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Abstract. Global observations of column-averaged dry validation of the new WFMDv2.X CO; data product can be
air mole fractions of carbon dioxide (G denoted by summarised by a single measurement precision of 3.8 ppm,
XCO, , retrieved from SCIAMACHY on-board ENVISAT an estimated regional-scale (radius of 500 km) precision of
can provide important and missing global information monthly averages of 1.6 ppm and an estimated regional-scale
on the distribution and magnitude of regional £®ur- relative accuracy of 0.8 ppm.
face fluxes. This application has challenging precision and In addition to the comparison with the limited number of
accuracy requirements. TCCON sites, we also present a comparison with NOAA's
In a previous publicationHeymann et a).2012), it has  global CGQ modelling and assimilation system Carbon-
been shown by analysing seven years of SCIAMACHY Tracker. This comparison also shows significant improve-
WFM-DOAS X CO, (WFMDv2.1) that unaccounted thin cir- ments especially over the Southern Hemisphere.
rus clouds can result in significant errors.
In order to enhance the quality of the SCIAMACHY
XCO, data product, we have developed a new version of
the retrieval algorithm (WFMDv2.2), which is described in 1 Introduction
this manuscript. It is based on an improved cloud filtering o ) ) .
and correction method using the 1.4 pm strong water vapouf-arbon dioxide (C@) is the most important anthropogenic
absorption and 0.76 umJ#A bands. The new algorithm has greenhouse gas contributing to global warming. Reliable cli-
been used to generate a SCIAMACHRCO, data set cov- Mate prediction requires an appropriate knowledge of its sur-
ering the years 2003—20009. face sources and sinks. Currently, this knowledge has large
The newXCO, data set has been validated using ground-9aPs (e.gStephens et gl2007. Satellite observations of
based observations from the Total Carbon Column Observihe column-averaged dry air mole fractions of X@enoted
ing Network (TCCON). The validation shows a significant XCOz ) can close these gapRgyner and O'Brien200%
improvement of the new product (v2.2) in comparison to theHouweling et al. 2004 Miller et al., 2007 Chevallier et al.
previous product (v2.1). For example, the standard devia2007. This, however, requires a high accuracy and precision
tion of the difference to TCCON at Darwin, Australia, has Of the XCO; data product to constrain the surface fluxes of
been reduced from 4 ppm to 2 ppm. The monthly regiona|_coz significantly Cheyallier etal.2007 MiIIergt gl., 2007).
scale scatter of the data (defined as the mean intra-monthl%/ Measurements having near-surface sensitivity are needed
standard deviation of all quality filtered CO, retrievals  for a sufficiently accurate inversion of regional g€urface
within a radius of 350 km around various locations) has alsofluxes. At present, the only satellite instruments, which make

been reduced, typically by a factor of about 1.5. Overall, theSuch measurements are SCIAMACHY (SCanning Imaging
Absorption spectroMeter of Atmospheric CHartographY)
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on-board ENVISAT (ESAs ENVIronmental SATelliteB(r- WFM-DOAS XCQO, version 2.2 with Fourier transform
rows et al, 1995 Bovensmann et gl1999 Buchwitz et al, spectrometer (FTS) measurements at various TCCON sites
2007 Houweling et al. 2005 Bosch et al. 2006 Barkley  and with recapitulated TCCON validation results of version
et al, 2007 Schneising et gl.2012 Reuter et al. 2011) 2.1 of Schneising et al(2012. We also intercompared the
and TANSO (Thermal And Near infrared Sensor for car- satellite data with model output from NOAA's modelling and
bon Observation) on-board GOSAT (Greenhouse gases Olassimilation system CarbonTracker. In this study, the results
serving SATellite) Yokota et al, 2004 Oshchepkov et al.  of these intercomparisons are discussed.

2008 Butz et al, 2009 Saitoh et al.2009 Kuze et al, 2009 This article is structured as follows: The next section gives
Yoshida V. et al.2011 Yoshida J. et a) 2011, Morino et al, a short overview of the satellite instrument SCIAMACHY.
2011). The WFM-DOAS retrieval algorithm is briefly introduced

Several different retrieval algorithms have been developedn Sect.3. In Sect.4 the new SCIAMACHY WFM-DOAS
(Buchwitz et al, 2006 Barkley et al, 2006a Bosch et al. XCO, version 2.2 retrieval algorithm is presented followed
2008 Schneising et al.2012 Reuter et al.2011) to ob- by a description of the used data sets for the comparison with
tain XCO, from SCIAMACHY measurements. The WFM- the satellite data in Sed. A discussion of the intercompari-
DOAS (Weighting Function Modified — Differential Opti- son results with the measurements from TCCON FTS sites is
cal Absorption Spectroscopy) retrieval algorithBu¢hwitz described in Sec6. The results of the intercomparison with
et al, 2000 is one of them. The version 2.1 of this algorithm CarbonTracker are discussed in S&ct-inally, conclusions
has been used to generate the only available SCIAMACHYare given in Sec8.

XCO, data set covering the years 2003—-2009, which has

been described in the peer-reviewed literatuBehpeising

et al, 2011 2012. Heymann et al(2012 compared the dif- 2 SCIAMACHY

ference of thes&XCO, data and those from NOAAs (Na-
tional Oceanic and Atmospheric Administration) modelling
and assimilation system CarbonTrackeeters et al.2007)
with global aerosol and cloud data. They found significant
correlations with clouds in several regions especially over th
Southern Hemisphere and concluded that the SCIAMACHY
WFM-DOAS version 2.1XCO, data product presumably
suffers from the unaccounted scattering by thin clouds in
those regions.

In order to reduce scattering related errors, retrieval al-
gorithms have been developed which explicitly account for
aerosols and cloud€§hchepkov et gl.2008 Butz et al,
2009 Reuter et al.201%, Yoshida Y. et al. 2011 O'Dell
et al, 2012. Most of these algorithms are computationally

SCIAMACHY (SCanning Imaging Absorption spectroMe-
ter for Atmospheric CHartographY) is a grating spectrome-
ter and a national contribution to the atmospheric chemistry
ayload of ESA's (European Space Agency) ENVISAT (EN-
Iromental SATellite) Burrows et al. 1995 Bovensmann
et al, 1999. The satellite was launched in March 2002 into
a sun-synchronous daytime (descending) orbit with an equa-
tor crossing time of 10:00.&. SCIAMACHY continuously
measures reflected, backscattered and transmitted solar ra-
diation in six channels covering the spectral region 214—
1750 nm and in two additional channels covering the 1940—
2040 nm and the 2265-2380 nm regions. The spectral resolu-
tion ranges from 0.2 to 1.4 nm. In addition to the eight main

very expensive. In contrast, WFM-DOAS is a computation- channels, Seven polarisation measyrgment dgwces .(PMD)
measure upwelling broad band radiation polarised with re-

ally very fast algorithm because it uses a lookup table (LUT)S . L : .
o . . o pect to the instrumental plane with higher spatial resolution.
approach that avoids time consuming online radiative trans- The satellite instrument performs measurements in four

fer calculations. High processing speed is an important ad ifferent observation modes: solar and lunar occultation and

vantage espec iaI_Iy for futgre satellites, such as CarbonSe}Imb and nadir. For this study nadir observations from chan-
(Carbon Monitoring Satellite) Bovensmann et al.2010 nel 4 (605-805nm: for §), channel 6 (1000—1750 nm: for

which will deliver orders of magnitude more observations CO, and water vapour) and PMD 1 (320380 nm) are used
tcr:ﬁgcthiecuurirr?err]:\ggti Sﬁg,g igebztr;?éthand also demanding e integration time of the instrument in the used spectral
yreq ' regions of channels 4 and 6 is typically 0.25s and provides

The goal of this study is to determine to what extent a typical spatial resolution of 60 km across track by 30 km
the WFM-DOAS XCO, accuracy can be further improved along track. A total swath width of 960 km is achieved by

by reducing scattering related errors. For this reason, we ; . . S
X N .__§canning across-track32° relative to direct nadir viewing.

have developed an improved cloud filtering and correction

method for SCIAMACHY WFM-DOAS XCO, retrievals

that is based on a threshold technique for radiances from thg sCIAMACHY WEM-DOAS v2.1

saturated water vapour absorption band at 1.4 um, which is

described in this manuscript. With this method, an updatedThe WFM-DOAS retrieval algorithm is described in detail in

SCIAMACHY WFM-DOAS XCO, data set version 2.2 has Schneising et al(2011). Here, we give a short overview of

been generated. In order to investigate if this method im-the algorithm.

proves the satellite data, we intercompared SCIAMACHY
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The WFM-DOAS retrieval algorithm was developed to re- technique for the ratio of the retrieved to the referenge O
trieve accurate vertical columns of atmospheric gases likecolumn. Both approaches are described in detall, elgeyr
Oz, COy, CHy, etc. from SCIAMACHY measurements. The mann et al(2012.
algorithm utilises a least-squares method, which scales pre- For WFMDv2.2 these filtering approaches are extended by
selected atmospheric vertical profiles. For the retrieval of the(i) a threshold technique based on the radiance from the sat-
COy and G column, sun-normalised radiances from spec-urated water vapour absorption band at 1.4 um, (ii) by us-
tra covering the @A absorption band at 755-775nm and ing stricter thresholds for the ratio of the retrieved €l-

CO, absorption lines between 1558-1594 nm are used. The@mn to the reference column, and (iii) a restriction to sur-
logarithm of a linearised radiative transfer model is fitted to face elevations of less than 4km. In addition, a correction
the logarithm of the measured radiances. A fast lookup tablanethod of XCO, based on the statistics of they @olumn
approach is used to avoid computationally expensive radiaratio is applied. Overall, the new filtering approach identi-
tive transfer simulations. The fit parameters yield theoCO fies about 25 % more observations which are contaminated
and @ columns. The simultaneously retrieved &lumnis  with clouds (from a total amount of aboutss x 10f cloud-
used as a light path proxy for G@nd is needed to convert free ground pixels for WFMDv2.1 for the years 2003—2009
CO, columns (moleccm?) into XCO, (ppm). to about 424 x 10° for WFMDv2.2).

Aerosols are considered by using a constant aerosol ver- The restriction of the surface elevation is made because of
tical profile for the radiative transfer simulations. In addi- LUT limitations. The other filtering methods are described
tion, the aerosol variability is considered (i) by using &  within the next sections.

a light path proxy, (ii) by the low-order DOAS polynomial

that makes the retrieval insensitive to spectrally broadbandt.1.1 Use of the saturated water vapour absorption
radiance modifications, and (iii) by using the SCIAMACHY band at 1.4 um

Absorbing Aerosol Index (AAI) data producTi(stra et al,

2007 to identify and filter scenes contaminated with high In this section, the threshold technique, developed in this
loads of aerosols. study and based on the saturated water vapour absorption

The WFM-DOAS algorithm also includes a cloud detec- band at 1.4 um, is described. We use this band to detect and
tion algorithm, which is based on a threshold technique forremove thin cirrus cloudssao et al (1993 showed that the
the normalised and solar zenith angle corrected PMD 1 sigsaturated water vapour band is sensitive to high thin cirrus
nal and the deviation of the retrieved @olumn from the  clouds and can be used for cirrus cloud detection. This is
assumed a priori @column. If the cloud detection algo- because in the clear sky case, the amount of radiation mea-
rithm detects a cloud, the corresponding ground pixel will sured from space in nadir mode is very small as essentially
be flagged as cloudy. For the identification of successful re-all photons are absorbed by tropospheric water vapour. When
trievals a binary quality flag (good/bad) is used, which is parta cirrus cloud is located above almost all of the atmospheric
of the XCO;, data product. water vapour is present, a significant amount of radiation can

Heymann et al(2012 found a scan-angle dependent bias be backscattered and measured. Our implementation of this
in the SCIAMACHY WFMDvV2.1XCO, data set. This bias detection method is as follows.
was corrected using an empirical correction method. A com- We use sun-normalised radiance (intensity) spectrally av-
parison of the scan-angle bias corrected and uncorrectedraged between 1.395-1.41 ym measured by 20 detector pix-
SCIAMACHY XCO, data set with CarbonTracker showed els of SCIAMACHY channel 6. We spectrally average the
better agreement of the scan-angle bias corrected data prodhitensity to reduce the measurement error to about 0.1 %.
uct. In this study, we use the scan-angle bias corrected anwithin this interval, the integration time of the detector is
quality filtered SCIAMACHY WFM-DOAS v2.1 level 2 data the same as in the £and CG fit windows used by WFM-
product for the period 2003—2009. DOAS. If the measured intensityrfead Of a ground pixel

is three times larger than a reference intensiy, €orre-

sponding to the clear sky case), the ground pixel will be
4 New SCIAMACHY WFM-DOAS v2.2 algorithm flagged as cloudy. The left panel of Fig.shows the de-

viation of the measured intensity from a reference inten-
The improved SCIAMACHY WFM-DOAS v2.2XCO; al- sity for SCIAMACHY WFM-DOAS v2.1. The cloud fil-

gorithm is described in the following. tering threshold is shown in the right panel (the deviation
has to be larger tha®y,0 = 2.0, shown by the red line),
4.1 Improved cloud filtering and correction method which represents a compromise between cloud filtering and

the loss of too much data. Figushows the used refer-
The cloud filter as implemented in the WFMDv2XICO, ence intensity as a function of the water vapour vertical col-
algorithm is based on two approaches: (i) a filtering methodumn amount (HOY®A) and the number of occurrences for
based on sub-pixel information of SCIAMACHY’s polar- WFMDv2.1 between 2003 and 2009. To ensure that we only
isation measurement device (PMD) 1 and (ii) a thresholduse cloud-free measurements for the statistical assessment
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Fig. 1. Deviations between measured sun-normalised radiances (in 1

tensity) spectrally averaged between 1.395-1.41 pgad and the L
reference intensities ) for SCIAMACHY WFM-DOAS version 0.002
2.1(a) and 2.2(b) using all data of the years 2003 —200&) A 2-

D histogram ofXCO; as a function of the deviation betweepehs
and b. (b) as in(a) but for WFMDv2.2. The red line indicates the
cloud filtering threshold Ry,0 = 2.0).
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of the reference intensity, we have averaged the 40 % lowFig. 2. Analysis of 1.4 um (1390 nm-1410 nm) radiances as mea-
est intensities within each4@VCA interval. As can be seen, sured by SCIAMACHY for the years 2003—-2009. The red diamonds
the reference intensity is nearly constant if theQMCA is show the reference intensityg) as a function of the water vapour
larger than 1 gcm?. With decreasing HOVCA, the refer- vertical column amount (50 VCA). The reference intensity is de-

ence intensity increases and its standard deviation as welfined as the mean of the 40 % lowest values of the (sun-normalised)
However, only a small fraction of the retrievedz(HVCA is radiances (corresponding to scenes with no clouds or very small ef-

lower than 1gcm2 and the relaxed filtering threshold pre- fective cloud poyer). The black v!artlcal lines are the corresponding
. standard deviations. The grey histogram shows the number of oc-
vents too much clear sky data from being flagged as cloudy,

u X currences as a function of the water vapour vertical column amount.
The distribution of the WFMDv2.1 data shows a maximum
for HoOVCA between 1.4 and 1.6 gcrA, which is similar to
the 1.42 gcm? of the US standard atmosphere.

The HOVCA used in this study is computed from the background scenario) described ®ghneising et a(2008.
WFM-DOAS simultaneously retrieved water vapour column For Fig.4 an albedo of 0.1 and a solar zenith angle (SZA) of
in the CQ fit window and is given in the Level 2 (L2) 40 has been used. The intersections with the filtering thresh-
data product of WFMDv2.1. Figur8 shows a compari- old Py,0 = 2.0 represent the minimum detectable cloud opti-
son with water vapour vertical column amounts obtainedcal depth (COD) of a cloud which can be detected (note that
from ECMWEF. A global offset{) of —0.31gcnT2, astan- homogeneous cloud cover is assumed). For increasing wa-
dard deviation of the difference between the data sets ( ter vapour vertical column amounts, the minimum detectable
of 0.53gcnT?, and a correlation coefficient of 0.89 show COD decreases and the sensitivity increases but only slightly
reasonable agreements between the two data sets. This ifer column amounts larger than 1 gcé The filtering ap-
dicates that reasonable cloud-freeCHcolumns can be re- proach is insensitive to clouds if only a very small amount of
trieved from the CQ fit window of WFM-DOAS at 1.6 um  water vapour is present in the atmospheric column.
and can be used for the filtering approach. Tablel summarises the results of all simulation scenarios.

A more quantitative estimation of the sensitivity of this fil- For the case of water vapour vertical column amounts be-
tering method has been performed by using radiative transfeing larger than 1.14 gcnf, the filter becomes insensitive to
simulations. Figuré shows deviations of simulated intensi- SZA, CTH (assuming CTH- 4 km) and albedo. For column
ties to simulated clear sky intensities for various cloud sce-amounts below 1.14 gcn the sensitivity decreases and the
narios with different water vapour vertical column amounts. filter is more dependent on geometry and surface albedo. The
The scenario of the radiative transfer simulations has beefilter is insensitive for low thin clouds (CTK: 4 km). In this
defined as follows: only direct nadir conditions (viewing case, the absorption band becomes already saturated above
zenith angle of @) are considered. In order to simulate the cloud if enough water vapour is in the atmospheric col-
cirrus clouds, an ice cloud with fractal particles based onumn. This can also effect the sensitivity for high clouds but
a tetrahedron with an edge length of 50 um, with a cloudonly for large HOVCA,
top height (CTH) of 10km and a geometrical thickness of The saturated water vapour absorption band based cloud
0.5km is used. The used aerosol profile (default aerosol profilter is sensitive to thin (CODR- 0.05) and high (CTH>
file) is based on a realistic aerosol scenario (see the OPA@ km) clouds if the observed atmospheric column contains

Atmos. Meas. Tech., 5, 237%39Q 2012 www.atmos-meas-tech.net/5/2375/2012/
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Table 1. Minimum detectable cloud optical depth (COD) for the cloud detection algorithm based on a threshold method for the radiance of
the saturated water vapour absorption band at 1.4 um for various simulation scenarios as defined by solar zenith angle (SZA), surface albedt
(ALB), cloud top height (CTH) and water vapour vertical column amount. The default aerosol scenario and a cloud geometrical thickness of
0.5km have been used for all scenarimsmeans that even clouds with large COD are not detected.

Minimum detectable COD

SZA[°] ALB[-] CTH [km] Water vapour vertical column amount [g ¢M]
0.00 0.14 029 057 086 114 143 286 429 7.15

20 0.1 10 476 098 058 025 0.13 0.08 0.05 0.03 0.03 0.03
40 0.1 10 368 0.72 040 0.16 0.08 0.05 0.03 0.02 0.02 0.02
60 0.1 10 240 034 016 0.06 0.03 002 0.01 0.01 0.01 o0.01
40 0.3 10 23.74 204 104 041 019 0.10 0.06 0.02 0.02 0.02
40 0.6 10 00 476 2.08 074 033 016 009 0.02 0.02 0.02

40 0.1 16 368 070 039 0.15 0.07 0.04 0.03 0.02 0.02 0.01
40 0.1 13 368 071 039 015 0.08 0.04 0.03 0.02 0.02 0.02
40 0.1 7 368 081 048 021 0.11 0.07 0.05 0.04 0.04 0.05
40 0.1 4 368 117 080 044 0.27 019 0.16 019 0.31 0.73
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Fig. 3. Comparison of seven years (2003—2009) of SCIAMACHY COD[]

WFM-DOAS and ECMWEF water vapour vertical column amount
(VCA). The SCIAMACHY WFM-DOAS water vapour VCA is  Fig. 4. The cloud detection threshold (red horizontal line) based on
computed from the water vapour column retrieved in the @tiing strong water vapour absorption lines covering the spectral region
window (1558-1594 nm) as a by-product of the WFM-DOASLCO 1395-1410 nm compared to results obtained from radiative trans-
column retrieval. The red line shows a linear fit. Also shown in the fer simulations. Deviations of simulated intensitié$ for various
top left inlet: the mean difference to ECMWF water vapour VCA cloud scenarios to the reference intensitigg 6imulated without
(d), the standard deviation of the differencesdnd the correlation  cloud are shown as a function of cloud optical depth (COD) and
coefficient ¢). different water vapour column amounts4®l [gcm—2]) . The sim-
ulations are valid for a solar zenith angle of°4@ surface albedo
of 0.1, the default aerosol scenario, a cloud top height of 10 km and
enough water vapour @OVCA > 1.14gcnt2). The WFM-  a cloud geometrical thickness of 0.5 km. The red line indicates the
DOAS XCO, data set suffers from thin and high clouds in cloud detection thresholf,o = 2.0.
the tropics especially in the Southern Hemisphere, as shown
by Heymann et al(2012. For this reason, this filter ap-
proach is an appropriate extension to the existing cloud fil-4 1 o Use of Q column ratios
tering criteria.
As described bySchneising et al(2011) for WFMDv2.1,
ground pixels with deviations of the retrieved @olumn
to the reference ©@column (Q ratio) smaller than 0.9 are
identified and flagged as cloudy. The referengecOlumn

www.atmos-meas-tech.net/5/2375/2012/ Atmos. Meas. Tech., 5, 22894 2012
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Fig. 5. Comparison of the &@column ratio (Cgm/orzef) for SCIAMACHY WFM-DOAS version 2.1(a) and 2.2(b) using all data from the
years 2003-2009a) The left panel shows a 2-D-histogram of the @tio as a function of the viewing zenith angle (VZA). The white curve
is a quadratic fit. The middle panel shows a 2-D-histograi @0, as a function of the scan-angle bias correcteda&o. The right panel
showsX CO, averaged over scan-angle bias correctedado intervals. The red curve is a polynomial tt) as in(a) but for WFM-DOAS
version 2.2. The red lines in the left and middle panel indicate the nevat thresholds®; = 0.95 andP, = 1.1).

is determined from the US standard atmosphere@umn

by accounting for the surface elevation variations in order to
obtain the same £ratio as used bgchneising et al2011).
Heymann et al(2012 showed that clouds with eCOD (effec-

(Orzet/orzef)corzorzet/orzef_i_ Ay (VZA—A3)2

@)

O corresponds to the retrieved and®o the reference
O, column. Ay is 3.26 x 1O‘5$ andAs is —12.3°. These

tive cloud optical depth defined as cloud fractional coveragevalues are adapted from the fit shown in the top left panel of
times cloud optical depth) less than 0.1 may remain undefig. 5. This figure shows the scan-angle dependency before
tected. These undetected clouds can cause systematic errof8e scan-angle bias correction of the @tio of WFMDv2.1

which are significant for the Csurface flux inversion ap-

plication. For this reason, we have also investigated to whafor WFMDV2.2 in the bottom left panel.

extent a more restrictive £xratio threshold can improve the

guality of theX CO, data product.

plemented for the @and CQ column in WFM-DOAS in

in the top left panel and after the scan-angle bias correction

We use the scan-angle bias correctedr@tio for cloud

filtering in the following way: If the Q ratio of a ground
A geometrica| Viewing geometry correction has been im- piXG' exceeds 1.1 or is smaller than 0.95, the ground pixel is

flagged as cloudy. ©ratios smaller than 1 indicate a light

order to correct for a scan-angle dependent air-mass factdpath shortening (e.g. due to cloud shielding), whereas©

(Buchwitz and Burrows2004. For this reason, the Over-  tios larger than 1 indicate a light path lengthening (e.g. due
tical column ratio should be independent of the Viewing ge-tO multiple Scattering). For this reason, we increase the lower
ometry. However, we found that the,@atio exhibits a scan-  threshold of 0.9 of WFMDv2.1 to 0.95 and we added the up-
angle dependent bias. In order to improve the geometricaPer threshold of 1.1.
correction, we correct for this bias using an empirical correc- We have performed various simulations to study the re-
tion. A quadratic function depending on the (signed) viewing lation of XCO, and the Q ratio in the presence of thin
zenith angle (VZA) (as defined byeymann eta 2019 was  clouds and aerosols. We found a strong and nearly linear de-
fitted to the Q ratio and used for the correction: pendency ofXCO, on the G ratio for simulation scenar-
ios (same default scenario as in Sdci.l) with different
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Fig. 6. Locations analysed in this study. The red diamonds show the locations used for the comparison of WFMD versions 2.1 and 2.2 with
FTS measurements. The blue diamonds show the locations used for the determination of the monthly regional-scale scatter of the data ir
Sect4.2

Table 2. Scatter of the WFMDv2.1 and v2.2 XGQlata products at several locations and overall (MEAN).

Monthly regional-scale scatter of the data

Location Country Lat]] Lon|[°] WFMDv2.1 WFMDv2.2

abs [ppm] rel [%] abs [ppm] rel [%]
Bialystok Poland 53.2 23.0 6.09 1.59 4.61 1.21
Khromtau Kazakhstan 50.3 58.5 9.23 2.43 4.68 1.23
Orleans France 48.0 21 6.28 1.64 4.48 1.17
Garmisch Germany 47.5 111 8.09 2.14 5.56 1.46
Park Falls USA 46.0 -90.3 7.65 2.01 5.29 1.39
Lamont USA 36.6 —975 7.56 1.99 4.01 1.05
Tazirbu Libya 25.7 214 4.95 1.30 3.48 0.91
Lubumbashi  Congo —-117 275 9.09 2.39 4.68 1.23
Darwin Australia —-124 130.9 7.20 1.88 3.80 1.00
Brasilia Brazil —15.8 —479 8.26 2.16 4.52 1.19
Wollongong  Australia —-34.4 150.9 7.17 1.89 4.52 1.19
MEAN 7.424+1.29 1.95:£0.34 4510.60 1.18:0.16

SZA, surface albedos and optical depths. The reason for thigatra-monthly scatter, larger seasonal cycle amplitudes and
dependency is different light paths in the retrieval of the significant lower yearly increases over the Northern and
02 and CQ columns used spectral regions due to scatter-Southern Hemisphere. Overall, we find that using a reference

ing by aerosols and thin clouds. Therefore, we have investi-O, column reduces the quality of the SCIAMACHY WFM-
DOAS XCO, data product. Therefore, we keep on using the

gated if a reference £column obtained from ECMWF (Eu-
ropean Centre for Medium-Range Weather Forecasts) suretrieved Q column for the normalisation of the GQol-
face pressure and used for the normalisation of thee CO umn and correct for the bias betwe&CO, and the Q ra-
column improves the quality of th&CO, data product.
However, we find large regional patterns, a much largerresponsible for the @ratio dependent bias iXCO, rather

www.atmos-meas-tech.net/5/2375/2012/

tio using a statistical method. We assume that other features
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than scattering by aerosols and thin clouds can be neglecte®. Data sets used for comparison

We use a polynomial fitted to averag&€ O, and G ratios:
In this section, the data sets used for the comparison with

XCO§ =XCO2+ B1+ B2z + B3~ 22 2) the new SCIAMACHY WFM-DOASXCO; version 2.2 as
= ((Oret/oref)cor_l)_ well as with the previous version 2.1 data product are briefly
2772 described.

Here B1 is —0.8 ppm and accounts for a global offs@ is

137 ppm andB3 is —362 ppm. The fit parameters shown in 5.1 TCCON

Fig. 5 top-right are used for this correction. The bottom-right

and mid-panels in this figure show the resulting dependencyVe use the independent measurements from the ground-
of XCO, on the @ ratio after applying the improved filter based Fourier transform spectrometers (FTS) of TCCON
method. As can be seen, the stricter 1@tio thresholds re-  (Total Carbon Column Observing Network) for the valida-
move unrealistic high and low values &CO, and the re-  tion of the SCIAMACHY WFMDv2.2XCO; data product.

maining G ratio dependent bias IKCO is very small. TCCON is a global network of ground-based FTS instru-
ments and provides measurements of,@Ad other green-
4.2 Single measurement precision house gase®unch et al.2011). The FTS measurements are

the most important validation source for measurements from
Heymann et al(2012 determined the monthly regional- satellite instruments like SCIAMACHY and GOSAT and fu-
scale scatter of the SCIAMACHY WFMDv2.XCO; data  ture satellite missions like OCO-£Zfisp et al, 2004 Bosch
product of about 7.42 1.29 ppm. We have used the same et al, 2011) and CarbonSaBovensmann et gl2010. A sta-
method to determine this value for the new version 2.2 datehle and robust commercial high-resolution FTS, the Bruker
product. IFS 125/HR, is used as standard instrument and common
The scatter is derived as follows: we compute the standata processing and analysis software is utilised to determine
dard deviation of all CO, measurements within a radius of xCO, with a high accuracy of approximately 0.2 3/¢nch
350km around several locations for each month. The locaet al, 2011).
tions used for this assessment are shown in &ignd their We obtained the FTS data from the TCCON website
latitudes and longitudes are listed in TaldleWe have se-  (http://www.tccon.caltech.eduand use monthly means in
lected the same locations as usedHsymann et al(2012). this study.
For these locations sufficiel¥CO, data are available and
they are distributed over all continents covered by the datas.2 CarbonTracker
The mean of the monthly standard deviations is derived for
all locations. The overall value of the scatter is the meanFor a global comparison of the SCIAMACHY WFM-DOAS
of the scatter of all locations. This value is not only de- v2.1 and v2.2(CO, , we use NOAA's global C@modelling
termined by instrumental and retrieval noise. Atmosphericand assimilation system CarbonTracker. CarbonTracker has
XCOp variability and systematic errors can also affect this been developed to estimate the global atmospheris €@
value (note that the seasonal cycle is filtered out by using theribution and the C@surface fluxesReters et al2007). Car-
standard deviations of the monthly data). However, the combonTracker assimilates precise and accurate measurements
puted monthly regional-scale scatter of the data can be reef NOAA's greenhouse gas air sampling network. Version
garded as an upper limit of the single measurement precisiore010 of CarbonTracker for the years 2003—-2009 has been
The standard deviations of WFMDv2.1 and WFMDv2.2 downloaded fromhttp://carbontracker.noaa.gow order to
XCOy are listed in Table2. As can be seen, the standard obtain daily CarbonTrackeXxCO , the CarbonTracker CO
deviation is smaller for version 2.2. The monthly regional- vertical profiles have been vertically integrated after apply-
scale scatter is reduced to 4:56D.60 ppm for WFMDv2.2  ing the averaging kernels of the SCIAMACHY WFM-DOAS
compared to 7.42 1.29 ppm for WFMDv2.1. XCO; retrieval algorithm. This daily CarbonTrack&CO,
In addition, we estimated the single measurement precidata set has been regridded on a latitude/longitude grid and
sion using the same approach as used in the publication adampled like the SCIAMACHY measurements.
Schneising et al(2011). They estimated the precision by
averaging daily standard deviations of the retrievedO,
for 8 locations distributed around the globe. This estima-g \sjigation with TCCON FTS measurements
tion shows a reduction of the single measurement precision
from 5.4 ppm (1.4 %) of WFMDv2.1 to 3.8ppm (1%) of |y order to investigate whether the filtering and correction
WFEMDv2.2. method improves the quality of the SCIAMACHXCO;
data product, we have compared the new WFMDv2.2 data set
with the independent TCCON FTS measurements and inter-
compared the results with validation results for WFMDv2.1

Atmos. Meas. Tech., 5, 2375%39Q 2012 www.atmos-meas-tech.net/5/2375/2012/
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Fig. 7. Comparison of monthly averaged SCIAMACHY WFM-DOAS version 2.1 (left) and 2.2 (rigkap, (black) with Fourier transform
spectroscopy (FTS) measurements (red) at various TCCON sites for the years 2003—2009. The monthly standard deviations are represente
by the shaded areas (grey: WFMD; light red: TCCON). In addition, the mean differéripert]), the standard deviation of the difference

(s [ppm]) and the correlatiorr([-]) between the satellite and ground based data are shown (see als@)Table
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Table 3.Results of the comparison of WFMDv2.1 and vXZ0, data with ground based FTS measurements at various TCCON sites. The
comparison is based on monthly data. Shown are the number of months used for the compgribemtean difference to FTJY), the

standard deviation of the differencg @nd the correlationr]. In addition, the following quantities are given in the bottom row (MEAN): the
averaged mean difference (global offset), the standard deviation of the mean differences (relative regional-scale accuracy), the mean standar
deviation of the differences (monthly regional-scale precision) and the mean correlation.

TCCON Site Latf] Lon[°] WFMDv2.1 WFMDV2.2

nl-]  dppm]  s[ppm] r[-] nl-]  dppm]  s[ppm] r[-]
Bialystok 53.2 23.0 4 2.53 2.03 0.85 4 1.08 2.09 0.87
Bremen 53.1 8.8 9 0.70 1.17 0.94 5 0.61 1.07 0.98
Garmisch 47.5 111 14 0.76 2.58 0.75 13 1.11 1.85 0.88
Park Falls 46.0 -90.3 35 -0.12 1.77 0.95 35 —0.50 1.55 0.95
Lamont 36.6 —-97.5 16 —0.80 1.75 0.73 16 —-0.70 1.29 0.85
Darwin —-12.4 130.9 31 1.87 3.91 0.46 28 -0.81 1.97 0.75
Wollongong —34.4 150.9 9 0.51 1.53 0.62 7 0.34 1.10 0.61
MEAN - 0.78+1.13 2.11 0.76 - 0.14£0.83 1.56 0.84

(Schneising et al.2012. In this section, the result of this 6.2 Validation results
intercomparison are discussed.
The results of the comparison of the WFMDv2.1 and
6.1 Validation method WFMDv2.2 X CO, data product with the TCCON FTS mea-
surements are shown in Figand summarised in Tab&

The validation of the WFMDv2.2XCOs is performed in The comparison of WFMDV2.X CO, with the FTS mea-
the same way as described in the publicationSchneis-  syrements for Darwin, Australia, shows a large monthly scat-
ing et al.(2012 for WFMDv2.1. This implies that monthly  ter of the data (7.2 ppm) and large differences to the FTS
means for the time period 2003-2009 computed using a suf¢3 9 ppm). This is improved for the new WFMDv2XCO,
ficiently large number of measurements within a radius ofgata product. The scatter is reduced to 3.8 ppm. The large
500 km around the analysed TCCON sites (Bialystok, Bre-deviation to the FTS is improved by nearly a factor of 2
men, Garmisch, Park Falls, Lamont, Darwin and Wollon- (from 3.9 ppm to 2.0 ppm). The improvement is also shown
gong) are used. The locations of the TCCON sites are showly a higher correlation (0.75) between the satellite and the
in Fig. 6 and the corresponding latitudes and longitudes arecTs data.
listed in Table3. Overall, the comparison of WFMDv2.2CO, with FTS

From the monthly time series of the satellite and FTS datashows much better agreement than for WEMDv2.1. The
statistical quantities are determined for every FTS site: the remonthly regional-scale precision has been improved from
gional bias {) (mean difference to FTS measurements), the2 1 ppm for WFMDv2.1 to 1.6 ppm for WFMDv2.2. The
mean standard deviation of the differenep4nd the linear  regional-scale relative accuracy has been improved from
correlation coefficient() with the FTS measurements. From 1 1 ppm to 0.8 ppm and the mean correlation has been im-
these values we determine the offset, the monthly regionalproved from 0.76 to 0.84.
scale precision (the mean standard deviation of the difference These results show that the improved cloud filtering and

to FTS), the mean correlation and the regional-scale relagorrection method for WFMDv2.2 significantly improves the
tive accuracy (the standard deviation of the station-to-statioryality of theXCO, data product.

biases).
The FTS and the satellite measurements provide infor-

mation on the retrieved GOcolumn from different heights 7 Comparison with CarbonTracker XCO»

because of differing height sensitivities, as characterised

by their averaging kernels. In order to compare theseln addition to the comparison with the limited number of

measurements, we use the comparison approach describd@CON sites, we have also performed a comparison of

by Rodgers(2000. The retrieved satellite and FTS @O WFMDv2.2 XCO, with global model results using NOAAs

columns have been adjusted to a common a priori profile. FoCarbonTracker.

this study, we use the same adjustment method as described Figure8 shows three monthly averaged (April to June and

by Reuter et al(2011) andSchneising et a(2012). July to September) global maps of WFMDv2.2 and Carbon-
TrackerX CO; for the years 2003 and 2009. We have gridded
the data on a 0%5x 0.5°latitude/longitude grid. Furthermore,
we have smoothed the data by using a 2D-Hann window with
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a) SCIAMACHY WFMDv2.2 XCO,
Apr-dJun 2003 Apr—Jun 2009

364 372 380 388 396

b) CarbonTracker XCO,
Apr-Jun 2003

Apr—Jun 2009

XCO, [ppm]
364 372 380 388 396

Fig. 8. Comparison between global SCIAMACHY and CarbonTrack@O, . (a) Global SCIAMACHY WFMDv2.2XCO, maps for the

time periods April-June and July—September in 2003 and 2009. The data have been gridded°on@®.ftitude/longitude grid and

smoothed by using a 2-D-Hann window with a width of 2@0 (10 x 10°). (b) as in(a) but for CarbonTrackeX CO, sampled as the
SCIAMACHY measurements.
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a width of 20x 20 (10 x 10°) because some grid boxes do and the biosphere in the CASA (Carnegie-Ames-Stanford
not have sufficient data to remove the statistical error. TheApproach) biosphere model which is used by CarbonTracker
SCIAMACHY XCO,; maps also show that with the much (Yang et al, 2007 Schneising et al.2012 Keppel-Aleks
stricter cloud filtering and correction method good cover- et al, 2012 Messerschmidt et al2012. For the Southern
age of most land surfaces is achieved. There are howevddemisphere, the annual increase of WFMDV2.2 is also not
some gaps, e.g. Sahara and Himalaya, similar to WFMDv2.1changed significantly. However, the seasonal cycle ampli-
The maps of the SCIAMACHY and CarbonTrack&CO, tude is lower for WFMDv2.2 and agrees better with Car-
also show the northern hemispherical terrestrial vegetatiorbonTracker compared to WFMDv2.1. The phase shift of the
induced carbon uptake in summer as shown by higf@®, seasonal cycle of WFMDv2.1 shown by the detrended corre-
values in April-June compared to low&CO, values in  lation of —0.19 was significantly improved for WFMDv2.2
July—September in 2003 and 2009. In addition, the increasshown by the detrended correlation of 0.72.
of the global CQ concentration is seen by the highe€O, Overall, the SCIAMACHY WFM-DOAS v2.ZX CO, data
in 2009 compared to 2003. Both data sets show reasonablgroduct shows much better agreements with CarbonTracker
agreement. There are, however, also significant differenceg;ompared to WFMDv2.1.
e.g. over India and the Horn of Africa, which needs further
investigation.
For a more quantitative investigation, we compared
WFMDvV2.2 with CarbonTrackek CO, using hemispherical 8 Summary and conclusions
monthly means between 2003 and 2009. In order to inves-
tigate if the improved cloud filtering and correction method We have presented an improved version (WFMDv2.2) of the
reduces the difference to CarbonTracker, we compare wittSCIAMACHY WFM-DOAS X CO; retrieval algorithm. This
WFM-DOAS v2.1 XCO, . However, it has to be noted that algorithm utilises an improved cloud filtering and correc-
CarbonTracker is affected by errors of its own like, e.g. in- tion method using the 1.4 um water vapour absorption and
correct accounting for the vertical transport and the ageind).76 um Q-A bands to identify and select cloud free scenes.
of air and uncertainties in the biosphere fluxBagu et al. A new SCIAMACHY XCO, data set covering the years
201D). 2003-2009 has been generated by using this new version.
Important parameters for the comparison are determinedn order to validate the newxCO, data product, we used
in the following way: the annual increase is determined byground-based FTS observations from TCCON.
smoothing the time series with a twelve-month boxcar func- The validation showed a significant improvement of the
tion and computing the mean from the derivative of the new SCIAMACHY XCO, data product (v2.2) in comparison
smoothed time series. The seasonal cycle amplitude is detete the previous product (v2.1). For example, the large time
mined from a detrended time series between 2004 and 2008ependent deviation from the FTS measurements at Darwin
by averaging the yearly difference of maximum and mini- was reduced from a standard deviation of 4 ppm to 2 ppm.
mum XCO, . The error of the increase and the amplitude The monthly regional-scale scatter of the data (defined as
is estimated by a bootstrap method (Shneising et al.  standard deviation of all monthly quality filteredCO, re-
2011). The correlation with CarbonTracker and the standardtrievals within a radius of 350 km around various locations)
deviation of the difference to CarbonTracker has been deterwas also improved typically by a factor of about 1.5. Over-
mined. In addition, the detrended correlation coefficiefit ( all, the single measurement precision has been improved
to CarbonTracker is computed from the detrended time sefrom 5.4 ppm for WFMDv2.1 to 3.8 ppm for WFMDv2.2,
ries of WFMDv2.1 and WFMDv2.2 and is an indicator for the monthly regional-scale precision has been improved from
(phase) shifts between the time series. 2.1ppm to 1.6 ppm, the regional-scale relative accuracy has
Figure 9 shows the result of this comparison. As can be been improved from 1.1 ppm to 0.8 ppm and the mean corre-
seen, the scatter is reduced from 10.2 ppm for WFMDv2.1lation has also been improved from 0.76 to 0.84.
to 5.8 ppm for WFMDv2.2 for the Northern Hemisphere and  In addition to the comparison with the limited number of
from 9.2 ppm to 4.6 ppm for the Southern Hemisphere. TheTCCON sites, we also presented results of a comparison with
correlation with CarbonTracker is for both WFM-DOAS ver- NOAA's global CQ, modelling and assimilation system Car-
sions and for both hemispheres nearly the same. The standalwnTracker. The results of this comparison also showed sig-
deviation of the differences is slightly worse for the North- nificant improvements of the neWwCO;, data product espe-
ern Hemisphere (from 1.3 ppm to 1.5 ppm) and slightly bet-cially over the Southern Hemisphere (e.g. a reduction of the
ter for the Southern Hemisphere (from 1.3 ppm to 0.9 ppm).phase shift between the SCIAMACHY and CarbonTracker
The annual increase, the seasonal cycle amplitude and thECOy ).
detrended correlation of the Northern Hemisphere are not These results show that the improved cloud filtering
changed significantly. The reason for the observed differencand correction method of the new version of the SCIA-
in the seasonal cycle amplitude can be an underestimation dMIACHY WFM-DOAS retrieval algorithm successfully im-
the net ecosystem exchange (NEE) between the atmosphepgoves the SCIAMACHYX CO, data product. The new data
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Fig. 9. Comparison of SCIAMACHY WFM-DOAS version 2.1 (WFMDv2.1) and 2.2 (WFMDv2.2) with CarbonTragke©, for the

Northern (top) and Southern (bottom) Hemisphere for the years 2003—2009. CarbonTracker was sampled as WFMDv2.1 (@v2.1) for the
comparison with WFMDv2.1 and sampled as WFMDv2.2 (@v2.2) for the comparison with WFMDv2.2. Top: The left panel shows the
time series of monthly means of WFMDv2.1 (black diamonds), WFMDv2.2 (blue crosses) and CarbonTracker (red t{@@@Qjeshd the

difference to CarbonTracker for the Northern Hemisphere. The shaded areas represent the monthly standard deviations of WFMDv2.1 (grey),
WFMDv2.2 (light blue) and CarbonTracker (red). In addition, the averaged monthly standard deviation, the correlation with CarbonTracker
and the standard deviation of the difference to CarbonTracker are shown. The right panel shows the detrended time series. Furthermore
the annual increase, the seasonal cycle amplitude and the detrended correlation (correlation between the detrended satellite time series at
CarbonTracker) are shown. Bottom: as in top panels but for the Southern Hemisphere.
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