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Abstract

We apply a cloud slicing technique (CST), originally developed for Total Ozone Mapping
Spectrometer (TOMS) ozone observations, to CO vertical column densities retrieved
from the SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY
(SCIAMACHY). CST makes use of the shielding effect of clouds and combines trace
gas column measurements of cloudy pixels with different cloud heights to retrieve frac-
tional columns aloft. Here we determine seasonal mean tropospheric CO profiles at
a vertical resolution of 1 km, which is much finer than what can be obtained from ther-
mal IR instruments. However, since both the atmospheric CO profiles and the effective
cloud heights depend systematically on meteorology, the profiles retrieved from the
CST have to be interpreted with care. We compare the seasonal mean SCIAMACHY
CO profiles with the output from two atmospheric models sampled in the same way as
the satellite observations. We find systematic differences both in the absolute values
and vertical and horizontal gradients. The results indicate that vertical (re)distributions
of emissions and their strengths are not well represented in the models. It seems likely
that deep convective transport is underestimated.

1 Introduction

Carbon monoxide (CO) is emitted into the atmosphere by natural and anthropogenic
processes. It is toxic in high concentrations and is an important precursor of tropo-
spheric ozone (e.g. Crutzen and Gidel, 1983). The atmospheric lifetime of CO is typi-
cally weeks to months (Cicerone, 1988), thus it is an ideal tracer for atmospheric trans-
port processes (Logan et al., 1981; Lelieveld et al., 2001; Shindell et al., 2006).

It has been shown in several studies, including satellite observations (e.g., Gloude-
mans et al., 2006, 2009; de Laat et al., 2006, 2007, 2010; Kopacz et al., 2010 ; Liu et al.,
2011), that current CO emission inventories tend to underestimate source strengths,
especially in regions with strong anthropogenic pollution. These findings are confirmed
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in this study. Beyond this, here we derive CO concentration profiles, from which infor-
mation on atmospheric transport patterns can be derived.

We analyse observations of SCIAMACHY on board the ENVISAT satellite (Burrows
et al., 1995; Bovensmann et al., 1999). Our retrieval of the total atmospheric CO vertical
column density (VCD) and its validation is described in detail in Liu et al. (2011).

Following up on the work of Liu et al. (2011) here we focus on cloud covered pixels
with effective cloud fractions > 10 %. This allows us to apply the so-called cloud slicing
technique (CST) (Ziemke et al., 1998, 2001; Ziemke and Chandra, 1999), based on
the assumption that clouds shield absorption by the atmosphere below the cloud top.
Because of the rather low surface albedo, this assumption is mostly fulfilled for obser-
vations in the near IR spectral range, even for observations with relatively small cloud
fractions.

Information on effective cloud height and cloud fraction for individual SCIAMACHY
CO observations is taken from the FRESCO™ algorithm (Fast REtrieval Scheme for
Cloud from the Oxygen A band, see Koelemeijer et al. (2001), and Wang et al., 2008)
derived from the same SCIAMACHY observations.

Because of the relatively large uncertainties of the individual SCIAMACHY CO mea-
surements (typically several tens of percent, see Frankenberg et al., 2005b; de Laat
et al., 2006; Liu et al., 2011) and the relatively low sampling frequency (global cover-
age after 6 days), averages over rather long periods have to be calculated to achieve
meaningful height profiles. In this study seasonal averages over three years (2003—
2005) are presented. Our CO profiles have a relatively fine vertical resolution of 1 km,
much higher than can be obtained from satellite observations in the thermal IR (see
e.g., Drummond and Mand, 1996; Deeter et al., 2003; Rinsland et al., 2006; George
et al., 2009; Worden et al., 2010, 2013; McMillan et al., 2011). It should, however, be
noted that the retrieved profiles do not represent true atmospheric profiles, but complex
composites, which combine measurements made under different meteorological con-
ditions. Thus their direct interpretation is difficult and a detailed quantitative interpre-
tation is only possible by comparison with atmospheric models, from which the output
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is processed according to the same principle. In this study seasonal means of the
SCIAMACHY CO profiles are compared to two models: MATCH (Model of Atmospheric
Transport and Chemistry, von Kuhlmann et al., 2003) and EMAC (ECHAM5/MESSy At-
mospheric Chemistry modelling system, Jockel et al., 2006). The seasonal means are
based on model data sampled at the exact locations and times of the individual SCIA-
MACHY observations.

The paper is organised as follows: in Sect. 2, we introduce the satellite retrieval
and the CST. In Sect. 3 we present and discuss selected comparison results between
satellite observations and models. Section 4 provides our conclusions.

2 Retrieval of atmospheric CO profile information from SCIAMACHY

We use SCIAMACHY CO columns derived using the lterative maximum a posteriori
(IMAP)-DOAS method (Frankenberg et al., 2005a,b); the CO VCDs were normalised
using MOPITT observations over the ocean as described in Liu et al. (2011). However,
different from the study of Liu et al. (2011), here we use only observations for (partly)
cloudy conditions (effective cloud fractions > 10 %). We combine the CO columns with
effective cloud fraction and effective cloud height from the FRESCO™ algorithm (Koele-
meijer et al., 2001; Wang et al., 2008) (see also Sect. 2.1).

In the near-infrared fitting range for CO (2324 nm to 2335 nm), the wavelength is
sufficiently long that Rayleigh scattering can be neglected. Therefore, the photons that
the satellite detects are either scattered by the cloud or reflected at the Earth’s surface.
Although within the spectral range of the CO analysis clouds are not as bright as in
the visible spectral range (see e.g., Nakajima and King, 1990), the signal from the
clouded part usually still dominates the measured spectra, which thus mainly contains
information from the atmospheric above the cloud.

We apply the CST in the following way: in a first step, the observed CO VCDs are
averaged for selected (intervals of) effective cloud heights. Here it should be noted that
the effective cloud height from the FRESCO™ algorithm systematically underestimates
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the geometric cloud top height (see Sect. 2.1). Thus here we use the term “effective
cloud height”. In this study we use intervals of 1 km from the surface to 9 km:

S, ..., VCD,
PVCD,. = Zm<z’<zlz;” il (1)

Here z,, and z,,,, are the lower and upper boundary of a selected height interval and
z,, is the average cloud height of all observations with cloud heights within that interval.
In this study z}, is typically within z,, + 0.4km and z,, + 0.6 km. N is the number of all
observations used in Eq. (1).

PVCD represents the average partial CO VCD above the respective average ef-
fective cloud heights. Global maps of seasonally averaged PVCDs for different cloud
heights are presented in Fig. 1. Note that in addition to the clear sky total CO VCD (Liu
et al., 2011), the CO PVCDs retrieved for cloudy satellite pixels cover also the oceans.
Especially for low cloud heights, strong spatial gradients are found with the highest
values over regions with strong CO emission sources. Also a strong inter-hemispheric
gradient is found. Note that gaps are present especially over deserts because we re-
moved all observations over surfaces with an albedo > 40 %. Over highly reflective
surfaces cloud algorithms are known to have increased uncertainties. In the maps for
low cloud heights gaps are also found over regions with high mountains.

With increasing cloud height, less measurements are available leading to larger scat-
ter or even gaps in the maps of the CO PVCDs. But, as expected the CO PVCDs sys-
tematically decrease with altitude. In contrast to the systematic dependence of the CO
PVCD on cloud height, the CO PVCDs are almost independent of the selected effective
cloud fraction threshold (see Fig. 2).

From successive pairs of CO PVCDs it is in principle possible to derive the average
CO concentration in the layer between both cloud top altitudes:

PVCD,. -PVCD,. _
[COl=———— 7

Zm=Zme1
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*

with z,, the average of z;, and z,_ ;.

However, in contrast to the original application of the CST, here we do not deter-
mine and discuss such average CO concentration profiles, but focus on profiles of CO
PVCDs because of three reasons:

a. Despite the fact that large amounts of individual observations are averaged, in
some cases the PVCDs are not a smooth function of altitude. This is either caused
by “atmospheric noise”, or random errors of the measurements. In such cases,
concentration profiles as derived from Eq. (2) would show unrealistic oscillations.

b. Since most of the CO sources are located close to the surface, and the sinks are
distributed over a large range of the atmosphere, CO concentrations (and also
PVCDs) are expected to decrease systematically with altitude. Such behaviour is
indeed found for most cases. Nevertheless, in some regions, especially in cases
of effective convection over strong emission sources, increasing CO PVCDs are
found at high altitudes. Note, that in these regions partial columns from CST for
different cloud tops are not related to the same atmospheric state (i.e. CO pro-
file). Thus, they represent CO profiles occurring during different times with dif-
fering cloud conditions and thus CO partial columns. For such observations, the
application of Eq. (2) would lead to unphysical negative CO concentrations.

c. Systematic offsets of the CO PVCDs cancel out when applying Eq. (2). Thus
information about the absolute values of the CO PVCDs would be lost.

We calculated seasonal averages using measurements over 3yr (2003—2005). For
the comparison with the model data, SCIAMACHY observations are gridded on the
model resolution (T42, corresponding to a Gaussian grid of approximately 2.8° x 2.8°).

In order to use as many observations as possible we chose a rather low threshold
for the effective cloud fraction of 10 %. The good agreement of CO PVCDs for different
lower thresholds (Fig. 2) indicates an effective shielding effect even for small cloud
fractions. Part of the good agreement is probably also caused by the fact that the
averages are dominated by observations made at larger cloud fractions.
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Finally, it should again be emphasised that although large numbers of observations
were averaged, the atmospheric profiles retrieved by the CST are not per se represen-
tative of the true average atmospheric profiles, since cloud type (and cloud altitude)
are systematically correlated to meteorology and atmospheric transport patterns (e.g.
convective updraft) and chemistry. The retrieved profile information has thus to be in-
terpreted with care. A meaningful quantitative interpretation is only possible by com-
parison with atmospheric model simulations sampled in the same way as the satellite
observations, see Sect. 3.

It should also be noted that the CO PVCDs might be affected by spectral interference
with the much stronger absorptions of H,O and CH,. And, since the absorptions of H,O
and CH, systematically depend on cloud altitude, the CO PVCDs might be subject
to a systematic bias varying with cloud altitude. Nevertheless, such potential spectral
interference can not explain the localised enhancements of the CO PVCDs over strong
emission sources (see Sects. 3.3 and 3.4).

2.1 Interpretation of the effective cloud height

The FRESCO™ algorithm used for the determination of the effective cloud height de-
scribes clouds as so called Lambertian reflectors (with an assumed albedo of 80 %)
(Koelemeijer et al., 2001). Nevertheless, a significant fraction of the solar photons
detected by the satellite instrument may have penetrated into the cloud. Thus they
may have encountered stronger O, absorption than assumed by the Lambertian cloud
model and the effective cloud height retrieved by the FRESCO™ algorithm would
systematically underestimate the true (geometric) cloud top height: on average the
FRESCO™ cloud height rather represents the middle of the cloud layer than the cloud
top (Wang et al., 2008; Sneep et al., 2008). Also at the wavelength used for the CO
analysis (2330 nm), a fraction of the detected solar photons has penetrated into the
cloud leading to systematically higher CO PVCDs than that for the geometric cloud
top height. Compared to the FRESCO™ algorithm (at 760 nm), the effect is, however,
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smaller than for the spectral range used for the CO analysis (2330 nm), because of the
stronger absorption by the cloud droplets.

Both effects (underestimation of the cloud top height and overestimation of the CO
PVCDs) complicate the quantitative comparison between satellite observations and
model results, and without detailed information on cloud properties and CO concentra-
tion profiles it is not possible to correct the associated uncertainties. Fortunately, they
have only minor influence on the main findings of our study because in general the
(relative) atmospheric CO concentration profile decreases with altitude, following simi-
lar lapse rates as the oxygen concentration. Thus the underestimation of the cloud top
height and the overestimation of the CO PVCDs to a large extent compensate. In other
words: The retrieved (too low) cloud top height fits well to the retrieved (too high) CO
PVCD.

It should also be noted that the main conclusions of our study are related to the
comparison of spatial patterns rather than absolute values of the CO PVCDs. While
especially above high clouds the absolute values of the CO PVCDs probably overesti-
mate the true values, the spatial patterns, especially in horizontal dimension, are only
slightly affected.

Figure 2 shows a comparison of CO PVCDs retrieved for different lower thresholds of
the effective cloud fraction. The very good agreement indicates that the systematic bi-
ases introduced by the penetration of solar photons into the cloud layers have probably
only a small effect on the profiles of CO PVCDs.

3 Comparison to atmospheric models

In this section, we compare CO profiles from SCIAMACHY observations with the re-
sults of two atmospheric models (MATCH-MPIC and EMAC). One important aspect of
the comparison is that only coincident data are compared: model outputs are sampled
at the times and locations of the SCIAMACHY observations. CO PVCDs are calculated
from the simulated concentration profiles above the effective cloud height determined
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by the FRESCO™ algorithm. We applied this procedure, because of the rather coarse
resolution of the model data. However, since the cloud information is only taken from
the SCIAMACHY measurements and not from the models, situations of different me-
teorological conditions might be compared, potentially introducing systematic biases
between the satellite and model data.

To estimate the magnitude of these potential biases, we also calculated mean model
profiles without any cloud filtering for the same seasons (see Sect. 3.3). We found
that these average profiles are very similar to those using the data selection criterion
based on SCIAMACHY cloud data, indicating that the latter are well representative for
the average CO concentration profiles. The good agreement between both data sets
is related to the rather long atmospheric lifetime of CO and the averaging over large
areas and long periods.

Both models are using the same input emissions (for details see below). However,
a major difference between the two models is that MATCH-MPIC is a Chemistry Trans-
port Model (CTM), driven by NCEP data, while EMAC is an Atmospheric Chemistry
General Circulation model (AC-GCM), which for the simulation analysed here was
nudged towards ECMWF operational analysis data.

3.1 MATCH-MPIC

MATCH-MPIC (Model of Atmospheric Transport and CHemistry — Max Planck Institute
for Chemistry version) is a global, three dimensional chemical transport model rep-
resenting tropospheric Oz, CH,, NO,, and VOC chemistry. MATCH-MPIC has been
described and evaluated in detail (Rasch et al., 1997; Lawrence et al., 1999, 2003;
von Kuhimann et al., 2003). MATCH-MPIC is run in a semi-offline mode, relying only
on a limited set of input fields (surface pressure, geo potential, temperature, horizontal
winds, surface latent and sensible heat fluxes, and zonal and meridional wind stresses).
These fields are obtained from the NCEP GFS (National Centers for Environmental
Prediction Global Forecast System, Kalnay et al., 1990). Fields are interpolated in
time to the model time step of 30 min, and used to diagnose online the transport by
11668
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advection, vertical diffusion and deep convection, as well as the tropospheric hydro-
logical cycle (water vapour transport, cloud condensate formation and precipitation).
The model uses a combination of two convection parameterisations which focus on
deep and shallow mixing (Zhang and McFarlane, 1995; Hack, 1994). Anthropogenic
emissions are from the Emissions Database for Atmospheric Research (EDGAR) fast
track 2000 emissions, which are based on the EDGAR 3.2 emissions inventory (Olivier
and Berdowski, 2001). Biomass burning emission data are based on the Global Fire
Emissions Database (GFED v2), van der Werf et al. (2006).

3.2 EMAC

The ECHAM/MESSy Atmospheric Chemistry (EMAC) model is a numerical chemistry
and climate simulation system that includes sub-models describing tropospheric and
middle atmosphere processes and their interaction with oceans, land and human in-
fluences (Jockel et al., 2010). It uses the Modular Earth Sub-model System (MESSy,
version 2.3; Jockel et al., 2005) to link multi-institutional computer codes. The core
atmospheric model is the 5th generation European Centre Hamburg general circula-
tion model (ECHAM version 5.3.02, Rockner et al., 2006). For the present study we
applied EMAC in the T42L90MA-resolution, i.e. with a spherical truncation of T42 (cor-
responding to a quadratic Gaussian grid of approx. 2.8 by 2.8 degrees in latitude and
longitude) with 90 vertical hybrid pressure levels up to 0.01 hPa (middle atmosphere).
Like in MATCH-MPIC, in the EMAC set-up the biomass burning emissions are taken
from the Global Fire Emission Database (GFED v2) (van der Werf et al., 2006), and
the anthropogenic emissions from the EDGAR3.2FT2000.

Model output for analysis was triggered every 5 h of simulation time. For EMAC, the
prognostic variables vorticity, divergence, temperature and the (logarithm of the) sur-
face pressure have been nudged to the operational ECMWF analysis data in order to
allow a point-to-point comparison to the satellite data (see Jockel et al., 2010). Primary
emissions and dry deposition of trace gases and aerosols were calculated with the sub-
models ONLEM, OFFLEM, TNUDGE (Kerkweg et al., 2006a), and DRYDEP (Kerkweg
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et al., 2006b), respectively. EMAC parameterizes convection following Tiedtke (1989)
and Nordeng (1994) for both deep and shallow convection. More details on the overall
model set-up (including emissions) are presented by Jockel et al. (2006 and 2010) and
Pozzer et al. (2007).

3.3 Comparison of height profiles for selected regions

In this section we quantitatively compare the measured CO profiles (PVCDs) for differ-
ent regions (see Fig. 3). The selected regions either represent clean oceanic regions
remote from strong emission sources or areas with strong CO emissions caused e.g.
by biomass burning or anthropogenic activities related to industry, traffic and energy
use. Figure 4 presents seasonally averaged profiles of the CO PVCDs derived from
SCIAMACHY observations and the MATCH and EMAC models. Note that in addition
to the average model profiles (using the SCIAMACHY cloud selection criterion, see
Sect. 2) also average EMAC CO profiles based on all model profiles without cloud slic-
ing are shown (dark green). The fact that good agreement is found between the model
profiles obtained using SCIAMACHY cloud selection on the one hand, and model pro-
files constructed without cloud selection on the other hand, indicates that profiles using
SCIAMACHY cloud selection are representative of average conditions.

The columns in Fig. 4 show data for January—March, April-June, July—September,
and October—December. The last two rows show results for the remote ocean (regions
9 and 10 in Fig. 3). In general, the SCIAMACHY derived PVCDs are higher, particularly
in the Northern Hemisphere. The reason for these differences is not completely clear,
but similar latitudinally dependent differences between satellite observations (SCIA-
MACHY and MOPITT) and model results were also reported in other studies (e.g.
Gloudemans et al., 2009, De Laat et al., 2010). Also Liu et al. (2011) found larger dif-
ferences between SCIAMACHY and models in the Northern Hemisphere (for mainly
cloud-free observations over land surfaces). Interestingly, the differences between the
SCIAMACHY profiles and those from MATCH and EMAC stay rather constant between
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0.5km and 8.5 km (except over the northern ocean in July—September and the south-
ern ocean in October—December).

The first four rows in Fig. 4 present profile comparisons over polluted continental re-
gions. Over China (region 8 in Fig. 3), the satellite profiles show systematically larger
values than the models, in agreement with other studies (e.g. Liu et al., 2011 and refer-
ences therein). In addition the vertical gradients found with SCIAMACHY are different
from those found in both models: While at the highest altitudes the model values are
very similar to those over the remote oceans, at the surface they are 3 to 4 times
higher. The vertical gradients in the upper troposphere in the SCIAMACHY profiles are
systematically smaller than in the models, indicating that vertical transport from the
polluted boundary layer is probably systematically underestimated in the models. Of
course, horizontal transport from other polluted regions could also play a role, but by
investigating latitudinal/longitudinal-height cross sections (Sect. 3.4), we find no evi-
dence for this hypothesis. We do not expect the vertical distribution of anthropogenic
CO emissions to be an important factor because sensitivity tests have shown that this
has a small influence on CO in the free troposphere (Pozzer et al., 2009). However,
this may be different for biomass burning emissions.

In other regions, which are seasonally polluted by biomass burning (6, 7, 9, three
upper rows in Fig. 4), the SCIAMACHY PVCDs are also systematically larger than the
model profiles during the biomass burning seasons. In some cases the gradients of
the SCIAMACHY profiles are again smaller than those of the models, but this effect
is less pronounced than over China. Here it should be noted that the areas of the
selected biomass burning regions are rather large (much larger than the selected area
over China). Thus the profiles over biomass burning regions represent averages over
different height profiles in the different parts of the selected regions.

Interestingly, for the seasons without biomass burning, the differences between
SCIAMACHY observations and the models are usually smaller than over the remote
ocean, despite the fact that the vertical gradients are much stronger than over the re-
mote ocean.
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Additional comparisons of CO profiles from SCIAMACHY observations and model
simulations (for regions 2, 5, 6, and 7) are presented in the Supplement.

3.4 Comparison of latitude/longitude-height cross sections

In this section we compare latitudinal-height and longitudinal-height cross sections of
CO PVCDs derived from SCIAMACHY observations and models. Such comparisons
allow the study of the horizontal variation of the CO profiles and can thus yield infor-
mation about the processes causing the differences between measured and simulated
CO profiles.

Zonal and meridional cross sections are calculated from CO PVCDs over lati-
tude/longitude intervals of 20° (7 zonal cross sections from 80° N to 60° S, 18 meridional
cross sections from 180° W to 180° E) for each season. Thus in total, 100 cross sec-
tions are calculated, which are all presented in the Supplement. In general, very good
agreement between SCIAMACHY observations and model results is found (except for
the systematic underestimation of the measurements by the models discussed above),
with some distinct differences discussed below.

In the following, we show 7 selected cross sections (Figs. 5-7) representing
cases with interesting differences between SCIAMACHY observations and models.
It should be noted that the colour scales are different for SCIAMACHY observations
and models to account for the systematic differences of both data sets (shifted by
5x 10"" moleccm™).

The first example (Fig. 5) shows meridional and zonal cross sections for January
to March over China. Also presented in Fig. 5 is the global map of the total (cloud
free) CO VCD for the same season (from Liu et al., 2011). A strong increase of the
CO columns is found over China, both in the SCIAMACHY observations and model
results. However, the CO PVCDs at high altitudes in the SCIAMACHY data are sys-
tematically higher compared to the models over China (similar to Fig. 4). One important
finding from Fig. 5 is that these enhanced CO PVCDs columns are clearly related to the
surface emissions from China rather than to horizontal transport from other sources,
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because the enhanced values at high altitude appear at the same longitude and lati-
tude of the strong enhancements of the surface concentration. Thus this comparison
indicates that vertical transport is probably systematically underestimated in the mod-
els. Considering the discrepancies throughout the troposphere, e.g. also at the surface
in polluted regions, it seems likely that additionally the source strengths in the emission
inventories are also underestimated.

Figure 6 shows cross sections for January to March over biomass burning regions in
Africa. As for the cross sections above China, the CO PVCDs from the SCIAMACHY
observations are systematically larger than the model data in the upper troposphere.
However, in this example, the SCIAMACHY data not only indicate effective upward
transport, but also a tilt of the biomass burning “plume” in the meridional cross section.
In (northern) winter the plume is inclined towards the north, because the inner tropical
convergence zone (ITCZ) is located south of the biomass burning region. The effective
upward transport and the tilt of the biomass burning “plumes” is not seen in the model
results.

Similar results are also found in cross sections for July to September in biomass
burning regions in Africa and South America (Fig. 7). Similar as in Fig. 6, the SCIA-
MACHY observations show higher values than the models in the upper troposphere. In
addition, slanting the biomass burning plumes are seen over both regions (a tilt towards
the south is found which corresponds to a northerly location of the ITCZ in this season).
Interestingly a tilt is not only found in the meridional cross sections, but also in the zonal
cross section. These spatial patterns are not found in the model data, which might be
related to the vertical distribution of biomass burning emissions in the model, partly
related to mixing processes between the boundary layer and the free troposphere. It
should be noted that both models show better agreement in Fig. 7 than in Fig. 6.

These findings indicate that vertical transport might not be well described in the mod-
els in some cases. Especially for emissions in the Tropics this seems to have important
consequences, because of the strong impact on the inter-hemispheric distribution of
trace gases.
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Although different parameterisation schemes for convection are used in both models,
the respective trigger criteria are relatively similar and the strength of the convective
cloud base mass flux is in both cases determined from the available convective avail-
able potential energy. However, even though the schemes are theoretically relatively
similar, a comparison in EMAC (Tost et al., 2006) showed substantial differences. Fu-
ture studies investigating in detail the effects of the different parameterizations should
be performed to better understand the differences between (SCIAMACHY) observa-
tions and model simulations.

4 Conclusions

We apply the cloud slicing technique (CST) to CO vertical column densities retrieved
from the Scanning Imaging Absorption spectrometer for Atmospheric CHartographY
(SCIAMACHY) for 2003-2005. Our CO profiles range from 0.5km to 9.5 km and have
a vertical resolution of 1km, which is much higher compared to other satellite CO
data sets, e.g. retrieved in the thermal IR. However, with the CST it is not possible to
retrieve CO profiles for individual observations, but instead large data sets have to be
averaged (here we use seasonal averages for the years 2003—2005). Also, since both
the atmospheric CO profiles and the effective cloud heights depend systematically on
meteorology, the retrieved average CO profiles do not represent exact profiles and have
to be interpreted with care. For the same reason, we determine profiles of the partial
CO column densities instead of the CO concentrations: in some cases the partial CO
column densities for higher cloud altitudes are larger than for lower cloud altitudes
which would cause negative CO concentrations if simple differences are formed.

We compare the SCIAMACHY CO profiles with two atmospheric models (MATCH-
MPIC and EMAC) sampled in the same way as the satellite observations. In general we
find good agreement of the spatial patterns between measurements and model results
(except over regions with strong CO emission sources).
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Systematic differences are found for the absolute values, for which we have no
clear explanation. Such differences were, however, also found in earlier studies (e.qg.,
Gloudemans et al., 2006; de Laat et al., 2006, 2007, 2010; Gloudemans et al., 2009;
Kopacz et al., 2010 ; Liu et al., 2011), and are probably related to uncertainties of the
used emission inventories in addition to uncertainties of the CO measurements. But
the different spatial patterns are unlikely to be caused by such error sources.

We investigated the systematic differences in the spatial patterns for several regions:
over China, at high altitudes, systematically higher values are found in the SCIAMACHY
observations compared to the models. These differences indicate that vertical distribu-
tions of emissions, i.e. plume lofting and convective transport processes are probably
underestimated by the models (see e.g. Tost et al., 2010).

Over biomass burning regions in Africa and South America, the biomass burning
plumes observed by SCIAMACHY typically reach much higher altitudes than those in
the model data. In addition, they are tilted according to the relative location of the ITCZ.
Again, these findings indicate that the vertical distributions of emissions and/or vertical
transport might not be well described in the models for these cases. Especially for
emissions in the Tropics this can have important consequences, because of the strong
impact on the inter-hemispheric distribution of trace gases (not only CO).

Similar studies using the CST for satellite observations of CO might also be per-
formed for other sensors, e.g., for the near-IR and thermal IR channels from MOPITT,
or other nadir-looking IR instruments like TES or IASI. The CO CST will particularly be
interesting for the upcoming SENTINEL missions. The SCIAMACHY CO profiles can
be made available on request.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/11659/2013/
acpd-13-11659-2013-supplement.pdf.
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Fig. 1. CO PVCDs for different cloud heights derived from SCIAMACHY measurements from
January to March of 2003—2005. Gaps are caused by missing measurements or low number of
measurements, e.g. over desert regions and high mountains.
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Fig. 2. Example of a meridional cross section of CO PVCDs (averaged over 100° to 120° E for Printer-friendly Version

July—September 2003—2005). The spatial patterns and also the absolute values of the PVCDs
for the different thresholds of the effective cloud fraction are almost identical. Using more strict
selection criteria, for some locations, no measurements are available for certain cloud altitudes.
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Fig. 3. Mean CO PVCDs (units: moleccm?) retrieved from SCIAMACHY (January to March
2003-2005) for cloud fractions > 10 % and 1 km < cloud height < 2 km. The boxes indicate re-
gions that are selected for quantitative comparison between SCIAMACHY observations and
model simulations.
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Fig. 4. Comparison of seasonally averaged profiles of CO PVCDs from SCIAMACHY obser-
vations and model simulations for selected regions (see Fig. 3). The dark green lines indicate
EMAC results without cloud slicing (see text).
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Fig. 5. Top left: global distribution of the total CO VCD for January—March derived from mainly
clear sky SCIAMACHY observations (Liu et al., 2011). Top right: meridional cross sections of
profiles of CO PVCDs for the same season derived from SCIAMACHY observations and model
simulations. Bottom: zonal cross sections of profiles of CO PVCDs for the same season derived
from SCIAMACHY observations and model simulations. Note that the colour scale is different
for satellite observations and models (SCIAMACHY: red numbers on top of colour bar; models:
black numbers below colour bar).
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