The vertical column densities (VCDs), (units of
(Buchwitz et al., 2005b), have demonstrated that we aremolecules cm?), of various trace gases, whose absorption
entering an era where satellite monitoring of atmosphericfeatures lie within SCIAMACHY'’s spectral range, can then
CO;, concentrations are becoming a feasible prospect. Suche determined through the inversion of the logarithmic ratio
research together with future missions such as the Greerpf the earthshine radiance and solar irradiance via differen-
house gases Observing Satellite (GOSAT) (http://www.jaxa tial absorption spectroscopy (DOAS), (Platt, 1994). In this
jp/missions/projects/sat/eos/gosat) and Orbiting Carbon Obanalysis, atmospheric GQistributions are determined by
servatory (OCO) (Crisp et al., 2004), may yield additional retrieving CQ VCDs from nadir observations made in the
knowledge about the GOsurface fluxes. However, if satel- NIR, focussing on a small micro window within channel six,
lite observations are to provide information about carboncentered on the COband at 1.57 um. A characteristic set
cycle processes they require careful validation. In the fu-of observations consists of the nadir mirror scanning across
ture this will be primarily achieved using a new network track for 4 s followed by a fast 1 s back-scan. This is repeated
of ground-based near-infrared Fourier Transform Infraredfor either 65 or 80s according to the orbital region. The
(FTIR) spectrometers, currently under construction, calledground swath viewed has fixed dimensions of 280 kn?,
the Total Carbon Column Observing Network (TCCON) (acrossx along track). For channel 6, the nominal size of
(Wennberg et al., 2005). At present though, such comparisogach pixel within the swath is 60 kn?, corresponding to
efforts are limited to a handful of FTIR ground stations (€.9. an integration time of 0.25s. Global coverage is achieved at
Dils et al., 2006) and, or alternatively to, chemistry transportthe Equator within 6 days.
models (e.g. Buchwitz et al., 2005a).

In this work, atmospheric Cfvertical columns retrieved
from SCIAMACHY NIR measurements using a new al- o
gorithm called Full Spectral Initiation (FSI) WFM-DOAS 3 Full Spectral Initiation (FSI) WFM-DOAS
are compared both to FTIR measurements and to a global
chemistry-transport model to ascertain the quality and acculhe Full Spectral Initiation (FSI) WFM-DOAS retrieval al-
racy of the retrieval method. The ability of the FSI algorithm gorithm, discussed in detail in Barkley et al. (2006), has
to detect temporal and spatial variations in the,Gistri- ~ been developed specifically to retrieve £flom space us-
bution is also assessed. In Sects. 2 and 3 the SCIAMACHYiNg SCIAMACHY measurements made in the NIR. It is an
instrument and the retrieval algorithm are summarized. Comextension of the WFM-DOAS algorithm first introduced by
parisons to the FTIR data and to the model data are then madduchwitz et al. (2000) which has been used to retrieve the
in Sects. 4 and 5 respectively. Retrieval errors and precisiorY CDs of a variety of trace gas species, from different spectral

are discussed in Sect. 6 and an overall summary is given ifntervals, including C@, methane (Ck) and carbon monox-
Sect. 7. ide (CO) from the NIR (Buchwitz et al. 2004, 2005b); water

vapour (HO) from the near-visible (Bel et al., 2004) and
ozone (Q) from the UV (Coldewey-Egbers et al., 2005).

The algorithm, defined in Eq. (1), is based on a linear least
squares fit of the logarithm of a model reference spectrum
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The subscript refers to each detector pixel of wavelength

and the true, model and retrieved vertical columns are repre-
sented bW’:(VéOZ, Vﬁzo VT’emp), V=(Vco,, VH,0, VTemp

and f/j respectively (where subscriptefers to the variables
CO;, Hx0 and temperature). Hel&empis not a vertical col-
umn as such, but rather a scaling factor applied to the vertical
temperature profile. Each derivative (or column weighting
function) represents the change in radiance as a function of a
relative scaling of the corresponding trace gas or temperature
profile. To retrieve carbon dioxide, weighting functions for

— Temperature,
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pressure and water vapour profiles,
derived from operational 6 hourly ECMWF data
(1.125x1.125 grid), are interpolated onto the local
overpass time and centre of the ground pixel.

From using the mean radiance (within the fitting win-
dow) of the SCIAMACHY observation and the solar
zenith angle at the corresponding time, it is possible
to infer an approximate value for the surface albedo by
comparing it to radiances in a pre-constructed look-up
table (generated as a function of the surface reflectance
and solar zenith angle).

Aerosols have already been discovered to cause system-
atic errors in SCIAMACHY CQ columns (Houweling

et al., 2005). To account for this three aerosol scenar-
ios are incorporated into the retrieval algorithm. Mar-
itime, rural and urban scenarios are implemented over
the oceans, land and urban areas respectively using the
LOWTRAN aerosol model (Kneizys et al., 1996).

CO,, H20 and temperature are needed, thus the fit paramerpe Fg) algorithm is applied to radiances, corrected for dark

ters are the trace gas VCDi&o, and Vi,0, the temperature
scaling factoﬂ%emp and the polynomial coefficients,. The

current and non-linearity (see Kleipool (2003a) and Kleipool
(2003b) respectively), using the fitting window 1561.03—

error associated with each of the retrieved variables is given 585.39 nm, which contains32 detector pixels. The SCIA-

by Eq. (2) where(Cy) ;; refers to thejth diagonal element
from the least squares fit covariance matrix, RiEESthe fit

MACHY dead and bad (DBM) pixel mask which flags cor-
rupt detector pixels is updated each orbit using the standard

residualyn is the number of spectral points within the fitting
window andr is the number of fit parameters.

deviations of the dark current, as proposed by Frankenberg
et al. (2005). Detector pixels are also discarded if erroneous
spikes occur in the measured radiance. The algorithm also
oo — \/(CX)jj x 3, RES (2)  Uses a solar spectrum with improved calibration in prefer-
Vi (m —n) ence to that in the official SCIAMACHY product (v5.04),

Whilst initial results by Buchwitz et al. (2005b) are promis- Provided by ESA, courtesy of Johannes Frerick (ESA, ES-
ing, a detailed error analysis, conducted by Barkley et al.TEC). To improve the quality of the FSI spectral fits, the lat-

(2006), showed that the error associated with the retrieveSt version of the HITRAN molecular spectroscopic database

CO, VCD s significantly reduced when the reference spec-(Rothman etal., 2005) has been implemented in SCIATRAN.
trum (Iiref) is created from an a priori scenario that closely All SCIAMACHY observations are cloud screened prior

resembles the true conditions. Using this premise, the FS|O etrieval processing, with cloud contaminated pixels
algorithm differs from current implementations of WFM- flagged and disregarded. The latest version of the FSI algo-

DOAS in that rather than using a look-up table approach,_“thm (v1.2) usesthe clou_d detection method devised by Kri-
it generates a reference spectrum for each individual SCIAI9€r et al. (2005), though it should be noted that some scenes

MACHY observation, based on the known properties of the (Processed using FSI v1.1) were screened using the Heidel-
atmosphere and surface at the time of the measurement. AXT9 lterative Cloud Retrieval Utilities (HICRU) database
the calculation of radiances is computationally expensive (Grzegorski et al., 2005). Back-scans along with observa-
FSI is not implemented as an iterative scheme, rather eacHons that have solar zenith angles greater thanars also
reference spectrum only serves as the best possible lineariz§XCluded. Pixels over the oceans (in this study) are also not
tion point for the retrieval. Each spectrum is generated usProcessed owing to the low surface reflectivity, which often
ing the radiative transfer model SCIATRAN (Rozanov et al., fesults in SCIAMACHY spectra with & poor signal to noise
2002), using several different sources of atmospheric and@tio- Eachretrieved COVCD is normalized using the input

surface data that serve as input, the details of which are onlfrf CMWF surface pressure to produce a vertical column vol-
summarized here: ume mixing ratio (VMR). After retrieval processing, a quite

strict quality filter is applied selecting only those VMRs that
— A COy vertical profile is selected from a climatology have retrieval errors less than 5% and are within the range
(Remedios et al., 2006), according to the time of the 340-400 ppmv. Column VMRs lying outside this range are
observation and the latitude band in which the groundclassed as failed retrievals and are likely to originate ei-
pixel falls. ther from aerosol scattering, undetected clouds or partially
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Table 1. Summary of the FSI retrievals plus the WFM-DOAS results presented in Dils et al. (2006) (labeled WFMpQ~ASrieved by

Michael Buchwitz and Ruediger de Beek, IUP/IFE Bremen). Analysis of the TM3 model data (Sect. 5) is also included. Shown, for both the
large and small grids, are the 2003 mean Hg&ar, its standard deviationigjzs and relative scatterscateach with respect to the 3rd order
polynomial fit. The scatter of the FTIR data is 1.3%. The top three rows refer to the/COs, whilst the final two rows indicate the GO

VMRs (with the WFM-DOASyp CO, VMR data taken from Dils et al. (2006)).

Retrieval Algorithm/ Large grid Small grid
Model Nobs Byear[%] oBias[%]  oscat[%] Nobs Byear[%] oBias[%]  oscat[%]
FSI 5150 —4.1 2.8 34 2479 -3.9 2.8 3.6
TM3 Model 5150 -1.8 1.9 1.6 2479 —-1.8 1.8 1.7
WFM-DOASyp 4520 -10.3 5.6 5.5 2232  -105 5.5 6.7
FSI 5150 —4.2 2.8 2.2 2479 —4.2 2.8 2.6
TM3 Model 5150 -1.9 0.6 1.1 2479 -2.0 0.6 1.0
WFM-DOASyp 3221 -5.9 0.2 34 1580 —6.1 0.3 3.6
AL SRR RS RN R cloud contaminated pixels. Unlike other earlier studies, e.qg.
\ SZA =0.00 deg. Buchwitz et al. (2005a, 2005b), adjustment of the VCD or
\ SZA =10.00 deg. VMR magnitudes, via scaling factors, has not been neces-
\ SZA =20.00 deg. sary. However, the need for such scaling factors was due to
2ol \ ] (now solved) calibration issues (Buchwitz et al., 2006), em-
\ phasizing the need for high quality SCIAMACHY spectra for
N precise CQ retrievals.
\\ The advantage of the NIR over the thermal infrared, is the
\ SZA =70.00 deg. sensitivity to the C@ concentration in the lowermost part of
15F E I .
z \ Mean AK = Dashed the troposphere. This is demonstrated by the FSI averaging
= R\ kernels (shown in Fig. 1) which peak in the planetary bound-
g \\ ary layer at a maximum of 1.5. This indicates that the differ-
§ \ | ence between the true and a-priori profile is over (under) es-
10t \! . timated by 50% if the true profile is greater (lower) than that
\\ of the a-priori, with the corresponding retrieved VCD over
\N (under) estimated accordingly (Buchwitz et al., 2005b). The
averaging kernels decrease with altitude and above approxi-
sl i mately 7 km they are less than 1.0, i.e. indicating a decrease
N of measurement sensitivity with increasing altitude.
\S
\\\
| | | | | | % 4 Comparisons to FTIR CO, measurements over
Ol by by v by by by g By

Egbert, Canada
00 02 04 06 08 10 12 14 16
AK [-]

4.1 Methodology

Fig. 1. Averaging kernels of the FSI algorithm for the retrieval |n this analysis comparisons are made between columns re-

of CO, from SCIAMACHY NIR measurements, for various solar trieved by the FSI algorithm to CQOcolumns measured by
zenith angles (SZA), using the fitting window 1561.03-1585.39 NMihe ground based (g-b) FTIR instrument, run by Environ-

and albedo=0.2. These averaging kernels have been generated .
perturbing the US Standard atmosphere (McClatchey et al., 1972 ent Canada, located at the Centre of Atmospheric Research

by 10 ppmv, at 1 km intervals below 10 km and 5km steps above, xperiments (CARE), Egbert, Canada (44.R3-79.78 E).

10km. The average kernels have been calculated using the formulghiS _station is located Within a Iarge rural a.rea and is cho-
AK (2)=(V'P—V"8)/(VIP V) whereV'P is the retrieved per-  S€N N preference to the high latitude station of Ny Ale-

turbed vertical column density;’? the true perturbed columi,’* sund and high altitude instrument at Jungfraujoch. The
the true unperturbed columi!“ the retrieved unperturbed column  site is however, only 70km away from Toronto thus mea-
(numerically equal td’’*) and is the altitude (see Buchwitz etal. surements are likely to be influenced by regional pollution.
(2005a)). The mean averaging kernel, applied to the TM3 modelSolar absorption spectra are recorded, in cloud free condi-
data (see Sect. 5) is also plotted (black dashed). tions, approximately twice each month using an ABB Bomen

Atmos. Chem. Phys., 6, 4483-4498, 2006 www.atmos-chem-phys.net/6/4483/2006/
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Fig. 2. (a)Left Panel: The ground based (daily averaged) FTIR,G@Ds (+9.8% error, black crosses) and the FSI retrieved VCDs
grouped as a large grid (withit10.(° longitude andt2.5° latitude, light grey squares) and a small grid (witkiB.0° longitude andt2.5°

latitude, dark grey stars) relative to the Egbert station. Black line: The polynomial fit through the FTIR data. Red line: A 31 point box-car
average of the (daily averaged) FSI €WCDs. Orange line: A 31 point box-car average of the (daily averaged) TM3 model data (see
Sect. 5) interpolated onto the Egbert locati). Right Panel: As left but for the VMRS (i.e. VCDs normalized by the surface pressure).

DA8 FTIR spectrometer that has an apodized resolution ofmial P F; is given by Eq. (4) with the bias for the year being
0.004cnt!l. Measurements of the GOVCD are derived  simply the mean of this ensemble.
from the recorded spectra, using two wavelength intervals

2625.35-2627.06 crt and 936.44-937.18 ¢, to an ac- FSL—PF;

curacy of 8.9% (error estimate based on the discussion iPi = P—E (4)
Murphy et al. (2001)).

The two data sets are compared for the year 2003, howFinally the scattebscat Of the FSI CQ VCDs can also be
ever during this time period there are only 74 g-b measure-assessed using the Heviation of their daily average Fg&),
ments but over five thousand SCIAMACHY valid retrievals with respect to the polynomial fit, providing they have been
(selected on the basis of being withir10.0° longitude and  corrected for the mean daily biaBgay.
+5.0° latitude of the station). To ensure a meaningful anal-

ysis, the methodology outlined by Dils et al. (2006) is used (FSlday—(1+ Bgay) * PFday>
®)

to compare the data. It is also assumed that the averagingscat= sd (1t Bgay = PF,
kernels of the FTIR instrument (not yet available) and SCIA- day day
MACHY are very similar. First, both data sets are normal-
ized to sea level altitude using a simplified hypsometric for-
mula given in Eqg. (3), wheré€, is the measured GOVCD,

Z (in metres) the corresponding average surface elevation
this observation (in the case of the station this is 251 m) an
Co is the VCD normalized to sea-level. This calculation ef-
fectively removes any altitude effects that may be associated 5 Results
with either set of C@ measurements.

This procedure was then subsequently repeated but this time

with FTIR data normalized with the ECMWF surface pres-
ure (instead of Eq. 3), so that the g-b measurements could be

(sgompared to the corresponding final (normalized) FSI VMR
roduct.

During 2003 there were a total number of 5150 successful

7 cloud free CQ FSI retrievals over the Egbert site. These are
Co=C, <74000> 3) illustrated in Fig. 2a, together with the g-b FTIR VCD mea-
surements. The mean yearly bias of the FSh@0lumns

with respect to the g-b data is -4.1%, with a standard devi-
The second step is to fit a third order polynomial through ation of 2.8% and scatter of 3.4%. These results are con-
thedaily averaged=TIR g-b data so that each FSI VCD can sistent with the WFM-DOAS results presented in Dils et al.
be compared to a time-interpolated value of the resultant fi{2006) who also reported a significant negative bias (Ta-
(PF). This is in preference to directly comparing the FSI re-ble 1), though in this analysis the mean bias is approximately
trievals to the actual FTIR data. The bi&s, of each FSI  half their reported value. The spread of the FSI retrievals is
column FSJ, with respect to the time-interpolated polyno- larger than the scatter of the FTIR data (1.3%).

www.atmos-chem-phys.net/6/4483/2006/ Atmos. Chem. Phys., 6, 4483-4498, 2006



4488 M. P. Barkley et al.: SCIAMACHY atmospheric GO

= S

7

7f \

N
|
g
Ly

Monthly Bias [%]

s -

o
e

-10 L L 1
Jan 2003 Apr 2003 Jul 2003 Oct 2003 Jan 2004 ‘?m
Date of measurement
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in percent, for both the FSI retrievals (solid lines) and the TM3 merican (red), Western Europe (Orange), Siberia (green) and the

model (dashed lines) calculated for the £ZMRs (red) and VCDs Gobi Desert (blue).
(black).

atmospheric transport is driven by National Center for Envi-

Selecting a subset of the FSI @¥CDs on the basis of be-  ronmental Prediction (NCEP) meteorological fields using a
ing within only +5.0° longitude andt2.5° latitude of the sta-  model grid of 1.8x1.8°x29 layers (although its initial ten
tion does not reduce this offset as it has a similar mean yearlyear start-up run is at a coarser resolution % 8° x 19 lay-
bias of—3.9% and standard deviation of 2.8%. That said, theers). The ocean air-sea fluxes are based on the mon@y
scatter was slightly larger at 3.6%. This negative bias is nofclimatology compiled by Takahashi et al. (2002) whilst the
constant throughout the year (Fig. 2b) exhibiting an apparenhatural terrestrial biospheric fluxes were modeled using the
seasonal trend, with the significant correlation (0.9) betweerBIOME-BGC model driven with daily NCEP data, using a
the magnitude of the FSI columns and their correspondingsimple diurnal cycle algorithm (Thornton et al., 2005). An-
individual biases. This offset is at a maximum in January, thropogenic fossil fuel C@emissions are derived from the
where the FSI algorithm retrieves lower @@olumns than  EDGAR 3.2 database (Olivier and Berdowski, 2001) lin-
the FTIR instrument. It is not very likely that the bias can early extrapolated from the years 1990 and 1995. The model
be attributed to a solar zenith angle dependent error as thigcludes biomass burning estimates (at monthly resolution)
is passed to the radiative transfer model when creating eactaken from van der Werf et al. (2003), but it does not account
reference spectrum. for the temporal behaviour of fossil fuel emissions.

Normalizing the CQ VCDs does not have a dramatic ef-  The T3 CQ VMRS have been calibrated for an optimal
fect only slightly increasing the bias on both grids by about match with in-situ observations made at the South Pole sta-
0.2%, though the scatter does become.noticeably smallefion and with a mean FSI averaging kernel (shown in Fig. 1)
The perceptible seasonal trend however, is not removed fromyy e to the model data to account for the increased sensi-
the monthly biases. The origin of this bias and its seasona{ivity of SCIAMACHY to the lower part of the troposphere.
variation has not been identified. Differences between thernae model has been sampled at the exact location and time
SCIAMACHY and FTIR averaging kernels may account for (,sing the model's closest 3 hourly time step) for each FS
some of the negative bias whilst the limited number of theeyjeved CQ column that has passed the quality filter. Both
g-b measurements may partly explain its temporal evolution 4at4 sets have then been averaged onfoddgrid with the

Nevertheless, this bias does decreases rapidly in the Iatt%mporal and spatial behaviour of the £@stributions then
months of 2003, thus a more comprehensive set of FTIR obgy amined.

servations for 2004 is required to see if this seasonal pattern . . .
In this paper comparisons are made for four specific re-

Is repeated. gions: Siberia, Canada and Alaska (hereafter referred to as
the North American scene), the Gobi desert and Western Eu-

5 Comparisons to the TM3 chemistry transport model rope (Fig. 4). Both Siberia and North American are covered
extensively by boreal forests and Arctic tundra and should

5.1 The TM3 chemical transport model exhibit a strong seasonal cycle due to the uptake and release

of CO, by vegetation. The C@distribution over the Gobi
The TM3 is a global atmospheric tracer model, developed bydesert should instead be more influenced by atmospheric
the Max Planck Institute for Biogeochemistry (MPI-BGC), transport from other regions whilst over Western Europe,
which solves the continuity equation for an arbitrary num- both aerosols and pollution are expected to have a greater
ber of atmospheric tracers (Heimann anafier, 2003). The effect.

Atmos. Chem. Phys., 6, 4483-4498, 2006 www.atmos-chem-phys.net/6/4483/2006/
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Table 2. Summary of the FSI retrievals and TM3 model comparisons. Note, “SCA” refers to the Seasonal Cycle Amplitude and the “Mean
Correlation” refers to the average correlation between the monthly gridded data. Typically SCIAMACHY under estimates the yearly mean
by approximately 2%, whilst the average difference between observation and model is 1-3% depending on the region.

Region Yearly Mean SCA Difference  Time Series Mean
[ppmv] [ppmv] [ppmv] Correlation  Correlation
FSl TM3 FSI TM3 Mean & ] -]
Gobi Desert 3740 3773 101 49 3.3 6.9 0.95 0.16
North America 371.6 3775 154 7.0 6.0 7.9 0.67 0.12
Siberia 3712 3775 207 79 73 76 0.75 0.15
Western Europe 367.5 378.1 135 57 10.7 8.6 0.47 0.16

To assess the accuracy of the model data a similar compar- Examining the North American scene reveals many sim-
ison to the g-b measurements was also performed. The TM#arities to the Siberian region. There is quite high corre-
data shows reasonable agreement to the FTIR data havinglation (0.67) between the time series of the monthly aver-
negative bias of only about 2% with minimal scatter (Table 1 ages (Fig. 5b) and both SCIAMACHY and model agree on
and Fig. 2). However, as with the FSI retrievals, the monthlythe timing of the minimum C@VMR (in July) though dif-
bias associated with the TM3 data (Fig. 3) also demonstratefer on the occurrence of the maxima. The yearly averages

a seasonal trend, although less pronounced. are 371.6 ppmv (FSI) and 377.5ppmv (TM3) with the am-
plitude of the seasonal cycle observed by SCIAMACHY be-
5.2 Time series comparisons ing just over twice that of the model (15.4 ppmv as opposed

to 7.0 ppmv). In addition, the mean of the absolute monthly

The temporal behaviour of GOVMRs over the Siberian diffe_re_nces is_6.0 ppmv (1.6%)_, wif[h the mefan qf the standard
region is illustrated in Fig. 5a, with the time series plot deviations being 7.9 ppmv. This difference is slightly smaller

of the monthly averages demonstrating that there is quitdhan found for the Siberian region, even though the actual

good agreement between the model and the FSI aIgorithm'.:S| retrieval errors are a fraction greater. Like its Siberian
The correlation coefficient between the two time series iscounterpart, the FSI C£anomaly appears to be out of phase

0.75 and the TM3 monthly means lie within the FSI er- yvith that of the modelwi_th e_ach tra_msition occurring approx-
ror limits for all but the summer months. The most no- Imately one month earlier, indicating that SCIAMACHY is
ticeable difference is that whilst during the winter months CPServing the same seasonal variation for both of these (very
there is excellent agreement between the model and obsefiMilar) scenes.
vations, during the rest of the year SCIAMACHY detects  Over Western Europe (Fig. 6a), model and observations
lower CG; VMRs. The yearly average of the absolute dif- agree less well reflecting the greater difficulty of retrieving
ference is 7.3 ppmv (2%) with the mean of the standard devioyer this region (owing to pollution events and aerosols po-
ations (of the monthly differences) being 7.6 ppmv (see Ta+entially affecting the light path (Houweling et al. (2005)).
ble 2). The mean COVMR for the whole year detected by \whilst the amplitude of the observed seasonal cycle is only
SCIAMACHY is 371.2 ppmv whereas the model average isjust over a factor of two larger than the model there is little
377.5 ppmv. This suggests a negative bias between the modgbherence between the time series with a correlation of only
and FSI retrievals of about2.0% (relative to the FSI scene 0.47 and an average (ab50|ute) difference 8% or more. In
mean). contrast, over the Gobi Desert (Fig. 6b), the match between
The amplitude of the seasonal cycle (peak to peak) ofthe TM3 model data and the retrieved £@MRs is excel-
20.7 ppmv detected by SCIAMACHY is just under three lent with the correlation between the time series now being
times that of the model (7.9 ppmv) with both time series 0.95 and with both agreeing on the timing of the maximum
agreeing on the timing of the minimum GQMR in July, (April) and minimum (July) CQ@ VMR. The CQ anomalies
though disagreeing on the occurrence of the maximum (Aprilare thus in phase and the small difference between yearly
for the TM3 and January for SCIAMACHY). Similar results means, 374.0 ppmv (FSI) and 377.3ppmv (TM3) (about
were presented by Buchwitz et al. (2005a) who reported &%), is most likely due to the increased signal to noise ratio
factor of four greater amplitude. Inspecting the time seriesproduced by the high albedo of the desert surface. In spite of
of the CQ anomaly shows that the transition from positive the better agreement, SCIAMACHY observes a seasonal sig-
to negative, as biospheric photosynthesis exceeds respiraal, transported from other regions, which is just over twice
tion, begins slightly earlier for the FSI data (late April) than that of the TM3 data (10.1 ppmv to 4.9 ppmv). It should also
the model (early May). Both data sets agree on the returrbe noted that the higher GOYMRs, falsely created by dust
crossover in mid-October. and aerosols, detected by Houweling et al. (2005), over the
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Fig. 5. Comparisons between the TM3 model data (blue lines) and the FSI retrieveWX@Rs (red lines) for th€a) Siberian (left) andb)

North American (right) regions for the year 2003. Top Panels: The megn\®@R of each scene. The error bars on the FSI data represent

the Iv standard deviation of the mean. Second panels: The mean difference between the FSI columns and the TM3 data (equivalent to the
difference between the monthly averages). The error bars represent gtaridard deviation of this difference. Third Panels: The,CO
anomaly (i.e monthly averages minus the yearly mean). Fourth Panels: The correlation coefficient between the two data sets. Fifth Panels:
The number of TM3 grid points used in the calculation of the scene means. Bottom Panels: The mean FSI retrieval error of the observed
CO, VMRs with the I standard deviation, which is consistently less than 1%. Note, at the time of processing, SCIAMACHY data for
August was not available and that for December there was not enough valid FSI retrievals to perform a sensible comparison.

Saharan Desert are not evident in FSI retrievals over the Goldoncentrations over the Netherlands, Denmark and Northern
Desert. Germany.

For the larger scenes, e.g. North America, more struc-
5.3 Spatial Distribution ture is visible within the SCIAMACHY data as Fig. 8 clearly
shows an evolving C@distribution, irrespective of some of
Close inspection of the model fields reveal that they are muchhe high degree of variation between grid boxes. For exam-
smoother and contain far less variability than those observegle, a large CQ enhancement, in the SCIAMACHY data,
by SCIAMACHY. Over the Gobi Desert and Western Eu- over Ellesmere Island and the north-western edge of Green-
rope, i.e. the smaller scenes, coincidental features are diffiland is easily noticeable in April (Fig. 9). The best spatial
cult to identify, nevertheless Fig. 7 is a rare example whereagreement over the North American scene is in June, when
both SCIAMACHY and the model data agree on lowerCO lower CQ, concentrations over @bec and the Labrador
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Fig. 6. As Fig. 5 but for thg/a) Western Europe (left) andh) Gobi Desert(right) regions for the year 2003.

Coast and also diagonally through the central regions offrom the Canadian Shield to the Great Central Plains, corre-
Canada, are evident in both model and observations. sponds to a change in vegetation type from evergreen needle
leaf and mixed forests to land covered by crops and large

During July however, an apparently massive uptake ofgrass plains (Fig. 10). Similarly, the transition from the low
CQO; is detected by SCIAMACHY over the area around and CO, VMRs over the eastern US to the higher values found
to the west of Hudson Bay (the Canadian Shield), that is nofurther west, also corresponds to a change in vegetation from
predicted by the model (though this uptake needs to be dedeciduous broadleaf forests to crop lands. Is it possible that
convolved from any possible seasonal bias). This featureSCIAMACHY is witnessing greater uptake of atmospheric
not believed to be a residual surface reflectance effect (as ag0, by the forests compared to the farmed regions? This
a priori albedo value is used within the FSI algorithm) is not is difficult to clarify but this distinct feature is missed by the
visible in May but seemingly develops thorough the summerTM3 model thus highlighting the exciting potential (and use)
before disappearing by October. The Great Central Plaingf SCIAMACHY to detect sub-continental carbon sources
immediately adjacent to the west of Canadian Shield doand sinks at the surface. This is also demonstrated by SCIA-
not demonstrate this variation, suggesting that the CanadiamMACHY observations over Siberia. For example in Octo-
Shield is an active carbon sink. Comparison of the land veg-ber, the model output is very uniform whilst SCIAMACHY
etation type, taken from the MODIS land ecosystem classifi-sees an enhancement approximately along the Yenisey River
cation product and re-gridded t6x21°, shows that the tran-  (which splits the West Siberian Plain and the Central Siberian
sition from low CQ concentrations to higher values, across

www.atmos-chem-phys.net/6/4483/2006/ Atmos. Chem. Phys., 6, 4483-4498, 2006
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Fig. 7. Top: The FSI retrieved COVMRs over the Western Eu-

M. P. Barkley et al.: SCIAMACHY atmospheric GO

Table 3. The FSI retrieval errors over the four selected scenes
(Fig. 4).

Region Mean Retrieval d Mean RMS
Error [%] [%] [%]
Gobi Desert 1.9 0.4 0.1
North American 2.9 0.8 0.3
Siberia 2.7 0.6 0.3
Western Europe 2.6 0.7 0.2

6 Retrieval errors and precision

Itis important to give some assessment of the accuracy (bias)
and precision of the COVMRs retrieved by the FSI algo-
rithm. The mean retrieval (spectral fitting) errors over North
America and Siberia are 2.9% and 2.7% respectively, whilst
over Western Europe and the Gobi Desert they are 2.6% and
1.9% (see Table 3). These fit errors are predominantly af-
fected by the signal to noise ratio of the spectra and thus are
strongly influenced by the surface albedo which over the se-
lected scenes, with exception of the Gobi Desert, is quite low
(typically below 0.1). The standard deviation of the ‘raw’
(un-gridded) FSI C@ columns is~3.0% which seems con-
sistent with the mean retrieval errors. That said, some of this
spread can also be attributed to scattering from aerosols and
undetected clouds. The mean of the standard deviations, of
the retrieval errors over each scene, is consistently below 1%
with the mean root mean square (RMS) error, of the spectral
fits, extremely stable at 0.1-0.3%.

The error in the monthly scene averages is given by
o/+/(N), whereo is the standard deviation of the scene

rope for the July, 2003. For this region only, pixels over the oceansmean andv the number of TM3 grid points used in its cal-

were also processed. Bottom: The corresponding TM3 model CO
field. Both model and SCIAMACHY observations agree on lower
concentrations over the Netherlands, Denmark and north Germany

despite an offset between the absolute values.

Plateau (Fig. 11). Similarly in May, the large G&MRs

culation. For all but the some of the winter months this error
is also consistently below 1%.

Itis difficult to estimate the bias of the retrieval using FTIR
data from only a single ground station. The normalized,CO
columns retrieved over the Egbert instrument have a negative
average monthly bias of approximateiyt.0%, although this

seen over the Yablonovyy mountain range (approximatelydoes vary seasonally and decreases dramatically towards the

115 E 49 N) are not discernible in the model.

end of 2003. Without comparisons to other column measure-

Thus, while SCIAMACHY captures the overall temporal Mments made at other locations it is impossible to determine
behaviour of the model C&distributions well, as described wether this bias is consistent globally or intrinsic only to the
in Sect. 5.2, the spatial coherence between the data sets igbert station. However, comparisons of the FSI retrievals
less favourable. This is further indicated by the time seriesto the TM3 data suggest a negative bias of abeR with

of the linear correlation coefficient (Figs. 5 and 6) which typ- réspect to the model, which when coupled with t2%
ica”y Stays below 0.5 in all regions and is even negative forblas of the TM3 data to the FTIR measurements themselves

some months, signifying that observed and mode} @i3-
tributions are anticorrelated.

Atmos. Chem. Phys., 6, 4483-4498, 2006

(Sect. 5.1), implies that a bias ef4% to the true CQcon-

centration is probably realistic (assuming both the FTIR and
model data are correct). As both the FSI retrievals and the
model monthly biases show a seasonal trend (Fig. 3), it is
hard to establish if a definite seasonal bias exists within the
FSI algorithm. The lower concentrations observed (in all re-
gions) during the summer months, relative to the model data,

www.atmos-chem-phys.net/6/4483/2006/
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Fig. 8. The SCIAMACHY/FSI monthly scene averages over North America for 2003, Grxagrid.
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Fig. 9. The TM3 model monthly scene averages over North America for 2003, 8 2°frid.
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SCIAMACHY/FSI CO, - July 2003
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Fig. 10. SCIAMACHY CO» observations (smoothed with 4:33°box car average) over North America for July 2003 (left panel) with a

map of the land vegetation cover over this scene (right panel). The transition from lpWKIRs along the Canadian Shield and the eastern

coast to the higher values found over the mid-western US, corresponds to a change in vegetation type from evergreen needle leaf, mixec
and deciduous broadleaf forests to land covered by crops and large grass plains. The vegetation map is taken from the Land Ecosysten
Classification Product which is a static map generated from the official MODIS land ecosystem classification data set, MOD12Q1 for year
2000, day 289 data (October 15, 2000) (see http://modis-atmos.gsfc.nasa.gov/ECOSYSTEM/index.html).
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Fig. 11. The monthly scene averages of the FSI.G®@trievals (left panels) and TM3 model (right panels), over Siberia for May (top) and
October (bottom), 2003.
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however do indicate that SCIAMACHY is possibly underes- quality of the input a priori data used in the creation of the
timating the CQ distributions in this time period. reference spectra, will overcome this issue in the future.
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