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Abstract. Carbon monoxide vertical profile retrievals
from ground-based solar FTIR measurements at the Perma-
nent Ground-Truthing Station Zugspitze (47.42◦ N, 10.98◦ E,
2964 m a.s.l.), Germany are used to validate columnar CO
retrieved from ENVISAT/SCIAMACHY spectra (WFM-
DOAS version 0.4). The WFM-DOAS retrievals of CO in-
clude an empirical column scaling factor of 0.5. Therefore,
not absolute column levels are validated, but the proper re-
sponse of the SCIAMACHY retrievals to the atmospheric
inter-annual variability is quantitatively assessed in compar-
ison to the Zugspitze FTIR results. Although CO WFM-
DOAS data for only 33 days were available for this study
(data covering January–October 2003), it is possible to re-
trieve information on the CO annual cycle (≈10% amplitude)
in a statistically significant fit out of the scatter of the SCIA-
MACHY WFM-DOAS data. To obtain this, all pixels within
a minimum radius of 2000 km around Zugspitze had to be
averaged for each day.

1 Introduction

Carbon monoxide (CO) is one of the key reactive species
in troposheric chemistry (IPCC, 2001). The investigation
of its global distribution has again gained high-priority in-
terest only recently, due to the detection of its hitherto un-
recorded and probably unprecedented column enhancements
by up to>50% for several months in the 1998 northern hemi-
sphere (Yurganov et al., 2004), and similar follow-on anoma-
lies found in 2002 and 2003. This has been assessed quan-
titatively by a group of ground-based solar FTIR (Fourier
Transform Infrared) spectrometry sites operated within the
NDSC (Network for the Detection of Stratospheric Change)
complemented by in-situ surface-sampling sites of the GAW
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(Global Atmosphere Watch) network. These ground net-
works are performing with high precisions which are better
than 2–3% (FTIR) and better than 5% (in situ), respectively.

Currently, there is only one fully validated space-borne re-
mote sounder that can add information on the global distri-
bution of CO to the highly precise ground-based networks,
i.e., the MOPITT (Measurements Of Pollution In The Tro-
posphere) instrument mounted on the EOS-Terra platform
(Deeter et al., 2003). Meanwhile, another satellite instru-
ment has achieved the potential to retrieve global informa-
tion on CO, i.e., the Scanning Imaging Absorption Spec-
trometer for Atmospheric CHartographY (SCIAMACHY),
which is a UV/visible/NIR spectrometer onboard ENVISAT
launched in 2002 (Bovensmann et al., 1999). In this paper
we focus on the initial validation of the SCIAMACHY scien-
tific total column product for the species CO (WFM-DOAS,
ver. 0.4), retrieved at the University of Bremen (Buchwitz
and Burrows, 2004; Buchwitz et al., 2004). A set of CO
columns for 33 different days out of the time span January–
October 2003 has been released to the public in early
2004 via the internet (http://www.iup.physik.uni-bremen.
de/sciamachy/NIRNADIR WFM DOAS/). This scientific
product plays a key role for the users community, since there
has been no operational SCIAMACHY product for CO re-
leased by ESA yet.

A first validation study for the WFM-DOAS (WFMD) CO
retrievals had been performed by comparing with data of the
MOPITT satellite instrument. A highly consistent behavior
relative to MOPITT had been found in the capability to de-
tect highly elevated CO columns, e.g., a plume from biomass
burning (Buchwitz et al., 2004). During this study, an empir-
ical scaling factor of 0.5 has been established for the WFMD
CO column retrievals which resulted from an adaptation to
the MOPITT CO data (Buchwitz et al., 2004). Therefore, it
is no issue for current validation studies to assess the over-
all absolute accuracy of the WFMD CO columns. The is-
sue of validation is therefore now to asses the ability of the
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WFM-DOAS retrievals to monitor the real atmospheric vari-
ability of CO columns in a realistic manner.

In this paper we want to promote the validation of CO by
comparing the WFMD retrievals to the ground-based correl-
ative solar FTIR data of the clean air site Zugspitze. The
question to be addressed in this study, is whether the WFMD
retrievals can reflect the natural variability of CO above the
clean air site Zugspitze, which is dominated by the annual
cycle for this species.

2 The correlative ground data set from Zugspitze solar
FTIR

For details of the SCIAMACHY WFMD CO retrievals in
the near-infrared spectral domain, the reader is referred to
Buchwitz and Burrows (2004) and Buchwitz et al. (2004).
Our initial validation study is performed using the cor-
relative ground-based data that are being recorded by the
NDSC Primary Status solar FTIR instrument at the Zugspitze
(47.42◦ N, 10.98◦ E, 2964 m a.s.l.) continuously. The
Zugspitze FTIR-instrument and retrieval-set up has been de-
scribed in detail elsewhere (Sussmann and Schäfer, 1997;
Sussmann, 1999). Briefly, a high-resolution Bruker IFS 120
HR Fourier Transform Spectrometer is operated with an ac-
tively controlled solar tracker, and liquid-nitrogen cooled
MCT and InSb detectors. For the CO retrievals, interfer-
ograms with a maximum optical path difference (OPD) of
250 cm are recorded. Typically, 6 individual interferograms
are averaged to obtain one spectrum, leading to a total inte-
gration time of approximately 15 min.

The Zugspitze CO columns are retrieved by inte-
grating of profile retrievals which are performed by
a simultaneous spectral fit in 3 micro-windows, i.e.,
2057.7850–2057.9100 cm−1, 2069.6150–2069.7100 cm−1,
and 2157.3300–2159.1500 cm−1. Note that the spectral
boundaries of these micro-windows have been slightly mod-
ified as compared to previous publications (Pougatchev and
Rinsland, 1995; Rinsland et al., 2000), in order to mini-
mize systematic spectral residuals. We are using the optimal-
estimation method as implemented in the SFIT2-retrieval
software provided by NASA, and established in collabora-
tion with NIWA (Pougatchev et al., 1995). The HITRAN-
2000 molecular line parameters compilation was used

(Rothmann et al., 2003), and daily p-T-profiles from the
Munich radiosonde station (located 80 km to the north of the
Zugspitze) have been utilized. For a-priori information, a CO
vertical volume mixing ratio profile obtained from the MO-
PITT team (L. N. Yurganov, personal communication, 2002)
was adopted. The covariances for the CO mixing ratio pro-
file vectors were assumed to be diagonal with the assumed
uncertainties increasing by a factor of 2 below 30 km rela-
tive to their values above this altitude. Absolute uncertain-
ties were then tuned empirically to optimize the trade off be-
tween gaining information content and avoiding oscillating

retrievals. The accuracies/precisions for total vertical column
CO retrievals via integrated vertical profile retrievals from
ground-based FTIR measurements are understood and well
characterized (Pougatchev and Rinsland, 1995; Rinsland et
al., 2000). The actual numbers depend somewhat on chang-
ing geophysical parameters like the actual solar zenith angle.
The random errors for single column retrievals have been es-
timated to be within±2.5% and systematic errors to range
from ±2.5 to±5% (Pougatchev and Rinsland, 1995; Rins-
land et al., 2000).

3 Approach for initial validation

The retrieval of WFMD ver. 0.4 total column products of CO
includes an empirical column scaling factor, i.e., WFMD CO
data have been scaled to match MOPITT columns and a fi-
nal scaling factor of 0.5 has been fixed for WFMD ver. 0.4
CO retrievals (Buchwitz et al., 2004). Therefore, focus is put
in our study on relative accuracy, i.e., investigating whether
the atmospheric variabilities above the Zugspitze, which are
dominated by the annual cycle for these species, can be re-
trieved from the SCIAMACHY data.

Individual WFMD retrievals in the near-infrared spectral
domain are showing a significant scatter. This is because the
small spectral signals are only slightly above the noise level,
and because of the occurrence of systematic spectral resid-
uals which are not understood yet (Buchwitz et al., 2004).
In Buchwitz et al. (2005b) several days of SCIAMACHY
global CO data over land have been compared with the op-
erational level-2 CO column data product of MOPITT (ver.
3). It has been show that on average the difference between
the two data sets is about 10%. The largest differences have
been found over the Southern Hemisphere outside Antarc-
tica, where SCIAMACHY may overestimate MOPITT by
up to about 30% (over the Northern Hemisphere the agree-
ment is much better). The standard deviation of the differ-
ence is in the range 0.4–0.6 1018 cm−2, i.e., about 30%. This
standard deviation of 30% is approximately equal to the ex-
pected single pixel retrieval precision of the SCIAMACHY
CO columns. This holds for a restriction of the so-called
retrieval error (see Buchwitz et al., 2004) to values below
60%. A precision of about 10% is the expected theoretical
limit which, however, has not yet been reached mainly for
two reasons: i) The currently used fitting window only cov-
ers a small subset of the CO lines detected by SCIAMACHY
resulting in a random error due to instrument noise of about
20% for an integration time of 0.5 s (Buchwitz and Burrows,
2004). For future versions of the retrieval algorithm we will
aim at using a larger fitting window to improve the precision.
ii) A quasi random error of about 5–20% is introduced by dis-
turbances due to variability of the atmosphere (e.g., aerosol
scattering) and of the surface reflectivity not fully accounted
for in the current version of the retrieval algorithm (Buchwitz
and Burrows, 2004).
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The CO retrieval from the SCIAMACHY spectra is com-
plicated by an ice layer that grows on the (cooled) channel
8 detector. Every few month a decontamination procedure
is performed to get rid of the ice layer. This ice layer not
only affects the channel 8 CO retrieval but also the channel
8 CH4 retrieval (see Buchwitz et al., 2005b). In Buchwitz
et al. (2005b) it has been shown that the ice layer introduces
a time dependent bias of the retrieved methane columns of
up to about 15% (low bias) as the ice layer changes the slit
function of the SCIAMACHY spectrometer. A similar time
dependent bias is expected for the SCIAMACHY channel 8
CO columns discussed in this paper. The SCIAMACHY O2
columns are not affect by this issue (no ice layer has been
observed for channel 4 used for O2 retrieval).

Having these known quality limitations in mind, our ap-
proach in this study, therefore is investigating to what extent
the quality of SCIAMACHY data allows to reproduce the
true variability of CO columns which is mainly dominated
by the annual cycle above the Zugspitze, in a statistically sig-
nificant manner. For this purpose, the annual cycle found by
the Zugspitze FTIR column measurements is compared to
the available time series of SCIAMACHY WFMD columns
(data for≈30 days in the time span January–October 2003)
using daily mean pixel averages within a stepwise increased
selection radius around the Zugspitze ground site. The goal
is to thereby stepwise reduce the scatter of the daily means by
statistically averaging over increasing ensembles of pixels.

One might argue that also polluted regions may be more
and more included into the ensemble while increasing the
selection radius, and this could potentially be compensating
the statistical effect of reducing the scatter of the daily means.
However, this effect is obviously weaker than the reduction
of scatter by the statistical effect of increasing the averaging
ensemble, as our test in Sect. 4 below is proving (Table 1).
Furthermore, we are investigating in this study whether the
CO annual cycle can be retrieved, and in our recent study on
total column and in situ series of CO (Yurganov et al., 2004),
it has been found, that the annual cycles of CO observed at a
variety of stations within the northern hemisphere, are com-
parable at all stations as to phase and amplitude (≈10% am-
plitude, slightly lower for stations located within the free tro-
posphere). This means, that increasing the selection radius
for calculating daily means does not disturb the goal of ob-
taining a well defined annual cycle, but helps to reduce the
scatter (see above).

However, we note that the above mentioned clean-air-site
sinusoidal CO annual cycle (Fig. 2) with a spring maximum
and a fall minimum is due to the OH (sink) annual cycle.
For clean-air sites this periodical behavior can be perturbed
by long-range transport of CO from biomass burning events
which usually accur during summer. As an example, there
was an significant enhancement at all clean air sites in Au-
gust 2003 all over the northern hemisphere due to boreal for-
est fires in the high northern hemisphere (Yurganov et al.,
2005). This can be seen in FTIR data of our Fig. 2. For

Table 1. Slope, slope error, and regression coefficientR from the
linear fit to the “Zugspitze FTIR” data, and to the SCIAMACHY
CO data for a 2000-km pixel-selection radius around the Zugspitze
(“SCIA 2000”) as shown in Fig. 3. “SCIA 1000” means a 1000-km
selection radius, and “SCIA 1000cl” is with cloud flagged pixels
included.

Slope Slope error R

Zugspitze FTIR −9.5E-4 ±9.8E-5 −0.70
SCIA 2000 −1.2E-3 ±4.9E-4 −0.43
SCIA 1000 −6.4E-4 ±5.9E-4 −0.21
SCIA cl 1000 −4.4E-4 ±4.3E-4 −0.18

polluted areas, like industrialized areas and towns there is
another, periodical effect contributing to the total CO an-
nual cycle. It is a contribution to the boundary layer due
to heating and fuel burning with a mid-winter maximum and
a mid-summer minimum, see, e.g., Bayerisches Landesamt
für Umweltschutz (2005). This is directly linked to in the
situ emissions without transport or chemical transformation
processes being involved (i.e., a similar annual-cycle effect
as observed for boundary layer NO2).

The question is whether this third effect can become a
dominant contribution to our SCIAMACHY data set includ-
ing pollution hot spots within, e.g., a 2000-km selection ra-
dius around the Zugspitze (German Ruhr district, Italian Po
valley), i.e., whether it should display a significantly differ-
ent annual cycle compared to the clean-air site Zugspitze.
We assume this not to be the case due to 3 reasons, namely i)
the polluted areas are making up only a minor fraction of our
2000-km radius selection area, ii) a 2000-km radius selection
area is only partially covered by SCIAMACHY pixels, and
this fractional area is changing in magnitude and location,
according to the availability of measurement orbits and nadir
sequences, i.e., polluted areas are likely to be covered for
some days and for some days not, and iii) the phases of the
two periodical driving forces for the annual cycle are not very
different (mid-winter versus spring maximum), see above. A
quantitative independent answer to the relative magnitude of
the two periodical contributions depending on selection area
and columns ground altitude can not be given from measure-
ments at the time being, keeping in mind that complemen-
tary satellite measurements by MOPITT do not show sensi-
tivity to the boundary layer. However, for the limited num-
ber of SCIAMACHY data available for this study, we obtain
evidence that increasing the selection radius for calculating
daily means does support rather than hinder the goal of ob-
taining a well defined annual cycle comparable to that of the
clean-air site Zugspitze, and helps to reduce the scatter of the
satellite daily data, i.e., the relative winter time enhancement
from pollution hot spots is negligible for sufficiently large
selection radii (see results of Sect. 4 below).
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Fig. 1. Total column averaging kernels for Zugspitze FTIR and
SCIAMACHY CO retrievals calculated for solar zenith angles of
60◦ and 70◦.

Another issue of the validation approach is how to reduce
the impact of varying ground altitudes of the different satel-
lite pixels that are averaged on one hand, and, the different
altitude of the Zugspitze mountain site on the other hand. We
solve this problem in a 3-steps approach: i) All individual
SCIAMACHY WFMD column values are normalized to co-
incident dry air column values which are also available from
WFMD retrievals (via O2 column retrievals). The resulting
quantity is the so-called “dry air column averaged mixing
ratio”. This quantity does not depend on the average pixel
ground level altitude, assuming a constant mixing ratio with
altitude. This normalization is to account for the fact that for
each day there are SCIAMACHY data available only for part
of the 2000-km radius selection area, and for changing lo-
cations, according to the limited availability of measurement
orbits and nadir sequences for this individual day. Details
on the O2 retrievals are given in Buchwitz et al. (2005a).
Several days of global SCIAMACHY data have been com-
pared with O2 columns computed from ECMWF surface
pressures. It is shown that the mean difference of the daily
data (SCIAMACHY-ECMWF) is on the order of one percent
(between−2.1% and +0.7%) and that the standard deviation
of the difference is about 10% (between 7.9% and 12.0%).
The standard deviation is believed to be dominated by quasi
random retrieval errors introduced by the variability of the at-
mosphere (distribution of scatterers, temperature profile vari-

ations, etc.) and surface reflectivity variations not yet consid-
ered accurately enough in the retrieval algorithm (the random
error due to instrument noise is well below 1%). The esti-
mated precision of the retrieved O2 columns of about 10%
is large but significantly smaller than the variability of the
CO columns and also significantly smaller than the O2 col-
umn variability in areas of complex surface topography such
as the Alps. ii)To make the dry air column averaged mixing
ratios of SCIAMACHY (unit ppbv) comparable to the FTIR
column abundances above the Zugspitze (unit 1/cm2), both
data sets are then normalized to their overall average, and
these (dimensionless) “anomalies” are used for intercompar-
ison purposes. iii) Finally, all individual Zugspitze columns
are normalized to the daily mean local pressure. This is for
consistency reasons, in order to make the Zugspitze ground
data also independent from the actual pressure level, as the
SCIAMACHY data are due to their normalization to the dry
air column, see point i).

Finally, an important issue in intercomparing two differ-
ent remote sounding systems (satellite versus ground) is to
properly take their altitude dependent sensitivities, i.e., their
averaging kernels (Rodgers, 1990) into account. In case
of strongly differing kernels, neglecting the effect of differ-
ent smoothing errors can result in intercomparison-errors in
the order of the natural variability of the trace gas columns.
However, in our case we encounter the nearly ideal situation,
that the ground-based (FTIR) and satellite (SCIAMACHY)
instruments are both sampling the CO columns with nearly
the same total column averaging kernels as shown in Fig. 1,
i.e., both being close to the ideal uniform sampling. There
are only minor differences at higher altitudes, e.g., at the
300 hPa level, there is a slight under-estimation of the natu-
ral variability of≈10% by FTIR, and a slight overestimation
of ≈10% by SCIAMACHY. This means that we can directly
compare the retrieved columns (satellite versus ground), and
the intercomparison is not impacted significantly by (differ-
ing) smoothing errors, which are in the order of≈1–2% for
both FTIR and SCIAMACHY, depending on the details of
the CO covariance matrix assumed. It is noteworthy, that the
SCIAMACHY retrievals are perfectly sensitive down to the
lower troposphere (as the ground-based measurements are,
see Fig. 1). This is due to the near-infrared spectral domain
utilized for the SCIAMACHY retrievals, and is advantageous
over thermal-IR satellite retrievals which are showing a re-
duced sensitivity in the boundary layer.

Now we want to estimate the differences in the variabilities
of the Zugspitze FTIR total columns versus SCIAMACHY
total columns, which are expected due to two effects, i) the
different column–ground altitudes (i.e., 2964 m for Zugspitze
FTIR and 230 m for the average SCIAMACHY columns
ground altitude for a selection radius of 2000 km around the
Zugspitze), and ii) the (slightly) differing averaging kernels.
For this purpose, we calculated the total–column standard
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deviation using

stdvcol =

√
aT Sa a, (1)

where the vectorsa are the total column averaging kernels
shown in Fig. 1, andSa is the CO covariance matrix adopted
from the operational MOPITT retrieval given by Deeter et
al. (2003). Thereby we obtain an expected total–column
standard deviation of 27% for Zugspitze FTIR and 38% for
SCIAMACHY. We note, that these numbers essentially re-
flect the variances given by the MOPITTSa (which is an
estimation of true variability only), and the different ground
altitudes of Zugspitze versus SCIAMACHY columns, i.e.,
they can not be compared directly to the real absolute FTIR
and SCIAMACHY columns varibility. These numbers are
not significantly impacted by the averaging kernels, i.e., us-
ing the ideal averging kernelsaT

=(1, 1, ...1), there is only a
slight change to 28% for FTIR and 36% for SCIAMACHY
(in other words, the fact that there is a slight change only, is
due to the small smoothing errors for both instruments, see
above). However, these numbers can be interpreted in rela-
tive terms, i.e., we learn for the discussion of our results in
Sect. 4, that, mainly due to the differing column–ground al-
titudes we would expect a higher day-to–day variability for
SCIAMACHY relative to FTIR by a factor in the order of
38/27≈1.4.

4 Initial validation results

Figure 2 shows the available SCIAMACHY WFMD CO/O2
column anomaly data (covering 33 days in 2003); each
SCIAMACHY point is the average of all pixels from one
day within a 2000–km radius around the Zugspitze, with the
cloud flagged pixels removed. Note, that we did not restrict
WFMD data selection to any maximum threshold in the so-
called retrieval errors reported (Buchwitz et al., 2004). We
did so to achieve an increased number of available data, and,
thus better comparison statistics. While this leads to a sin-
gle pixel standard deviation of typically 100% (compared to
30% in case of a restriction to retrieval errors below 60%, see
Sect. 3), we did not find any significant reduction of the scat-
ter of daily means by testing such a restriction. Four obvious
outliers in the SCIAMACHY data have ad hoc been removed
for Fig. 2. Zugspitze FTIR daily mean column anomalies are
shown in the same plot. A 3rd order polynomial fit to the
FTIR data nicely shows the CO annual cycle with a≈10%
amplitude.

Figure 2 shows that the day-to-day scatter of the FTIR data
is in the order of 10%, while the scatter of SCIAMACHY
daily data within the 2000-km selection radius is signifi-
cantly higher. While a somewhat higher columns variability
(factor≈1.4) is anyway expected for SCIAMACHY due to
the lower average ground altitude (and the slightly differing
averaging kernels, see Sect. 3), the question is, whether hori-
zontal CO inhomogeneity (hot spots) within the 2000 km se-
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Fig. 2. Orange points: SCIAMACHY WFMD v0.4 CO/O2 col-
umn anomaly: average of all pixels within a 2000-km radius around
Zugspitze for daily overpass; cloud flagged pixels and 4 outliers re-
moved. Blue points: Zugspitze FTIR CO column anomaly: daily
means of pressure corrected columns. Blue line: 3rd order polyno-
mial fit to the Zugspitze FTIR data.

lection radius is the dominant additional cause for the scatter
or the limited SCIAMACHY individual pixel precision. We
investigated SCIAMACHY scenes within a large (≈2000-
km radius) selection area around the Zugspitze for several
days using the<60% retrieval error selection rule. Thereby
we found that only about 10% of the pixels showed columns
that deviated by more than 30% from the average value and
only about 3% deviated by more than 50%. This means that
the fractional area of hot spots is small, and hot spots are
obviously only a minor contribution to the observed SCIA-
MACHY scatter for a large selection radius. This is corrob-
orated by our investigation of a stepwise increase of the se-
lection radius (250–2000 km) and subsequent comparison of
the daily mean values for a few selected days which con-
tained enough pixels also for the smallest selection radius. It
was found that the daily average values were impacted only
on the 10% level by the choice of the selection radius. Ob-
viously, the inclusion of hot spots within a large (2000 km)
selection radius does not significantly perturb the scatter of
daily means. The advantage of such a large selection radius
however, is that the order of 100 individual pixels are cov-
ered per day and this is sufficient to reduce the scatter of the
daily means to a reasonable order of magnitude as shown in
Fig. 2. So while a small selection radius (250 km) is approx-
imately not contaminated by pollution hot spots, it just does
not yield enough data for the small SCIAMACHY data set at
hand, i.e., a significant fraction of days would contain none
or only a few pixels and this is not enough keeping the large
individual pixel precision in mind.

To investigate whether information on this annual cy-
cle can also be retrieved from SCIAMACHY data in
a statistically significant manner, a linear fit to both

www.atmos-chem-phys.org/acp/5/1497/ Atmos. Chem. Phys., 5, 1497–1503, 2005
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Fig. 3. Same CO data as Fig. 2, but the plotted time span of
Zugspitze FTIR data is reduced to match the time span of available
SCIAMACHY WFMD data. Solid lines: Linear fits. See Table 1
for the fit parameters.

SCIAMACHY and FTIR data is performed for the time span
for which SCIAMACHY data are available, see Fig. 3. We
used a linear fit as a proxy for the annual cycle because, con-
trary to the case of FTIR data (Fig. 2), a 3rd order polynomial
fit turned out to yield no stable result for the SCIAMACHY
data set. The reason for this is a combination of two ef-
fects, namely i) the SCIAMACHY data set does not cover
one full period of the annual cycle (the FTIR data set does),
and ii) SCIAMACHY data are showing a higher scatter than
the FTIR data. It can bee seen from Fig. 3, that the slope
of the linear fits of both data sets agree quite well. Table 1
shows the errors for the slopes of these linear fits for both
FTIR and SCIAMACHY data sets, which were calculated us-
ing conservative error approximations for the daily means. It
can be seen, that also for SCIAMACHY data the error of the
slope is significantly smaller than the value of the slope itself
and the regression coefficient is reasonably good (R=−0.7).
This means that the obtained negative slope, which is due to
the annual cycle, can be retrieved in a statistically significant
manner, from SCIAMACHY WFMD data, given the con-
sidered selection radius of SCIAMACHY pixels of 2000 km
around the Zugspitze.

The question to be addressed now is, what the minimum
selection radius is, in order to obtain the negative slope in a
statistically significant manner. Table 1 shows the regression
results for a reduced selection radius of 1000 km. Now, the
error of the slope is comparable to the absolute value of the
slope. I.e., the negative slope, being a signature of the CO
annual cycle, can no longer be retrieved in a statistically sig-
nificant manner from the SCIAMACHY data. So our finding
is, that a minimum selection radius of 1000–2000 km around
Zugspitze is necessary, in order to retrieve the negative slope
due to the CO annual cycle in a statistically significant man-
ner from WFMD SCIAMACHY data.

Finally, we investigate, whether the information content in
the SCIAMACHY data as to the annual cycle could be in-
creased by including cloud flagged pixels also into the daily
average. This question arises, since the cloud clearing algo-
rithm applied is rather conservative (Buchwitz et al., 2004).
Table 1 shows the result for the case of a 1000-km selection
radius. In fact, including cloud flagged pixels does essen-
tially not change the fit quality (slope error andR). This
confirms that the cloud clearing algorithm is rather conserva-
tive.

5 Conclusions

Solar FTIR measurements at the Permanent Ground-
Truthing Station Zugspitze (47.42◦ N, 10.98◦ E,
2964 m a.s.l.), Germany were used to validate the EN-
VISAT/SCIAMACHY Scientific Data Product for total
column CO retrieved at the University of Bremen, i.e., the
near infrared WFM-DOAS ver. 0.4 product.

The CO total column averaging kernels of the ground-
based FTIR technique (integrated profile retrievals) turned
out to be nearly identical to the SCIAMACHY WFMD ker-
nels, which both maintain a nearly uniform sampling down to
the lower troposphere with only minor differences at higher
altitudes. Therefore a direct comparison of columns is pos-
sible without introducing significant intercomparison errors
from differing smoothing errors.

In order to reduce the impact of varying ground altitudes
of the different satellite pixels used for intercomparison, a
new approach has successfully been explored. I.e., SCIA-
MACHY WFMD columns have been normalized to dry air
columns, which have additionally been normalized to their
overall average, and these anomalies then been compared to
the ground FTIR column anomalies, to make both satellite
and ground data sets comparable.

The infrared WFMD column retrievals include an empiri-
cal scaling factor of 0.5 which resulted from an adaptation to
MOPITT data, therefore it is no issue to validate their over-
all absolute accuracy (note that recent investigations indicate
that the retrieval can be significantly improved, e.g., by us-
ing a different spectral fitting window, essentially eliminating
the need for a scaling factor for future versions of WFMD
CO columns). Rather, focus was put on validating rela-
tive accuracy, i.e., investigating to what extent the quality of
SCIAMACHY data (precision limited by spectral noise and
systematic spectral residuals) allows to reproduce the actual
variability of the CO columns, which is mainly dominated by
the annual cycle, in a statistically significant manner. For this
purpose, the annual cycle found by the Zugspitze FTIR col-
umn measurements (≈10% amplitude) was compared to the
available time series of SCIAMACHY WFMD columns (i.e.,
January–October 2003) using daily mean pixel averages cal-
culated from a stepwise increased selection radius around the
Zugspitze. The resulting trade off was investigated between
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reducing the scatter in SCIAMACHY data by improving the
statistics and introducing additional variabilities from emis-
sion sources. It was demonstrated that an increasing selec-
tion radius helps in reducing the scatter of CO. As a result
it was found that, in order to obtain a statistically signifi-
cant linear fit to the CO annual cycle (≈10% amplitude) from
SCIA WFMD data, all pixels within a radius of at least 1000–
2000 km around Zugspitze had to be averaged for each day.

In an upcoming study, when a final (maximum) set of CO
columns will have been retrieved from all exploitable SCIA-
MACHY measurements of one year, it will be interesting to
further investigate, whether also higher order momenta of the
inter-annual variability (sinusoidal cycle, column anomalies)
can be retrieved from SCIAMACHY data.
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