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Abstract. Glyoxal vertical column densities have been re- oxidation of NMVOCs (non-methane volatile organic com-
trieved from nadir backscattered radiances measured frorpounds) emitted naturally (55%) and by human activities
2007 to 2009 by the spaceborne GOME-2/METOP-A sensor(21%), whereas direct glyoxal emissions (vegetation fires,
The retrieval algorithm is based on the DOAS technique andossil fuel and biofuel combustion) contribute also to the
optimized settings have been used to determine glyoxal slarglobal source (16%Stavrakou et al.2009h. About half of
columns. The liquid water absorption is accounted for usingthe glyoxal sink is due to photolysis, whereas oxidation by
atwo-step DOAS approach, leading to a drastic improvemenOH, and dry and wet deposition account for the remainder.
of the fit quality over remote clear water oceans. Air masslts short lifetime (2.5-3 h globally) makes glyoxal a good in-
factors are calculated by means of look-up tables of weight-dicator for reactive NMVOC chemistry.
ing functions pre-calculated with the LIDORT v3.3 radiative = However, discrepancies arise when comparing model re-
transfer model and using a priori glyoxal vertical distribu- sults with the space-based glyoxal column data set from the
tions provided by the IMAGESv2 chemical transport model. SCIAMACHY instrument Wittrock et al, 2006 Vrekous-
The total error estimate comprises random and systematic esis et al, 2009. It turns out that models generally under-
rors associated to the DOAS fit, the air mass factor calculapredict the observed glyoxal columns over both continen-
tion and the cloud correction. The highest glyoxal vertical tal and oceanic regions. The disagreement is attributed to
column densities are mainly observed in continental tropi-the existence of a missing source, and/or an overestimated
cal regions, while the mid-latitude columns strongly dependsink (Myriokefalitakis et al, 2008. An inverse modelling
on the season with maximum values during warm monthsstudy constrained by glyoxal columns retrieved from SCIA-
An anthropogenic signature is also observed in highly pop-MACHY suggests that, in order to reach a good agreement
ulated regions of Asia. Comparisons with glyoxal columns with the observations, the global continental glyoxal source
simulated with IMAGESV? in different regions of the world should be twice as large as the a priori value, 108 Tg/yr in-
generally point to a missing glyoxal source, most probablystead of 56 Tg/yr$tavrakou et al2009h. Although half of
of biogenic origin. this source can be understood in terms of identified sources,
the formation mechanisms for the remaining production are
unknown by now.

Equally interesting, unexpectedly high glyoxal columns
measured by SCIAMACHY over the tropical oceans sug-

Glyoxal (CHOCHO) has been recently the subject of a grOW_gest the existgnce of a potentially important oceanic source
ing number of literature studies. Global chemistry trans—Of glyoxal, estimated at about 20 Tg/yr based on beforehand

port models based on current inventories and chemical mechqalculatlons Kyriokefalitakis et al, 2008. Such elevated

anisms estimate the global glyoxal source at 45-56 Tg/yrgceagic glyoxal colutmpst;\re cor_rob(k))rate(cji by Ithe firsft tihip'
(Fu et al, 2008 Myriokefalitakis et al, 2008 Stavrakou ased measurements in thé marine boundary 1ayer ot the re-

et al, 2009). The major part of this source is due to the mote tropical Pacific\olkamer et al. 201Q Sinreich et al.
’ 2010 also reporting very high glyoxal mixing ratios (up to
140 pptv), for which no convincing interpretation is available
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Further interest in glyoxal originates from its recognized mean photon path, is retrieved using the structured absorp-
potential for formation of secondary organic aerosols (SOA,tion bands of the species under study. Second, the SCD is
Fu et al.(2008, Stavrakou et al(2009h, Ervens and Volka-  converted into a vertical column using air mass factors cal-
mer(2010 and references therein). Glyoxal is expected to beculated with a radiative transfer model.
one of the missing links necessary to bridge the gap between
observed and modelled organic carbon concentrations. Al2.1 Slant column density retrieval
though there exists experimental evidence for SOA produc-
tion from glyoxal processing in clouds and fog (modelling The absorption bands of glyoxal are structured enough to al-
studies estimate this production to range between 5.5 antbw the retrieval of glyoxal SCDs using the DOAS technique.
10 Tglyr), the SOA formation in aqueous aerosol particles isAll broadband effects, such as molecular scattering, aerosol
not completely understood and persistent uncertainties stilscattering and reflection from the Earth’s surface, are filtered
remain. out by fitting through the measured transmittance (ratio of

Glyoxal is characterized by absorption bands in the visibleearthshine radiance and solar irradiance) a low-order polyno-
region (400-460 nm), making its detection possible using themial. The remaining high-frequency spectral features origi-
Differential Optical Absorption Spectroscopy (DOAS) tech- nate from the absorption of trace gases present in the atmo-
nique Platt and Stutz2008, as primarily demonstrated by sphere, and also from the rotational Raman scattering (Ring
Volkamer et al.(20050. However, such measurements re- effect; Grainger and Ring1962. The DOAS retrieval con-
main challenging, especially from spaceborne instrumentssists in minimizing the least squares difference between the
due to the overall faintness of the CHOCHO signal. The firstdifferential optical densities measured by the instrument and
SCIAMACHY glyoxal vertical column retrievalsWittrock those calculated using scaled reference spectra. The parame-
et al, 2006 are limited by the fact that the global coverage ters adjusted in this procedure are the slant column densities.
of this instrument is only reached in six days as the satellite
alternates between the nadir- and limb-viewing geometries?.1.1 Retrieval settings
respectively used for column and stratospheric profile mea-
surements. In this paper, we focus on glyoxal measurement§he selected fitting window (435-460 nm) includes the two
retrieved from nadir observations of the GOME-2 instrumentstrongest glyoxal absorption bands. Intense interferences be-
aboard the Metop-A platform. GOME-2 measures the suniween the glyoxal and Ring spectral features below 430 nm
light backscattered by the Earth’s atmosphere between 24prevent the extension of the window towards the ultraviolet
nm and 790 nm since October 200@ynro et al, 2006. It  (Vrekoussis et al.2009. The reference glyoxal absorption
is characterized by a ground resolution of 80k#® km, and ~ cross-sections used in the retrievals have been measured by
is able to deliver a global coverage in 1.5 day. With a higherVolkamer et al.(20053 at high resolution. In this spectral
number of daily observations compared to SCIAMACHY, region, the absorption of light by ozone, MQvater vapour
GOME-2 is expected to better resolve the spatial structures ofnd the Q-O; collision pair is significant and is consid-
the glyoxal abundances, therefore allowing for a better iden-€red by including their respective reference absorption cross-
tification of the emissions. We present here glyoxal columnsection in the DOAS retrievals. All reference cross-section
data retrieved between January 2007 and December 2009. data sets, listed in Table have been degraded at the GOME-

In Sect.2, the algorithm used to retrieve the glyoxal ver- 2 resolution using the slit function data measuredigdans
tical columns from the GOME-2 spectra is described. Par-€tal.(2006. The Ring effect is treated as a pseudo-absorber
ticular focus is put on algorithm improvements over oceanicfor which a reference spectrum, calculated a€france and
scenes through the inclusion of the liquid water absorptionSPurr(1997, is also included in the fit. Furthermore, inter-
in the DOAS retrievals (Sec2.1.9. A comprehensive error  ferences with the liquid water absorption spectrum lead to
budget is presented in Se8t.The IMAGESV2 global chem- ~ strongly negative glyoxal SCD over clear water oceanic re-
istry transport model, briefly described in Sedf.is used ~ gions if not accounted forWittrock et al, 2006. In this
to compare the model predictions with the observed verti-work, an optimized procedure to consider this liquid water
cal columns. We present and discuss global distributions an@Psorption in the DOAS fit has been set up (see details in

time series over selected large regions worldwide in Sect. Sect.2.1.9. In the glyoxal fitting window, a polynomial of
Conclusions are drawn in Seét. degree 2 efficiently removes the broad-band spectral struc-

tures and one supplementary parameter allows for correct-
ing possible constant intensity offset in the measured spec-
2 Algorithm description tra. Also, the wavelength grid of the earthshine spectrum is
shifted in order to properly align the Fraunhofer lines present
The glyoxal vertical column retrievals from the GOME-2 in the radiance to those in the irradiance spectrum.
spectra are based on the DOAS technigRkatf and Stutz The typical order of magnitude of the glyoxal SCDs is 0.5—
2008, which implies a two step procedure. First, a slant col- 1.5x 10> molec/cnt making its optical density very small
umn density SCD, i.e. the concentration integrated along theeompared to the other absorbers in this spectral region (e.g.
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Table 1. Reference cross-section data sets included in the glyoxalso'n
DOAS retrievals.

680 N[ T

Specie Reference 30°N
Glyoxal (CHOCHO) Volkamer et al(20053 g
Ozone (@) Burrows et al(1999
Nitrogen Dioxide (NQ)  Vandaele et a1998 30°S
Water Vapour (HO) Rothman et al(2009 :
0,-05 collision pair Greenblatt et al(1990); 60°S[

shifted by 0.2 nm. o - = ]
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GOME-2 in December 2008. The upper and lower panels respec-
- tively show the columns retrieved without and with the liquid water
235 0 5 250 55 260 absorption included in the DOAS fit. Pixels in polar regions and/or
Wavelength (nm) with solar zenith angles larger than°7Bave been excluded.

Fig. 1. DOAS fit of the glyoxal optical density for a GOME-2

measurement recorded on 16 March 2007 close to Hanoi (Viet-

nam). The black curve represents the reference glyoxal crosstrievals. As already noted iittrock et al.(2006), the gly-
section scaled by the fitted SCD (6:6Z0'°molec/cn?). The red  oxal columns above remote oceans are systematically nega-
curve represents the fit residuals superimposed to the glyoxal optitiye and the quality of the fits in these regions is poorer as
cal density. shown by the high value of the root mean square of glyoxal
DOAS residuals (Fig3, blue line). This artifact has been at-
tributed to interferences between the glyoxal and liquid water
absorption spectra, which are significant in clear water re-
gions where the light path below the surface is not negligible

the NG optical density is 10 times larger). In addition,
glyoxal is mostly present in the boundary layer where the

saf[elllte sensitivity is small. Qonsequently, glyoxgl Qetectlon Smith and Mobley2007 Jin and Charlock2001; Jin et al,
using spaceborne sensors is to a large extent limited by th

; : . . ) . 004. Because of these spectral interferences, the simulta-
signal-to-noise ratio of the radiance and irradiance measure-

. . . neous adjustment of glyoxal and liquid water slant column
ments. The detection limit (defined as three times the ran- ) gy d

ST .~ densities in the DOAS fit leads to unphysical results.
dom error; see Sed) for an individual slant column density _ o T
measurement is estimated at aboxtl®'® molec/cn?. This To take into account the liquid water absorption in the gly-
can be further decreased by averaging measurements in tinfi@! retrievals, a solution in two steps has been designed.
and/or space. Figurkshows an example of glyoxal DOAS Fl_rst, the I|qu.|d_ water optical density is mea_tsured using a
fit for an individual GOME-2 scene recorded in March 2007 Wider DOAS fitting window (405-490 nm), which allows for
close to Hanoi (Vietnam). The associated SCD is very highuSing the broad features of the liquid water cross-section.

(6.57x 1015 molec/cn?), as a result of high biomass burning ONly the ozone and £0; cross-sections are included in
emissions over southeastern Asia in springtime. this retrieval in addition to the liquid water reference cross-

section fromPope and Fry1997). Figure4 gives an example
2.1.2 Impact of liquid water absorption of the liquid water optical density fit. The change in slope

observed around 450 nm is responsible for the interferences
Figure 2 (upper panel) illustrates the monthly mean gly- between glyoxal and liquid water when simultaneously ad-
oxal slant columns measured in December 2008 when thgusted. Figures shows a map of the monthly mean liquid
liquid water absorption is not considered in the DOAS re- water optical densities retrieved in December 2008. High

www.atmos-chem-phys.net/10/12059/2010/ Atmos. Chem. Phys., 10, 1PA5R-2010



12062 C. Lerot et al.: GOME-2 Glyoxal measurements

x10° ¥ 0.12

T T T
—— No liquid water
—e— With liquid water

1.6 /

14 /

1k / il

yd // - = . -0.02

/ T 015w 120 W 60 W 0 60 E 120 E 180 E
0.8F

e
—

Glyoxal DOAS residuals RMS
v

Fig. 5. Monthly mean liquid water optical density at 460 nm re-
0 200 400 600 800 1000 1200 1400 1600 trieved in December 2008.
Liquid water optical density at 460 nm (x 10)

0.6

Fig. 3. Averaged root mean square of glyoxal DOAS residuals for fit quality in these regions is greatly improved (F8&). Nev-

all GOME-2 measurements of 5 December 2008 as a function of th%rthe|essy a slight increase of the residuals with increasing
liquid water optical density. Considering the liquid water absorption |iquid water optical density remains despite our correction
in the glyoxal retrievals significantly improves the fit quality. procedure. This indicates either uncertainties in the refer-
ence liquid water cross-sections or the existence of another
physical effect specific to the oceanic regions affecting the
photons along their light path (e.g. vibrational Raman scat-
tering; Vasilkov et al, 2002. Note finally that the impact of
this correction over lands is relatively limited due to the small
liquid water optical densities measured in these regions.

o
.
[o5)

0.14

2.1.3 Reference irradiance spectrum

54
O

The daily irradiance spectra measured by GOME-2 are used
to calculate the atmospheric transmittance in the DOAS
retrievals. However, their usage introduces yearly repro-
; ; A A ducible time-dependent offsets in the retrieved glyoxal slant
410 0 Vavelors 470 490 columns. Test retrievals carried out using a fixed irradi-
avelength (nm) .. .

ance spectrum show much smoother temporal variations in

Fig. 4. DOAS fit of the liquid water optical density based on the glyoxal SCDs (Fig6), pointing to a problem related
GOME-2 spectra recorded on 16 March 2007 in the Pacific Oceant0 the irradiance spectra. Similar patterns have been ob-
The calculated optical density is represented by the black curve angerved in DOAS retrievals based on measurements from the
the fit residuals are plotted in red. GOME/ERS-2 instrument. In that case, they originated from
spectral artefacts in the GOME irradiance spectra, caused by
angular dependent small scale spectral features in the reflec-
values perfectly correlate with the oceanic regions where theaivity of the diffusor plate used for the solar measurements
glyoxal retrievals fail when the liquid water absorption is not (Richter and Wagne2001).
included in the fit (Fig2). These regions are characterized To sidestep this problem, a daily normalization procedure
by a very low concentration of chlorophyll, which absorbs based on measurements in remote areas has been established,
in the visible region. The light path below the sea surfaceas commonly used for minor trace gas retrievals (Righter
is consequently more important there than in other oceaniand Burrows 2002 Martin et al, 2002 De Smedt et a).
regions. 2008. In this procedure, a general offset is applied to all
The second step consists in retrieving the glyoxal SCDretrieved glyoxal SCDs so that the mean vertical column of
in the 435-460 nm interval fixing the liquid water optical the clear sky pixels in the remote Pacific Ocean is equal to
density to the value determined in the large fitting window 1x 10 molec/cn?. The Pacific reference sector is taken be-
(Fig. 4). This two-step method allows for considering the tween 1383 W and 180 W, and comprises all latitudes except
liquid water absorption with a minimum impact of spectral the tropical region (255-25 N) where the glyoxal columns
interferences on the glyoxal fits. The lower panel of FAg. are higher (see Sech). With this normalization, it is as-
clearly shows that glyoxal columns over oceans retrieved ussumed that there is no seasonal variation in the mean level
ing this method are much more physical. Also, the DOAS of glyoxal in the reference sector. The normalization value

0.06]

Liquid Water Optical Density

0.02
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xi0® . . . have been generated using the LIDORTV3.3 radiative trans-
Daily irradiance fer model Spur; 2008. These tables account for the
observation geometry, the surface altitude and the surface
albedo. For each pixel, the surface elevation is taken from
the ETOPO2v2 Global Gridded 2-minute Databak#pf

o £ LA e /lIwww.ngdc.noaa.gov/mgg/global/etopo2.htrahd the sur-
2En e v s face albedo at 440nm is provided by the climatology of
- Koelemeijer et al(2003.

The a priori glyoxal concentration profiles are provided
by the IMAGESV2 chemical transport model (CTM) (see
G T Sect.4). These profiles are calculated on a monthly basis at
-7 the horizontal resolution 0f°42.5° and on 40 vertical lev-
TTTE M M J J A s o0 N D els from the surface up to the pressure level of 44 hPa. Using
— . — , model profiles presents the advantage to have seasonal and
Fbeed irfadiance geographical dependencies of the profile shape. Neverthe-

s less, there may be important uncertainties in the CTM a priori
. 1 ‘ «.‘Qﬁ o o . . profiles, especially over oceanic regions where the formation

:),v SRR ﬁ,g'x‘..“.'“ O processes are not well represented, making thereby important
X S PR e PR a proper characterization of the errors (cf. S8jt.

Cloud contamination of pixels usually prevents probing
the lower tropospheric part of the atmosphere with space-
borne instruments. Therefore, a cloud correction based on
the independent pixel approximatioklértin et al, 2002 is
Fetetonce specrut applied to calculate the glyoxal vertical columns. The VCD
Iadiance spectrum measured by GOME-2 on 16" Aug. 2007 computation is based on the formulation given in &/gn
4B M A M e S0 WD Roozendael et a(2006:

Month
Fig. 6. Time variation of the glyoxal SCDs daily averaged in the \yCD = SCD+ @ GC Acioud = SCD+ ® GC Acioud
sector (18 N-45"N; 30° W=60° W) in 2007. The upper panel (1—-®)Acieart P Acloud Atot

shows the results retrieved using the daily GOME-2 irradiance spec- h i the i . iah | f . is th
tra; those obtained using a fixed irradiance spectrum (recorded byv ered is the intensity-weighted cloud fraction, GC is the

GOME-2 on 16 August 2007) are presented in the lower panel. ~ SO-Called ghost column accounting for the glyoxal column
shielded by the cloud and calculated using the a priori pro-

files. Aclear and Agoug are respectively the air mass factors
of 1x10* molec/cnt is roughly consistent with the non- for the clear and cloudy parts of the pixel calculated us-
normalized vertical column measurements averaged in théng Eg. (1) where the integration is performed down to the
reference sector during periods with minimum impact of theground or to the cloud top height. In case of cloud contami-
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irradiance artefacts. nation, calculating the cloudy AMF in this way requires the
adding of an explicit ghost column correction to the slant
2.2 Conversion into vertical column densities column (see Eg2). The cloud parameters are provided by

the FRESCO+ cloud algorithmWang et al. 2008, that re-
The air mass factor (AMF), defined as the ratio of the SCDtrieves the effective cloud fraction and cloud top height as-
to the VCD (vertical column density), can be calculated by syming a Lambertian cloud with an albedo of 0.8. Although
means of a radiative transfer model. Glyoxal being a weakng explicit correction for aerosols is applied, the cloud al-
absorber, the formulation éfalmer et al(2001) for the AMF  gorithm implicitly accounts for a possible contribution from
can be used: reflecting aerosols by retrieving higher effective cloud frac-
—f OOOWF(Z)S(Z)dZ (1) :i?l:]r?d(l?;g:\'zsrrlgzIZt:{tj‘iangogj}olgo?g cljietiaodns,Lt?)it?noozte?flalﬁoér?ors in
= ,
fo S(z)dz most cases. However, these errors might be more impor-

tant in case of high absorbing aerosol content during large

wherg WF repre.sents the _sc_attenng weights Or.We'ght'ngoiomass burning events or in heavily polluted megacities and
functions and S is the a priori glyoxal concentration at theneed to be further investigated

altitude z. This formulation presents the advantage to de-
couple the instrumental sensitivity to scattered light from
the trace gas concentration vertical distribution. Look-up
tables of altitude-resolved weighting functions at 448 nm

AMF =

www.atmos-chem-phys.net/10/12059/2010/ Atmos. Chem. Phys., 10, 1PA5R-2010
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3 Error budget Table 2. Uncertainties associated to the profile shape parameters.

A comprehensive error budget has been performed using the
formalism presented ilDe Smedt et al(2008. Assum-

ing uncorrelated errors, the total error on individual glyoxal Peak Altitude 0.5km 3km
VCD measurements may be expressed as the sum of random Profile Width 2km 10km
and systematic errors on the SCD, AMF and ghost column
correction Boersma et a] 2004:

Profile Parameter Land Pixels Ocean Pixels

sky measurements. In generakc ranges between 0 and

2 2 202 2
o +o0 + <A o ) . .
2 _ “Srand [ "Ssyst cloud 7GC (3)  3x10“molec/cnt. In oceanic regions, the very important

Otot =

Atot? profile shape uncertainties (see below) may also contribute
SCD+ ® Agioug GC) 2 , _to the_ ghost column error. However, this supplementary term
P o4, is difficult to assess due to the lack of knowledge of glyoxal
tot

production processes in these regions.

whereos rang@ndos systare the random and systematic errors  To estimate the AMF errolofy), the uncertainties associ-

on the slant columnggc is the error on the ghost column ated to the AMF calculation input parameters as well as the

correction andr4 is the error on the total air mass factor AMF sensitivity to each of them have to be assessed. As-

Atot. suming uncorrelated parameter uncertainties and neglecting
Considering individual measurements, the SCD randomthe geolocation errorg;4 can be written asBoersma et al.

errors ¢'s rand are dominant and are found to range between2004 De Smedt et al2008:

7x 10" and 13<10* molec/cn? depending on the observa-

tion geometry, the scene reflectivity, and also the age of therﬁ = Z(Kpop)z, 4)

satellite and the status of its degradation. When measure- P

ments are averaged at cost of temporal and/or spatial reso- . . .

lution, this random error is strongly reduced (by the square\t'i‘/her.eap Is the uncertainty a;socr:ated to the.AMF ca!c#la—

root of the number of measurements). on input parametep and K, is the AMF derivative wit

The systematic errors on the slant column densitiesrespect tap. In this relation, uncertainties on the cloud pa-

(0s,sysp Mainly originate from uncertainties in the reference rameters (cloud fraction and cloud top height), on the sur-

cross-section data sets and their cross-correlations. The ur@c? albfd? ggg 0?} the prct)_flle tsf:ja{)he are fc on&d@(«zdle-b
certainties associated to the glyoxal cross-sections have be eijer et al(2003 have estimated the surface albedo abso-

estimated to be less than 5%ofkamer et al, 20053. In ad- ute uncertainty to 0.02. The cloud fraction and cloud top
dition, the uncertainties in the other cross-section data setlsm'ght uncertainties are estimated to 0.05 and 1 km, respec-

included in the DOAS fit also contribute to the systematic:L‘Zﬂéé@oeleme”? et al.20(()j]_)f%_ TE? uncertalr(ljtlesto?hthle K
errors via their cross-correlations with the glyoxal spectrum. profile shapes are dilticult o assess due to the fac

Their respective contributions have been estimated with a se(ff independant egong measurements. Consequently, high
alues have been arbitrarily attributed to the uncertainties as-

of DOAS analysis using alternative reference data sets for' ! . : )
each of the species. Also, the total systematic errors ass pociated o the peak altitude and width of the profile (Ta-

ciated to each measurement have been calculated using t ée 2), which probably lead to an overestimation of the AMF

formalism ofRodgerq2000 and are consistent with the re- error. gver o%eaI\rlls, thle uncdertau}[yestaretitlll m(t)rl?.tlmplo rtanlt
sults derived from the sensitivity tests (see al$eys et al. SmIC(rann € mo g gge_r)r/] urAI\QAa'r:ez '??Va t?\‘j’ svi;?f e gt)ftoxa
(2007; De Smedt et ali2008). In the calculation obs syst columns (see Sec§). The ervalives espect to

a term takes into account the contribution of the error propa-!npUt parametersi(p) have been calculated for many scenar-

gated from the liquid water optical density retrieval. In gen- 105 rleprei_s e??t';/ebOftall pos|3|blg obstervz_mo? geome(:jtnes% gly-
eral, 05,6y is estimated at 2-310%molec/cn? in regions oxal vertical distributions, cloud contaminations and surface

where the liquid water absorption is negligible while it can reflectivities. These derivatives are stored in look-up tables

reach 4-510“molec/cn? in clear water oceanic regions. making possible a fast computation of. Figure7 illus-
The accuracy of the ghost column correction depends Oﬁrates the cloud fraction dependence of the AMF considering

the quality of the a priori profiles. The differences between 2 cloud top height of 2 km and for two opposite glyoxal pro-

the a priori IMAGES vertical columns and monthly mean of f|les: one peaking at the_ surface and the_ other being constant
n the troposphere. This dependence is very strong at low

co-located GOME-2 clear sky measurements are used to eé—l d fract Kina the AMF due to the cloud f
timateogc, which strongly depends on the location, the mea—fi Orl]J nracrtloir::, r’rnna Iﬂghi (he cin tﬁirrorr lIJ:] 0 Itie ¢ c|>u :ac—r
surement time and obviously on the cloud contamination. In on uncertainty much highe S regime. LIS also clea

particular,occ is very large for pixels strongly contaminated _that the impact of profile shape uncertainties on the AMFs

by high-altitude clouds in regions where the a priori col- is much more important for clear-sky pixels than for cloud-

umn greatly differs from temporally and spatially close clear contaminated pixels.

Atmos. Chem. Phys., 10, 120582072 2010 www.atmos-chem-phys.net/10/12059/2010/
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14 (a) Southeastern Asia (12-20 N, 98-108 E)
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Fig. 7. Cloud fraction dependence of the total air mass factor cal-Fig- 8. Mean total errors associated to the glyoxal VCD retrieved
culated with a glyoxal profile strongly peaking at the surface (black from GOME-2 measurements in March 2007 (black) plotted as
curve) or with an unrealistic constant glyoxal profile in the tropo- @ function of the cloud fraction fofa) a continental andb) an

sphere (red curve). The corresponding profiles are plotted in the&ceanic region. The contribution of the different types of errors

inner figure and the peaked profile is provided by the model IM- is also illustrated: the contribution of the systematic errors in the
AGESV2 for the region of Beijing on 1 July 2007. In these AMF DOAS fit (red); the contribution of the AMF error (blue) and the er-

calculations, the SZA is 50 the surface albedo is 0.03 and the top "OF associated _tq the ghost column correction (green). The random
height of the Lambertian cloud is 2km (dashed line in the inner €rTors are negligible due to the large number of measurements.

figure).

of 117 compounds at a horizontal resolution of25 de-

In generaL the total absolute errors range bet\/\/ee]:(ﬁ‘1 grees and on 40 vertical levels from the surface up toa pres-
and 3«10 molec/cn? corresponding to relative errors Sure level of 44 hPa. The model transport is driven by ERA-
around 40% in the high glyoxal concentration regions. Fig_lnterim meteorological fields. The model time step is equal
ure8 shows mean total errors associated to the glyoxal VCDt0 one day, whereas diurnal cycle simulations with a time
measurements in March 2007 and in two different regions, a$tep of 20 min are used to derive correction factors for the
well as the respective contribution of the different error com- Photolysis and kinetic rates, and the diurnal profiles required
ponents. In this figure, the random errors have been omitt0 estimate the glyoxal concentrations at the GOME-2 over-
ted, since they become negligible when a large number oPass time (09:30LT).
measurements are averaged. The dominant errors strongly Among the 22 NMVOCs included explicitly in the model,
depend on the observation conditions. In particular, the con€ight compounds, namely, isoprenepinene, glycolalde-
tributions from the AMF errors and from the DOAS system- hyde, acetylene, ethene, and the aromatics (benzene, toluene,
atic errors decrease with increasing cloud fraction while theXylenes) are precursors of glyoxal. For isoprene, the MIM2+
ghost column correction errors expectedly show the oppochemical mechanismLglieveld et al, 2008 Butler et al,
site behaviour. Despite reasonable total errors, it is recom2008 is used, whereas for the other species the oxida-
mended not to use the pixels strongly contaminated by cloud§on scheme is designed so as to reproduce the glyoxal
as their associated measured column is mostly influenced byields derived from box model simulations using the quasi-
the a priori information via the ghost column correction, es- €xplicit Master Chemical Mechanisnhtfp://mcm.leeds.ac.
pecially for scenes containing high-altitude clouds. In prac-uk/MCM/home.htf Saunders et al2003.
tice, we filter out all pixels with a cloud fraction larger than ~ Compared to the model version usedStavrakou et al.
40%, this threshold resulting from a trade-off between num-(2009h several improvements have been introduced, espe-

ber of measurements and limited cloud contamination. cially concerning the input emission inventories. In par-
ticular, the annual anthropogenic NMVOC emissions are

obtained from the RETRO database for 2000 (available
4 Glyoxal simulated with the IMAGESvV2 CTM at: retro.enes.org/datamissions.shti) except over Asia,
where we use the REAS inventory for anthropogenic CO,
A comprehensive description of IMAGESV2 global chemi- NOx and NMVOC emissions@hara et al.2007). In addi-
cal transport model is given iBtavrakou et al(2009ab). tion, assuming that the categories “other alkanals” and “ke-
Briefly, the model calculates the daily mean concentrationgones” of the RETRO inventory consist of monofunctional
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compounds, the emissions of the bifunctional carbonyls eg—Table 3. Performed global model simulations.
oxal, methylglyoxal, glycolaldehyde, and 2,3-butanedione
due to biofuel use are obtained based on burnt biomass es-
timate of the EDGARV3.3 inventoryQlivier et al, 2003

Simulation  Description

Olivier, 2002 and emission factors frodndreae and Merlet SO Standar_d o

(2009 and updates from Andreae (2006) (pers. comm). The S1 double isoprene emissions

resulting global anthropogenic NMVOC source amounts to S2 neglect the direct biofuel emission of glyoxal
155 Tg/yr, including 1.6 Tg/yr of glyoxal due to biofuel. The S3 ft:(?rl‘ltl(:il:ggt and indirect glyoxal production
seasonality of NMVOC emissions is neglected, except for a sa double direct and indirect glyoxal

small component associated to biofuel use which is based on
the heating degrees days approach. Although the fractional
contribution of the residential/commercial sector is known
from the EDGARV3.3 inventory, the contribution of heating _ Mean CHOCHO total columns (molec/om?) - 2007-2009
is unavailable. Here we assume that the fractfghting Of 90 N
residential emissions which is due to heating can be calcu-_. .
lated from the annual number of degree dals in k days):
fheating= Hy/(Hy +500). 30’
An updated version of the MEGAN-ECMWF inventory
(Mdller et al, 2008 for isoprene emissions is used, driven
by ERA-Interim meteorological fields, instead of operational 30’
ECMWF analyses as iMuller et al.(2008. It spans the o
years between 1996 and 2009 and is fully acce;sible at — i ) : - &
the MEGAN-ECMWF website Http://tropo.aeronomie.be/ o gFe="-"=— "~ o e o e
models/mohycan.htin The global annual isoprene emis-
sions are estimated at 420, 403 and 424 Tgl/yr for the year§ig. 9. Mean glyoxal vertical column densities retrieved from
2007, 2008 and 2009, respectively. Monthly vegetation GOME-2 measurements between 2007 and 2009. Only pixels with
fire emissions are obtained from the newly released ver<loud fraction lower than 0.4 are considered.
sion 3.1 of the Global Fire Emission Database (GFE&fip:
Iiwww.falw.vurgwerf/GFED/index.htm)l This dataset ac- _ _ )
counts for the distinction between emissions from savannaSions are mostimportant. Outside the Tropics, the mean gly-
woodland, and forest fires, agricultural waste burning, peatoxal VCDs are lower and depend strongly on the season, re-
lands, deforestation and degradation firgan( der Werf flecting the seasonal patterns in the emissions of glyoxal pre-
et al, 2010. The annual global NMVOC fire emissions CUrsors and especially isoprene. In general, the observed gly-
are estimated at 94.3 Tg/yr in 2007, 76.5 Tg/yr in 2008, angoxal fields qualitatively agree with those recently measured
68.8 Tg/yr in 2009. by Vrekoussis et al2010, except over remote oceans where
Three-year long simulations are performed with a spin uptheir columns are low-biased due to the glyoxal-liquid water

time of 4 months starting on 1 September 2006. Besides théPectral interferences.

standard SO simulation, we conduct four additional sensitiv- Overall, the glyoxal vertical columns increase during
ity studies to investigate the effect on the predicted glyoxalthe local summer months. In the southeastern US and
columns of doubling the global isoprene emissions (S1), nein Europe, the mean CHOCHO columns reach respec-
glecting the direct biofuel emission of glyoxal (S2), and halv- tively 6x 10 molec/cnt and 3.5¢10' molec/cn? in sum-

ing (S3) or doubling (S4) the direct and indirect glyoxal pro- Mertime, while they are close to<L0**molec/cnt in win-
duction from biomass burning (Tab®. ter. A similar behaviour is observed over northern Australia,

with maximal values{5x 10" molec/cn?) during the local
summertime and minima in wintertime. These variations are

production from fires

5 Results and discussion mostly due to the enhancement of biogenic emissions during
the warm season.
5.1 Observed GOME-2 glyoxal vertical columns In southeastern Asia, the situation is more complex since

all different glyoxal emission sources contribute to the ob-
Averaged glyoxal vertical column densities retrieved from served glyoxal columns. In general, marked seasonalities in
GOME-2 measurements between 2007 and 2009 are illusbiogenic and pyrogenic emissions are observed, with their re-
trated in Fig.9, and seasonally averaged column maps arespective peaking time being strongly dependent on the region
shown in Fig.10. The highest annual columns (up to of interest. For example, important biomass burning events
8x 10" molec/cnt) are observed over continental tropical take place in India every year in March—April, while such
regions, where biogenic and biomass burning NMVOC emis-events occur generally around December in southern China
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(a) Dec-Jan-Feb (b) Mar-Apr-May

Fig. 10. Global maps of seasonally averaged vertical columns of glyoxal retrieved from GOME-2 measurements between 2007 and 2009.

(Vrekoussis et a].2009. Furthermore, in highly populated measurements reactx20 molec/cn?, consistent with our
regions of Asia, anthropogenic emissions of glyoxal and itsglyoxal observations from GOME-2 and those from SCIA-
precursors are significant. Figufd illustrates the spatial MACHY (Vrekoussis et a]2009. The causes for these high
correlation between the population density from the GPWglyoxal abundances are still unknown. Typical known gly-
v3 (Gridded Population of the World) data s&alk and  oxal precursors emitted over land are too short-lived to sig-
Yetman 2005 and the GOME-2 glyoxal vertical columns nificantly contribute to such high glyoxal concentrations in
in winter, when the biogenic and pyrogenic emissions are atemote oceansSnreich et al.2010. However, the trans-
their lowest. Enhanced glyoxal column densities are clearlyport of (still unidentified) continental glyoxal precursors to
visible in the regions with the highest population density. oceanic regions cannot be totally excluded. Alternatively, as
In particular, high glyoxal columns are found in the regions proposed byrekoussis et al(2009, organic aerosols re-
of Beijing and Chongging and in the Indo-Gangetic Plains.leased from the sea might be oxidized in the boundary layer
Also, very bright hot spots are observed over Hong-Kong,into gas-phase organic compounds. Further investigation is
Shanghai and Bangkok. This indicates that the spatial resneeded to elucidate the causes for the high glyoxal concen-
olution and the coverage of GOME-2 allows for resolving trations observed in tropical oceanic regions.
the anthropogenic signal in the measured glyoxal fields. In
the next section, we will further investigate the origin of the 5.2 Comparisons with the IMAGESV2 glyoxal columns
observed glyoxal columns over China and southeastern Asia
through sensitivity studies with the IMAGESv2 model. The monthly averaged time series of the observed glyoxal
In oceanic regions, the impact of the interferences betweegolumns and those simulated with the IMAGEV2 model over
the liquid water and glyoxal absorption spectra is signifi- large areas in the mid-latitudes and in the Tropics between
cantly reduced by our retrieval procedure. Indeed, as show2007 and 2009 are compared in Fig and 13. In both
on Figs.9 and 10, the glyoxal columns measured above figures the standard SO simulation is illustrated in black, and
clear water regions are positive (ca 10'*molec/cn?). En-  sensitivity calculations in color line.
hanced glyoxal VCDs are observed over the tropical oceans. Over mid-latitude regions the model reproduces generally
Recently, ship measurements conducted in the Tropical Paguite well the seasonal pattern of the observed columns, their
cific Ocean using a MAX-DOAS instrument have clearly in- summertime enhancement and their winter minimum. In
dicated elevated glyoxal concentrations in the marine boundterms of absolute values, the simulated SO columns are by
ary layer {olkamer et al. 201Q Sinreich et al. 2010. about a factor of 2 lower in Europe with a less marked sea-
Assuming a uniform glyoxal concentration in the marine sonal cycle than in the observation, whereas a much better
boundary layer (z700m, based on ECMWF analyses), agreement is achieved when isoprene emissions are doubled
the vertical column densities corresponding to these shigS1). As in other regions (see below) the underestimation of
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(a) Mean Glyoxal VCDs in Winter (molec/cm?) from a compensation of errors, e.g. an overestimation of iso-
' " P : » -39 prene emissions and either an underestimation of the glyoxal
yield from isoprene or the existence of other biogenic glyoxal
precursors.

Over China, the model underprediction is quite important
in summertime, even after doubling the isoprene source, al-
though in this case the summertime seasonal variation is bet-
ter captured. Again, this discrepancy puts forth the existence
of an important unidentified source of glyoxal, most proba-
bly related to secondary production from glyoxal precursors
emitted by plants (see al&tavrakou et al2009h. Further-
more, in constrast with the observed behaviour, the winter-

\\\ =g time modelled columns of the standard run over China ex-
_ ‘-ﬁ e 2L hibit higher values than in summertime (FitR lower pan-
(b) Population density (persons/km?) __ els). A sensitivity test (S2) carried out by setting to zero

the direct biofuel source of glyoxal leads to an important de-
crease of the modelled columns in wintertime, and improves
s significantly the correlation between the modelled and ob-
700 served columns (0.25 in SO vs. 0.85 in S2). This finding
points to an overestimation in the biofuel use estimate over
China in the EDGARvV3.3 inventory, or more probably, in
the utilized value (1.12 g/kg dry matter; M. O. Andreae, per-
sonal communication, 2006) for the biofuel emission factor
for glyoxal.
For the tropical regions of Fidl3, strong systematic un-
| derestimations are found especially during the wet season,
- except over Northern Australia, where the model lies reason-
0 ably close to the observation. Sensitivity simulations with
halved (S3) or doubled (S4) biomass burning emissions of

Fig. 11. lllustration of the mean glyoxal VCDs in winter glyoxal and its precursors do not lead to a better agreement
(December-January-February) (upper panel) and the populatior : . -

; . . . with the observed columns, as depicted in Hig. The sec-
density (lower panel) in southeastern Asian regions. The popula- . .
tion density data are taken from the GPW v3 data Betl and ondary peak observed every year in March-April over In-

Yetman 2005. donesia and Amazonia, obviously not related to fire emis-
sions, is intriguing. A doubling of the isoprene emissions
(S1) provides only moderate column increases (not shown).

Note finally that strong uncertainties are present in the

mission inventories, but also in the glyoxal formation yields

) . . ...’from identified sources like isoprene. For example, the sub-

or the existence of other biogenic gly(_)xa_l precursors W'thstantial revisions in the isoprene degradation mechanism re-

light and/or temperature dependent emissions. cently proposed b¥Peeters et al2009; Peeters and Mler

The comparisons over the US show a very satisfactory(2010) could strongly affect the glyoxal yield from isoprene,

agreement, in both the seasonal cycle and the magnitudesspecially under low N@conditions. Besides these uncer-

of the glyoxal columns (SO, Fid.2, middle). Interestingly, tainties, the lack of knowledge about other potential sources

the severe heat wave that occurred across the US througfaf glyoxal constitutes a major difficulty, but also an incentive

out a large part of August 2007 is impressed on the peakor further research.

values during this month in both the observed and the sim-

ulated glyoxal columns. Doubling the isoprene emissions

used in the model leads to significant overestimations ove Conclusions

the US (Fig.12). It is worthy to note that recent findings,

based on aircraft measuremeniafneke et a).2010 and  Vertical column densities of glyoxal have been measured

satellite columns of formaldehyd&tavrakou et a].20093, from the first three years of GOME-2/METOP-A observa-

rather suggest that the isoprene emissions over the US mighions (2007-2009). The retrieval algorithm, based on the

be significantly overestimated in the MEGAN inventory. We DOAS technique, has been comprehensively described. In

cannot therefore exclude that the very good agreement beparticular, the glyoxal slant column retrievals have been im-

tween the observed and modelled (SO) columns might resulproved by accounting for the liquid water absorption, which

-500

glyoxal columns during the growing season suggests a possg
ble underestimation in the glyoxal production from isoprene,
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Fig. 12. Modelled and observed glyoxal column time series over selected large mid-latitude regions. The standard model simulation SO is
shown in black. The simulations S1 (with doubled isoprene emissions) and S2 (without the biofuel glyoxal source) are shown in red and
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Fig. 13. Modelled and observed glyoxal column time series for selected tropical regions. The lines represent the standard simulation (in

black) and the simulations with halved (S3 — in red) biomass burning emissions of glyoxal and its precursors.
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can be significant over remote oceans. Since the simultaef unknown glyoxal precursors over land and ocean are re-
neous adjustment of glyoxal and liquid water slant columnsquired in order to reconcile the models with the observations.
leads to unphysical results due to correlations between theifhe large data set of glyoxal measurements presented here
respective absorption cross-sections, a specific two-step prgrovides an important global reference and can be provided
cedure has been designed: the liquid water slant column isn request by the authors.
firstly measured in a large fitting window (405-490nm) and Accurate glyoxal ground-based measurements are also
then used to determine the liquid water optical density inneeded to validate the satellite data sets and to provide ad-
the fitting interval used for retrieving glyoxal (435-460 nm). ditional information unavailable to spaceborne instruments,
This procedure improves the fit quality in clear water oceandike the vertical distribution or the diurnal dependence of the
and physical glyoxal columns are thus measured for the firsglyoxal concentrations. Furthermore, independent observa-
time in these regions. tions of glyoxal vertical distribution in different regions of
An error budget has been established considering thehe world (among which equatorial oceans) and in different
main error sources. Because of the very small optical denseasons would help to better characterize the quality of the a
sity of glyoxal, the largest contribution to the total error priori profiles provided by current global models and to pos-
is the random error in the slant column retrieval (up to sibly improve these profiles which would lead to a reduction
7x 10" molec/cnt). However, this term can be strongly of the uncertainties associated to satellite measurements.

reduced by applying spatial and/or time averages of mea-

surements. The other error sources add up, leading to toAcknowIedgementsThis research is partly funded by the Belgian

tal errors generally ranging betweer 204 molec/cn? and Science Policy Office through the projects IBOOT (contract

. SD/AT/03, Science and Sustainable Development programme) and
4 ~
3x 10! m_OIEC/Cn;% (~40%). Be_S'des the random error, the SECPEA (PRODEX). It has also been supported by ESA and the
systematic error in the DOAS fit and the AMF error are dom- European Union via the PROMOTE and AMFIC projects. The

inant for clear-sky scenes, while the error associated to th@ythors acknowledge EUMETSAT for providing the GOME-2
cloud-shielded glyoxal correction becomes larger at highenevel-1 data product.

cloud fractions. Consequently, all pixels with large cloud

fraction have to be used with care. The impact of absorb-Edited by: R. Volkamer

ing aerosols has to be further investigated, especially because

of their possible large concentrations during important fire
events and in heavily polluted megacities.
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