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Abstract. We present a new method to obtain accuratebiomass-burning outflow over the Indian Ocean originating
SCIAMACHY CO columns over clouded ocean scenes.from Indonesia, and biomass burning in Brazil. In general
Based on an improved version of the Iterative Maximum there is good agreement between observed and modeled sea-
Likelihood Method (IMLM) retrieval algorithm, we now sonal cycles and interannual variability.

have retrieved five years of data over both land and clouded
ocean scenes between 2003 and 2007. The ocean-cloud
method uses the Cftolumns retrieved simultaneously with
the CO columns to determine the cloud top height. The CH 1
cloud top height is in good agreement with the FRESCO+
cloud tog height deter?nined 19rom UV-VIS oxygen-A band _Cart_)on monoxide_(CQ) is an im_portant pollutant and th_e ma-
measurements, providing confidence that the, Cldud top jor sink of OH. Its life time of t)_/p|cally weeks to month€i-
height is a good diagnostic of the cloud top height over (par_cerone 1988 makes CO a suitable tracer for long fange a.t'
tially) clouded ocean scenes. The CO measurements ov ospheric transport and consequently the global distribution

clouded ocean scenes have been compared with collocat air pollution (e.g Shindell et aI,._ZOOQ. Lpng-term global
modeled CO columns over the same clouds and agree wel _ata sets of CO as measured with satellite instruments such

Using clouded ocean scenes quadruples the number of usefﬁFhMOPITT (MeaSLZJBeOmelnts Or:‘ qulu;gg;s L\TRTSheATropo-
CO measurements compared to land-only measurements. Sp ergDeeter etal.2003 aunched in y (Atmo-
spheric InfraRed SoundekicMillan et al, 2005 launched

The five-year CO data set over land and clouded ocean 5002, and SCIAMACHY (SCanning Imaging Absorption

scenes presented here is based on an improved version gf | .. Meter for Atmospheric CartograpHBpvensmann
the IMLM algorithm which includes a more accurate deter- et al, 1999 launched in 2002 provide good insight in the
mination of the random instrument-noise error for CO. This lobal changes and interannual variability in air pollution.

leads to a smaller spread in the differences between singl ignificant interannual variability in CO has been reported

co meas_urerﬂ\iﬂs and t.he r;o;reslponding moddel \éalues. Tr}?oth near emission sources and over areas affected by long-
new version, fver5|on d. C asbo ui(_eshup atel Spe_CtrO'range transport of pollution (e.Bdwards et a) 2004 2006h
scopic parameters ford@ and CH but this has only a mi- Gloudemans et gl2006 Yurganov et al.2008. These vari-

nor impact on ﬂ.".a retru_aved co colum_ns._ _The five-year dataations are mostly due to variations in biomass burning which
set shows significant interannual variability over land andEjg one of the major sources of CO

over clpuded ocean Scenes. Three examples are hlghhghte “ Satellite measurements from MOPITT and AIRS show
the Asian outflow of pollution over the northern Pacific, the

significant enhancements of CO in the free troposphere over
the oceans due to long-range transport (élgald et al.

Introduction

Correspondence to: 2004 McMillan et al, 2005 Bowman 2006 Edwards et
A M. S. Gloudemans al, 20063. Our previous SCIAMACHY studies presented
BY (a.gloudemans@sron.nl) only CO measurements over lartk(Laat et al.2006 2007,
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2 CO column data

] H,0 2.1 SCIAMACHY CO total columns
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200 A R The SCIAMACHY CO total columns presented here have
zogwwww 80 peen retrieved with the lIterative Maximum Likelihood
A B A B Method (IMLM) algorithm in the near infrared wavelength
. range between 2324.5-2337.9 ngckirijver, 1999 Gloude-
1 CH, mans et al. 2005 2008. This spectral region is sensi-
et A B T B tive to the whole column, with almost uniform sensitivity
550 S R from ~200hPa down to the surfac&lpudemans et al.

o) L L L B L B L B

T OO, 2008. The most recent version of the retrieval algorithm,

850 900 version 7.4, is used here. This version differs from ver-

sion 6.3 used previouslylé Laat et al.2006 2007 Gloude-
Fig. 1. Differences between HITRAN 2004 and the new spec- mans et al.2006 2008. The main difference is that the
troscopy used in this paper (see text). The spectra have been singontribution of detector noise to the random instrument-noise
ulated using the same forward model as in the IMLM retrieval error of a single CO measurement is estimated using the cor-
method which includes both an atmospheric and instrument modetesponding in-flight dark current measurements per individ-
converting the reflectance spectra to the measured detector signgl| detector pixel instead of assuming an average value for
in BU/s at SCIAMACHY spectral resolution. The retrieval window the detector-noise contribution over the whole spectral range
used for_CO retrievals lies between detector pixel 505 and _615 COMyased on pre-flight measurements as done in version 6.3
responding to the wavelength range 2324.5-2337.9 ta.Sim- (cf. Eg. (7) inGloudemans et a{2008 for details on the cal-
ulated atmospheric reflectance spectra of th®Hines using the . . . - .
culation of the instrument-noise error). This results in a more

HITRAN 2004 database (black) and the new database fremou- L . -
vrier et al.(2007 (red). (b) Difference between the red and black accurate determination of the instrument-noise error for ev-

curves from panel (a)c) Simulated atmospheric reflectance spec- €fY single CO measurement.
tra of the CH, lines using the HITRAN 2004 database (black) and  Another important difference is that in IMLM version 7.4
the new database froPredoi-Cross et a(2008 (red). (d) Differ- the self-broadening of the4® lines is included in the calcu-
ence between the red and black curves from panel (c). lation of the cross-sections contrary to version 6.3 where this
was neglected, and updated cross-sections @ &hd CH
are used. Version 7.4 includes the spectral data base;or H
Gloudemans et al.2006. However, a number of pub- from Jenouvrier et al(2007) for the calculation of the cross
lications indicate that ocean observations over clouds stillsections and line broadening instead of the HITRAN2004
contain valuable information about C®Brankenberg et al.  gatabaseRothman et a).2005 used in version 6.3.
2005 Buchwitz et al, 2006 2007). While the surface re- The top two panels of Figl show the difference be-
flectance over the oceans in the near-infrared is insufficientycen these two databases in the,208 spectral region us-
to accurately measure CO over cloud-free scenes, the reng simulated atmospheric reflectance spectra fo© Ht
flectance of clouds is sufficiently high in the near-infrared he SCIAMACHY spectral resolution. The CO retrievals
to obtain accurate CO columns. This allows studying long- 5, performed between detector pixel 505 and 615 corre-
range transport of CO over the oceans, since most of th‘%ponding to the wavelength range 2324.5-2337.9nm. The
long-range transport of CO takes place above the boundaryyq gatabases show significant differences in this spectral
layer (e.g Stohl et al, 2002. range. For Cl the HITRAN2004 broadening coefficients
Here, a new method is presented to study SCIAMACHY 4ye pheen replaced with those published Rngdoi-Cross
CO over (partially) clouded ocean scenes over boundaryy 5 (2006 but the differences between these two databases

layer clouds by using the simultaneously retrieved methangre mych smaller than the differences faiQHas can be seen
column (CH) to estimate the cloud top height. Together i, the hottom two panels of Fig-

with a five-year data set of SCIAMACHY CO observations g re1 demonstrates that there can be significant differ-

covering the period 2003-2007 this allows to study the in-gpceq petween different spectroscopic databases. However,
terannual variability of CO on a global scale. This paper is; the case of SCIAMACHY CO, comparison of CO results
organized as follows: Se.describes the new retrieval ver-  jp.-.o 4 with the HITRAN 2004 data base with those ob-
sion, the TM4 model, and statistical analysis of the new COtained with the updated spectroscopic parameters i@ H
data set. SectioB presents the new method to obtain ac- ;4 CH, shows only a minor impact on the retrieved CO
curate CO columns over clouded ocean scenes. Sedlion yqa| columns. This is in agreement with the findings by

presents three examples of interannual variability seen in the;|;,demans et al2008 who have investigated the effect

SCIAMACHY CO measurements and the conclusions arey¢ spectroscopic errors in4® and CH, on the retrieved CO

presented in Sech. total columns using simulated spectra. On the other hand,
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description of the natural and anthropogenic CO emissions
used in the TM4 model can be foundde Laat et al(2007)

and references therein. This model uses the Global Fire
Emission Database version 2 (GFEDv2) biomass-burning
emissions for the period 2003—-2007 which are based on
satellite measurements of fire counts and burned &igi¢

et al, 2006 and biogeochemical modelinggn der Werf

et al, 200§. The global GFEDv2 CO biomass-burning
emissions for 2003, 2004, 2005, 2006, and 2007 are 397,
405, 411, 392, and 410 Tg COYVK, respectively (cfhttp:
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Longitude (degrees) For comparison with SCIAMACHY observations model
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CO error [107 molec/cm? | MACHY overpass time of 10:00 a.m. and for the model grid

cell corresponding to the geographical location of the indi-

. N vidual observations.
Fig. 2. Global distribution of the average SCIAMACHY CO

monthly-mean instrument-noise error in 2004 on°aby 2° grid
for IMLM version 7.4. Blue indicates large instrument-noise errors,
white indicates small instrument-noise errors.

2.3 Statistical analysis

The quality of the IMLM v7.4 CO columns has been evalu-
ated by performing a statistical analysis similar to the analy-

the H,O total columns which are retrieved simultaneously sis presented ide Laat et al(2007. They show that differ-

with the CO total columns from the 2:8n SCIAMACHY ences between single SCIAMACHY CO measurements and

spectra show an improved correlation with the ECMWF corresponding TM4 model results are primarily explained by
H»0 columns compared to those of IMLM version 6.3 (cf. the SCIAMACHY random instrument-noise errors and that

Gloudemans et al2008. Although the updated #0 and these are thus a good diagnostic for the precision of the CO
CH, spectroscopic parémeters have only a minor effect Or{otal column measurements. The results of the statistical

the retrieved CO total columns between 2324.5-2337.9 nrriamalysis for version 7.4 in comparison with version 6.3 are

used in this paper, accurate spectroscopic parameters ar@OWn ('jn Fig.3 gs:ng S|?glfe C:]) measuremen:]s and ths .corr;
nevertheless important for the retrieval of trace gases in thdESponding modelresu ts for the year 2004. The spread in the
2 3m wavelength range. differences between single CO measurements and the corre-

Figure 2 shows a map of the global distribution of the sponding model values, expressed as the root-mean-square

monthly mean instrument-noise error for IMLM version 7.4. (rms) of the differences, is smaller for version 7.4 than for
Note that the distribution is similar to what is shown in version 6.3, except for instrument-noise errors smaller than

~ 8
Gloudemans et a(2008 but the values are somewhat lower, hO.lx 10t molhecules/ er \_/vhehre ;h;y are compa.rakljlle. Forh
especially in regions with low surface albedos, such as ininose errors the spread In the differences Is similar to the

South-East Asia. This is due to the more accurate calcula-Spre_""d in the corresponding mod_eled CO total columns.
With a perfect model, the differences between obser-

tion of the instrument-noise error in IMLM version 7.4. g
Previous publications used SCIAMACHY CO total vations and model results should be comparable to the
columns for shorter periods up to one yede (Laat et al. instrument-noise error. However, there exist model inaccu-

2006 2007 Gloudemans et al2006 2008 Turquety et al. racies — for example the use of monthly mean rather than
2008. Here, we present five years of global SCIAMACHY daily emissions, emission errors, and the spatial resolution
CO column data covering January 2003-December 2007 olf 3°>2° which is considerably larger than that of the CO
tained with IMLM version 7.4. The global distributions of Measurements —as well as retrieval errors not related to the
the instrument-noise errors for the years 2003, 2005, 2006/@ndom instrument noise such as minor calibration errors and
and 2007 are very similar to the 2004 distribution shown in @€rosols as discussed @loudemans et a(200§. These

Fig. 2. model inaccuracies cause differences that, below a certain
instrument-noise error level, dominate the differences be-
2.2 TM4 Model tween observations and model results. This may explain

why the spread for small instrument-noise errors is simi-
The SCIAMACHY CO columns in this paper are compared lar in both retrieval versions. The smaller rms differences
with the CO total columns from the chemistry-transport between observed and modeled CO for IMLM version 7.4
model TM4 Meirink et al, 2006. This is the same model are also reflected in the slope of the ordinary linear regres-
as used irloudemans et a{2006 andde Laat et al(2007) sion and correlation coefficient of the instrument-noise error
and provides CO columns on &32° lon-lat grid. A detailed  vs. the SCIAMACHY-TM4 differences which are 2.49.03

www.atmos-chem-phys.net/9/3799/2009/ Atmos. Chem. Phys., 9, 38992009
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Fig. 3. Comparison of the SCIAMACHY CO total columns from Fig. 4. Average differences between the_ single SCIAMACHY CO
measurements over land and the spatially and temporally collo-

the IMLM retrieval version 6.3 and 7.4 based on single SCIA- . . .
MACHY measurements over land for the period January to Decem_cated TM4 CO total columns as function of the instrument-noise

ber 2004. (a) Root mean square (rms) values of the diﬁerenceserror_for_different years us_,ing the IMLM retri(_aval version 7'.4' 'I_'he
between the single SCIAMACHY CO measurements and the spa-balrs indicate the mean difference for each instrument-noise inter-
tially and temporally collocated TM4 CO total columns as func- val._ The red line indicates thed—lnstrument-rplse error levels.
tion of the instrument noise error. The blue bars indicate the dis-TOp' 2003 (blue) versus 2005 (black). Bottom: 2006 (blue) versus
tribution based on IMLM v6.3 retrievals, the black bars based on2007 (black).
IMLM v7.4 retrievals. The dotted lines indicate the 1- and 2-
instrument-noise error levels. The red line indicates the rms value

of the TM4 simulated CO total columns, which is caused by spatio-, jnstrument-noise errors (Fi@). This confirms that the
temporal CO total column variations because observations Witr]argest difference between the IMLM version 7.4 and ver-
similar instrument-noise errors can be scattered around the globey; ) & 3 O total columns is due to the more accurate calcu-

The blue (IMLM v6.3) and black (IMLM v7.4) bars in t_he bot- {ation of the instrument-noise error and only to a minor extent
tom panel denote the number of measurements for each instrument:

noise interval. (b) Average differences between the single SCIA- due to the updated spectroscopic parameters (see2SBct.
MACHY CO measurements and the spatially and temporally col- In addition to the IMLM version 7.4 statistical analysis
located TM4 CO total columns as function of the instrument-noisefor the year 2004 similar analyses have been performed for
error. The bars indicate the mean difference for each instrumentihe years 2003, 2005, 2006, and 2007. The spread in the
noise interval. The blue bars indicate data from the IMLM retrieval differences between single CO measurements and the corre-
vers.ion 6.3, the b!ack bars version 7.4. The red line indicates thesponding model values shows a similar behavior as inJag.
1-o instrument-noise error levels. for all years. Figure4 shows that the biases between ob-
served and modeled CO are somewhat different for the other
years than for 2004 (cf. FigBb), but well within the le
and R?=0.993 for version 6.3, and 1.30.01 andR?=0.994  jnstrument-noise errors. Some exceptions occurred for very
for version 7.4, respectively. low instrument-noise errors, but these are still within the 2-
The bias between single CO measurements and the correr instrument-noise errors (Fig). Part of the variability in
sponding model results is similar for both retrieval versionsthe biases for all years may be caused by interannual vari-
for errors<1.5x 10" molecules/crh and falls within the 1-  ations in e.g. the biomass-burning emissions which may be

Atmos. Chem. Phys., 9, 3798813 2009 www.atmos-chem-phys.net/9/3799/2009/
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underestimated in the TM4 model (e@loudemans et gl.  rect for calibration errors and differences in the light path,

2006 and/or variations in the aerosol loads, thereby overese.g. due to aerosols and clouds.

timating observed CO column&foudemans et gl2008. However, the vertical profiles of CO and @ldan differ

The biases shown here denote only the global bias. Locallysignificantly, which is relevant for the scaling method. An

the biases may be different, e.g. due to model imperfectionsnalysis based on modeled CO profiles over sea indicates that

or geographically varying retrieval errors such as those duaising the CO/CH column ratio to obtain total columns for

to aerosols. CO measurements above clouds causes deviations from the
true total columns. Its sign depends on the shape of the CO
profile and the CO columns. In the Northern Hemisphere,

3 CO observations over low clouds where boundary layer CO is generally high compared to free
tropospheric CO, the method using the CO/Qtio typi-
3.1 Clouds and cloud top height cally underestimates the true total columns. In the tropics

and in the Southern Hemisphere, where free tropospheric CO

Previous studies using IMLM CO column observations only tends to be higher than boundary layer CO, the method over-
show data over land with cloud fractier0.2 and instrument-  estimates the true total column. Globally the average dif-
noise errors<1.5x 10 molecules/crf (de Laat et al.2006  ferences are-2.5% for a cloud at 800 hPa, i.e. a boundary
2007 Gloudemans et al2006 2008 Turquety et al.2008. layer cloud. However, locally the differences can easily be
This selection criterion basically removes all measurements-10% and for individual cases everb0%. These differ-
over the oceans, since the sea surface reflectance aroumghces increase with increasing cloud height: for a 500 hPa
2.3um is very low, with typical values 0&0.01. For such cloud, the global differences are on averag#5%, but lo-
low reflectances, observations are of insufficient accuracy taally they can be-75%. Given the high variability of CO
be useful. In comparison, the surface reflectance over langmounts and CO profile shapes, interpretation of-Gehled
typically ranges from 0.05 over densely vegetated areas t@O total columns over clouded ocean scenes is complicated.
more than 0.5 over dry desert regions. However, other stud- Therefore, we prefer not to use the CO/Qidtio method.
ies of SCIAMACHY CO ¢rankenberg et gl2005 Buch- Instead, the partial CO columns above clouded ocean scenes
witz et al, 2006 2007) indicate that ocean observations over are used together with the corresponding cloud top height
clouds still contain valuable information about CO. The pres-for comparison with other satellite data or chemistry trans-
ence of CO information over clouds is related to the highport models, such as the TM4 model used in this paper.
reflectance of clouds in the 2.3n wavelength range, typ- The advantage of these partial columns is that they repre-
ically 0.3-0.5 based on completely clouded ground scenessent the true measurements above the cloud without adding
The cloud reflectance is more than an order of magnitudexternal information which could introduce additional er-
higher than the sea surface reflectance, implying that forors. The CH columns, which are retrieved simultane-
partly clouded scenes the contribution to the retrieved CQously with CO from the 2.2m measurements, provide a
column from the cloud-free part of the measurement over theyood diagnostic of the cloud top height over clouded ocean
ocean is negligible compared to the clouded part. Thus, if aneasurements. Variations in Gidue to cloud top height
cloud is detected in the 2,8m footprint over the oceans, the variations are much larger than spatio-temporal variations
CO column retrieved from this measurement represents théin the CH, columns, and SCIAMACHY 2.3m CH, col-
CO column above the cloud. This column is independent ofumn measurements have almost uniform sensitivity down to
the cloud fraction, as long as some cloud is present, whiclthe surface as shown by their total column averaging ker-
is ensured by using only measurements with cloud fractiomels Gloudemans et gl2008. Applying the CH, averag-
>0.2 (cf. Sect3.2). ing kernels to modeled CHprofiles has an effect of less

In order to compare these columns with other measurethan 1% for solar zenith angles70°. For comparison, a
ments or model calculations, the cloud top height can be es1-2% uncertainty in the CHcolumn would result in a cloud
timated from the Chltotal columns retrieved from the same top height uncertainty of 10-20 hPa. Furthermds&ude-
spectral window. The cloud top height can then be used tanans et al(2008 show that the average difference between
compare the observed CO partial column with a correspondsingle CH, measurements and the corresponding modeled
ing partial column from a model or another measurement.CHs columns for IMLM v6.3 is generally5% of the CH
Another option is to supplement the observed partial columntotal column, even for large instrument-noise errors of up
with model values to obtain a total column. Alternatively, the to 1x 10 molecules/cri which correspond to about 25%
partial column can be converted to a total column by scalingof the CH;, total column. For IMLM v7.4 similar differ-
the partial column using the cloud top heigliéZloudemans ences are found. Comparing measured partia} €Hlumns
et al.(2008 show that in case of high aerosol loads over landabove clouded scenes with corresponding modeleg 6H
the CO/CH ratio provides more accurate values than the COtal columns can thus be used to estimate the cloud top height
total column without correction for aerosoBuchwitz et al.  over clouded ocean measurements.
(2006 scale the CO (partial) column measurements to cor-

www.atmos-chem-phys.net/9/3799/2009/ Atmos. Chem. Phys., 9, 38992009
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150 120 9060 -30 0 30 60 90 120 150 Figure 5 shows a global map of the cloud top height
7o j*iff?f’oﬁ A P e e B based on Clicolumns retrieved simultaneously with the CO
gl ' g 22 columns from the 2.3m measurements in comparison with
%8 e S L ; = ,8 the cloud top height derived from FRESCOW4gng et al.
s° .;,, b 3 I 2008. FRESCO+ uses oxygen A-band absorption around
58 b ’ 8 760 nm to estimate cloud top heights. The SCIAMACHY
3 ~ @i R cloud top heights are calculated from the ratio observed over
e AL EUE o BRI L = modeled CH total column multiplied with the surface pres-
150 120 90 80 e ude (degrees) O 0 120 190 sure provided by the TM4 model. The observed,@dlumn
represents the CHeolumn above the cloud in & X 1° daily
50 120 90 €0 90 0 30 60 99 720 190 grid box while the modeled CHcolumn represents the cor-
= [ IMLM/CH, =5 e . .
§ gfe=may = <% o Ls o responding true total column. Only GHheasurements with
8o = : o a cloud fraction>0.2 have been used. This ensures that at
gm i PSS |~ least some cloud is present, since the cloud fraction of the
%Znﬁ, s ° single SCIAMACHY 2.3um measurements as provided by
- : 3 the SPICI algorithmKrijger et al, 2005 mostly provides an
3 BEERE i Q,L_/{,_ | 8 upper estimate of the actual cloud cover. Only in exceptional
cases where thin wisps of clouds are present the SPICI algo-

-150 -120 -90 -6 60 90 120 150

° Longitude’(degiees) rithm may miss these clouds leading to an underestimate of
the actual cloud cover. However, using the FRESCO+ cloud
fraction instead of the SPICI cloud fraction does not show

Fig. 5. Global distribution of cloud top height in hPa based on daily Significantly different results suggesting that this only plays

gridded P x1° data for the period 2003—2007. Top panel: cloud a role for almost cloud-free observations. Using a cloud frac-

top height from the FRESCO+ algorithm using the SCIAMACHY tion of >0.2 for clouded measurements is also in agreement
O2-A band. Bottom panel: average cloud top height based on thewith publications byde Laat et al(2006 andde Laat et al.

ratio between the SCIAMACHY IMLM 2.3:m CHy column and (2007 who use a cloud fraction 0£0.2 to denote measure-
TM4 CHy column over sea. Only data with a cloud fractie.2 ments with negligible cloud cover.

as determined by the SPICI algorithidr{jger et al, 2005 have The cloud top heights from the GHcolumn and

_been_included in both panels._ BIl_Je indice_ltes low cloud top heights,FRESCO+ method show very similar spatial variations and
i.e. high pressures, and red indicates high top cloud heights (lowreflect some well known patterns (Flg). Areas of persistent
pressures). subtropical low altitude clouds (stratocumulus) over oceanic
] . . upwelling regions can be identified west of southwestern Eu-

Over land, CH is not a good diagnostic of the cloud top rope and northern Africa, west of the United States, west of
height for partially clouded scenes. For partially clouded goyth America, west of southern Africa and west of Aus-
scenes the cloud albedo is much more comparable to that Gfajia. Areas of persistent high clouds are found along the
the cloud-free part and thus the gietrieved column rep- - equator, as well as the southern Pacific and southern At-
resents an average of the cloud-free and clouded part of thgntic convergence zones. Very persistent high clouds occur
measurements. In addition, the geblumn of the cloud-free  gyer Indonesia and over the northern Indian Ocean during
partis influenced by the surface elevation. Partially cloudedihe summer monsoon. Note that for many convective equa-
measurements can thus only be used if the cloud albedo, Sufyyia| regions there are either persistent high clouds or very
face albedo, and cloud fraction are known accurately. Fokey clouds whereas persistent low clouds rarely oceur.
2.3um measurements Fhis _is complicated, since the SCIA- |t should be noted that the FRESCO+ cloud top height pro-
MACHY spatial resolution is very coarse — 1280km —  yjges the optical mid-level of the cloutiVang et al, 2008,
and it is not clear which part of the measurement is cloudedyjje the SCIAMACHY cloud top heights based on the £H
while the surface albedo may vary rapidly within one SCIA- 4ye representative for the cloud top.
MACHY ground pixel. For completely clouded land scenes,  rigyre 6 shows the latitudinal agreement between ,CH
CHy columns might be a good diagnostic of the cloud top ¢joyd top pressures and the FRESCO+ cloud pressures over
height. However, given the large foot print of the 28 the oceans for high and low clouds. For low clouds between
measurements the number of completely clouded measurgne syrface and 800 hPa the £Bind FRESCO+ cloud top
ments is limited and thus does not add a significant amoungeights agree well with an average difference of 17 hPa. For
of data over land compared to what is already used for COpigher clouds with cloud top heights800 hPa, the agree-
i.e. data with cloud fraction<0.2 and instrument-noise er- ment is also quite good with an average difference of 14 hPa.
ror <1.5x 10'®molecules/crfi. Therefore, partially clouded These differences are small compared to-4§6 precision
measurements are only considered over the oceans and ngf the measured CHcolumns. Thus the SCIAMACHY

over land. 2.3um CHy columns are a good diagnostic for the cloud

400 450 500 550 600 650 700 750 800 850 900 950 1000
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top height of clouded ocean scenes. The average rms val-  ,,,
ues of IMLM-FRESCO+ cloud top height differences — 68
and 86 hPa for low and high altitude clouds, respectively —
are much larger than the differences themselves.

% FRESCO+ - O,A (0.76 um)
400

600

3.2 Selection criteria 800

Cloud pressure [hPa]

w%f,mm
" . o R e

ol b byl
S

When SCIAMACHY CO measurements above clouds are %, o 0 5 P o0
compared with models or other satellite data the cloud top Latitude (degrees)
height determined from the corresponding £¢blumns as

described in the previous section can be used to ensure
a proper comparison. Including CO measurements above

clouded ocean scenes almost quadruples the number of use-

©
o

200

% FRESCO+ - O,A (0.76 um)
400

ful measurements. A disadvantage of this method is that the § °° w_/_wf"”"’”mx

part of the CO column below the cloud is missing. However 3 b~ e =

over sea, no major CO sources are present and CO variability

is dominated by transport processes and photochemistry. e o % : o pos ”
Transport can take place both in the marine boundary layer Latitude (degrees)

as well as in the free troposphere. However, the residence o o
time of pollution (including CO) is generally much longer Fig. 6. Latitudinal variation of IMLM CHj cloud top pressures
above the marine boundary layer due to lower temperature9rey) and the FRESCO+ cloud pressures (black) over the oceans
and slower photochemical destruction. Furthermore, wind" NP2 for high and low clouds using the same data as in¥ig.

. . Top panel: low clouds with cloud top heights between the sur-
speeds are generally larger and more zonally oriented in th

?ace and 800 hPa. The bias between FRESCO+ and IMLM CH

free troposphere compared to the boundary layer. In add'?s 17 hPa and the correlatigt? is 0.69. Bottom panel: high clouds

tion, at mid-latitudes advection of pollution is often associ- it cioud top heights<800 hPa. The bias between FRESCO+ and
ated with the passage of frontal systems, which tend to transpm cH 4 is 14 hPa and the correlatict?=0.98.

port pollution quickly to higher altitudes. All these factors
generally favor free tropospheric intercontinental long range
transport.

Therefore, only CO measurements over sea above cloudétude clouds over oceanic upwelling regions (see Sgdj.
with cloud top heights between the surface and 800 hpahave the smallest errors of all ocean scenes. These regions
i.e. only boundary layer clouds, are considered in order nofre characterized by extensive continuous boundary layer
to miss a significant part of the measured column. This cor-clouds resulting in a large cloud fraction per measurement
responds to measurements over clouded ocean scenes wid thus a larger signal and a smaller instrument-noise error.
an associated ratio of observed £éver modeled Cht>0.8. The fact that these clouds are present most of the time also
As in Sect3.1, the observed Clicolumn represents the col- results in a large number of clouded measurements which
umn above the cloud in &% 1° grid box whereas TM4 pro-  further reduces the monthly-mean instrument-noise error.
vides the corresponding GHotal column. In addition, as Figure 8 shows the statistical analysis of the single CO
already noted in SecB.1, only ocean scenes with a cloud measurements over clouded ocean scenes for the period Jan-
fraction >0.2 as determined by the SPICI algorithm are in- uary to December 2004 in comparison to those over land
cluded in order to ensure that at least some cloud is presentvhich have already been shown in F&y. Over land only
A comparison of the cloud fraction with the instrument-noise CO measurements satisfying the selection criteria useé in
error indicates that cloudy ocean observations with a cloud_aat et al.(2006 2007, i.e. a cloud fraction 0f<0.2 and
fraction of 0.2 or more correspond to CO measurements witinstrument-noise erroe1.5x 108 molecules/crf, are used.
instrument-noise errors less than B8 molecules/crh. The spread in the differences between observed and mod-
Figure7 shows the global distribution of the average monthly eled CO is very similar for measurements over land and over
CO instrument-noise error in 2004 on & By 2° grid for clouded ocean scenes. Note that the total number of observa-
IMLM version 7.4 over land and sea. The data over landtions over clouded ocean scenes-8.5 times larger than the
are the same as in Fig. Over the oceans, especially in re- land-only measurements. The average difference between
gions with persistent high clouds (cf. Fig). the noise error observed and modeled CO is also similar for instrument-
is largest. In these regions few boundary layer clouds arenoise errors less than<iL.0'8 molecules/cr. This confirms
present, mostly with a relatively low cloud fraction per in- that the CH cloud top height is accurate enough not to have
dividual measurement, resulting in a lower measured signa& significant impact on the comparison of the CO partial
and thus a larger instrument-noise eride Laat et al.2007). columns above clouded ocean scenes with other data sets
On the other hand, regions with persistent subtropical low al-nor on the CO total columns over the oceans after filling-up
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ments over the oceans in addition to those over land leads
to an average total of 1200000 CO measurements per year
which can be used in inverse modelling studies and/or data
assimilation.

The probability distributions of the CO measurements over
land and over clouded ocean scenes for 2004 are shown in
Fig. 9. The distributions over land and over sea are in good

w o
o O O

Latitude (degrees)
o

30 : agreement with the corresponding distribution of modeled
-60 1 columns when the model values are convoluted with random
90 - ; : noise corresponding to two times the mean instrument-noise

180 -120  -60 0 60 120 180 error. Without this convolution the distribution of modeled
Longitude (degrees) columns is much narrower as the model does not provide es-
\ [ . timates of its uncertainties.
0.1 0.5 1.0 2.0 3.0 5.0 7.0 10. 15. 99.
CO error [10"" molec/cm’ ] 3.3 CO Results over the oceans

90

Figure10shows the annual mean measured and modeled CO
columns above low clouds over the oceans orf @y 1°
grid for the years 2003—-2007. Only grid boxes with more
than 10 CO measurements per year are included. Here the
modeled CO columns also only represent the column above
the cloud using the CHcloud top height as described in
Sect.3.1 Generally there is good agreement between ob-
served and modeled CO above clouded ocean scenes, but
differences are also visible. Outflow regions over the equato-
rial Atlantic Ocean and the northern Pacific can be discerned
in both data sets, but the observed CO columns tend to be
higher than the corresponding model values. This is prob-
0 5 10 15 20 25 30 35 40 100 ably caused by too low emissions in the modghifidell et
Average number of CO measurements per month al., 2006. The gradient between the clean Southern Hemi-
sphere and the polluted Northern Hemisphere is clearly vis-
Fig. 7. Top panel: global distribution of the average SCIAMACHY jp|e jn hoth observed and modeled CO above clouded ocean
CO monthly-mean instrument-noise error in 2004 on°zn§ 2° scenes, although the observed CO seems to be lower than
grid for IMLM version 7.4 over land and sea. Blue indicates large modeled CO at high southern latitudes. This could be due to

instrument-noise errors, white indicates small instrument-noise er-some remaining calibration errors in the CO measurements
rors. The data over land are the same as in ZigBottom panel: ining ! ! : u

geographical distribution of the average number of CO measure(Cf' Gloudemans et 812008 which have the largest effect
ments per month based on the same data as in the top panel. in regions with low signal levels and low CO columns which
typically occur at high southern latitudes.

Figurellshows a five year average of measured and mod-
the column below the cloud. For larger instrument-noise er-eled CO total columns on & by 1° grid. In this case the
rors the clouded ocean observations have a larger averaggbserved CO columns above the clouded ocean scenes are
difference than the land-only measurements. Some of thes@lled up with modeled CO below the cloud to obtain a total
have an average difference significantly larger than tle 1- column. It can be seen that there are no sharp discontinuities
instrument-noise error level, but these are still within the 2-in the CO total columns between land and ocean scenes, in-
o instrument-noise error level. It should be noted that thisdicating that filling up the observed CO partial columns with
concerns less thar4000 of the more than 900 000 clouded modeled CO below the cloud is a useful tool to obtain CO to-
ocean measurements. Part of these differences could be réal columns over ocean scenes. The five year average shows
lated to an underestimation of emissions in the TM4 modelthe same global patterns over the oceans as seen in the annual
resulting in less CO transport over the oceans. Especiallymeans in Figl0. Over land the well-known biomass burning
over Asia, the TM4 emissions are known to be too low emission regions in equatorial Africa and South America are
(cf. Sect.3.3), underestimating CO transport over the north- clearly visible (Fig.11), as are the emission regions in South
ern Pacific where the instrument-noise errors are typicallyand Southeastern Asia in both observed and modeled CO.
>1x 10" molecules/crh (Fig. 7). The years 2003, 2005, Especially over Asia and at mid- and high-northern latitudes
2006, and 2007 show similar statistics as 2004 and are there=O tends to be higher than the model values. This is prob-
fore not shown separately. The availability of CO measure-ably due to too low emissions in the TM4 model especially

o]
o

Latitude (degrees)

-180 -120 -60 0 60 120 180
Longitude (degrees)
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2.0 b
150 | Fig. 9. Normalized probability distribution of SCIAMACHY CO
’ columns based on daily gridde#l321° observations for 2004. Only
1.0 - SCIAMACHY CO measurements with random instrument-noise er-

rors <1.5x 1018 molecules/crf have been taken into account. The
black lines indicate the SCIAMACHY CO column distribution, the
light blue lines the corresponding TM4 CO column distributions,

0.5
0.0

(SCIA-TM4) [10*® molecules/cm?]

-0.5 ‘ while the blue lines denote the TM4 distribution convoluted with
0.1 1.0 artificial Gaussian noise corresponding to the mean instrument-
instrument noise error [10™ molecules/cm?] noise error. Top panel: SCIAMACHY CO total column measure-

ments over land with cloud fractior0.2. Bottom panel: SCIA-

) ) ) MACHY CO columns over the oceans above low clouds, i.e. with
Fig. 8. Comparison of the single SCIAMACHY CO total column  ¢jouqd top height-800 hPa and cloud fraction0.2 together with
measurements over land and partial CO total columns over cloudeg,g corresponding TM4 CO columns. Note that most CO emissions
ocean scenes for the period January to December 2@)R0o0t  occyr over land, while over the oceans only the partial column above
mean square (rms) values of the differences between the singlgye cloud is shown, compared to the total column over land. Both

SCIAMACHY CO measurements and the spatially and temporally effects result in smaller observed columns over oceans compared to
collocated TM4 CO columns as function of the instrument-noise er-|53,4.

ror. The blue bars indicate the distribution based on the observations

over land, the black bars are based on the clouded ocean observa-

tions. The black dotted lines indicate the 1- and Mstrument- Comparison of the CO total columns over the oceans in
noise error levels. The red lines indicate the rms value of the TM4Fig. 11 with the partial columns above the clouds in Flg.
simulated CO total columns over land (dotted line) and over cloudedshOWS that the part below the clouds constitutes only a small

ocean scenes (solid line). The blue (land) and black (clouded 0ceaR . tion of the total column. Thus the CO columns over
scenes) bars in the bottom panel denote the number of measure- )

ments for each instrument-noise intervélh) Average differences Clo?dedlocﬁan Sceneshrepresent the .greater paort Of. tr?e ac-
between the single SCIAMACHY CO measurements and the spa—tua total column over the oceans, typicay60-80% wit

tially and temporally collocated TM4 CO columns as function of @n average of approximately 75%.
the instrument-noise error. The bars indicate the mean difference
for each instrument-noise interval. The blue bars indicate land ob-

servations, the black bars clouded ocean observations. The red Iin%
indicates the I instrument-noise error levels.

Interannual variability

The availability of five years of CO column measurements
allows for investigating interannual variability between 2003
over Asia which is also seen in other models which use simi-and 2007 and possible global changes in the CO concentra-
lar or different emission inventories and indicated by inversetions. Below we describe three regions with notable interan-
modeling studieshindell et al.2006 Turquety et al.2008 nual variability in the CO columns.
Tanimoto et al.2008 Kopacz et al.2009.
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Fig. 10. Annual means of SCIAMACHY CO and TM4 CO columns above low clouds over the ocean 9w IP grid for the years
2003-2007. Blue indicates low CO columns and red high CO columns. Only grid boxes with more than 10 SCIAMACHY measurements
per year are included.
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and 2007 while the outflow in 2006 was smaller. Pollution
from Asia has little seasonality according to the TM4 model.

90 Rather, the seasonality in CO seen in the time series is caused
60175 o by the seasonality of OH concentrations which shows a min-
& imum during local winter. The rapid decline of CO during
gg 307 late spring coincides with the rapid increase of OH during
g ol this time of year. The interannual variability seen in CO, with
2 peaks in 2005 and 2007 is probably caused by biomass burn-
% 30} ing from sogthern AS|a1(urquety et al.2008'V\./h|ch may
— be underestimated in the TM4 model. Remaining calibration
607, errors in the CO measurements as discussé€dlandemans
-90 et al. (2008 may have a small effect on the absolute values
90 of the observed CO columns, but are unlikely to affect the
e observed variability. Annual differences in cloud cover and
60 §es hence in the number of clouded ocean measurements have
%\ a0l been accounted for by averaging over a variable time period
> in order to warrant sufficient precision of the observed CO
% of columns and consequently the observed variability.
9 :
>
% -30¢ 4.2 Indonesia
60 Hispeteidion "“"@{—f——f/\”'”TyMZEE)'(-)é:éfbg; i | Figure 13 shows the time series of measured and modeled
-90 w : w : w CO total columns for the period January 2003—-December
180 120 § - deo( " reeg)o 1200 180 2007 averaged over the area west of Indonesia indicated
[ ) . — by the blue box in the bottom panels. This area is
0.002040608101.21.41.61820222426283.009.9 mainly affected by biomass burning originating in Indone-
CO column [10"® molecules/cm? ] sia. The bottom panels show the monthly mean CO to-

tal columns over Indonesia and the surrounding oceans
Fig. 11. Five year average CO total columns onatly 1° grid. for Qctober and.November. 2006 Whgn extensiye biomgss
Top: SCIAMACHY CO. Bottom: TM4. Blue indicates low CO Puming was taking place in Indonesia. The time series
columns and red high CO columns. Note that the SCIAMACHY show that the CO columns in 2006 during the biomass-
CO columns above low clouds over sea are filled up with TM4 CO burning season are significantly higher than in other years.
below the cloud to obtain total columns. The interannual variability seen in SCIAMACHY CO for
the period 2003-2007 corresponds well with that seen
in the MOPITT CO data Http://www.nasa.gov/centers/
4.1 Asian outflow goddard/news/topstory/2007/elnimaldfire.html) although
measured SCIAMACHY columns were substantially higher
Turquety et al.(2008 have compared SCIAMACHY and than those measured by MOPITT during the 2006 peak fire
MOPITT CO measurements over Asia with the LMDz-INCA months. Both SCIAMACHY and MOPITT observed large
model for the period March—May 2005 and conclude thatCO columns during spring 2005 and autumn 2006 with the
their inventory-based model emissions are too low. A sim-largest peakin 2006, and much lower CO columns during the
ilar conclusion is drawn in the previous section for the TM4 rest of both years as well as in 2003, 2004 and 2007. Com-
model and is a common feature in atmospheric chemistryparison with the ESPI ENSO Index suggests that peaks in CO
transport modelsShindell et al. 2006. Figure 12 shows  over Indonesia in the period 2003—2007 coincide with the
the time series of measured and modeled CO total columngarm phases of El Nio which led to an extended dry season
for the period January 2003-December 2007 over the areand an increase in the biomass-burning over Indonesia. In
East of China indicated by the blue box in the bottom panels October/November 2007 the SCIAMACHY CO columns are
The bottom panels show the monthly mean CO total columnssimilar to those in 2005 and consistent with the monthly MO-
over Asia and the northern Pacific in March 2006 and MarchPITT CO imageslgttp://web.eos.ucar.edu/mopitt/data/plots/
2007. Over the northern Pacific (clouded) ocean scenes thmapsv3mon.htm) indicating that less biomass burning oc-
modeled below-cloud partial column is added to observedcurred in Indonesia during autumn 2007 and 2005 compared
partial CO columns above the cloud. In this case, the modto autumn 2006 and 2004.
eled below-cloud partial column may be too low, because of The recurring small annual peak in CO in late winter and
too low emissions in the TM4 modeShindell et al. 20086. early spring in the period January—March in this region coin-
The largest outflows of CO from Asia are observed in 2005cides with the seasonality of transported pollution from the
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Fig. 12. Top panel: timeseries for the period January 2003—December 2007 using SCIAMACHY CO measurements averaged over the area
East of China as indicated by the blue boxes in the bottom panels. The SCIAMACHY CO measurements are averaged over a varying time
period indicated by the grey vertical bars in order to obtain an instrument-noise errofl6t imolecules/cr for each SCIAMACHY data

point (blue). The red stars indicate the spatially and temporally collocated TM4 CO total columns. The SCIAMACHY CO columns above
the clouded ocean scenes are filled with the TM4 CO column below clouds to obtain a total column. Year-to-year variations are clearly seen.
Bottom left panel: Asian outflow in March 2006. Monthly me&hx2° SCIAMACHY CO total columns. Over sea the columns below the

clouds are filled with TM4 values. Blue indicates low CO columns and red high CO columns. Bottom right panel: as bottom left panel, but
for March 2007.
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Fig. 13. Top panel: timeseries for the period January 2003—December 2007 using SCIAMACHY CO measurements averaged over the area
West of Indonesia as indicated by the blue boxes in the bottom panels. The SCIAMACHY CO measurements are averaged over a varying time
period indicated by the grey vertical bars in order to obtain an instrument-noise errof.6F imolecules/crf for each SCIAMACHY data

point (blue). The red stars indicate the spatially and temporally collocated TM4 CO total columns. The SCIAMACHY CO columns above
the clouded ocean scenes are filled with the TM4 CO column below clouds to obtain a total column. Note that in October/November 2006
CO columns are significantly higher than in other years. Bottom left panel: Indonesia in October 2006. Monthly R2a8GIAMACHY

CO total columns. Over sea the columns below the clouds are filled with TM4 values. Blue indicates low CO columns and red high CO
columns. Bottom right panel: as bottom left panel, but for November 2006.
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Fig. 14. Top panel: timeseries for the period January 2003—-December 2007 over Brazil using SCIAMACHY CO measurements averaged
over the area indicated by the blue boxes in the bottom panels. The SCIAMACHY CO measurements are averaged over a varying time period
indicated by the grey vertical bars in order to obtain an instrument-noise errorkdf1 molecules/cr for each SCIAMACHY data point

(blue). The red stars indicate the spatially and temporally collocated TM4 CO total columns. Note that in October 2004, 2005, and 2007 the
CO total columns are significantly higher than in October 2003 and 2006. Bottom left panel: Brazil in October 2005. Monthl§ x#an 3
SCIAMACHY CO total columns. Over sea the columns below the clouds are filled with TM4 values. Over land SCIAMACHY CO total
columns are shown (cf. Se@). Blue indicates low CO columns and red high CO columns. Bottom right panel: as bottom left panel, but for
October 2007.

Indian continent which affects most of the Indian Ocean at-gov/rainpages/rainratenonthly.version2.html and obser-
mosphere north of the ITCZ ¢lieveld et al, 200% de Laat  vations confirm that biomass burning emissions were rela-
et al, 2001, and is otherwise known as the Asian Brown tively low in 2006. In contrast, CO columns in 2007 indi-

Cloud Ramanathan et aR007 Seinfeld 2008. cate that biomass burning emissions have increased again,
suggesting that the low emissions in 2006 were more likely
4.3 Amazonia related to unfavorable climate conditions than the politi-

cal incentives taken to reduce fire and deforestatido- (
Figure 14 shows the time series of observed and modeledren et al, 2007). A similar interannual variation is seen in
CO total columns for the period January 2003—Decembetthe monthly MOPITT CO imageshftp://web.eos.ucar.edu/
2007 over an active deforestation region in Amazonia out-mopitt/data/plots/mapsvfon.htm). In addition, Petersen
lined by the blue box in the bottom panels. The panels showet al. (2008 have observed similar interannual changes in
the monthly mean CO total columns in October for the yearsboth the FTIR measurements and MOPITT data over Para-
2005 and 2007. The CO columns for October, the peak of thenaribo for the years 2004, 2005, and 2006. In a future study
biomass burning season, for 2004, 2005, and 2007 are signifve aim to use SCIAMACHY measurements to provide a
icantly higher than in October 2003 and 2006, highlighting more quantitative perspective on emissions.
the large interannual variability of CO and biomass burning
in this region. This is in good agreement with the variation
in the annual GFEDv2 emissions here, which are 23.3, 42.45 Conclusions
42.4,16.9, and 56.8 Tg COV for 2003, 2004, 2005, 2006,
and 2007, respectively. A similar variability in the GFEDv2 This paper presents a new version of the IMLM method for
emissions is seen over South America as a whole. The inthe retrieval of SCIAMACHY CO columns from the 2.3n
terannual variation in the CO columns is mostly influencedwavelength range. The new version includes a more accurate
by biomass burning in Amazonia which takes place duringdetermination of the random instrument-noise error for CO
the August-November period and is partly related to precipi-which leads to smaller rms differences between single CO
tation rates during the dry seasaa der Werf et a).2008 measurements and the corresponding model values. The new
and socio-economic factor§iprton et al, 200§. The dry  version also uses updated spectroscopic parameters@r H
season in 2006 was relatively wet (bftp://precip.gsfc.nasa. and CH, but this has only a minor impact on the retrieved
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CO columns. The data set has been extended to five years of comparison with MOPITT and first results related to the detec-
CO column observations covering the period 2003 to 2007. tion of enhanced CO over cities, Atmos. Chem. Phys., 7, 2399—
In addition, CO measurements over partially clouded ocean 2411, 2007,

scenes are included which increases the number of useful CQ_http://www.atmos-chem-phys.net/7/2399/2007/ .

measurements by almost a factor of 4. The CO measureSicerone, R._ J How has _the Atmospheric C_oncent.ratlon of CO

ments over clouded ocean scenes have been compared with ¢"a"9€d. in: The Changing Atmosphere, edited by: Rowland, F-

the collocated modeled CO columns over the same cloud S. and Isaksen, |. S. A., Wiley, 49-61, 1988.

) Eeeter, M. N., Emmons, L. K., Francis, G. L., et al.. Opera-
and Comlpare well. In Or‘?'er to do this the £Eblumns re- tional carbon monoxide retrieval algorithm and selected results
trieved simultaneously with the CO columns are used to de- o the MOPITT instrument, J. Geophys. Res., 108(D14), 4399,
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