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Abstract. We apply a cloud slicing technique (CST), orig- 1 Introduction

inally developed for Total Ozone Mapping Spectrometer

(TOMS) ozone observations, to CO vertical column densi-

ties retrieved from the SCanning Imaging Absorption spec-Carbon monoxide (CO) is emitted into the atmosphere by
troMeter for Atmospheric CHartographY (SCIAMACHY). natural and anthropogenic processes. It is toxic in high con-
CST makes use of the shielding effect of clouds and com-centrations and is an important precursor of tropospheric
bines trace gas column measurements of cloudy pixels witfPzone (e.g. Crutzen and Gidel, 1983). The atmospheric life-
different cloud heights to retrieve fractional columns aloft. time of CO is typically weeks to months (Cicerone, 1988),
Here we determine seasonal mean tropospheric CO prof”e@us it is an ideal tracer for atmospheric transport processes
at a vertical resolution of about 1 km, which is much finer (Logan et al., 1981; Lelieveld et al., 2001; Shindell et al.,
than what can be obtained from thermal infrared (IR) instru-2006).

ments. However, since both the atmospheric CO profiles and It has been shown in several studies, including satellite ob-
the effective cloud heights depend systematically on meteServations (e.g. Gloudemans et al., 2006, 2009; de Laat et
orology, and in addition part of the retrieved signal origi- @l-» 2006, 2007, 2010; Kopacz et al., 2010; Liu et al., 2011),
nates from the clear part of the satellite ground pixel, the pro_that current CO emission inventories tend to underestimate
files retrieved from the CST have to be interpreted with care Source strengths, especially in regions with strong anthro-
We compare the seasonal mean SCIAMACHY CO pr0ﬁ|espogenic pollution. These findings are confirmed in this study.
with the output from two atmospheric models sampled in theBeyond this, here we derive CO concentration profiles, from
same way as the satellite observations. We find in generahich information on atmospheric transport patterns can be
good agreement of the spatial patterns, but systematic differderived.

ences in the absolute values are observed in both hemispheresWWe analyse observations of SCanning Imaging Absorp-
(more strongly in the Northern Hemisphere), indicating thattion spectroMeter for Atmospheric CHartographY (SCIA-

the source strengths in the emission inventories are probably/ ACHY) on board the ENVISAT satellite (Burrows et al.,
underestimated. 1995; Bovensmann et al., 1999). Our retrieval of the to-

tal atmospheric CO vertical column density (VCD) and its
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validation is described in detail in Liu et al. (2011). Follow- servations and models. Section 4 provides our summary and
ing up on the work of Liu et al. (2011), here we focus on conclusions.
cloud covered pixels with cloud radiance fractions (CRFs)
>30%. The CRF is the fraction of photons received from the
cloudy part of the ground pixel compared to the total received2 Retrieval of atmospheric CO profile information from
radiance (e.g. Veefkind et al., 2006; Joiner et al., 2009); the SCIAMACHY
details of our retrieval are described in Sect. 2. Using mainly
cloud-covered observations allows us to apply the so-calledn this section we give a brief description of the original CO
cloud slicing technique (CST) (Ziemke et al., 1998, 2001, retrieval and its modifications used in this study: in the first
2009; Ziemke and Chandra, 1999), based on the assumptiostep, the atmospheric CO VCD is retrieved using the Iterative
that clouds shield absorption by the atmosphere below thenaximum a posteriori (IMAP)-DOAS method (Frankenberg
cloud top. et al., 2005a, b). In a second step, the CO VCDs are nor-
Information on effective cloud height and cloud fraction malised using MOPITT observations over the ocean as de-
for individual SCIAMACHY CO observations is taken from scribed in Liu et al. (2011). The third step differs depending
the FRESCO algorithm (Fast REtrieval Scheme for Cloud on whether the total CO VCD or CO profiles are retrieved.
from the Oxygen A band, see Koelemeijer et al., 2001; WangFor the determination of the total CO VCD (Liu et al., 2011),
et al., 2008) derived from the same SCIAMACHY observa- observations for mostly clear sky (effective cloud fraction
tions (for more details, see Sect. 2.1). <20%) are selected and a cloud correction is applied tak-
Because of the relatively large uncertainties of the indi-ing into account effective cloud fraction and cloud height.
vidual SCIAMACHY CO measurements (typically several The total CO VCDs for mainly clear-sky observations were
tens of percent, Frankenberg et al., 2005b; de Laat et alyalidated using ground-based observations, and good agree-
2006; Liu et al., 2011) and the relatively low sampling fre- ment (average bias of12 %, standard deviation of 23 %)
quency (global coverage after 6 days), the CST can not bevas found. It was shown in Liu et al. (2011) that the agree-
applied to individual observations. Instead, averages ovement between SCIAMACHY and the ground-based stations
rather long periods have to be calculated to achieve meanimproved in each of the retrievals steps described above.
ingful height profiles. In this study seasonal averages over In this study, we use observations for (partly) cloudy con-
three years (2003-2005) are presented. Our CO profiles hawitions (CRF >30%). In contrast to Liu et al. (2011), no
a relatively fine vertical resolution of 1 km, much higher than cloud correction is applied. We combine the CO columns
can be obtained from satellite observations in the thermal IRwith effective cloud fraction and effective cloud height from
(see e.g. Drummond and Mand, 1996; Deeter et al., 2003the FRESCO algorithm (Koelemeijer et al., 2001; Wang et
Rinsland et al., 2006; George et al., 2009; Worden et al.al., 2008, see also Sect. 2.1).
2010, 2013a; McMillan et al., 2011). It should, however, be In the near-infrared fitting range for CO (2324 nm to
noted that especially over land where the surface albedo caB335 nm), the wavelength is sufficiently long that Rayleigh
reach rather high values (see Sect. 2), a substantial fractioscattering can be neglected. Therefore, the photons that the
of the measured CO absorption can originate from the cleasatellite detects are either scattered by clouds and aerosols or
part of the ground pixel. In such cases, the vertical resolu+reflected at the earth’s surface. Within the spectral range, the
tion of the retrieved profiles is systematically degraded. 1tCO analysis clouds are not as bright as in the visible spectral
should also be noted that the retrieved profiles do not reprange (see e.g. Nakajima and King, 1990), but still brighter
resent actual atmospheric profiles, but complex compositeghan the surface for most of the globe. Thus for most obser-
which combine measurements made under different meteovations the signal from the clouded part contributes the ma-
rological conditions. Thus their direct interpretation is dif- jority of the signal of the measured spectra, which contains
ficult and a detailed quantitative interpretation is only pos-information from the atmosphere above the cloud. The de-
sible by comparison with atmospheric models, from which pendence of CRF as a function of the effective cloud fraction
the output is processed according to the same principle. Ins shown in Fig. 1 for different values of the surface albedo.
this study seasonal means of the SCIAMACHY CO pro- In our study we use surface albedo values measured by the
files are compared to two models: MATCH (Model of At- MODIS instrument (Justice et al., 1998), see Fig. 2. We con-
mospheric Transport and Chemistry, von Kuhlmann et al.,sider observations with CRF >30 % in order to increase the
2003) and EMAC (ECHAMS5/MESSy Atmospheric Chem- number of useful SCIAMACHY observations.
istry modelling system, Jockel et al., 2006). The seasonal Since for satellite observations with small CRF a signifi-
means are based on model data sampled at the exact locatiooant part of the information originates from the clear part of
and times of the individual SCIAMACHY observations. the satellite ground pixel (which “sees” the total CO column),
The paper is organised as follows: in Sect. 2, we intro-the retrieved CO column is systematically larger than the CO
duce the satellite retrieval and the CST. In Sect. 3 we presertolumn above the cloud. This effect has to be taken into ac-
and discuss selected comparison results between satellite obeunt if the retrieved CO profiles are compared to other data
sets like results from atmospheric models (see Sect. 3).
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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 avail-
able leading to larger scatter or even gaps in the maps of the
CO PVCDs. But, as expected the CO PVCDs systematically
decrease with altitude. In contrast to the systematic depen-
dence of the CO PVCD on cloud height, the CO PVCDs
are almost independent of the selected CRF threshold (see
Fig. 4).

From successive pairs of CO PVCDs it is in principle pos-
sible to derive the average CO concentration in the layer be-

Cloud radiance fraction
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with z,,,** the average ot,,* and z,,, 1 1*.
However, in contrast to the original application of the CST,

here we do not determine and discuss such average CO con-

Fig. 1. Dependence of the CRF on the effective cloud fraction for centration profiles, but focus on profiles of CO PVCDs for
different values of the surface albedo (see also Fig. 2). The blackhree reasons:

dotted line indicates a CRF of 30%, which is used as threshold
value for the CO measurements from SCIAMACHY in this study.

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 FRESCQalgorithm sys-
tematically underestimates 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 sur-
face to 9 km:

sz <Zj <Zm+l

N

VCD,,

PVCD;: 1)

Herez,, andz,,1 are the lower and upper boundary of a se-
lected height interval and,,* is the average cloud height
of all observations with cloud heights within that inter-
val. In this studyz,,* is typically within z,, +0.4km and
zm 0.6 km. N is the number of all observations used in
Eqg. ().

PVCD represents the average partial CO VCD above the
respective average effective cloud heights. Global maps of
seasonally averaged PVCDs for different cloud heights are
presented in Fig. 3. Note that in addition to the clear-sky to-
tal CO VCD (Liu et al., 2011), the CO PVCDs retrieved for
cloudy satellite pixels also cover 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 removed
all observations over surfaces with an albedo >40%. Over
highly reflective surfaces cloud algorithms are known to have

www.atmos-chem-phys.net/14/1717/2014/

a. Despite the fact that large amounts of individual obser-
vations 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 measure-
ments. In such cases, concentration profiles as derived
from Eqg. (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 al-
titudes. This is probably caused by the fact that CO
PVCDs from CST for different cloud tops do not repre-
sent “average meteorological conditions” and thus not
average CO profiles. For such observations, the appli-
cation of Eqg. (2) would lead to negative CO concentra-
tions.
c. Systematic offsets of the CO PVCDs cancel out when
applying Eq. (2). Thus information about the abso-
lute values of the CO PVCDs would be lost. The
comparison of the model results with satellite and
ground-based observations indicates systematic biases
for most parts of the globe.

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.& 2.8).

Atmos. Chem. Phys., 14, 171782, 2014
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Fig. 2. Global map of the surface albedo at 2130 nm over the continents from observations of the MODIS instrument (white sky albedo for
the first half of March 2004; image frofttp://modis-atmos.gsfc.nasa.gov/ALBEDO/

The good agreement of CO PVCDs for different lower 2.1 Interpretation of the effective cloud height
thresholds for CRF (Fig. 4) indicates that the exact choice

of the threshold is not critical. . N
Finally, it should again be emphasised that although IargeThe FRESCO algorithm used for the determination of the

. .~ effective cloud height describes clouds as so called Lam-
numbers of observations were averaged, the atmospheric pro-_~: .
. . . ertian reflectors (with an assumed albedo of 80 %) (Koele-
files retrieved by the CST are not per se representative of the .. o .
eijer et al., 2001). Nevertheless, a significant fraction of

actual average atmospherlc_ profiles, since cloud type (an{ﬂe solar photons detected by the satellite instrument may
cloud altitude) are systematically correlated to meteorology

: : ave penetrated into the cloud. Thus they may have encoun-
and atmospheric transport patterns (e.g. convective updra red stronger @absorption than assumed by the Lamber-
and chemistry. Also, the retrieved CO PVCDs systematicallyt 9 P y

overestimate the actual CO PVCD above the cloud becaus Iaqhgongngg(gla?n:rittE; svf;iclgvs gg;itirgﬁhtu;%tgévid
the CO absorption of the clear part of the satellite pixel sub- y 9 Y y

stantially contributes to the retrieved CO PVCD. Further- timate the true (geometric) cloud top height: on average the

. . : - FRESCO cloud height rather represents the middle of the
more, it should again be emphasised that all CO profllesCIOud layer than the cloud top (Wang et al., 2008; Sneep et
shown in this study are expressed as PVCDs and not as corn- y P g " i P

centrations or mixing ratios. The retrieved profile informa- al,, 2008). Also at the wavelength used for the CO analysis

tion has thus to be interpreted with care. A meaningful quan—(2330 nmy, a fraction of the detected solar photons has pen-

titative interpretation is only possible by comparison with at- etrated into the cloud leading to systematically higher CO

. . ; . PVCDs than that for the geometric cloud top height. Com-
mospheric model simulations sampled in the same way as ared to the FRESCOalgorithm (at 760 nm), the effect is
the satellite observations, and taking into account the contri? 9 ’ '

butions both from the clear and cloudy part of the satellitehowever' sllght_ly smaller than for the spectral range used for
. the CO analysis (2330 nm), because of the stronger absorp-
pixels, see Sect. 3, tion by the cloud droplets (Platnick et al., 2001). Both effects
It should also be noted that the CO PVCDs might be af- S - ‘ S
. . (underestimation of the cloud top height and overestimation
fected by spectral interference with the much stronger ab—O f the CO PVCDs) complicate the quantitative comparison
sorptions of HO and CH. Therefore, since the absorptions P q P

) . between satellite observations and model results, and with-
of H,0 and CH systematically depend on cloud altitude, out detailed information on cloud properties and CO con-
the CO PVCDs might be subject to a systematic bias vary- brop

ing with cloud altitude. Nevertheless, such potential spectraf:emrat'pn.pmﬁle.S |t_|s_ not possible _to correct the associated
lfncertalntles for individual observations.

interference can not explain the observed spatial patterns o We investigated the differences of the cloud influence in

g‘ned%a)PVCDS over strong emission sources (see Sects. 3‘t%goth spectral ranges in more detail by calculating an effective

cloud height from the Chlabsorption retrieved in the same
fitting window as for the CO analysis (see also Gloudemans

Atmos. Chem. Phys., 14, 1717732 2014 www.atmos-chem-phys.net/14/1717/2014/
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Fig. 4. Example of a meridional cross section of CO PVCDs (av-
eraged over 100to 120 E for July—September 2003-2005). The
spatial patterns and also the absolute values of the PVCDs for the
different thresholds of CRF are almost identical. Using more strict
selection criteria, for some locations, no measurements are available
for certain cloud altitudes. Note that this latitudinal cross section
contains both measurements over land (northern part) and ocean
(southern part).

> 2.5km

small and can be neglected. The slightly smaller slope over
land is probably caused by the larger contribution from the

clear part of the satellite ground pixels because of the gen-
erally higher surface albedo over land. However, because of
the selection of measurements with effective cloud fractions
>80 %, the influence from the clear part is rather small.

From this finding we conclude that both effects (underes-
timation of the cloud top height and overestimation of the
Fig. 3. CO PVCDs for different cloud heights derived from SCIA- CO PVCDs) only play a minor role for our study, because
MACHY measurements from January to March 2003-2005 (mea-in general the (relative) atmospheric CO concentration pro-
surements with CRF > 30 %). Gaps are caused by missing measuréile decreases with altitude, following similar lapse rates as
ments or low number of measurements (e.g. over desert regions anghe oxygen concentration. Thus the underestimation of the
high mountains). cloud top height and the overestimation of the CO PVCDs
to a large extent compensate. In other words, the retrieved

) ) ) (too low) cloud height fits well to the retrieved (too high) CO
et al., 2009). We only considered observations with effec-pycp.

tive cloud fractions >80 % to make sure that the contribution

from the clear part of the satellite ground pixel can be ne-2.2 Comparison to ground-based observations

glected (see Fig. 1). From the comparison of the retrieved

CH4 VCD with the CH, profile from the US standard at- Compared to cloud slicing results fors@see e.g. Joiner et
mosphere (scaled by the latitudinal dependent average CHal., 2009) validation of our SCIAMACHY CO profiles is a
VCD for 2004, see Bergamaschi et al., 2009), an effectivemore challenging task. One major problem of SCIAMACHY
cloud height for about 2330 nm is derived. A comparison CO measurements is that the uncertainties for individual ob-
of the CH, effective cloud height with the FRESCO effec- servations are rather large (Frankenberg et al., 2005b; de Laat
tive cloud height (Fig. 5) showed excellent agreement (overet al., 2006; Liu et al., 2011), and the sampling frequency
ocean: slope — 1.072 — 0.98; over land: slope — 1.0%2 is low (global coverage after 6 days). The large uncertain-
— 0.93) indicating that differences in the penetration depthties prevent the meaningful application of individual obser-
of photons into the clouds between both spectral ranges areations; instead many observations have to be averaged to

> 0.5km

x10'® molec/cm?
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tions versus the total CO VCD from ground-based station
is shown. Good correlation?>0.80) is found between the
SCIAMACHY and model data, but the slopes are systemati-
cally smaller than unity. Here it is interesting to note that the
ratio of the averages (RA) and the averages of the ratios (AR)
between all data pairs of the considered data sets are much
closer to unity (for the SCIAMACHY data it is almost unity).
These findings indicate that the amplitude of the seasonal cy-
Fig. 5. Comparison of effective cloud height retrieved fromthe,CH cle is probably underestimated by the SCHIAMACHY ob-
absorption around 2330 nm with the effective cloud height retrievedservations and the model results.
from the FRESCO algorithm around 760 nm over ocean (left) and  From the comparison with the ground-based observations
land (right) for January and February 2005. (Fig. 7), we conclude that the CO PVCDs for effective cloud
heights <1km have a systematic bias-68 % and a stan-
dard deviation of 12 %. While the interpretation of the bias is
achieve good signal-to-noise ratios (here we use seasonal acomplicated because of the cloud shielding of the lowest part
erages). Another fundamental problem is that the CO PVCD®f the atmosphere, the standard deviation can be regarded as
for selected effective cloud heights do not represent “aver+epresentative for the CO PVCDs. Unfortunately, the accu-
age meteorological conditions” and thus not the average CQacy of the CO PVCDs for higher cloud altitudes can not be
profile (a comparison of model profiles sampled according toquantified from this validation exercise (and also not from
the SCIAMACHY cloud information with the average model other independent data sets, see above). The uncertainties
profiles is shown in Fig. 9). Thus independent profile infor- for such observations are caused by uncertainties in the ef-
mation for exactly the selected cloud heights and the cor{fective cloud heights (see Fig. 5) and the errors of the CRF
responding atmospheric conditions would be needed for th€Fig. 1). We estimate these uncertainties by assuming an av-
validation of CO PVCDs. Such information is not available. erage CO profile and average measurement conditions with
Because of these difficulties, no quantitative validation of CRF of 30 % and 60 %, respectively (see Table 1). The uncer-
the SCIAMACHY CO PVCDs for different effective cloud tainties increase with height, but are smaller than the general
heights is possible. uncertainties (bias plus scatter) of the CO retrieval as derived
Instead we compared time series of seasonal averages fifom the comparison of the SCIAMACHY CO PVCDs with
the CO PVCDs with total CO VCDs for selected ground- the ground-based observations.
based measurements from the NDACC & TCCON networks
(Wunch et al., 2011) for the years 2003—2005 (Fig. 6). Be-
sides the CO PVCDs for the lowest cloud interval (effec-3 Comparison to atmospheric models
tive cloud heights <1 km), we also included CO PVCDs for
effective cloud heights between 3km and 4 km. In additionIn this section, we compare CO profiles from SCIAMACHY
to the SCIAMACHY CO PVCDs, we also included the co- observations with the results of two atmospheric models
incidently sampled model data in the comparison. For the(MATCH-MPIC and EMAC). One important aspect of the
CO PVCDs >0.5km in general very good agreement be-comparison is that only coincident data are compared: model
tween the SCIAMACHY data and the ground-based stationsoutputs are sampled at the times and locations of the SCIA-
is found, not only for the absolute values but also for the MACHY observations taking into account the contributions
seasonal variation. In contrast to the Northern Hemispherefrom the clear an cloudy part of the satellite pixels (according
in the Southern Hemisphere the SCIAMACHY data slightly to the CRF, see Sect. 1). Cloud information (CRF and effec-
overestimate the ground-based measurements. tive cloud height) is taken from the FRESC@lgorithm. We
Furthermore, the modelled concentrations are systematiused measured cloud data, because of the rather coarse reso-
cally lower than the ground-based stations, but much smalletution of the model data. However, since the cloud informa-
differences are found in the Southern Hemisphere. Also intion is only taken from the SCIAMACHY measurements and
the model data the seasonal variation is well captured. not from the models, situations of different meteorological
For clouds between 3km and 4 km, no quantitative com-conditions might be compared, potentially introducing sys-
parison of the CO PVCDs with the total CO VCDs from the tematic biases between the satellite and model data. Fortu-
ground-based data is possible (because no information abouiately, as shown in the discussion version of our manuscript
the CO profile shape is available for the selected stations)(Liu et al., 2013), the sampling of the model data accord-
but as expected the absolute values are systematically small@rg to the measured cloud information from the FRESCO
than for the low clouds. Interestingly, the seasonal cycle isalgorithm has only negligible influence on the retrieved CO
still present in the CO PVCDs >3.5km. profiles.
In Fig. 7 results of a linear regression for the seasonal Different from the discussion version of our manuscript
averages of the CO PVCDs (clouds below 1 km) at all sta-(Liu et al., 2013), here the model data were sampled taking

]

H, Cloud Height[kr

1 [ 5 10
FRESCO* Cloud Height[km] FRESCO™ Cloud Height[km]
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Fig. 6. Comparison of seasonal averages of the CO PVCD from SCIAMACHY and models (coloured lines) with the total CO VCD observed
from ground-based FTIR stations (black lines). Thick lines represent CO PVCDs above cloud heights of 0.5km; thin lines those above
3.5km. (units: molec cm?). Note differenty axes for measurements (left) and model results (right).

Table 1. Typical errors of the CO PVCDs introduced by uncertainties of the effective cloud height and cloud radiance fraction (CRF).
Uncertainties are calculated for a measurement with a CRF of 30 % (top) and 60 % (bottom) assuming uncertainties of the surface albedo
and cloud top albedo to be about £5 % (absolute error of the albedo).

CRF: 30%

CO PVCD Error due to uncertainties of the cloud height  Error due to uncertainties of the CRF

Above 1km 1% 1%

Above 4 km 2% 6%

Above 9km 3% 11%
CRF: 60 %

CO PVCD Error due to uncertainties of the cloud height  Error due to uncertainties of the CRF

Above 1km 1% 1%
Above 4km 3% 5%
Above 9km 6% 8%
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3E+18 offline mode, relying only on a limited set of input fields (sur-
S 07k s aEi1 face pressure, geopotential, temperature, horizontal winds,
=080 surface latent and sensible heat fluxes, and zonal and merid-
AR:0.97, RA-0.95 ional wind stresses). These fields are obtained from the
NCEP GFS (National Centers for Environmental Prediction
Global Forecast System (Kalnay et al., 1990) and interpo-
lated to the model resolution of T42L42, corresponding to a
D"jg_csgw . horizontal resolution of approximately 2.8 by 2.8vith 42
12=085 hybrid pressure-sigma levels in the vertical. Fields are inter-
ARCOT8. RAC0.TT polated in time to the model time step of 30 min, and used
‘ ‘ to diagnose online the transport by advection, vertical diffu-
0 1E+18 2E+18 3E+18 . . .
CO VCD ground based stations sion and deep convection, as well as the tropospheric hydro-
logical cycle (water vapour transport, cloud condensate for-
Fig. 7. Correlation analysis of seasonal averages of the CO P_VCDsmation and precipitation). The model uses a combination of
>0.5km vs. total CO VCDs from ground-based FTIR stations. y\y5 convection parameterisations which focus on deep and
Apart from the SCIAMACHY measurements, the comglldent results shallow mixing (Zhang and McFarlane, 1995: Hack, 1994).
from both atmospheric models are also shown. In addition to the re- . L .
. ; : Anthropogenic emissions are from the Emissions Database
sults of the linear regression, the ratio of the averages (RA) and th? : o
average of all ratios (AR) for all data pairs of the considered data Qr Atmosphenc Research (EDGAR) fast traCk, 2900 ?m's
sets are also shown. sions, which are based on the EDGAR 3.2 emissions inven-
tory (Olivier and Berdowski, 2001). Biomass burning emis-
sion data are based on the Global Fire Emissions Database
into account also the contribution from the clear part of the(GFED v2), van der Werf et al. (2006).
satellite pixels: the average of the total CO VCD and the CO
PVCD above the cloud are calculated by weighting the re-3.2 EMAC
spective contributions according to the CRF and (1 — CRF) of
the measurement. It should be noted that no averaging kerndihe ECHAM/MESSy Atmospheric Chemistry (EMAC)
is considered for the clear part of the ground pixel, becausénodel is a numerical chemistry and climate simulation
the shielding effect of clouds dominates the vertical depen-system that includes sub-models describing tropospheric
dence of the measurement sensitivity. It should be noted tha&nd middle atmosphere processes and their interaction with
for different values of the surface albedo (see Figs. 1 and 2), &ceans, land and human influences (Jockel et al., 2010). It
CRF corresponds to quite different effective cloud fractions.uses the Modular Earth Sub-model System (MESSy, version
While over ocean and parts of the continents (e.g. the AmaZ2.3; Jockel et al., 2005) to link multi-institutional computer
zon region) the surface albedo is only a few percent, in othecodes. The core atmospheric model is the 5th generation Eu-
regions over land, much higher values are found. In Fig. 1ropean Centre Hamburg general circulation model (ECHAM
the dependence of the CRF on the effective cloud fractionversion 5.3.02, Rockner et al., 2006). For the present study
for different values of the surface albedo is shown. we applied EMAC in the T42L90MA-resolution, that is, with
We compare the derived SCIAMACHY CO profilesto two @ spherical truncation of T42 (corresponding to a quadratic
atmospheric models, which are described in detail in the nexf3aussian grid of approx. 2.&y 2.8 in latitude and longi-
sub-sections. Both models are using the same input emigude) with 90 vertical hybrid pressure levels up to 0.01 hPa
sions (for details see below). However, a major difference be{middle atmosphere). As in MATCH-MPIC, in the EMAC
tween the two models is that MATCH-MPIC is a chemistry set-up the biomass burning emissions are taken from the
transport model (CTM), driven by NCEP data, while EMAC Global Fire Emission Database (GFED v2) (van der Werf
is an atmospheric chemistry general circulation model (AC-€t al., 2006), and the anthropogenic emissions from the
GCM), which for the simulation analysed here was nudgedEDGAR3.2FT2000 (Pozzer et al., 2009; Tost et al., 2010).

2E+18 -
EMAC:

y = 0.61x + 2E+17
r2=0.87

AR: 0.77, RA: 0.76

1E+18

CO PVCD above 0.5km

towards ECMWF operational analysis data. Model output for analysis was triggered every 5 h of sim-
ulation time. For EMAC, the prognostic variables vortic-
3.1 MATCH-MPIC ity, divergence, temperature and the (logarithm of the) sur-

face pressure have been nudged to the operational ECMWF
MATCH-MPIC (Model of Atmospheric Transport and analysis data in order to allow a point-to-point compari-
CHemistry — Max Planck Institute for Chemistry version) son to the satellite data (see Jockel et al., 2010). Primary
is a global, three-dimensional chemical transport model repemissions and dry deposition of trace gases and aerosols
resenting troposphericDCHy, NOy, and VOC chemistry.  were calculated with the sub-models ONLEM, OFFLEM,
MATCH-MPIC has been described and evaluated in de-TNUDGE (Kerkweg et al., 2006a), and DRYDEP (Kerk-
tail (Rasch et al., 1997; Lawrence et al., 1999, 2003; vonweg et al, 2006b), respectively. EMAC parameterise convec-
Kuhlmann et al., 2003). MATCH-MPIC is run in a semi- tion following Tiedtke (1989) and Nordeng (1994) for both
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deep and shallow convection. More details on the overall  [; TBER T =
model set-up (including emissions) are presented by Jocke! I’ Y -
2

CO results from the EMAC model have been extensively
compared to aircraft measurements and especially over the |54
Northern Hemisphere often lower CO concentrations com-
ment in Jockel et al. (2010http://www.geosci-model-dev. ~150 -100 -50 0 100 150
net/3/717/2010/gmd-3-717-2010-supplement)zip. T 0
0 1 2 3

et al. (2006, 2010) and Pozzer et al. (2007). . ' =
L, o, | L “ . :
pared to the in situ measurements were found (see Supple:: 15 AT s e N -}
50
x10'® molec/cm?

3.3 Comparison of height profiles for selected regions
Fig. 8.Mean CO PVCDs (units: molec cn?) retrieved from SCIA-

In this section we quantitatively compare the measured COMACHY (January to March 2003—2005) for CRF >30% and 1 km

profiles (PVCDs) for different regions (see Fig. 8). The se-<cloud height <2 km. The boxes indicate regions that are selected

lected regions either represent clean oceanic regions remofer quantitative comparison between SCIAMACHY observations

from strong emission sources or areas with strong CO emisand model simulations.

sions caused, for example, by biomass burning or anthro-

pogenic activities related t_o industry, traﬁm and energy US€ erature (see e.g. Pozzer et al., 2007). Also Liu et al. (2011)
In addition, we also consider observations over the conti-

nents, but outside regions with strong emission sources Figf-OunOI larger differences between SCIAMACHY and models
ure 9 presents seasonally averaged profiles of the CO PVCDm the Northern Hemisphere (for mainly cloud-free observa-

ffons over land surfaces). Here it is interesting to note that
derived from SCIAMACHY observations and the MATCH . )
and EMAC models. Note that in addition to the averagealso the comparison of the model data to ground-based FTIR

; . ) > i . 2.2) indi hat th imati f
model profiles (using the SCIAMACHY cloud selection cri- stations (see Sect ) indicates that the underestimation o

. : e model simulations is smaller in the Southern Hemisphere.
terion, see Sect.'2) aIsp average EMAC CO profiles baseéh Interestingly, the differences between the SCIAMACHY
on all model profiles without cloud slicing are shown (dark

F th ) fth del orofi ith OIprofiles and those from MATCH-MPIC and EMAC stay
gr_een). rom the comparison of the model protiies With and .., o - 5nstant between 0.5 km and 8.5 km for most regions.
without cloud slicing, the influence of the clear part of the

. . ) Over the Southern Ocean, however, the differences increase
satellite ground pixels to the retrieved CO PVCDs becomes

byi E ially f luted reai th tinent systematically with altitude. In general, the differences be-
obvious. Especially Tor poliuted regions over the Contnents, ..., MATCH-MPIC and SCIAMACHY are smaller than

the CO PVCDs using cloud slicing are systematically Iargerthose between EMAC and SCIAMACHY, and the differ-

than without cloud slicing. This indicates that in such cases :
the high total CO VCD observed in the clear part of the satel—ences between EMAC and SCIAMACHY usually increase

L ; o more strongly with altitude. These findings probably indicate
lite pixel contributes S|gn|f|c§mtly to the average CO PVCD differences of the convection schemes (Tost et al., 2006) and
of the complete satellite pixel. Nevertheless, over ocean

model results with and without cloud slicing are very similar, Wind fields used in both models (see Sects. 3.1 and 3.2).

because the surface albedo over the ocean is much small rThe first four rows in Fig. 9 present profile comparisons
. Bler polluted continental regions. Over China (region 8 in
than over the continents.

In the following we compare the SCIAMACHY CO pro- Fig. 8), the satellite profiles show systematically larger val-

files with the coincident model results sampled according toues than the models, in agreement with other studies (e.g.
. . ) Liu et al., 2011, f therein). Th iff
the effective cloud height and the CRF as described above lu et al., 2011, and references therein) ese differences

The columns in Fig. 9 show data for January—March, April— i;?ir?émost constant with altitude and largest for winter and
\rllur;?};]Jg;yn—szlpt:smtl)r?r[,:findlgc'iﬁzer:?icc‘f_meb?;If:_ V;eg.?éfn' In other regions, which are seasonally polluted by biomass
u values. '9. 25, hectiv ve dl urning (regions 1, 3, 4, three upper rows in Fig. 9), the

ences are prgsented. ".q gener_al, the SClAMACHY. derive CIAMACHY PVCDs are also systematically larger than
PVCDs are higher, particularly in the Northern Hemlsphere.the model profiles during the biomass burning seasons, but

The reason for f[hese dlfferences_ls not completely Cleart:ompared to China, the differences are usually smaller. Over
but similar latitudinally dependent differences between satel-

; . biomass burning regions, EMAC simulations usually show
lite observations (SCIAMACHY and MOPITT, AIRS, TES, larger differences to SCIAMACHY than MATCH-MPIC.

IASI) and model results were also reported in other studies Interestingly, for the seasons without biomass burning,

(eet.gl. S; (;rl%?llétpz\lézzg? :I; Gzlglig-erﬂﬁn; Ztl al'z’ozl%qgklg:eti?[he differences between SCIAMACHY observations and the
et al., 2012: Pechony et al., 2013; Worden et al., 2013b).models are often smaller than over the remote ocean.

Note that the GFEDv2 emissions used in both the EMAC
and MATCH-MPIC model are in the lower range of the lit-

www.atmos-chem-phys.net/14/1717/2014/ Atmos. Chem. Phys., 14, 171782, 2014
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Fig. 9. Comparison of seasonally and annually averaged profiles™i9. 10. Relative differences PO SCIAMACHY ) for all regions

of CO PVCDs from SCIAMACHY observations and model sim- Shown in Fig. 9.

ulations for selected regions (see Fig. 8). In addition to results

for the selected regions, also average results for biomass burn-

ing r_egions (second row from botto_m)_ and for observations over Zonal and meridional cross sections are calculated from

continents far away from strong emission sources (total CO VCDCO PVCDs over latitude/longitude intervals of°2(seven

<2.8- 108 molec cnT2) (bottom row) are shown. The dark green | ions f | idional

lines indicate EMAC results without cloud slicing (see text). Zoné.‘ cross sections from 80 to 60° S, 18 meridiona cross
sections from 180W to 180 E) for each season. Thus in to-
tal, 100 cross sections are calculated, which are all presented

Additional comparisons of CO profiles from SCIA- in the Supplement. In general, very good agreement of the

MACHY observations and model simulations (for regions 2, spatial patterns is found, while the absolute values are sys-

5, 6, and 7) are presented in the Supplement. tematically smaller in the models. .
In the following, we show seven selected cross sections

3.4 Comparison of latitude/longitude-height cross (Figs. 11-13) representing cases with strong pollution caused
sections by anthropogenic activities or biomass burning.

It should be noted that the colour scales are different
In this section we compare latitudinal-height and for SCIAMACHY observations and models to account for
longitudinal-height cross sections of CO PVCDs de-the systematic differences of both data sets (shifted by
rived from SCIAMACHY observations and models. Such 5-10 molec cnr?).
comparisons allow the study of the horizontal variation The first example (Fig. 11) shows meridional and zonal
of the CO profiles and can thus yield information about cross sections for January to March over China. Also pre-
potential processes causing differences between measuregnted in Fig. 11 is the global map of the total (cloud free) CO
and simulated CO profiles. VCD for the same season (from Liu et al., 2011). A strong

Atmos. Chem. Phys., 14, 1717732 2014 www.atmos-chem-phys.net/14/1717/2014/
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Fig. 11.Top left: global distribution of the total CO VCD for January—March derived from mainly clear-sky SCIAMACHY observations (Liu
etal., 2011). Top right: meridional cross sections of profiles of CO PVCDs (for CRF > 30 %) 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).

increase of the CO columns is found over China, both inthe ITCZ in this season. Interestingly a tilt is also found in
the SCIAMACHY observations and model results. The spa-the zonal cross section.

tial patterns in both cross sections are very similar for the Like for China, systematic differences between SCIA-
SCIAMACHY observations and the model simulations, but MACHY and the model results are found throughout the tro-
the absolute values differ largely throughout the troposphergosphere (see also Fig. 9) indicating that the source strengths
(see also Fig. 9), indicating that the source strengths in thén the biomass burning emissions are probably underesti-
emission inventories are probably underestimated. mated. But in contrast to China, the differences between

Figure 12 shows cross sections for January to March oveEMAC and SCIAMACHY over biomass burning regions are
biomass burning regions in Africa. As for the cross sectionsin general larger than those between MATCH-MPIC and
above China, similar spatial patterns are found in the SCIA-SCIAMACHY, and these differences increase with altitude.
MACHY and model data. SCIAMACHY and model data not Both findings probably indicate the effects of the different
only indicate effective upward transport, but also a tilt of the convection schemes used in both models.
biomass burning “plume” in the meridional cross section. In
(northern) winter the plume is inclined towards the north, be-
cause the inner tropical convergence zone (ITCZ) is locatedt Summary and conclusions
south of the biomass burning region.

Good agreement of the spatial patterns is also found inVe apply the cloud slicing technique (CST) to CO ver-
cross sections for July to September in biomass burning retical column densities retrieved from the Scanning Imag-
gions in Africa and South America (Fig. 13). A slight tilt ing Absorption spectrometer for Atmospheric CHartogra-
towards the south occurs in the biomass burning plumes ovePhY (SCIAMACHY) for 2003-2005. Our CO profiles range

both regions’ which Corresponds to a norther]y location Offrom 0.5km to 9.5 km and have a vertical resolution of 1 km,
which is much higher compared to other satellite CO data

sets (e.g. retrieved in the thermal IR). However, with the CST

www.atmos-chem-phys.net/14/1717/2014/ Atmos. Chem. Phys., 14, 171782, 2014
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Fig. 12.Same as Fig. 11, but for meridional and zonal cross sections (January—March) over Africa.

it is not possible to retrieve CO profiles for individual obser- measurements and model results. Systematic differences are
vations, but instead large data sets have to be averaged (hefeund for the absolute values, especially in the Northern
we use seasonal averages for the years 2003—2005). It shouldemisphere, for which we have no clear explanation. Such
also be noted that especially over land where the surfacélifferences were, however, also found in other studies (e.g.
albedo can reach rather high values (see Sect. 2), a substant@hindell et al., 2006; Gloudemans et al., 2006, 2009; De Laat
fraction of the measured CO absorption can originate fromet al., 2006, 2007, 2010; Kopacz et al., 2010; Liu et al., 2010,
the clear part of the ground pixel. In such cases, the verti2011; Klonecki et al., 2012; Pechony et al., 2013; Worden
cal resolution of the retrieved profiles is systematically de-et al., 2013b), and are probably related to uncertainties of
graded. Furthermore, since both the atmospheric CO profilethe used emission inventories in addition to uncertainties of
and the effective cloud heights depend systematically on methe CO measurements. Here it is interesting to note that also
teorology, the retrieved average CO profiles do not representhe comparison of the model data to ground-based FTIR sta-
exact profiles and have to be interpreted with care. For thdions indicates a smaller underestimation of the model results
same reason, we determine profiles of the partial CO columrn the Southern Hemisphere. The observed differences stay
densities instead of the CO concentrations: in some cases thather constant throughout the troposphere for most regions.
partial CO column densities for higher cloud altitudes are One exception, however, is the Southern Ocean, where the
larger than for lower cloud altitudes which would cause neg-differences increase systematically with altitude.
ative CO concentrations if simple differences are formed. It We investigated the spatial patterns in more detail for se-
should also be noted that the height of the retrieved CO proiected regions with strong air pollution: over China and over
files does not exactly match the actual geometric height, bebiomass burning regions in Africa and South America, sim-
cause a substantial fraction of the retrieved CO PVCD origi-ilar spatial patterns are found in SCIAMACHY and model
nates from the clear part of the satellite pixel. But this effectdata indicating that overall the used convection schemes are
does not influence the comparison with the model resultswell suited to describe the uplift of air masses with en-
because the model data are sampled taking the contributiohanced CO concentrations. With respect to the absolute val-
from the clear part into account. ues, our finding is like for the general regions, namely that
We compare the SCIAMACHY CO profiles with two at- the modeled concentrations are systematically smaller than
mospheric models (MATCH-MPIC and EMAC). In gen- the SCIAMACHY observations indicating an underestima-
eral we find good agreement of the spatial patterns betweetion of the CO source strengths in the emission inventories.
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Fig. 13.Same as Fig. 11, but for July—September and for meridional and zonal cross sections over Africa and South America.

However, while over China both models show very similar System (EOS)http://modis-atmos.gsfc.nasa.gov/ALBEDONe
results, the differences between EMAC and SCIAMACHY thank J. de Laat for his help in getting access to additional FTIR
over biomass burning regions are in general larger than thosgata.

between MATCH-MPIC and SCIAMACHY and also in- _ _ o

crease with altitude. These findings point to the significance! Ne Service charges for this open access publication

of differences in the vertical resolution and the way transport2v€ been covered by the Max Planck Society.

is treated in the models (see Sects. 3.1 and 3.2).

Similar studies using the CST for satellite observations of
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