Final author comments on the manuscript amt-2016-355, reviewer 1

We would like to thank reviewer 1 for the constructive comments that aided us to improve our manuscript. In
this document we provide our replies to the reviewer’s comments. The original comments made by the reviewer
are numbered and typeset in italic and bold face font. Following every comment we give our reply. We provide
a new version of the manuscript but in our replies to the comments we provide line numbers, page numbers and
figure numbers referring to the original version of the manuscript, if not stated differently.

1.

Extension of the spatial coverage (especially over the ocean) by analyzing cloudy scenes is
desirable. However, for thick clouds the sensitivity to CO below the cloud is very limited. As
shown in the manuscript this does not hamper validation, because the corresponding null-
space error can be taken into account mathematically by applying the averaging kernels. One
could argue that this makes good validation results even easier to achieve, because potentially
highly variable CO partial columns below clouds are essentially substituted by apriori partial
columns for both the satellite data and the validation data set in the comparison. This
makes physical interpretation of the retrieval results in cases of high clouds, in particular
above CO source regions, difficult, because the retrieved parameter is rather the CO partial
column above the cloud (extended by the apriori below the cloud) than the CO total column
and the most interesting part may be hidden below the cloud. In this sense, validation and
physical significance can potentially be two different stories. Please elaborate a little more
on this issue in the manuscript. Therefore, I assume that retrievals for (too) high clouds are
filtered out in the post- processing. Please describe in more detail what the corresponding
threshold for the presented SCIAMACHY data set is (e.g., in Figure 10). I would propose to
omit scenes with cloud heights larger than about 2 or 3 km: This would still allow retrievals
above low-etage clouds like stratocumulus (Sc) over the ocean.

adjusted The reviewer argues that the evaluation of the CO bias is distorted in case of high clouds
because both the satellite data and the validation data set are substitute by the same apriori partial
columns in the comparison and so this effectively reduces relative errors on the column. To refute this
argument, we’d like to outline an important feature of the profile scaling approach used in our study.
Here, the retrieval approach scales a reference profile to fit a forward model to the measurement. In case
of a cloudy atmosphere, the scaling parameter relies on the CO measurement sensitivity above the cloud
but adjusts the CO concentrations at all altitudes due to the scaling. If the scaling parameter is retrieved
with a certain error, this effects the CO concentrations at all altitudes in the same manner.

So for a cloudy-sky retrieval, a measurement or forward model error affects the CO sub-column above the
cloud in the same manner as it does for the total column. Therefore, the physical interpretation of the
relative biases is the same for clear-sky and cloudy retrieval.

The fact that the CO bias for the site Windhoek in Fig. 7 is similar for clear-sky and cloudy retrievals,
indicates a similar retrieval accuracy for CO at altitudes the measurement is sensitive to. In this sense, we
are convinced that the comparison does not favor a validation of cloudy retrieval over clear-sky retrieval.

To emphasize this aspect, we added the following sentences at p6,124:

“For the interpretation of errors, it is important to note that for the scaling of a reference profile, the
interpretation of relative biases is very similar for clear-sky and cloudy retrieval. In both cases, it indicates
the relative error to the CO concentrations at all altitudes the retrieval is sensitive to.”

Moreover, we add at p9,114:

“ Consequently, the fact that clear-sky and cloudy retrievals result in the same bias indicates that the
accuracy for CO is comparable at altitudes the measurements are sensitive to. ”

and at p4, 123:

“ Hence, when considering ceg as an estimate of the true column, data interpretation does not rely on the
use of the total column averaging kernel but the null-space error ey, becomes part of the error budget.
When ceq is seen as an effective column with its vertical sensitivity described by the column averaging
kernel, data analysis focuses more on the information that can be inferred from the measurements and
reduces the impact of the a priori choice of the reference profile. This requires a proper use of the total
column averaging kernel as shown in Eq. (4) and the null-space error does not contribute to the error
budget (see also Wassmann et al. (2015)). ”

For validation with TCCON and NDACC in Fig 9 and to illustrate the global CO distribution in Fig. 10,
it is important that the CO column have similar vertical sensitivity and can be interpreted as an estimate
of the true total column. Therefore, for this figures, we use only data with a retrieved cloud top height
i 1.5 km. However, based on the MOZAIC comparison, we are convinced that also CO retrievals with



higher clouds are very useful when exploiting the data set, e.g. due to the assimilation of the CO product
in a chemical transport model. Therefore we are reluctant to filter the data a posteriori as suggested by
the reviewer.

Page 8, Lines 13-1/4 and Figures 4-6: Why are cloudy conditions defined as high clouds here
(condition (8) in Sect. 2.3)? The comparison with airborne measurements is mainly above
CO source regions (Teheran, Beijing). This is an example of the interpretation problems
described in the General Comments. Figure 6 confirms that a lot of CO is hidden below the
clouds (comparison of yellow and pink bars). I would prefer to use condition (2) here or
an alternative condition (2b) with held ; 2 or 3 km.

changed De Laat et al. 2012 showed that the validation of SCIAMACHY clear sky measurements at
these sites close to CO source regions suffer from representation errors, i.e. that due to the large pixel
size of SCIAMACHY the aircraft measurements cannot agree with the satellite observations because of
probing different CO air masses. The same holds for low clouds. However, for high clouds, the horizontal
distribution of CO above the cloud is more homogenous and so representation errors are less relevant. As
explained in our reply to the reviewer’s general comment, the comparison between satellite and aircraft
measurements are not distorted because of the profile scaling approach, and so the good agreement for
SCIAMACHY observations with high clouds, support the interpretation of de Laat et al., 2012 and in
addition gives confidence in the SCTAMACHY cloudy data product. To clarify this, we change the
discussion in the manuscript (p8,126) from

“The time series in Fig. 5 show strong outliers in the MOZAIC/TAGOS CO column densities, which are
not found by SCTAMACHY. de Laat et al. (2012) explained this with strong local pollution at the air-
ports, which affects the airborne measurements but are not seen by the satellite due to the coarse spatial
resolution. Figure 7 confirms this reasoning. Applying the column averaging kernels of the cloudy-sky
retrievals to MOZAIC/TAGOS measurements, the enhanced CO column values are strongly reduced for
both Teheran and Beijing and brings the aircraft and satellite observations into much better agreement.
Thus confirms that the column averaging kernel of the cloudy-sky retrieval describes well the cloud shield-
ing of the lower atmosphere (see Fig. 2) where the local pollution is primarily located.

to

“de Laat et al. (2012) explained the larger errors for clear-sky observations with strong local pollution at
the airports, which affects the airborne measurements but are not seen by the satellite due to the coarse
spatial resolution. This is concert with the extremely large values of the MOZAIC/TAGOS CO column
densities time series in Fig. 4. Hence, we expect a better agreement, when we consider SCTAMACHY
retrievals for high clouds because the atmospheric shielding of the spatial heterogeneity of CO. Figs. 4 and
2 confirms this. Applying the column averaging kernels of the cloudy-sky retrievals to MOZAIC/TAGOS
measurements significantly improve the comparison with SCIAMACHY retrievals and so supports the
error interpretation by (de Laat et al., 2012) but also demonstrates the data quality of SCIAMACHY
cloudy-sky retrievals. “

. Page 9, Lines 23-24: How about applying TCCON/NDACC averaging kernels to profile
information from the TM5 CO model?

not changed The paragraph at p9, 123-24 is about MOZAIC/IAGOS profile measurements and their
use to validate our product. These airborne measurements can be used to validate clear-sky and cloudy
SCIAMACHY retrievals and so provide interesting information on the consistency of the data product
and the relevance of representation errors for the validation. This is different for TCCON/NDACC
measurements, which can only be used to validate clear-sky retrievals and cloudy-sky retrievals for low
clouds at remote regions. Furthermore, applying averaging kernels on TM5 profiles will not help because
those are used as reference profiles in our retrieval. In Borsdorff et al. (2014) we showed that the reference
profile cannot be used to fill up the null-space, i.e. (C' — Acor)zTM5 = 0.

Page 10, Line 16: The given range of hcld corresponds to condition (3) in Sect. 2.3, not
(2). Which condition is actually used, (2) or (3)? I would recommend to do the analysis
for low clouds only (Condition (2) or (2b)).

corrected Correct, we use condition (2) here. We changed the sentence at (p10, 116) from

“When analyzing SCIAMACHY cloudy-sky CO retrievals with 1.5 km < hgq < 8 km, 7¢q > 2 corre-
sponding to condition (2) ...”

to

“When analyzing SCTAMACHY cloudy-sky CO retrievals with h.q < 1.5 km, 719 > 2 corresponding to
condition (2) ...”



5. Page 10, last paragraph and Figure 10: 1) Which conditions for the full-mission SCIA-
MACHY cloudy-sky measurements are used? As described above, I would propose to omit
scenes with cloud heights larger than about 2 or 3 km.

changed We clarified this point in the manuscript as described in our answer to comment 4 of this review
(p10, 116). Furthermore, we changed the sentence at p10,26 from:  The full-mission averaged CO product
is shown in Fig. 10 and indicates ....”

to

“The full-mission averaged CO product is shown in Fig.10 and is based on clear-sky and cloudy observation
contaminated by optical thick low clouds (heq < 1.5 km). This figure indicates ...”

6. 2) You describe CO outflow over the ocean. As the retrievals over the ocean are from
cloudy-sky measurements only and the retrievals over land are a mixture from clear- sky
and cloudy-sky measurements, are there any indications of land-sea-biases due to cloud
shielding? This is hard to see in Figure 10, because the color-scale is often saturated at the
mentioned source regions.

changed To consider potential error correlation with land-sea transitions, we investigated biases for the
coastal site Wollongong but did not find any indication for a land-sea bias in the data. To emphasize this
point, we changed the sentence (p10, 121) from:

“ For Wollongong, the mean bias for clear-sky and cloudy-sky retrievals is comparable (about 4.0 ppb),
but the correlation improves from about r = 0.5 to 0.8 for the cloudy retrievals.”

to

“For Wollongong, the mean bias for clear-sky and cloudy-sky retrievals is comparable (about 4.0 ppb),
and the correlation improves from about r = 0.5 to 0.8 for the cloudy retrievals. Here the majority of
the cloudy measurements are observations over the oceans and so these results indicate that there is no
evidence for a land-sea bias of the SCIAMACHY CO retrieval.”

7. 3) It would also be interesting to show a global map illustrating the fraction of cloudy-sky
measurements. Are the source regions dominated by clear-sky or cloudy-sky measurements?

added We included the figure suggested by the referee. The discussion is added to the manuscript at
p7,19

“Figure 4 shows that much more data become available when considering cloudy-sky retrievals under
optical thick low and high cloud conditions in addition to clear-sky retrievals. Between January 2003 to the
end of the SCTAMACHY mission in April 2012, 70 % of all data are inferred from cloudy-sky observations
(40% over the oceans and 30% over land). Over the oceans only cloudy-sky retrievals are possible but
over land the fraction of clear-sky to cloudy-sky retrievals varies. For example, the data coverage over the
Sahara region is dominated by clear-sky retrievals while the Amazon region and Indonesia show cloudy-sky
retrievals be in a majority. Averaged globally, 55% of all measurements over land are cloudy-sky retrievals.
Hence for SCTAMACHY, our CO retrieval algorithm for cloudy conditions permits the CO data product
over the ocean, and in addition has the potential to improve the product over land.”

8. Figure 8: Why is TCCON data release GGG2012 (instead of GGG201/4) used for Ny-
Alesund?
added We added this explanation to the figure description: “...for Ny-Alesund data release GGG2012
is used because the newer release GGG2014 is not yet available for this site.”

9. Page 8, Line 30: Typo? Thus This
corrected

10. Page 9, Line 26: Please add :: ...is most reliable: Ny-Alesund, ...
corrected
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Final author comments on the manuscript amt-2016-355, Ruediger
Lang

We would like to thank Ruediger Lang for the constructive comments that aided us to improve our manuscript.
In this document we provide our replies to the reviewer’s comments. The original comments made by the
reviewer are numbered and typeset in italic and bold face font. Following every comment we give our reply.
We provide a new version of the manuscript but in our replies to the comments we provide line numbers, page
numbers and figure numbers referring to the original version of the manuscript, if not stated differently.

1. Retrievals involving the knowledge of certain above-ground mean-scattering heights with
negligible information retrieved from below the scattering layer require special pre-cautionary
measures taken by the producer to avoid mixing of total and partial column information.
The authors mention in Section 2.3 on page 6 the potential of providing complementary
information due to this mixing, but do not go in any detail how this complementary infor-
mation (what is meant is probably profile information) can be retrieved or is used.

changed We modified the paragraph (p6,132)

“CO retrievals for cloudy conditions represent an interesting addition of our data product because of the
different vertical sensitivity, the retrieved CO column probes different altitude ranges and so providing
complementary information...” to

“CO retrievals under cloudy conditions represent an interesting addition to our clear-sky data product.
Here, the retrieved column is mostly sensitive to CO above the cloud and for varying cloud height and
due to the shielding effect of clouds, different altitudes are probed. For the interpretation of errors, it is
important to note that for the scaling of a reference profile, the interpretation of relative biases is the same
for clear-sky and cloudy retrieval. In both cases, it indicates the relative error to the CO concentrations
at all altitudes the retrieval is sensitive to. Furthermore, ”

2. I find the way the retrieved column is interpreted relative to the true profile in equation
4 quite misleading with respect to the formulation in the conclusion saying: Generally for
clear-sky observations the null-space error is small, but for cloudy conditions it can easily
exceed 30 percent. Here, clouds shield the atmosphere below and the a priori CO profile
shape is used to add the lacking information. Here it is formulated as if ghost column
information from the scaled a-priori profile is added to complement the lacking information
of the retrieved column above the scattering layer, while in FEquation 4 it looks like the
profile information is over-weighted with an averaging kernel above the cloud, therefore
using only (or predominantly) a priori profile information from above the scattering layer
in the retrieval. What is true?

text adjusted The reviewer’s point does not represent a contradiction the two mentioned statements are
mathematically equivalent as described in Borsdorff et al. (2014). To clarify this, we adjusted the text at
p6 line 12, referring to our previous work to keep the discussion short.

“ Column averaging kernel values of one represent the ideal value for a vertical integration (see Eq. (2))
and values < 1 indicate reduced retrieval sensitivity e.g. because of atmospheric shielding by clouds and
aerosols. Values > 1 are typical for a profile scaling approach. In case of an optically thick cloud the
sensitivity of the measurement for CO below the cloud is lost. The inversion scales the entire vertical
profile of CO based on its sensitivity to CO above the cloud. Hence, the sensitivity of the retrieved CO
column with respect to the CO concentration above the cloud is enhanced (> 1) and at the same time
the sensitivity for CO below the cloud is reduced (< 1). These features are clearly reflected in Fig. 2 and
discussed in more detail by Borsdorff et al. (2014). ”

3. In addition, the potential draw-backs of providing this mix of effective and total column
information is not discussed in much detail in the paper. While this type of data-set can
potentially be used relatively safely in model assimilation, where the use of the averaging
kernels is an integral part of the assimilation process, it is less clear how such a data-set can
or should, if at all, be used in the way it is displayed in Figure 10. This does not render the
data-set useless of course. However it requires a discussion on the purpose of the data-set
presented here.

changed We agree with the reviewer that in general the use of the column averaging kernel is essential
for proper data interpretation, as it is stated in the manuscript (p6 122-24). For validation, CO profile
measurements are required, which are only available at a few sites. A corresponding validation strategy
is discussed in Sec. 3.1. We also argue that for low clouds over unpolluted NDACC/TCCON sites, the
retrieved columns can be considered as a reasonable estimate of the true column density of CO within



the overall uncertainty of the SCTAMACHY CO measurement. This is demonstrated in Sec. 3.2 showing
validations with TCCON and NDACC measurements. To illustrated the new SCTAMACHY data product,
we included these low cloud observations in Fig 11 (previous 10) and added the following sentence to the
manuscript(pl0,126): “In particular, the validation with NDACC and TCCON measurements revealed
that the CO column, retrieved from measurements with low, optically thick clouds, can be used as an
estimate of the true column (i.e. ignoring effects of the column averaging kernel) in absent of local sources

of CO.”

From my point of view, such a SWIR CO SCIAMACHY data-set is only complete once the

results presented have been assimilated in a model, i.e. as a level-3 or 4 products, and model
information has been added to the part of the profile not visible to the retrieval. From this
perspective the scope of this paper would then be the presentation of a major step towards
such a final level-4 data-set. I therefore suggest to add a discussion of this aspect (maybe
even consider to change the title to sub-column retrievals) and consider to add an outline on
how to complete the task, in a next step. E.g. by providing a final SCIA CO SWIR data-set
by adding missing sub-column information for individual cloudy-sky retrievals involving a
model or other means (i.e. reducing the null-space error). We should not forget that there
are currently many atmospheric composition and other retrieval methods available which
potentially can provide an-above-cloud-column (e.g. water vapour retrievals from the same
type of instrumentation) but choose instead to provide data-gaps in order to avoid confusion
and biases, even though averaging kernels are available as well for these retrievals. While
overcoming instrument SN deficiencies are the means to an end it cannot be the end for
the means.

changed We are reluctant on a statement that the data set is only completed after assimilating the
retrieval results. Each data level has its value set and should be validated based on the data uncertainty
of the subjacent data level. Therefore, reporting on the level-2 CO SCTAMACHY data product and its
validation we consider as a valuable contribution. We are also convinced that applications of the level-2
product other than data assimilation are of scientific value and should not be excluded a priori. On the
other hand, we also agree that data assimilation as e.g. considered by the European CAMS project is an
important application and should be investigated in future studies. Therefore we added to the conclusions
(p12,119):

“...of the SCTAMACHY CO data product. The correct interpretation of these data requires the use of
the column averaging kernel. For varying cloud height and due to the shielding of the atmosphere below
the cloud, the data may be used in future work to discriminate the vertical distribution of CO in the
atmosphere, e.g. by means of data assimilation. ”

. Abstract: line 10: low bias...: Some SCIAMACHY CO retrievals apply a bias correction
to the CO product, e.g. to agree with MOPITT at source free locations (Pacific) or with
trusty ground stations. Is any bias correction applied prior to this comparison?

changed We do not apply any a posteriori bias correction on CO. However, as shown in Borsdorff et
al. (2016), Fig 4, we apply a radiometric correction to the spectral measurements of SCTAMACHY. This
correction is estimated from high albedo measurements over Sahara assuming that the chemical transport
model TM5 provides the true methane profile, e.g. p5,15.

“To account for radiometric errors of the SCTAMACHY measurements, we apply a temporal dependent
radiometric correction derived from SCIAMACHY observations of the Sahara and reliable model pre-
diction of methane over this area. Moreover, the measurement noise is estimated from regular eclipse
measurements and both aspects are described by Borsdorff et al. (2016). ”

Abstract: line 20: owverall the cloudy-sky... Considering the improvements exposed above,
would not cloudy-sky measurements be something more than simply a ”valu- able addition”?

changed We agree and adjusted the abstract at (p1,120) from

“Overall the cloudy-sky CO retrievals from SCTAMACHY short wave infrared measurements present a
valuable addition to the clear-sky only data set.”

to

“Overall the cloudy-sky CO retrievals from SCTAMACHY short wave infrared measurements present a
major extension of the clear-sky only data set, which more than triples the amount of data and adds
unique observations over the oceans. ”



.

10.

11.

12.

13.

Introduction: line 7: two stream radiative transfer solver.. Are two streams sufficient to
accurately simulate observed radiances at top of the atmosphere? This simplification could
lead to observation geometry dependent biases. Are sphericity effects taken into account?

changed This point is discussed in detail by Landgraf et al. (2016). For individual cases, the induced
errors may reach several percent but becomes insignificant when considering regional scales. To address
this aspect, we change the sentence at (p3,17) from:

“ These parameters are used in a two stream radiative transfer solver called 2S-LINTRAN (Landgraf
et al., 2016) to account for the changes to light path that occur due to scattering by clouds and aerosols.
to

“ These parameters are used in a two stream radiative transfer solver 2S5-LINTRAN to account for changes
to the light path due to light scattering by clouds and aerosols. For cloudy conditions, the CO error induced
by this radiative transfer solver reaches occasionally several procent (Landgraf et al., 2016) and becomes
marginal for regional measurement ensembles. The SICOR data product”

Section 2.1, line 23: Are the SCIAMACHY operational L1 noise values reliable? Otherwise
- although formally correct - the consideration of the measurement noise could worsen the
CO estimates. Or is the CO product derived from a different SCIAMACHY L1 product?

changed We are not using the operational L1 noise as described by Borsdorff et al. (2016), p232: “The
channel 8 SCTAMACHY measurement noise is dominated by detector dark noise, which is estimated
from SCIAMACHYSs daily dark state measurements taken during the orbit eclipse. ”We found that this
approach improves significantly our retrieval because the noise of every detector pixel is basically measured
as a function of time.

A reference and a corresponding remark is added at p5 129 as stated in reply 5: “ For SCTAMACHY CO
retrievals, we use the recalibrated SCIAMACHY spectra including estimates of the measurement noise as
described by Borsdorft et al. (2016). ”

Section 2.2, page 5, 1st paragraph: A short motivation for increasing or choosing this
spectral window would be helpful (like for the reduction of noise. information content, type
of absorbers, ice layer contamination etc...).

changed The selection of the retrieval window is described in detail by Borsdorff et al. (2016). To clarify
this we add the sentence (p5,15): “....This is necessary to account for the instrument degradation e.g.
the considerable loss of detector pixel by radiation damage and the light scattering of the ice-layer on the
detector array of SCIAMACHY’s channel 8 (Borsdorft et al., 2016). “

Section 2.2, page 5, linel8: If the used cloud model has a fized half-width of 1.5km, the
lowest possible cloud top height in the forward model is 3km. Does this not constrain the
retrieval in an unnecessary way?

changed The retrieval is not restricted to a lowest cloud height > 3 km but the vertical profile of the
cloud is truncated at the Earth surface. To clarify this we add the following sentence (p5,119):

“In case of cloud heights < 3km the cloud profile is cut off at the Earth surface and is renormalized”

General: I find the term ”physics-based” retrieval bit problematic. It suggests that you
may do certain things somewhere else, which are not physics based. Do you? I hope not!
Full-physics would be also problematic, since many effects have not been considered in the
retrieval, e.g. horizontal variability inside the spatial pizels.

changed We change the term “physics-based retrieval” to “scattering retrieval” through out the manuscript.

Section 2.2, page 5 last paragraph: The cloud optical properties depend on the micro-
physical ones. Accordingly, the retrieval results depend on the assumed cloud micro- physics.
Could you be more specific on the cloud microphysical model which has been used?

not changed

For the retrieval of effective cloud properties as done by SICOR, the step to derive optical properties from
microphysical properties is not required. For example, it is sufficient to describe the cloud by its optical
depth and the asymmetry factor of the scattering phase function without analyzing the underlying droplet
size distribution and refractive index. The approach is discussed in detail by Landgraf et al. (2016) and
an appropriate reference is already given in the manuscript.

Section 2.3, page 6: After 2005, SCIAMACHY channel 8 detector suffered irreversible
damage decreasing the quality of the spectra. Do the FRESCO and SICOR cloud heights
also correlate that good for other years after 20057



14.

15.

16.

17.

18.

changed The year 2005 is not a specific year concerning the SCIAMACHY channel 8 detector per-
formance, which actually suffered from a continuous degradation. Nevertheless, the SICOR cloud height
retrieval is only affected marginally by this degradation. We correlated the FRESCO data with the SICOR
cloud height for the year 2010 and found a similar good comparison. Therefore, we added a sentence at
(p6,15) and (p11,117)

“Even for later years of the mission we find a similar agreement (e.g. r = 0.8, slope= 0.9, intercept=431 m
for the year 2010). «

Section 2.3, page 6, line 14ff: In case of an optically thick cloud... It is not clear from this
formulation whether scaling of the profile in a retrieval under cloudy conditions is performed
differently or in the same way as in the clear sky case. When it is stated that ”... using only
the measurement sensitivity above the cloud”, does it mean that ”the atmosphere bellow the
cloud is neglected and not taken into account during the fitting process” or that ”the forward
model, which includes a cloud layer, is practically insensitive to CO bellow the cloud and
mainly fit the CO information above the cloud”? Please clarify.

changed The retrieval still fits a scaling of a reference profile but the forward model becomes insensitive
due to the presence of a cloud. To clarify this, we changed the manuscript according to comment 2 of this
reviewer.

Section 2.3, I am missing a discussion of the fact that you expect/want the cloud parameters

to be different from the FRESCO once retrieved in the NIR in first place. Since otherwise
you could stmply use the latter to at least adjust your h_cld. I think you should mention
here the reasons why and how you expect them to be different in the SWIR. For sure one
expects them to be higher in the SWIR, which is what one can see.

changed FRESCO and SICOR use a different way to describe clouds in an effective manner. For example,
FRESCO uses a elevated Lambertian reflector of predefined albedo which partially covers the ground
scene. SICOR uses a homogenous scattering layer with triangular height profile and variable optical
depth. Moreover, the SCTAMACHY NIR and SWIR measurements are not necessarily collocated, which
may introduce a pseudo-random error contribution. Therefore, we add the following sentence at (p6,15):

“The remaining small difference between the retrieved cloud height and the FRESCO cloud top height
may origin from the different cloud models used. For example, FRESCO simulates clouds as an elevated
Lambertian surface, whereas SICOR fits the center height of the triangular height profile.”

Section 2.3, page 6, line 27: Also for the validation.... Strictly speaking the data-use is
limited. Since its limited to the profile part where the null-space is small. While the sentence
is correct in principle it paints a too broad picture of data use.

changed We change the sentence starting from (p6,125)

“ Generally, the null-space error does not limit the data use if the averaging kernel is applied properly.
For example, for data assimilation the averaging kernel provides the altitude sensitivity, which is needed
to adequately adjust the atmospheric state. “ to

”The null-space does not provide a problem for application like data assimilation, if the averaging kernel is
applied properly. Exploiting the altitude sensitivity given by the averaging kernel, the atmospheric state
of the model can be adjusted adequately by the assimilation scheme. Also for the validation of the CO
data product, the null-space error does not impose principle limitation, where Eq. (5) accounts for cloud
effects in our retrieval when comparing satellite measurements with independent profile soundings. “

Section 2.3, page 6, line 32: CO retrievals for cloudy conditions... Is the complementary
use of CO columns with different averaging kernels to retrieve vertical profile information
demonstrated somewhere in the paper (see general remark)? In contrast, the reduction of
the SN and the consequent reduction on the retrieval noise is clearly demonstrated and
should function as the key-motivation to use cloudy scene retrievals.

adjusted In the manuscript we discuss the use of the retrieved column for cloudy atmospheres with
varying cloud height to infer CO height information as an potential future application, which can be
achieved by data assimilation. To make this point clear, we adjusted the text accordingly to our reply to
reviewer’s comment 1.

Section 2.3, page 7 last paragraph, last sentence: ...and in addition has the potential to
wmprove the CO product over land. ->In cases where the true and the a-priori CO profile
are similar, and where no significant deviations in CO concentration (true vs. a-priori)
below the cloud layer occur.



19.

20.

21.

22.

23.

not changed We disagree, the product is improved in more general terms (e.g. data coverage, lower noise
error, ...). The data filtering mentioned by the reviewer is only required to validate our data product
with TCCON/NDACC measurements. When profile measurements are available, the validation is not
hampered by this, as discussed in Sec. 3.1. Here, the total column averaging kernel can be deployed and
the validation is possible without any restriction on the profile shape and a priori knowledge.

Section 3: retrieval conditions: SN>20: This condition will change the CO retrieval den-
sities favoring FEarth location with high surface albedos. Have you motice any data gaps in
dark surface locations? statistics not changed The SNR filter threshold is carefully chosen to thin
out data as less as possible. Figure 3 shows that a SNR of about 20 corresponds to clear-sky measurements
over the oceans and so by definition the data filter does cause some data gaps over ocean. However, its
effect on land observation is minor.

Section 3: retrieval conditions number 3): The quality of the SCIA channel 8 spectra and,
consequently, also the CO data record, gets worse after the end of 2005. Accordingly one
could think in time variable noise thresholds to select for useful CO retrievals. Are the given
noise thresholds constant over the whole mission? cco ~ 1el9 represents roughly a relative
noise error of some hundreds of percent. Please justify this quality criterion.

changed Yes, the noise threshold is constant over the whole mission. It is a weak filter on the data
to remove the largest outliers, which cannot be explained by the noise statistics. Therefore, it is not
needed to adjust the threshold as a function of time. To clarify this we add the following sentence to the
manuscript (p7,121):

“ These criteria represent a weak data filtering to remove outliers due to unphysical retrievals. For
example, the signal-to-noise threshold corresponds to clear-sky measurements over the oceans (see Fig 3)
for which a stable inversion is not possible. The retrieval would result in unphysical outliers and are thus
rejected by the filter. ”

Section 3.1, page 8, line 5: Furthermore, towards... Whereas this is an acceptable as-
sumption for unpolluted regions, I would expect that CO concentrations increase towards
the surface in polluted areas, since CO emissions happens at surface (vehicle and industrial
emissions, biomass burning, etc). Maybe the assumption is backed by transport over the
selected circular area of 850km?

changed We agree with the reviewer that for source regions the CO concentration may increase towards
the surface. However, our experience is that a linear schemes as proposed by the reviewer introduces the
risk to unstable extrapolation due to the uncertainty of the profile shortly after take-off. This is avoided
by our method, which is also in agreement with the work of (de Laat et al., 2012) estimating the error of
the approach to be a view percent of the total column.

We add the following sentence to the manuscript (p8,16):

“

... which ensures the numerical stability of the extrapolation. When the CO column density is derived
from the aircraft measurement in this manner its accuracy is estimated to be a few percent (de Laat et al.,
2012). Numerical experiments using the lower data points of the profile to estimate the gradient in the
CO concentration for linear extrapolation led to instabilities and thus this approach is not used here.”

Section 3.1, page 8, line 9: ...chosen dynamically...: Can you provide the maximum and
minimum temporal difference considered in the collocation?

changed We changed the sentence (p8,19) from: “The temporal collocation criterium is chosen dynami-
cally for each individual MOZAIC/IAGOS measurement.”

to

“The temporal collocation criterium is chosen dynamically for each individual MOZAIC/TAGOS measure-
ment and varies typical between 7 and 30 days.”

Section 3.1, page 9, line 3 and 4: Considering a collocation area higher than 2¢6km2, the
difference in city areas of about ~ 1000km2 do not a play a role explaining the CO results.

changed we agree and remove the part

“Beijing with 18.6 million urban inhabitants and an urban area of about 1400 km? has about double the
size of Teheran with an urban population of about 8.8 million and an urban area of 730 km?. Moreover
the metropolitan area in Beijing is much larger than that of Teheran, indicating that the CO sources in
Beijing may be spatially more extended than those in Teheran.”

from the manuscript (p9,12-4):



24.

25.

26.

27.

28.

29.

Section 3.1, page 9, 1st Paragraph and Figure 6: How does the here presented reasoning
explain the fact that cloudy sky retrievals compare so much better to MOZAIC measurements
with averaging kernel applied than the corresponding clear-sky retrievals. Is the above cloud
column more representative to the above cloud in-situ measurement? Or what is going on
here. Especially given the fact that the cloudy and clear sky columns by Mozaic are not so
different in first place.

changed To clarify this point, we adjusted the discussion in the document (p8,126-33)

“ The time series in Fig. 4 show strong outliers in the MOZAIC/TAGOS CO column densities, which
are not found by SCIAMACHY. de Laat et al. (2012) explained this with strong local pollution at the
airports, which affects the airborne measurements but are not seen by the satellite due to the coarse spatial
resolution. Figure 6 confirms this reasoning. Applying the column averaging kernels of the cloudy-sky
retrievals to MOZAIC/TAGOS measurements, the enhanced CO column values are strongly reduced for
both Teheran and Beijing and brings the aircraft and satellite observations into much better agreement.
This confirms that the column averaging kernel of the cloudy-sky retrieval describes well the cloud shielding
of the lower atmosphere (see Fig. 2) where the local pollution is primarily located. ...”

to

“ de Laat et al. (2012) explained the larger errors for clear-sky observations with strong local pollution at
the airports, which affects the airborne measurements but are not seen by the satellite due to the coarse
spatial resolution. This is concert with the extremely large values of the MOZAIC/TAGOS CO column
densities time series in Fig. 4. Hence, we expect a better agreement, when we consider SCTAMACHY
retrievals for high clouds because the atmospheric shielding of the spatial heterogeneity of CO. Figs. 4 and
2 confirms this. Applying the column averaging kernels of the cloudy-sky retrievals to MOZAIC/IAGOS
measurements significantly improve the comparison with SCIAMACHY retrievals and so supports the
error interpretation by (de Laat et al., 2012) but also demonstrates the data quality of SCTAMACHY
cloudy-sky retrievals.

Another interesting feature of our comparison is the better agreement for Beijing than for Teheran, where
at the same time the SCTAMACHY ...”

Section 3.1, page 9, Last Paragraph: An additional reason for the good agreement is also
the better SNR at Windhoek due to higher surface reflectivity

changed We agree and add the following text at (p9,115):

“We complete our SCTAMACHY CO validation that is based on MOZAIC/TAGOS aircraft measurements
by analyzing observations from the airport at Windhoek. Figure 5 shows good agreement between SCIA-
MACHY and MOZAIC/IAGOS measurements with a clear seasonality. Here, the spatial CO distribution
is less affected by local sources and so representation errors are less relevant. Moreover, the high surface
albedo ensures clear-sky retrievals with high precision.”

Section 3.2, page 9, line 23 and 24: Because of lack of... Is the collocation area in this case
also a circle of 850km radius? changed Yes, we use the same criteria as for MOZAIC as already
mentioned in the manuscript (p9,28). To emphasize this, we change this sentence from: “ Using the same
criteria as in Sec. 3.1 ...” to “Using the same criteria (i.e. collocation radius and quality filtering) as in
Sec. 3.1...7

How does the criterion of 30-day window compare with the dynamically chosen time window
allowing an error of the mean of < 1el7?

changed For clear-sky retrievals, this relation depends on the retrieval precision and so mainly on the
surface albedo. Thus, for some NDACC/TCCON stations the dynamical averaging corresponds to a 7-day
to 30-day averaging but for others it would be even averaging over years. We addressed this point in our
answer to comment 22 of the reviewer and changed the manuscript accordingly.

Section 3.2, page 10, line 6: >17 ppb: According the the Mauna Loa and Reunion plots, the
es amounts to values larger than 100 ppb. How is this number here then to be interpreted
according to the plots?

not changed The reviewer refers here to the scatter of individual retrievals (which can be > 100ppb for
low albedo sites) and the standard error of the mean bias averaged over 10 years. These are different
diagnostic tools and cannot be compared one-by-one.

Section 3 generally: Wouldnt it be an option the application of the AK to TMb5 profiles?
Of course, the null space error would remain.

not changed No. The TMS5 profiles is used as reference profile to be scaled by the inversion. Borsdorff
et al. (2016) (Eq. (26)) showed that in this case Azrys = Carars and so the TM5 profile cannot be used
to add null-space contributions.



30.

31.

32.

33.

34.

Conclusion, page 11, line 31: on biases: Are these biases shown in Fig. 67

changed We change the the statement at (p11,129) form:

“Direct comparison of the MOZAIC/TAGOS CO columns estimated at Beijing, Teheran, and Windhoek
with collocated SCTAMACHY clear-sky CO retrievals of the CO column showed a small bias of 0.5 —
9.5 ppb, in agreement with previous studies. However for cloudy SCTAMACHY observations, the bias
exceeds 120.0 ppb for Teheran and 30.0 ppb for Beijing. ”

to

“Direct comparison of the MOZAIC/TAGOS CO columns estimated at Beijing, Teheran, and Windhoek
with collocated SCTAMACHY cloudy-sky retrievals of the CO column show a small bias of 0.5 — 9.5 ppb.
However, for clear-sky SCIAMACHY observations, the bias exceeds 120.0 ppb for Teheran and 30.0 ppb
for Beijing, which is in agreement with previous studies (Borsdorff et al., 2016, de Laat et al., 2012).”

Figure 4, Caption: If clouds are thick and high enough, the cases compared here represent
basically the CO column from ToA down to the upper troposphere. Considering that the
MOZAIC/TAGOS CO profiles are extended to ToA using TMS5 data, in how far do the
comparison shown here for thick high cloud cases - and after applying the SCIA AK really
refer to a comparison between SCIA vs. MOZAIC/IAGOS and not SCIA vs TM5?

changed We agree that the validation for high and optically thick clouds with MOZAIC/TAGOS profiles is
subject to an additional uncertainty due to the flight height of the aircraft. As described in the manuscript
(p8,13) we only select airborne profiles, which at least reach an altitude of 9 km but overall with mean
maximum altitude of 11 km. On the other hand, we select cloudy retrievals with an cloud altitude lower
than 8 km and so there is a clear overlapping altitude range between the aircraft measurements and the
sensitivity of the retrieval. To stress this point, we changed the following paragraph (p7,129):

“In this study, we consider the vertical profile measurements at three cities: Teheran and Beijing, which
are known to be affected by strong local pollution events (de Laat et al., 2012), and Windhoek, which is
situated in an area with higher surface albedo and thus high radiometric precision of SCTAMACHY clear-
sky measurements. Moreover, at Windhoek the atmospheric CO abundance is only slightly influenced by
local pollution resulting in spatially homogeneous CO fields. Table 1 provides more details on these sites.
From the MOZAIC/TAGOS data set, we select only those profiles that cover at least an altitude range up
to 9km with data gaps j 1km.“ to

“In this study, we consider the vertical profile measurements at three cities: Teheran and Beijing, which
are known to be affected by strong local pollution events (de Laat et al., 2012), and Windhoek where the
atmospheric CO abundance is only slightly influenced by local emissons resulting in spatially homogeneous
CO fields. The Windhoek measurement site is situated in an area with higher surface albedo and thus high
radiometric precision of SCTAMACHY clear-sky measurements. Table 1 provides more details on these
sites. From the MOZAIC/IAGOS data set, we select only those profiles that reach at least an altitude of
9km with data gaps j 1km. The mean maximal altitude of the selected profiles is 11 km, which overall
indicates a sufficient overlap between the aircraft measurements and the sensitivity of the retrieval with
cloud heights < 8 km. ”

Figure 10: To which extend is this plot dominated by the data of the ”good SCIA SWIR
years” 2003, 2004, 2005? Is the CO product displayed here considering only data from 2006
up to 2012 maintain the smoothness and the coverage properties of the given plot?

not changed There is not a specific time range of “good SCIAMACHY years” because the detector
degrades continuously with time. Figure. 7 and Fig. 8 show the time series of NDACC/TCCON validations
for cloudy SCTAMACHY observation covering the full range of the mission with a good precision over the
entire time range. Here, early SCIAMACHY years do not dominate the validation. So, we are reluctant
to speak here about ’good’ and ’bad’ SCIAMACHY years. Particular, the year 2005, mentioned by the
reviewer also in previous comments, can not be confirmed as any break point of the data quality.

Abstract: line 9: This improves... -> The situation tmproves...
corrected
Section 2.1 line 7: C = (1,..,1)T— > I would suggest to describe it in the form of: the

transpose of the column vector or similar.

changed After reflecting this formulation, we agree that it does not make to much sense to define here
C explicitly as a row or column vector. To become independent on the specific representation of vectors,
we adjusted the text as follows: “ ¢ = C7 p,ef . Here, T indicates the transposed of the vector C with all



elements C; = 1. So Eq. (2) approximates the vertical integration assuming that the entries of the CO
profiles are given in subcolumns.

Equation (1) is inverted with respect to state vector Z with the solution &, using the least squares fitting
approach, where we apply the Gauss-Newton algorithm to account for the non-linearity of the forward
model. “

Mathematically the suggested formulation is equivalent to the formulation in the manuscript. We see no
benefit in a reformulation.

35. Section 2.1, line 12: Define gain matriz G for completeness and readability (all other
quantities have been defined).

modified The gain matrix is defined and discussed in detail in Borsdorff et al. (2014). Repeating the
definition here would mean to increase the math in the manuscript substantially, without increasing
the readability of the text, to our opinion. Therefore, we suggest to add the following sentence to the
manuscript (p4, 126):

“Here G is the gain matrix of the inversion abd its defintion is given by Borsdorff et al. (2014). ”

36. Section 2.1 linel19: an -> a
corrected

37. p.9, line 1: ”...a larger representation errors...”
corrected

38. Section 2.2, page 5, line 9: clouds -> aerosol and clouds
corrected

39. Section 2.2, page 5 line 10: Moreover? I think this is the purpose in first place...
corrected Moreover is removed.

40. Section 2.2, page 5, line 16 and 17: To establish .... This sentence should probably go in
the previous paragraph, since it is relevant for the retrieval of h.q and 7.4. But I guess the
CH), profile is also fixed for the ”physics-based” retrieval. Is it?

not changed The paragraph describes the scattering (so physics-based) retrieval, where cloud information
is inferred from CH4 absorptions. Therefore, CH4 is fixed to the TM5 profile. So, this sentence is correct
and we think well placed.

41. Section 3.1, page.8, line 30: ”Thus confirms that...”;

corrected

42. Section 3.2, page 9, line 20: air column -> dray-air column?
corrected

43. Figure 2, Caption: cloud at... -> cloud center height? cloud top height? Please specify.
corrected It is the center height, corrected in the manuscript.
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Abstract. We discuss the retrieval of carbon monoxide (CO) vertical column densities from clear-sky and cloud contaminated
2311-2338 nm reflectance spectra measured by the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography
(SCIAMACHY) from January 2003 until the end of the mission in April 2012. These data was processed with the Shortwave
Infrared CO Retrieval algorithm SICOR that we developed for the operational data processing of the Tropospheric Monitoring
Instrument (TROPOMI) that will be launched on ESA’s Sentinel-5 Precursor (S5P) mission. This study complements previous
work that was limited to clear-sky observations over land. Over the oceans, CO is estimated from cloudy-sky measurements
only, which is an important addition to the SCIAMACHY clear-sky CO data set as shown by NDACC and TCCON measure-
ments at coastal sites. For Ny-Alesund, Lauder, Mauna Loa, and Reunion, a validation of SCTAMACHY clear-sky retrievals
is not meaningful because of the high retrieval noise and the few collocations at these sites. Fhis-The situation improves sig-
nificantly when considering cloudy-sky observations, where we find a low mean bias b = +6.0 ppb and a strong correlation
between the validation dataset-and the SCIAMACHY data-setsresults with a mean Pearson correlation coefficient r = 0.7.
Also for land observations, cloudy-sky CO retrievals present an interesting complement to the clear-sky data set-whieh-isless

at. For example, at the cities Teheran and

Beijing the agreement of SCIAMACHY clear-sky CO observations with MOZAIC/IAGOS airborne measurements is poor
with a mean bias of b= 171.2 ppb and 57.9 ppb because of local CO pollution, which cannot be captured by SCIAMACHY.
The-validation-improves-significantly-for For cloudy-sky retrievalswi < i

reduced retrievat sensitivity to €O-below-, the validation improves significantly. Here the retrieved column is mainly sensitive to
CO above the cloud and so to-the-altitude range;which-is-mestly-affeeted-by-not affected by the strong local surface emissions.

Adjusting the MOZAIC/IAGOS measurements to the vertical sensitivity of the retrieval, the mean bias add up to b = 52.3 ppb.
and 5.0 ppb, respectively. At the less urbanised region around the airport Windhoek, local CO pollution is less prominent and

so MOZAIC/IAGOS measurements agree well with SCTAMACHY clear-sky retrievals with a mean bias of b = 15.5 ppb, but
can be even further improved considering cloudy SCTAMACHY observations with a mean €0-bias of b = 0.2 ppb. Overall the

cloudy-sky CO retrievals from SCTAMACHY short wave infrared measurements present a vatuable-addition-te-major extension
of the clear-sky only data set, which more than triples the amount of data and adds unique observations over the oceans. More-
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over, the study represents the first application of the S5P algorithm for operational CO data processing on cloudy observations

prior to the launch of the S5P mission.

1 Introduction

The Tropospheric Monitoring Instrument (TROPOMI) will be launched on board of the Copernicus Sentinel-5 Precursor (S5P)
satellite. Besides the ultraviolet, visible and near infrared spectral range, it will measure Earth radiance and solar #radianees
irradiance in the 2.3 pm short wave infrared (SWIR) spectral range during its expected lifetime of seven years (Veefkind et al.,
2012). The TROPOMI SWIR spectrometer builds upon the Scanning Imaging Absorption Spectrometer for Atmospheric Char-
tography (SCIAMACHY) that was operational from January 2003 to April 2012 on ESA’s ENVISAT satellite (Bovensmann
et al., 1999). The SWIR measurements of TROPOMI and SCIAMACHY will be similar with respect to spectral coverage
and resolution, but TROPOMI will have better spatial resolution (7x7 km?), a larger signal-to-noise ratio, and daily global
coverage. Therefore TROPOMI will extend the record of SWIR measurements from space, and because of its similarity to
SCIAMACRHY, it is possible to use the same CO retrieval algorithm for both instruments and thereby provide a consistent data
product for long-term study of CO (Borsdorff et al., 2016; Landgraf et al., 2016b).

The SWIR measurements around 2.3 pym of SCIAMACHY have been used to retrieve the vertical column densities of various
atmospheric trace gases: HDO (Frankenberg et al., 2009; Scheepmaker et al., 2015), water vapor (Schrijver et al., 2009), and
CO (Frankenberg et al., 2005; Buchwitz et al., 2004; Gloudemans et al., 2008; Gimeno Garcia et al., 2011; Borsdorff et al.,
2016). In particular, the SCIAMACHY CO product has been used to analyse biomass burning events (Buchwitz et al., 2004),
monitor the transport of atmospheric pollutants (Gloudemans et al., 2006), and detect pollution from mega cities (Buchwitz
et al., 2007).

The-A major limitation of the SCIAMACHY CO data set is its high retrieval noise, which can exceed 100 percent of the
retrieved value for individual columns. Hence, in practice the data needs to be averaged spatially and temporally to reduce
the noise contribution (de Laat et al., 2007; Gloudemans et al., 2006). The SCIAMACHY instrument has had issues with
degradation and calibration in the SWIR spectral range, and efforts to retrieve CO are hampered by the failure of a significant
number of detector pixels and the growth of a layer of ice on the detector array (Gloudemans et al., 2005, 2008). Borsdorff et al.
(2016) discussed a re-calibration of the measurements and presented a full mission CO data set, which is restricted to clear-sky
scenes over land. This SCIAMACHY CO data product for clear skies was validated with ground-based Fourier Transform
Spectrometer (FTS) measurements that-were-provided by the Network for the Detection of Atmospheric Composition Change
(NDACC) and the Total Carbon Column Observing Network (TCCON) (de Laat et al., 2010; Borsdorff et al., 2016), and it
was also validated with airborne measurements provided by the MOZAIC/IAGOS project (de Laat et al., 2012; Borsdorff
et al., 2016). The successful validation of this recalibrated data set showed that SCTAMACHY observations reveal meaningful
information about atmospheric CO over the full mission period.

SCIAMACHY’s SWIR measurements of clear skies over land have a good sensitivity for the vertical column density of CO.

However, the clear-sky CO data product requires a strict cloud filter over land and the whelesale-rejection of all observations
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over oceans — due to the low reflectivity of the ocean surface in the SWIR. Hence, a retrieval that works for cloudy scenes is
neeessary-very desirable in order to extend spatial coverage beyond the small fraction of SCITAMACHY observationswhich-are
made-of-, which are clear skies over land.

Gloudemans et al. (2009) and Buchwitz et al. (2006) demonstrated that cloud contaminated measurements can be useful
for €O-retrievalsthe CO retrieval, because the high reflectivity of clouds decreases retrieval noise. By using SCIAMACHY
observations under cloudy conditions, Gloudemans et al. (2009) investigated the outflow of CO from Asia and Indonesia over
the oceans. However, to properly interpret these measurements, one has to account for the shielding and scattering effect of
clouds. For this purpose, Vidot et al. (2012) and Landgraf et al. (2016b) proposed the Shortwave Infrared CO retrieval (SICOR)
algorithm for the operational processing of €O-dataferthe S5P mission. In addition to trace gas absorption, SICOR estimates

two cloud parameters: cloud optical thickness and cloud height. These parameters are used in a two stream radiative transfer

solver ealed-2S-LINTRAN (Landgraf-etal;20+6b)to account for thechangesto-changes to the light path due to light path
that-eceur-due-to-scattering by clouds and aerosols. SICOR-proeduces-a-data-produet-that-For cloudy conditions, the CO error

induced by this radiative transfer solver reaches occasionally several procent (Landgraf et al., 2016b) and becomes marginal
for regional measurement ensembles. The SICOR data product includes the retrieved CO column, its noise estimate and the

column averaging kernel. The averaging kernel reflects the vertical sensitivity of the retrieval to CO, and it depends on the
cloud parameters that were estimated for the observed scene.

In this study, we apply the SICOR algorithm to measurementsfrom-SCIAMACHY’s 2.3 um SWIR ehannelmeasurements.
Doing this allows us to evaluate the SICOR algorithm’s performance on real cloud-contaminated measurements and to expand
upon the data set produced by Borsdorff et al. (2016). Whereas that CO data set was limited to clear-sky retrievals over land,
here we provide SCTAMACHY CO data for cloudy scenes over the oceans and both clear and cloudy scenes over land. The
new data product includes the-column averaging kernels for individual measurements, and-we-tse-these-to-help-which helps
to validate the data product with vertical concentration profiles of CO that-were-measured-provided by the MOZAIC/IAGOS
project. We also validate the data product with TCCON and NDACC ground-based FTS measurements. The paper is structured
as follows. Section 2.1 introduces the inversion of vertical column densities by profile scaling, Sect. 2.2 explains the retrieval
setup for the SCIAMACHY measurements, and Sect. 2.3 analyses the quality of the retrieved cloud parameters. In Sect. 3.1
we present the data validation using MOZAIC/TAGOS aircraft measurements while Sect. 3.2 focuses on the validation with

NDACC and TCCON measurements. A summary and conclusions are given in Section 4.

2 Inversion method

The inversion of CO vertical column densities from SCIAMACHY’s 2.3 pm reflectance spectra utilises the profile scaling
approach. This approach has been applied to SCIAMACHY data before by Gloudemans et al. (2008) and Borsdorff et al.
(2016), and its regularisation type is discussed in detail by Borsdorff et al. (2014). Here, we summarise the aspects of #nversion

theory-the retrieval that are needed for the later discussion.
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2.1 Profile scaling approach

The inversion is based on the assumption that the m-dimensional-measurement ype,s can be described by the forward model

F in the bounds of the measurement error e,, namely
ymeas:F(mub)+ey- (D)

Here, the vector b comprises forward model parameters, which are known a priori. The state vector & contains all parameters
to be retrieved including the column density of CO and other trace gases.

The forward model F' requires as input the vertical concentration profile of the atmospheric trace gases, which we obtain
by scaling a reference profile p.¢ with the corresponding column density of the trace gas in x. The reference profile does not

change during the retrieval and is normalised by its vertical column density c,

Cc= Czpref N (2)

where the n-dimensional-veetor & —={1——1HHere, T indicates the transposed of the vector C with all elements C; = 1. So

Eg. (2) approximates the vertical integration assuming that the entries of the CO profiles are given in subcolumns.
Equation (1) is inverted with respect to state vector & with the solution . using the least squares fitting approach, where

we apply the Gauss-Newton algorithm to account for the non-linearity of the forward model. In-the-linear-approximation-the

ret ]
Tret = GYmeas -

The retrieved vertical column density ¢ is an element of the solution vector .. and describes an effective column density
due to the regularisation inherent to the profile scaling approach. In the linear approximation, the effective column and the true

atmospheric abundance are related by the equation,

Cret = Acol Prrue T €c; 3)

where a. is the column averaging kernel, e, is the column retrieval error due to the measurement error e, and pPyrc is the true
trace gas profile. Borsdorff et al. (2014) presented a numerically efficient algorithm for calculating a.,. The column averaging
kernel represents an-a weighted integration of the true vertical profile taking into account the particular retrieval sensitivity.
The differences between the true column, cyye = C Pyue, and the-effeetive-colamn-Cefr = Acol Prrue, Cannot be inferred from the

measurement and is also known as the null-space or smoothing error of the retrieval (Borsdorff et al., 2014; Rodgers, 2000),
Enull = (C - acol)ptrue~ “4)

Hence, when considering c.¢ as an estimate of the true column, data interpretation does not rely on the use of the total column
averaging kernel but the null-space error e, becomes part of the error budget. When c.s is seen as an effective column with
its vertical sensitivity described by the column averaging kernel, data analysis focuses more on the information that can be
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inferred from the measurements and reduces the impact of the a priori choice of the reference profile. This requires a proper
use of the total column averaging kernel as shown in Eq. 3 and the null-space error does not contribute to the error budget (see
also Wassmann et al. (2015) ).

Finally, the measurement noise described by the measurement covariance matrix S, introduces noise on our retrieval product,

which is characterised by the retrieval noise covariance matrix,
S.=GS,G". ®)

Tn-this-mannerHere G is the gain matrix of the inversion and its defintion is given by Borsdorff et al. (2014) . Therewith, we

have defined all diagnostic tools for our retrieval. A detailed overview of the profile-scaling approach is given in Borsdorff

etal. (2014).

2.2 Retrieval Settings

For SCIAMACHY CO retrievals, the-we use the recalibrated SCIAMACHY spectra including estimates of the measurement

noise as described by Borsdorff et al. (2016) . The SICOR algorithm settings are very similar to those of the TROPOMI
CO data processor (Landgraf et al., 2016b, a) but with adaptions to account for the instrument degradation of the SCIA-

MACHY instrument (Borsdorff et al., 2016). It comprises two main processing steps: first a non-scattering retrieval for cloud
detection and subsequently a physies-based-scattering retrieval to infer CO column abundances. Fo-aceountfor-thetimited
raciometric-aceuracy-and-preeision-of For the SCTAMACHY measurements, we choose the spectral window 2311-2338 nm
{Bersderffet-al;2016)-for both retrieval steps. This represents a wider retrieval window compared to the TROPOMI settings,
which are 2315-2324 nm for the non-scattering retrieval and 2324-2338 nm for the physies-based-scattering retrieval (Landgraf

etal., 2016b). This is necessary to account for the instrument degradation e.g. the considerable loss of detector pixel by radiation
damage and the light scattering of the ice-layer on the detector array of SCIAMACHY’s channel 8 (Borsdorff et al., 2016) .
To account for radiometric errors of the SCIAMACHY measurements, we apply a temporal dependent radiometric correction
derived from SCIAMACHY observations of the Sahara and reliable model prediction of methane over this area, Moreover, the

measurement noise is estimated from regular eclipse measurements and both aspects are described by Borsdorff et al. (2016) .

The settings for the non-scattering retrieval are identical with the one described by Borsdorff et al. (2016) and in first instance
we retrieve the column density of CO, CHy4, H2O, and HDO without accounting for atmospheric scattering and clouds in
particular. The-In that case, the difference between the retrieved CH,4 column and the a priori CH,4 column from the chemical
transport model TM5 (Williams et al., 2013, 2014) reflects the light-path effect of aerosols and clouds on the observations due
to shielding and photon path enhancement by multi-scattering (Vidotetal;2042)—Meoreoverfor-Vidot et al. (2012) . For the
subsequent retrieval of CO, we use the retrieved non-scattering CH,4 column to provide a first estimate for the cloud height.
For this purpose we integrate the TMS5 vertical CH, profile from the cloud center to the top of the model atmosphere and adjust
the cloud height to match the retrieved non-scattering methane column.

The subsequent physies-based-scattering retrieval is described in detail by Landgraf et al. (2016b). It estimates the trace gas

columns of CO, H50, and its isotopologue HDO simultaneously with the cloud height h.;4 and cloud optical thickness 7.4
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assuming a fully overcast scene. To estimate the cloud parameters from the SWIR measurements, the atmospheric CH, vertical
profile concentration is fixed to accurate model estimates provided by the TM5 model. The physies-based-scattering retrieval
simulates a cloud as a horizontally homogeneous scattering layer with a triangular height profile in optical depth with a fixed
half width of 1.5 km and infers the optical thickness and the cloud height from the methane absorption signal. In case of cloud

heights < 3km the cloud profile is cut off at the Earth surface and is renormalized. The remaining a priori information and the
molecular absorption spectroscopy is described by Borsdorff et al. (2016).

2.3 Evaluation of the retrieved cloud parameters

Compared to the previous work by Borsdorff et al. (2016), the new aspect of this study is the retrieval of CO column densi-
ties from cloudy SCIAMACHY measurements, where we infer cloud parameters from the 2.3 pm methane absorption band.
The effect of clouds on the retrieved CO column density is described with the column averaging kernels for each individual
measurement. Obviously the retrieved cloud properties are effective parameters and so do not necessarily represent the real at-
mospheric situation but describe clouds, cirrus and aerosols such that the simulated lightpath is sufficiently accurate to retrieve
CO within the required accuracy. In that sense the retrieved cloud parameters depend on the forward model of the retrieval
algorithm and the spectral fit window, which makes their verification difficult.

To gain first-experience with the SICOR cloud parameters, we compared the retrieved cloud height A4 with the SCIA-
MACHY cloud top height product, processed with the Fast Retrieval Scheme for Clouds from the Oxygen A Band (FRESCO)
algorithm. In contrast to SICOR, this algorithm infers cloud top height and cloud fraction from the SCTAMACHY-the-Oxygen
A band around 760 nm assuming an elevated Lambertian reflector as a cloud model (Wang et al., 2008). This comparison
is particular worthwhile since SCTAMACHY’s NIR measurements do not suffer from the formation of an ice layer on the
detector module like the SWIR measurements (Gloudemans et al., 2008). Figure 1 shows a scatter plot of the SICOR and
FRESCO cloud heights for one year of SCTAMACHY observations in year 2003 for an ocean region with a latitude range from
30°S to 0° and a longitude region from 30° W to 0°. We only consider measurements with a significant cloudiness indicated
by SICOR cloud optical depth of 7.;4 >1. The cloud parameters are highly correlated with a Pearson correlation coefficient
r=10.9. A linear regression provides a slope of 1.01 and an intercept of 300 m, indicating a valuable cloud product from the

SWIR measurements of SCIAMACHY. Hewever—this-Even for later years of the mission we find a similar agreement (e.g.

r = 0.8, slope= 0.9, intercept=431 m for the year 2010). The remaining small difference between the retrieved cloud height
and the FRESCO cloud top height may origin from the different cloud models used. For example, FRESCO simulates clouds

as an elevated Lambertian surface, whereas SICOR fits the center height of the triangular height profile. This comparison
should not hide the fact that the validity of the SICOR effective cloud parameters can only be demonstrated by comparing the

SCIAMACHY CO data product for cloudy observations with independent validation measurements, which is the subject of
the next section.

In the following, we use the SICOR cloud parameters to classify the retrievals with respect to cloudiness. We distinguish
between three CO retrieval conditions: (1) clear-sky observations over land with 7.4 < 0.3 and h;q < 1 km, (2) cloudy observa-

tions contaminated by optically thick low clouds with 7.4 > 2 and h;4 < 1.5 km, and (3) cloudy observations contaminated by
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optically thick high clouds with 7.4 > 2 and 1.5 km < h.;4 < 8 km. For these categories, Fig. 2 shows typical column averaging
kernels selected from the SCTAMACHY CO retrievals over Australia for the year 2003.

Column averaging kernel values of one represent the ideal value for a vertical integration (see Eq.2 (2)) and values < 1
indicate reduced retrieval sensitivity e.g. because of atmospheric shielding by clouds and aerosols. Values >+-> 1 are typical
the measurement for CO below the cloud using-only-the-measurement-sensitivity-is lost. The inversion scales the entire vertical
profile of CO based on its sensitivity to CO above the cloud. Fhis-means-that Hence, the sensitivity of the retrieved CO column

for a profile scaling approach. In case of an optically thick cloud the

with respect to the CO concentration above the cloud is enhanced (> 1) and at the same time the sensitivity for CO below the
cloud is reduced (< 1). These features are clearly reflected in Fig. 2 and discussed in more detail by Borsdorff et al. (2014) .

So under clear-sky conditions we can retrieve CO vertical column densities with a sensitivity close to 1 at all altitudes (see
yellow line in Fig. 2). Hence, the corresponding null-space error is small (Buchwitz et al., 2004; Gloudemans et al., 2008) and
a direct comparison of the retrieved column with CO column reference measurements is possible while neglecting the effect
of column averaging kernels (Borsdorff et al., 2016). For cloudy retrievals the comparison must account for averaging kernel
effects. Clouds can easily lead to null-space errors > 30 % depending on the discrepancy between the true vertical trace gas
profile and the reference profile to be scaled by the retrieval (Borsdorff et al., 2014).

Generally;the The null-space error-does-notlimitthe-data-use-does not provide a problem for application like data assimilation
if the averaging kernel is applied properly. ides-Exploiting the al-

titude sensitivity -—which-is-needed-to-adequately-adjust-given by the averaging kernel, the atmospheric state of the model
can be adjusted adequately by the assimilation scheme. Also for the validation of the CO data product, the null-space error
does not impose principle limitation—Using-, where Eq. 3;-we-ean-aceount(3) accounts for cloud effects in our retrieval when

comparing satellite measurements with independent profile soundings. Wassmann et al. (2015) demonstrated this strategy for

ozone column retrievals from GOME-2 measurements using ozonesonde measurements for validation. In practice, however,

this approach is often hampered by the small number of available validation measurements.

CO retrievals fer-under cloudy conditions represent an interesting addition ef—eu%daﬁtpmé&e%be&ms&ei—%h&diﬁefem
vertiealsensitivityto our clear-sky data product. Here, the retrieved
eomplementary information—dditionattycolumn is mostly sensitive to CO above the cloud and for varying cloud height and
due to the shielding effect of clouds, different altitudes are probed. For the interpretation of errors, it is important to note

that for the scaling of a reference profile, the interpretation of relative biases is the same for clear-sky and cloudy retrieval.
In both cases, it indicates the relative error to the CO concentrations at all altitudes the retrieval is sensitive to. Furthermore,

the radiometric precision of SWIR measurements for cloudy scenes is generally much better than for clear-sky observations
because of the brightness of clouds. In the 2.3 um spectral range this represents an important asset for data exploitation,
particularly for SCIAMACHY, which suffers from a poor radiometric precision. Also for TROPOMI, with a much better
radiometric performance, CO retrievals over cloudy scenes represent an important addition for ocean scenes where due to the

low reflectivity of ocean water no information about atmospheric CO can be inferred from clear-sky observations.
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To illustrate this, Fig. 3 shows the signal-to-noise ratio (SNR) and CO retrieval noise as a function of the SICOR cloud
optical thickness 7.4 for an ocean region with a latitude range from 30° S to 0° and a longitude range from 30° W to 0°. For a
cloudless scene "7.;4 — 0", the signal-to-noise is less than 25 and the CO retrieval error is very high. Already for SICOR cloud
optical thickness of 1-2 the SNR rises above 100 and the CO retrieval noise reduces to 5 - 1017 molec cm~2. For higherlarger
cloud optical thickness, the SNR and CO precision saturate around 7.;4 = 8 where the SNR reaches 250 and the corresponding

CO retrieval noise is about 2 - 1017 molec cm™2.

Figure 4 shows that much more data becomes available when considering cloudy-sky retrievals under optical thick low
and high cloud conditions in addition to clear-sky retrievals. Between January 2003 to the end of the SCIAMACHY mission
in April 2012, 70 % of all data are inferred from cloudy-sky observations (40% over the oceans and 30% over land). Over
the oceans only cloudy-sky retrievals are possible but over land the fraction of clear-sky to cloudy-sky retrievals varies. For
example, the data coverage over the Sahara region is dominated by clear-sky retrievals while the Amazon region and Indonesia

show cloudy-sky retrievals be in a majority. Averaged globally, 55% of all measurements over land are cloudy-sky retrievals.
Hence for SCIAMACRHY, our CO retrieval algorithm for cloudy conditions permits the derivation-of-£6-CO data product over

the ocean, and in addition has the potential to improve the €9-product over land.

3 Validation

The quality of our CO retrieval for cloudy atmospheres needs to be demonstrated through validation. Here—we-begin—by
vatidating-First, we validate the SCIAMACHY CO retrievals with airborne profile measurements of the MOZAIC/IAGOS
project, based on in-situ measurements on commercial airliners (Nédélec et al., 2003). Following this, we complete our valida-
tion using CO ground-based measurements of the TCCON and NDACC networks. To ensure the quality of the SCTAMACHY

CO column retrievals, we perform an a posteriori quality filter on the individual CO retrievals:
1. The x? values of the spectral fit must be < 40.

2. The mean signal-to-noise ratio of the measurements in the fit window must be > 20.

3. The noise ¢ of the retrieved CO, HDO and H5O column must be below an upper threshold, namely eco < 1x10' molec cm™

expo < 1x10%°molecem™2 , and €g,0 <4 % 1022 molec cm 2.

These criteria represent a weak data filtering to remove outliers due to unphysical retrievals. For example, the signal-to-noise
threshold corresponds to clear-sky measurements over the oceans (see Fig 3) for which a stable inversion is not possible. The
retrieval would result in unphysical outliers and are thus rejected by the filter.

3.1 Airborne CO profile measurements (MOZAIC/TAGOS)

The MOZAIC/TAGOS project provides profile measurements of reactive gases performed on board of long-distance passenger

airliners. Since 1994, in-situ profile measurements are performed-recorded during the ascent and descent phases of more than
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40,000 flights. These observations are used to derive vertical column densities of CO with a precision of about 5 % (Nédélec
et al., 2003). The recorded profiles do not represent a strict vertical intersection of the atmosphere but at lower altitudes
atmospheric constituents are measured close to the airport where at higher altitudes the distance to the airport may reach 200-
400 km. The-study-by-de Laat et al. (2014) showed that in most cases the corresponding collocation errors with SCTAMACHY
observations imposed by the aircraft ascent and descent phases average out to a large extend when analysing-analyzing temporal
averages.

In this study, we consider the vertical profile measurements at three cities: Teheran and Beijing, which are known to be af-

fected by strong local pollution events (de Laat et al., 2012), and Windhoek —whieh-where the atmospheric CO abundance

is only slightly influenced by local emissons resulting in spatially homogeneous CO fields. The Windhoek measurement
site is situated in an area with higher surface albedo and thus high radiometric precision of SCIAMACHY clear-sky mea-

in—spatially-homogeneous-CO-fields—Table 1 provides more details on these sites. From the MOZAIC/IAGOS data set,
we select only those profiles that eeverreach at least an altitude range-up-te-of 9km with data gaps < 1km. Thisfolows

he nrocedure—of-de at o O D-and—en actha h o Beten O—-profle—inform on—te date—o6 d
d aa a a d avata y H a va a H

produetThe mean maximal altitude of the selected profiles is 11 km, which overall indicates a sufficient overlap between the

aircraft measurements and the sensitivity of the retrieval with cloud heights < 8 km. Above the maximum flight altitude, the
CO profiles are extended by simulated CO profiles of the TM5 chemical transport model. Furthermore, towards the ground

level we extend the profiles assuming a constant CO mixing ratio, which ensures the numerical stability of the extrapolation.

When the CO column density is derived from the aircraft measurement in this manner its accuracy is estimated to be a few

percent (de Laat et al., 2012). Numerical experiments using the lower data points of the profile to estimate the gradient in the

CO concentration for linear extrapolation led to instabilities and thus this approach is not used here.
To collocate SCIAMACHY retrievals with MOZAIC/IAGOS measurements, we select all SCTAMACHY CO retrievals with

a ground pixel in a radius of 850 km around the airport site. The temporal collocation criterium is chosen dynamically for each
individual MOZAIC/IAGOS measurement and varies typically between 7 and 30 days. Centered around the recording time of
the aircraft measurements, the temporal collocation window is chosen such that the average of all spatially collocated SCIA-
MACHY measurements have a precision < 10'7 molec cm~2. Therewith, we ensure that the precision of the SCTAMACHY
validation measurements is sufficient for our purpose. We-For the validation with MOZAIC/IAGOS observations, we consider
SCIAMACHY measurements for clear-sky and cloudy conditions with high, optically thick clouds corresponding to condition
(1) and (3) defined in Sec.2.3 and calculate the collocated MOZAIC/TAGOS CO column density from the correspondingprofile
profiles in two ways: first we perform the vertical integration of the MOZAIC/IAGOS profile after accounting for elevation
differences between the SCIAMACHY ground scene and the airport site. Second, we apply the column averaging kernels of
all collocated SCIAMACHY observations to the MOZAIC/IAGOS profile and calculate their average. Finally, we average the
collocated SCIAMACHY CO column densities accordingly. The two_approaches corresponds to the different interpretation
of the SCIAMACHY CO product as discussed in Sec. 2. Figures 5 and 6 show these-corresponding time series for the three

airport sites. Per site, we calculate the mean and standard deviation of the CO time series as a diagnostic tool, which is shewn
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on-depicted in Fig. 7 for the clear-sky and cloudy SCIAMACHY data sets. The figure clearly shows that applying the SCIA-
MACHY column averaging kernels to the MOZAIC/IAGOS profiles improves the validation for all sites for both clear-sky
and cloudy-sky conditions. For clear-sky measurements, this bias improvement is small and is about 9.5 ppb for Teheran,
4.0 ppb for Beijing, and only 0.5 ppb for Windhoek, which confirms the findings by Borsdorff et al. (2014); Gloudemans et al.
(2005); Buchwitz et al. (2004). For-cloudy-sky-measurementsIn case of clouds, we notice a significant improvement of the
bias, 122.2 ppb for Teheran , 22.6 ppb for Beijing, and 7.3 ppb for Windhoek.

Ao n—F1o ha OR-—O o n—theNO A A O
o i 4 OW 3 O 4 i \f AW AW

- - de Laat et al. (2012) explained the larger errors for clear-sky observations
with strong local pollution at the airports, which affects the airborne measurements but are not seen by the satellite due to
the coarse spatial resolution. Figure-This is concert with the extremely large values of the MOZAIC/IAGOS CO column
densities time series in Fig. 5. Hence, we expect a better agreement, when we consider SCIAMACHY retrievals for high

clouds because the atmospheric shielding of the spatial heterogeneity of CO. Figs. 5 and 7 confirms thisreasening. Applying
the column averaging kernels of the cloudy-sky retrievals to MOZAIC/IAGOS measurements ;-the-enhaneced-CO-column-values

Thus-confirms-that the-column-averaging kernel-ofthe-significantly improve the comparison with SCIAMACHY retrievals and
so supports the error interpretation by (de Laat et al., 2012) but also demonstrates the data quality of SCTAMACHY cloudy-

locatedretrievals.

Another interesting feature of th

er-our comparison is the better agreement

for Beijing than for Teheran—A+, where at the same time the SCIAMACHY mean CO column mixing ratio at Teheran is

about 43.0 ppb smaller than for Beijing with about 16.0 ppb less scatter. This may hint at a larger representation errers-error for

Teheran than for Beijing, meaning that h

those-in-Teheran—This-would-mean-that SCTAMACHY-SCIAMACHY with its coarse spatial sampling captures the enhanced
CO concentrations over Beijing better than those over Teheran and would-explain-so explains the differences we see in Fig. 7
for both sites.

We complete our SCTAMACHY CO validation that is based on MOZAIC/IAGOS aircraft measurements by analysing

analyzing observations from the airport at Windhoek. Figure 6 shows good agreement between SCIAMACHY and MOZAIC/TIAGOS

measurements with a clear seasonality. Here, the spatial CO distribution is less affected by local sources and so representation

errors are less relevant. Moreover, the high surface albedo ensures clear-sky retrievals with high precision. We notice a small
improvement when applying the SCTAMACHY cloudy-sky averaging kernels to the aircraft measurements;—which-removed

10
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some-high—values—inthe-timeseries. The mean and standard deviation in Fig. 7 show that SCIAMACHY cloudy-sky and
clear-sky retrievals agree well with the MOZAIC/TAGOS data for Windhoek.

At this site the reference profile p,.¢ from the TMS model is more accurate and hence applying the averaging kernels to the
MOZAIC/TAGOS validation measurements is less 1mp0rtant Furthermore;-the-spatial-CO-distribution-isless-atfected-by-strong
sConsequently, the fact that clear-sky and cloudy retrievals
result in the same bias indicates that the accuracy for CO is comparable at altitudes the measurements are sensitive to.

3.2 Ground-based Fourier Transform Spectrometers (NDACC/TCCON)

The TCCON and NDACC networks perform direct sunlight measurements with ground based Fourier transform spectrometers
under clear-sky conditions. The Infrared Working Group IRWG) performs measurements in the mid-infrared spectral range
at 4.8 um and is part of NDACC (http://www.ndsc.ncep.noaa.gov/). Thereby, it supplies CO vertical column densities that we
transformed to column averaged mixing ratios by calculating the ai+dry-air column from the surface pressure at the station
sites. The TCCON instruments measure in the same spectral range that SCTAMACHY does with-the-aim-of-deriving-and
provide the vertical column densities of trace gases including CO te-with high precision (Wunch et al., 2010; Wunch et al.,
2011).

Because of the lack of profile information, it is not possible to apply averaging kernels, and NDACC/TCCON data must be
compared directly with the SCTAMACHY cloudy-sky retrievals. The comparison depends critically on the CO a priori profile
information, and so we select near-coast measurement sites in remote areas, where the TM5 model prediction of the relative
CO profile is most reliable:NNy-Alesund, Wollongong (Griffith et al., 2014), Lauder (Sherlock et al., 2014), Mauna Loa, and
Reunion . More details about the stations are given in Table 2. Figures 8 and 9 show time series of 30-day median values
derived from the ground-based FTS measurements and the collocated SCIAMACHY retrievals. Using the same criteria (i.e
collocation radius and quality filtering) as in Sec. 3.1, missing values of the ground-based FTS time series were interpolated
(open circles) using the TMS model as described by Borsdorff et al. (2016).

The upper panel of Fig. 8 illustrates that data validation with-using ground-based measurements sites-on small islands like
Mauna Loa and Reunion are challenging for the clear-sky SCIAMACHY CO retrievals over land. Only a few satellite land
observations can be collocated with the ground-based measurements. Moreover, these measurements have low surface albedo,
which results in a large retrieval noise > 100.0 ppb for single soundings. So for these locations, only a few 30-day median
values can be determined, which are still dominated by the retrieval noise as shown in the left panel of Fig. 10. The scatter of
individual SCTAMACHY retrievals is described by the half difference of the 15.9*" and the 84.1*" percentile ;whieh-is-written
as-€g and is taken to be an analogue for the standard deviation of a normal distribution. Further, € is the mean retrieval noise
of the single measurements of the monthly medians.

The correlations between the FTS and clear sky SCTAMACHY measurements over land are poor (about = 0.3) and the
high standard error (> 17.0 ppb) indicates that under these conditions even the overall mean value is difficult to estimate. The
situation improves for measurement sites at larger islands like Lauder and Ny—Alesund. We found more collocations between

SCIAMACHY land observations and FTS measurements (Fig. 9) which led to smaller standard error of the mean (< 8.0 ppb),
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and so a more reliable estimation of the overall mean. However, the 30-day median values are still dominated by the retrieval
noise due to the low surface albedo of the observed scenes, and so the correlations between the FTS and SCIAMACHY
measurements are still low (about = 0.3, see Fig. 10). For SCTAMACHY clear-sky measurements over land, we achieved
the best results for FTS measurements at Wollongong with high surface albedo. The upper panel of Fig. 9 shows that in this
case the 30-day CO medians agree well with the FTS measurements. Moreover, the global mean can be estimated with a small
standard error and the Pearson correlation coefficient for FTS and SCIAMACHY measurements is 7 = 0.5 indicating that the
CO seasonality of the FT'S measurements can be captured reasonably well by the SCTAMACHY observations.

When analysing-analyzing SCIAMACHY cloudy-sky CO retrievals with +-5-km<-heq < 8km—-1.5 km and 7.q > 2 cor-
responding to condition (2) defined in Sec. 2.3, the comparison improves for all stations (see lower panel of Figs. 8 and 9).
Due to the high reflectivity of clouds, the single measurement retrieval noise is reduced to < 30.0 ppb and much more ground-
pixels can be collocated with SCIAMACHY. Figure 10 shows that the standard error of the mean bias falls below 2.0 ppb. For
Lauder, the mean bias improves from b = —12.0 to b = —2.0 ppb but stays nearly the same for Ny-Alesund. In both cases, the
correlation increases to r = 0.6 and 0.7 respectively. For Wollongong, the mean bias for clear-sky and cloudy-sky retrievals is

comparable (about 4.0 ppb), but-and the correlation improves from about r = 0.5 to 0.8 for the cloudy retrievals. Censidering

Here the majority of the cloudy measurements are observations over the oceans and so these results indicate that there is no

evidence for a land-sea bias of the SCIAMACHY CO retrieval because considering all reported cloudy-sky retrievals, we es-
timate a mean bias b = —6.0 ppb. This may be due to remaining effects of the retrieval noise or due to the loose collocation

criteria. Also issues due to erroneous radiometric calibration of SCIAMACHY SWIR measurements cannot be excluded.

The presented validation analysis provided sufficient confidence to re-process the global full-mission SCIAMACHY CO data

set including clear-sky and cloudy-sky observations. In particular, the validation with NDACC and TCCON measurements
revealed that the CO column, retrieved from measurements with low, optically thick clouds, can be used as an estimate of
the true column (i.e. ignoring effects of the column averaging kernel) in absent of local sources of CO. The full-mission

averaged CO product is shown in Fig. 11 and is based on clear-sky and cloudy observation contaminated by optical thick low
clouds (hgq < 1.5 km). This figure indicates that the cloudy-sky ocean retrieval adds valuable information to the clear-sky

data product. For example, over the Atlantic Ocean the CO outflow due to biomass burning in central Africa becomes clearly
visible as well as the CO transport over the Pacific Ocean due to pollution from China and the wildfires in Indonesia. All this
reveals information about the global transport of pollution in the atmosphere. Future research must demonstrate the merit of

this observations for studying global transport of pollution in the Earth atmosphere.

4 Conclusions

In this study, we derived a full mission SCIAMACHY CO column data set that comprises retrievals from clear-sky and cloudy-
sky reflectance measurements in the spectral range 2311-2338 nm over land and ocean scenes. The inversion uses the SICOR
CO retrieval code that is developed for the operational data processing of the Sentinel 5 precursor mission. It allows us to

retrieve effective cloud parameters simultaneously with trace gas columns. The data product includes the CO column and its
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column averaging kernel for each individual sounding, and so it provides information on the vertical CO retrieval sensitivity,
which changes with the cloudiness of the observed scene. This study focused on the validation of SCIAMACHY CO retrievals
for cloudy-sky observations with MOZAIC/IAGOS aircraft measurements and TCCON and NDACC ground based observa-
tions. It represents an extension-to-cloudyskies-of-significant extension with respect to the previous work by Borsdorff et al.
(2016), presenting a similar data set for clear-sky scenes over land.

The effective cloud parameters (cloud height h.;4, cloud optical thickness 7.;4) are needed to properly simulate the atmo-
spheric lightpath as part of the CO retrieval. Generally, the validation of effective cloud parameters is difficult, and in this
study the cloud parameters are validated implicitly by the validation of the CO data product from cloudy-sky SCIAMACHY
observations with independent atmospheric measurements. To gain confidence in the cloud product, we compared the cloud
height of the SICOR data product from one year of SCIAMACHY observations over the ocean with the corresponding cloud
height of the FRESCO data product, which is inferred from SCIAMACHY measurements of the Oz A band. We found a strong
correlation (r = 0.9) between both products and an overall offset of the SICOR cloud height versus FRESCO of 300 m. Even
for later years of the mission e.g. 2010 we find a similar agreement (1 = 0.8, slope= 0.9, intercept=431m). This agreement
shows that the cloud height retrievals from the different spectral ranges of SCTAMACHY are consistent even though the SWIR
measurements are affected by radiometric degradation of the instrument.

SICOR uses the profile scaling approach to infer CO vertical column densities from the measurement, which involves a
regularisation-regularization of the inversion problem. When interpreting the retrieved column as an estimate of the truth, a
null-space error is introduced. This null-space error depends on the accuracy of the profile shape to be scaled by the inversion.
Generally for clear-sky observations the null-space error is small, but for cloudy conditions it can easily exceed 30 percent.
Here, clouds shield the atmosphere below and the a priori CO profile shape is used to add the lacking information. The
sensitivity of the retrieved CO column with respect to the true CO density is provided by the column averaging kernel for each
individual retrieval. For the validation, we can thus interpret the retrieved column as a vertically integrated CO column density
weighted by the column averaging kernel and so the null-space error becomes less relevant for the comparison of the retrieval
product with independent atmospheric measurements of the CO profile.

Validating SCIAMACHY retrievals with MOZAIC/IAGOS airborne measurements confirmed the approach. Direct com-
parison of the MOZAIC/TAGOS CO columns estimated at Beijing, Teheran, and Windhoek with collocated SCTAMACHY
elear-sky-€O-cloudy-sky retrievals of the CO column showed-show a small bias of 0.5 — 9.5 ppb;in-agreement-with-previous
studies-—Howeverfor-eloudy-. However, for clear-sky SCIAMACHY observations, the bias exceeds 120.0 ppb for Teheran and
30.0ppb for Beijing which is in agreement with previous studies (Borsdorff et al., 2016; de Laat et al., 2012) . This indicates

the large relevance of the null-space error for the comparison of cloudy observations with other data. The difference became
much smaller when we accounted for the retrieval sensitivity in the comparison by applying the column averaging kernels to
the airborne measurements. Here the bias reduced to 50.0 ppb for Teheran and 8.0 ppb for Beijing. The remaining error for
Teheran we attribute to the different sampling of different air masses by the satellite and aircraft measurements. For Beijing

with spatially much more extended CO surface emission, these errors are less relevant. For Windhoek, the comparison of air-
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craft and satellite observations shows differences of 0.2 ppb when the averaging kernel is applied and 8.0 ppb otherwise. For
this site, the vertical shape of the a priori CO profile is well known and so explains the smaller bias for this site.

We completed our validation study using ground-based FTS measurements from the NDACC and TCCON networks for the
coastal sites Ny—Alesund, Lauder, Mauna Loa, Reunion and Wollongong. At these validation sites, independent measurement
of the CO profile is not available, and so we assumed a certain shape of the CO profile. Hence, we compare directly the
column densities from FTS with those of SCIAMACHY measurements for both clear-sky conditions and cloudy conditions
with low clouds. Considering only clear-sky SCTAMACHY observations over land at Lauder, Mauna Loa, and Reunion, the
comparison was dominated by the SCIAMACHY retrieval noise because of the low surface albedo and the insufficient number
of collocations. Filtering the SCIAMACHY data set to select for optically thick low clouds over land and oceans, we found
good agreement with the FTS ground based measurements with a correlation coefficient of » = 0.6 — 0.7.

Fer-WollongenglFor Wollongong, the high surface albedo led to CO retrievals from SCIAMACHY clear-sky measurements
that compare well with FTS ground based measurements with a mean bias of b = —4.3 ppb and a correlation of = 0.5. Even
for this site, the cloudy retrievals improved the comparison with a high correlation of » = 0.8. The mean bias stayed the same
within its uncertainty, which demonstrated the overall consistency of the clear-sky and cloudy-sky data product.

Finally we processed the full-mission data record of SCIAMACHY SWIR measurements. This data-set demonstrates clearly
the asset of cloudy-sky CO retrievals over oceans providing a global coverage of the SCIAMACHY CO data product. The

correct interpretation of these data requires the use of the column averaging kernel. For varying cloud height and due to the
shielding of the atmosphere below the cloud, the data may be used in future work to discriminate the vertical distribution of

CO in the atmosphere, e.g. by means of data assimilation.
It is the first time that the operational TROPOMI CO algorithm is tested successfully on real data for clear-sky and cloudy

atmospheres, which is an important milestone for the preparation of the S5P mission. Although TROPOMI SWIR measure-
ments will have the same spectral coverage and resolution as SCIAMACHY, we expect a much better data product due to its
better radiometric performance and its better spatial resolution and sampling. After launch of SP5 this techniques used in this
study will allow us to use IAGOS/MOZAIC and FTS measurements by the TCCON and NDACC networks for the validation
of TROPOMI CO. Additionally, using the same retrieval approach for SCCAMACHY and TROPOMI CO retrievals will help

to provide a consistent long-term CO data set for both missions.

5 Data availability

The full-mission SCTAMACHY CO data set of this study including clear-sky and cloudy-sky observations is available for
download at ftp://ftp.sron.nl/pub/pub/DataProducts/SCIAMACHY_CO/. The underlying data of the figures presented in this
publication can be found at ftp://ftp.sron.nl/open-access-data/. TCCON data is accessible from http://tccon.ornl.gov/ and
NDACC measurements from http://www.ndsc.ncep.noaa.gov/. MOZAIC/IAGOS profiles can be download from http://www.

iagos.fr.
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Figure 1. Scatter plot of the retrieved cloud height hsicor in km with the one provided by Fresco hrresco. For the year 2003 over the ocean

in the latitude/longitude box [(30°S,30°W), (0°,0°)] with cloud optical thickness > 1 are shown.
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Figure 2. Example SCIAMACHY CO column averaging kernels over Australia in 2003 as a function of altitude for the following cases:
clear-sky (yellow line), a cloud at-with 0.7 km center height (dashed line), and a cloud at-with 2 km center height (solid line). Cloud optical

thickness of 2.5 for the relevant cases.
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Figure 3. Top panel: SNR in the SCTAMACHY CO retrieval window. Lower panel: CO retrieval error eco (as a function of the retrieved
cloud optical thickness 7ciq). Data is shown for the year 2003 for a latitude/longitude box [(30°S,30°W), (0°,0°)] over the ocean
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Figure 4. Percentage of cloudy-sky retrievals of all retrievals from January 2003 to the end of the SCIAMACHY mission in April 2012.

Here, cloudy-sky retrievals comprise all data products of category 2 and 3, defined in Sec. 2.3.
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Figure 5. CO column mixing ratios of Teheran and Beijing measured by MOZAIC/IAGOS (yellow), MOZAIC/IAGOS with SCTAMACHY
column averaging kernels applied (pink), and SCIAMACHY retrievals for optically thick high cloud conditions (black).
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Figure 6. As Fig. 5, but for Windhoek.
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Figure 7. Mean CO column mixing ratio (top panel) and standard deviation (lower panel) of the time series shown in Fig. 5 and Fig. 6,

SCIAMACHY (black), MOZAIC/IAGOS (yellow) and MOZAIC/IAGOS with SCIAMACHY column averaging kernels applied (pink).
Left panel: clear sky SCIAMACHY retrievals and right panel: SCIAMACHY retrieval for optically thick high cloud conditions.
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Figure 8. 30-day median of CO column averaged mixing ratios measured by SCIAMACHY (black) and at two NDACC-IRWG stations
(pink). Upper two panels: SCIAMACHY clear-sky retrievals, lower two panels: SCITAMACHY cloudy-sky retrievals with optical thick low
clouds. Open circles denote interpolated values for periods where no NDACC-IRWG measurements are available. The scatter es and the

mean retrieval noise ey for individual retrievals in the monthly bins are shown.
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Figure 9. Same as Fig. 8, for TCCON measurements indicated in blue. For Wollongong and Lauder the GGG2014 release of TCCON was
used, except for Ny—Alesund data release GGG2012 is used because the newer release GGG2014 is not yet available for this site.
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Figure 10. Mean bias SCIAMACHY - FTS (upper panel), standard error of the mean bias (middle panel), and Pearson correlation coefficient
of SCIAMACHY with FTS (lower panel) derived from monthly medians as shown in Figs. 8 and 9. Measurements of NDACC (left) and
TCCON stations (right) are compared with clear-sky (grey) and cloudy (coloured) SCITAMACHY retrievals.
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Figure 11. CO column averaged mixing ratios in ppb over land and ocean from clear-sky and cloudy-sky measurements for optically thick

low cloud conditions. The values are averaged from January 2003 to the end of the SCTAMACHY mission in April 2012.



Table 1. MOZAIC/IAGOS airports used for validation. The temporal coverage with the SCTAMACHY mission is given in years.

number name latitude  longitude alt  MOZAIC/TAGOS
1 Beijing 40.38° 115.22°  0.04 km 2003-2005
2 Tehran 35.98° 50.24°  1.01 km 2003-2005

Windhoek  —21.43° 17.34°  1.72km 2005-2012

Table 2. Same as Table 1, but for NDACC and TCCON sites.

number name latitude  longitude alt NDACC TCCON
1 Ny-Alesund 78.92° 11.92°  0.02 km - 2005-2011
2 Mauna Loa 19.54°  —155.57° 3.40km 2003-2012 -
3 Reunion —20.90° 55.49° 0.09km 2004-2011 -
4 Wollongong —34.41° 150.88°  0.03 km - 2008-2012
5 Lauder —45.05° 169.68°  0.37 km - 2004-2010
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