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Abstract. Glyoxal, CHO.CHO, is produced during the ox-

idation of volatile organic compounds, VOC, released by

anthropogenic activities, biogenic processes and biomass

burning. It has a short chemical lifetime of a few hours

in the boundary layer and lower troposphere and therefore

serves as an indicator and a marker of photochemical hot-

spots and their response to changing atmospheric conditions

around the globe. For this reason more than five years of

CHO.CHO observations (2002–2007), retrieved from the ra-

diances measured by the satellite instrument SCIAMACHY,

were obtained and analyzed both temporally and spatially.

The largest columns of CHO.CHO (>6.1014 molec cm−2)

are found in the tropical and sub-tropical regions, associated

with high biological activity and the plumes from vegetation

fires. The majority of the identified hot spots are charac-

terized by a well-defined seasonality: the highest values be-

ing observed during the warm and dry periods as a result of

the enhanced biogenic, primarily isoprene, emissions and/or

biomass burning from natural or man-made fires. The re-

gions influenced by anthropogenic pollution also encounter

enhanced amounts of glyoxal. The ratio “CHO.CHO to

HCHO, RGF ” over the biogenically influenced photochemi-

cal hot-spots is approximately 0.045. For the studied regions,

the presence of pyrogenic and anthropogenic emissions in-

creases and decreases this number respectively. Although the

2002–2007 period of observation is limited, over the north-

eastern Asia a significant annual increase in CHO.CHO in

addition to a seasonal cycle is reported.
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1 Introduction

The emission of Volatile Organic Compounds (VOCs), re-

leased by a variety of processes at the Earth’s surface, sup-

plies reactive carbon containing compounds to the Earth’s at-

mosphere. Tens of thousands of different VOCs exist in the

air and as a result of their reactivity have highly variable but

small mixing ratios such as a few tenths of parts per billion

(ppbv) or per trillion (pptv). Their occurrence influences sig-

nificantly atmospheric chemistry. VOCs are i) precursors of

and provide the fuel for the formation of tropospheric ozone,

O3 (Houwelling et al., 1998; Wang et al. 1998a, b; Poisson et

al., 2001), ii) determine the oxidizing capacity of the tropo-

sphere (Monks, 2005), iii) play an important role in control-

ling the Secondary Organic Aerosols (SOA) formation (Tsi-

garidis and Kanakidou, 2003, 2007; Kanakidou et al., 2005;

Tsigaridis et al., 2005; Volkamer at al., 2006) and iv) im-

pact on the cloud condensation nuclei (CCN) formation (Yu,

2000; Roberts et al., 2002). The air pollution resulting from

VOC chemistry has direct and indirect impacts on climate

change (Ramanathan and Crutzen, 2003) and human health

(Pope and Dockery, 2006). For all these reasons it is impor-

tant to have an improved knowledge of the sources and the

sinks of the VOCs and their oxidation.

1.1 Sources of VOCs (general)

Integrated over the globe, the emission of biogenic volatile

organic compounds (BVOCs) overwhelms the release of

VOC from anthropogenic sources: 1300 Tg y−1 of BVOCs

are estimated to be emitted annually into the atmosphere in

the form of species such as isoprene, terprenes and other

oxygenated organic compounds from the biosphere whereas

human sources release approximately 100 Tg y−1 (Williams,

2004). The majority of the man-made emissions originate

from incomplete fossil fuel combustion in energy production,
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transport and biomass burning. In addition significant release

occurs from industrial facilities, solvent usage and oil refin-

ing.

Over the last decade an increasing effort has been made to

identify the large number of VOC species present in the at-

mosphere and to quantify their emissions. The large variabil-

ity of the fluxes of VOC to the atmosphere and their spatial

distribution make the assessment and quantification of their

role in atmospheric chemistry and climate change challeng-

ing. As the development of robust strategies to reduce O3

and aerosol levels requires the identification and quantifica-

tion of VOCs, the observation of smaller molecules, which

are produced in their oxidation and whose amount and dis-

tribution constrain the VOC fluxes to the atmosphere, offers

a complementary approach to the measurement of VOC. The

products of the VOC oxidation such as HCHO, CHO.CHO,

carbon monoxide (CO) and even the ultimate carbon product

of their oxidation, carbon dioxide, CO2, provide an oppor-

tunity to assess the total fluxes of VOC to the atmosphere.

While the role of CO and HCHO in our efforts to understand

the oxidation of species in the atmosphere has been given

much attention, the use of CHO.CHO, for which the first

measurements have only recently been reported, to constrain

our understanding of the impact of VOC chemistry, remains

relatively unexploited.

1.2 Glyoxal sources

CHO.CHO is one of the most prevalent carbonyl compounds

in the atmosphere. It is the smallest alpha-dicarbonyl formed

by chemical reactions following the initial elementary oxida-

tion of VOC. The information about the distribution of direct

or primary and indirect or secondary sources of CHO.CHO

is poor because of the scarcity of observations. Concerning

primary sources Kean et al. (2001) and Grosjean et al. (2001)

reported, during on-road measurements of carbonyl com-

pounds at tunnels, that the emission factor of glyoxal ranges

from 0.085 to 1.03 mg L−1 (or else 0.33 mg/km) depending

on the type of vehicles. This number, coming from the

tailpipe emissions, is significantly lower than the one ob-

served for HCHO which was up to 38 mg L−1 (Grosjean et

al., 2001). One year later Hays et al. (2002) found that low

molecular weight carbonyls such as HCHO, CHO.CHO, ace-

tone, CH3COCH3, acetaldehyde, CH3CHO and methygly-

oxal, CH3CO.CHO, are the most abundant emission under

foliar fuel combustion. It has been observed that CHO.CHO

emissions outweigh HCHO emissions by more than a factor

of two.

Glyoxal is produced in the oxidation of precursor hydro-

carbons having two or more carbon atoms (Calvert et al.,

2000, 2002). The initial attack in the troposphere proceeds

mainly through the OH radicals but to a lesser extent through

O3 and nitrate radicals, NO3. A large fraction of the first gen-

eration CHO.CHO production (PCHO.CHO)(excluding poten-

tial primary sources) comes from the oxidation of biogenic

VOCs such as isoprene, and to a lesser extent monoterpenes,

which account in total for 65–70% of the total PCHO.CHO

(Fu et al., 2008; Myriokefalitakis et al., 2008). It should be

noted though, that given the large uncertainty of estimates for

the isoprene emission flux (280–850 Tg y−1; Wiedinmeyer

et al., 2004; Guenther et al., 2006) PCHO.CHO (isoprene) has

a large range. The same modeling studies point out that a

significant portion of the PCHO.CHO originates from anthro-

pogenic sources; the oxidation of acetylene is the largest

anthropogenic source of glyoxal accounting for 17–24% of

the PCHO.CHO. Other anthropogenic sources are the oxida-

tion of the aromatic VOCs, such as benzene, C6H6, toluene,

C7H8 and xylene C8H10, which are believed to be responsi-

ble for 5–11% of PCHO.CHO. Additionally, non-negligible

VOCs contributing to PCHO.CHO are ethylene, C2H4 and

propylene, C3H6, which account for 2–7% of the global

CHO.CHO source. In contrast, the PCHO.CHO from unsat-

urated γ dicarbonyls, phenols and furanones appears to be

negligible (Volkamer et al., 2001; Bloss et al., 2005). Addi-

tional sources of glyoxal may come from the aqueous oxida-

tion of glycolaldehyde (in addition to the oxidation of other

aldehydes) (Lim et al., 2005; Warneck et al., 2005). Other

minor contributors are described within Fu et al. (2008) and

Myriokefalitakis et al. (2008, and references cited therein).

Both modeling studies (Fu et al., 2008; Myriokefalitakis

et al., 2008) underestimate the satellite glyoxal columns. A

recent modeling study by Stavrakou et al. (2009b) pointed

out that this underestimation could originate from a missing

secondary source of glyoxal which accounts for about 50%

of the global glyoxal budget.

1.3 Glyoxal sinks

Glyoxal is removed from the atmosphere via a variety of pro-

cesses. The dominant sink is photolysis (Fu et al., 2008;

Myriokefalitakis et al., 2008). Somewhat dependent on

the modeling study, the oxidation of glyoxal initiated by

OH radicals appears to be the next most important sink of

CHO.CHO. Another important glyoxal sink is its potential

role in the formation of secondary organic aerosol, SOA.

Chamber experiments by Liggio et al. (2005a, b) showed that

the uptake coefficient of the first order irreversible uptake of

CHO.CHO by aqueous particles is about 10−3. In contrast,

Kroll et al. (2005), pointed out that the particle growth did

not occur while glyoxal was still present in the gas phase.

This finding suggests that the uptake is reversible with no

net contribution to SOA formation. More recently, a study

(Volkamer et al., 2007) suggested that, lower experimental

mixing ratios of CHO.CHO in comparison to those predicted

by the Master Chemical Mechanism, (Bloss et al., 2005)

above Mexico City result from a missing sink: CHO.CHO

being lost to SOA.

In addition, glyoxal can be removed by wet and dry depo-

sition which together account for 9–15% of the total losses

(Fu et al., 2008; Myriokefalitakis et al., 2008). In both
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studies the global estimate of the computed chemical life-

time of CHO.CHO, based on the above mentioned sources

and sinks, was, on average, about 3 h. This means that gly-

oxal is short lived. The magnitude of the CHO.CHO amount

in an air mass is therefore a surrogate for the oxidation rate

of VOCs. As the overwhelming majority of the VOC sources

are close to the surface, the glyoxal in the boundary layer will

dominate the column amount of CHO.CHO. Therefore gly-

oxal columns are a surrogate for the rate of VOC oxidation

and large CHO.CHO columns can be used as a marker of air

masses, which are photochemical “hot spots”.

Previously, HCHO has been successfully used as an indi-

cator of photochemical oxidation (e.g. Palmer et al., 2003,

2006; Wittrock et al., 2006; De Smedt et al., 2008; Müller et

al., 2008). Glyoxal is arguably a better indicator of the rate

of photochemical processing, because unlike HCHO it is not

produced in the oxidation of methane, CH4. In addition the

lower primary vehicle emissions of CHO.CHO as compared

to those of HCHO make CHO.CHO a better indicator for the

oxidation of the anthropogenic VOCs in air masses polluted

by traffic.

1.4 Importance

The aim of this study is to provide information on the spa-

tial distribution and the temporal evolution of glyoxal as ob-

served for the period 1 August 2002–31 December 2007, us-

ing measurements of the solar back scattered electromagnetic

radiation upwelling from the top of the atmosphere by space

based instrumentation. Inversion of these data yield obser-

vations of the temporal and spatial variation of CHO.CHO.

This, as already discussed, improves and tests our knowl-

edge of the processes controlling the oxidizing capacity of

the troposphere and also constrains our understanding on the

different sources of emissions and their magnitude.

In the first section of this manuscript, the satellite instru-

ment, the retrieval approach and the methods used to deter-

mine the atmospheric columns of glyoxal are described. This

is followed by a comparison of the CHO.CHO columns re-

trieved in this way with the in situ ground-based observations

of glyoxal found in the literature. Afterwards, the distribu-

tion of the vertical column densities of glyoxal is analyzed in

terms of both spatial and temporal variability on i) a global

scale and ii) over selected regions where high CHO.CHO val-

ues are encountered. The synergistic use of other short lived

trace gas observations, such as HCHO and nitrogen dioxide,

NO2, to characterize the origins of CHO.CHO, i.e. emis-

sions linked to anthropogenic activities, biogenic processes

and biomass burning sources, is discussed.

2 Instrumentation and methods

2.1 The SCIAMACHY instrument

The SCIAMACHY (SCanning Imaging Absorption spec-

troMeter for Atmospheric CartograpHY) is an imaging UV-

VIS-near IR spectrometer, mounted on the ESA ENVISAT

satellite, launched on the 28 February 2002. SCIAMACHY

measures the transmitted, reflected and scattered light up-

welling at the top of the atmosphere from the Earth’s at-

mosphere and surface (Burrows et al., 1995; Bovensmann

et al., 1999; Gottwald et al., 2006). ENVISAT flies in a sun

synchronous, near polar orbit with a local equator crossing

time of 10:00 a.m. in the descending node. It has three view-

ing geometries (Nadir, Limb and Solar Occultation). For the

current study, the nadir mode having a spatial resolution of

30 km along track and 60km across track (60×30 km) was

used. Global coverage is achieved for this viewing mode in

about six days.

2.2 Glyoxal spectral bands

The highly resolved CHO.CHO absorption cross section

(FWHM=0.001nm) (Volkamer et al., 2005) has been con-

volved with the SCIAMACHY spectral response, known as

slit function (Fig. 1a). Glyoxal has strong absorption bands

in the blue wavelength region (420–460 nm). The maximum

absorption cross section value of the sharp CHO.CHO peak

at 455 nm is σ(CHO.CHO)=5.45×10−19 cm2 molecules−1.

These characteristic bands were recently used to retrieve

glyoxal using absorption spectroscopy locally (e.g. Sinreich

et al., 2007) as well as globally from space (Wittrock et al.,

2006). The sharp and characteristic features of CHO.CHO

absorption spectra are ideal for the use in the retrieval tech-

nique known as the differential optical absorption spec-

troscopy (DOAS) (Platt and Perner, 1980; Platt, 1994).

2.3 DOAS technique and Slant Column Densities

computation

DOAS is a technique used for the discrimination of the

characteristic higher frequency absorption structures of trace

gases from the slowly varying broad band extinction pro-

cesses such as Rayleigh and Mie scattering and broad band

molecular absorption, as well as potential instrumental arti-

facts. To do so, a high pass polynomial filter, accounting

for these broad band structures, is applied. The higher fre-

quency spectral features are used to retrieve the trace gases

absorptions known as slant column absorptions. These are

converted to Slant Column Densities (SCD) by taking into

account the relevant absorption cross sections. SCDs repre-

sent the amount of the trace gas along the average path taken

by photons during their travel through the atmosphere and

back to the satellite sensor. The quantitative determination

of the SCDs is achieved by applying a non linear least square

fitting procedure.
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Fig. 1a. Highly resolved CHO.CHO absorption cross section

(FWHM=0.001nm) (Volkamer et al., 2005) convoluted to the

SCIAMACHY slit function (FWHM=0.5). The maximum absorp-

tion cross section value of the sharp CHO.CHO peak (at 455 nm) is

σ(CHO.CHO)=5.45×10−19 cm2 molecules−1.

For the glyoxal retrieval the spectral window of 435–

457 nm has been chosen. The reason for excluding the spec-

tral features of CHO.CHO around 420 nm is a large inter-

ference with Ring structures. These Ring structures arise

from the infilling of Fraunhofer features in the scattered elec-

tromagnetic radiation by rotational Raman scattering on air

molecules. The chosen wavelength window was found to

be the optimal in terms of achieving reasonably small resid-

uals and a good sensitivity to glyoxal. The reference ab-

sorption cross sections that were used in the retrieval pro-

cess include CHO.CHO (Volkamer et al., 2005), and in-

terfering species such as O3 (Bogumil et al., 1999), NO2

(Bogumil et al., 1999), O4 (O2-O2 collision) (Greenblatt et

al., 1990), water vapour (HITRAN database, http://www.cfa.

harvard.edu/hitran/), the pseudo-absorption features due to

Rotational Raman Scattering (RRS) by air molecules (Ring

effect, Vountas et al., 1998), the absorption of phytoplank-

ton (Bracher and Tilzer, 2001; Vountas et al., 2007) and also

a 4th order polynomial. Figure 1b shows a representative

example of a DOAS fit of CHO.CHO for a ground scene

above a smoke plume observed during intensive biomass

burning above Greece, in August 2007. The blue dotted

line shows the CHO.CHO fitted result after removing all

other absorbers. The black line depicts the scaled labora-

tory reference. The computed SCDCHO.CHO for this case

was 6.23×1015 molec cm−2, the estimated fitting error 7.9%,

with the chi-square value 5.1×10−6.

2.4 Impact of clouds on glyoxal observations

The next step in the retrieval process is to account for the

presence of clouds and their impact on the radiance up-
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Fig. 1b. Representative example of a DOAS fit of glyoxal for

a ground scene above a smoke plume observed during the inten-

sive fires above Greece, on August 2007 (orbit:70826091). The

blue dotted line is the CHO.CHO fitted result after removing all

other absorbers and the black line depicts the scaled differential

laboratory reference. The computed SCDCHO.CHO to this case is

6.23×1015 molec cm−2.

welling from the top of the atmosphere and their shielding of

the air containing trace gases below them. Scattering at the

surface, by air molecules, aerosols and cloud impact on the

absorption information carried by the photons reaching the

top of the atmosphere by changing the light path through the

atmosphere and the number of photons upwelling from the

atmosphere. If a gas is heterogeneously distributed within

a ground scene then the different surface spectral reflectance

from different part of the ground scene have different weight-

ings.

Clouds can be described as complex scattering volume

diffusers of electromagnetic radiation within the atmosphere

having high surface spectral reflectance. Therefore they alter

the light path through the troposphere. Ideally the distribu-

tion of the trace gas being measured above, within and below

the cloud needs to be accounted for explicitly to enable the

air mass factors to be determined accurately (see the consid-

erations in Richter and Burrows, 2002). In this context two

different extreme scenarios are worth being considered for

CHO.CHO;

1. all the CHO.CHO is found under the clouds. In this case

neglecting these effects results in the cloud shielding the

lower atmosphere and leads to a) an underestimation of

CHO.CHO in the cloudy part of the scene b) an under-

estimation of the CHO.CHO in the full ground scene;

2. all the CHO.CHO is found above cloud top height. In

this case as a result of the large surface spectral re-

flectance, an overestimation of the CHO.CHO above the

cloud compared to that in the cloud part of the scene is

Atmos. Chem. Phys., 9, 4485–4504, 2009 www.atmos-chem-phys.net/9/4485/2009/
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observed. This case is anticipated to be a rare possibil-

ity.

As photochemistry in and below the cloud is reduced, and

CHO.CHO is hydrophilic, the source of CHO.CHO is ad-

vection from source region and convection within the cloud.

In addition multiple scattering further complicates the anal-

ysis. For the ground scene criteria of <20% cloud within

the scene, there is a distribution of cloud, which means the

average cloud in a scene is significantly less than the 20%

and include thin clouds. The multiple scattering within these

scenes are in part dealt with the selection of aerosol for the

AMF calculation (see Sect. 2.5).

In the outflow from pollution hot spots and biomass burn-

ing, which have active photochemistry and sufficiently long

lived VOCs, the CHO.CHO above the cloud and above the

same height as the cloud in the cloud free part of the scene

are likely to be similar if the wind speed is sufficiently large.

Summarizing our assessment for ground scenes having

less than 20% cloud is that a) It is overall most probable that

there are only small amounts of CHO.CHO below and within

the cloud and, b) the number of these scenes, where signifi-

cant differences between the air above the clouded and cloud

free parts of the scene are small. For the current analysis

the ground scenes having cloud coverage less than 20% were

considered by applying an intensity filter criterion. Stricter

intensity criterion will reduce the uncertainties emanating

from clouds but it will also reduce the number of obser-

vations. So this is considered to be a pragmatic compro-

mise. The consequences are that the results of the analysis

are biased to cloud free atmospheric conditions. In addition

changes of cloud or for that matter aerosol within the ground

scenes having <20% of the ground scene influence our as-

sessment of the magnitude of the CHO.CHO column and any

change. For the present the data has been analyzed without

attempting to separate the change induced by small changes

in cloud and aerosol.

Future retrieval algorithms will take into account the

aerosol and clouds more explicitly using synergistic mea-

surements of clouds and aerosol from the other instruments

aboard ENVISAT. At present we consider that as a result of

relatively small amounts of CHO.CHO within and below a

cloud adding that solutions such as a “ghost column” for the

cloudy part of the ground scene introduces another source of

error in the VCD determination.

2.5 Air Mass Factors and Vertical Column Densities

computation

The obtained SCDs are converted to Vertical Column Densi-

ties (VCDs) after applying the air mass factors (AMF), which

is defined as the ratio of the SCD/VCD and depends on the

radiative transfer properties of the atmosphere. The AMF is

a function of many parameters such as the surface spectral

reflectance of the observed ground scene, the surface pres-

sure, the viewing geometry, the clouds, the aerosol vertical

distribution and its optical thickness, the solar zenith angle

and finally, the vertical distribution of CHO.CHO in the low-

ermost troposphere. For this study, the block air mass factors

from Wittrock (2006) were used. These AMF calculations

using the radiative transfer model SCIATRAN (Rozanov,

2005, and references therein), which takes into account all

the above mentioned parameters. The resultant global an-

nual mean composite glyoxal air mass factors are shown in

Fig. 2b. As illustrated in this figure, the mean value of AMF

on a global scale is about 2. There are several regions where

this value is lower for example where the visibility is reduced

significantly (e.g. above areas of biomass burning and indus-

trialized areas) or higher as a result of high surface spectral

reflectance or albedo in the spectral window selected (e.g.

Polar Regions).

2.6 Glyoxal detection limit and error analysis

For cloud free scenes, the accuracy of the Vertical Column

Densities of CHO.CHO retrieved from SCIAMACHY mea-

surements depends on several individual errors which can be

systematic and/or random in origin.

The systematic errors comprise

1. The error on the knowledge of the trace gas absorption

cross sections and their temperature dependence

2. the atmospheric temperature

3. instrumental errors (e.g. wavelength calibration),

4. errors in air mass factor calculations, offset errors and

5. correlation errors (e.g. interference with Ring spectral

features).

Many of these errors are estimated to be on the order of a

few percent (Wittrock, 2006). The largest error is induced by

differences between the climatological values used as input

to the AMF calculation and reality, e.g. the assumed vertical

profile of aerosol and residual cloud.

The random errors comprise the noise on the measured

backscattered electromagnetic radiation as a function of

wavelength range relative to the measured absorption.

In order to calculate the detection limit of the slant col-

umn densities the simple approximation of an ideal mea-

surement is considered; the SCD should be at least larger

than the ratio of the root mean square noise (RMS) of

the optical density, (ln(Io/I), to the absorption cross sec-

tion of the species of interest, SCDlim ≥ RMS
σCHO.CHO

. The

typical RMS value of SCIAMACHY at the wavelength

region of 450 nm is 3.3×10−4. Taking into account

that the maximum absorption cross section of CHO.CHO

is σ(CHO.CHO)=5.5×10−19 cm2 molec−1 the individual slant

column density limit is 6.0×1014 molec cm−2. It should be

noted that the systematic error based on the estimations of

Wittrock, 2006 is about 4.0×1014 molec cm−2. The random

www.atmos-chem-phys.net/9/4485/2009/ Atmos. Chem. Phys., 9, 4485–4504, 2009
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(a) 

(b) 

(c) 

Fig. 2. (a) SCD: Multiannual composite map of the glyoxal slant

column densities retrieved from the radiance measurements from

the SCIAMACHY instrument. (b) AMF: Multiannual composite

map of the air mass factors computed with the radiative transfer

model SCIATRAN. (c) Multiannual composite map of the glyoxal

vertical column densities computed from the ratio SCD/AMF. The

largest amounts of CHO.CHO are found over the tropical and sub-

tropical latitudes which are characterized by vegetation and fire

emissions of volatile organic compounds.

limit reduces when averaging in space and time, assuming

Poisson statistics.

Nevertheless this averaging has a direct impact on the

spatial and temporal resolution of the data. For this study,

the monthly means of VCDCHO.CHO were used. For these

monthly composites of cloud free scenes (cloud fraction

<20%) the total uncertainty is given by:

[2×1014 +XVCCHO.CHO](moleccm−2)

The additive term is determined by the minimum detectable

absorption of CHO.CHO assuming non-systematic errors

only. The value of X is strongly ground scene dependent but

varies typically in the range 0.1 to 0.3. A detailed descrip-

tion of the systematic error sources is presented elsewhere

(Wittrock, 2006; Wittrock et al., 2006).

3 Results and discussion

3.1 Global VCDCHO.CHO levels

In the current study, a data set comprising more than five

years (August 2002–December 2007) of SCIAMACHY ob-

servations of CHO.CHO has been generated. As the strato-

spheric column of CHO.CHO is negligible, this data set

represents the tropospheric VCDCHO.CHO. Figure 2a and b

shows the glyoxal slant column densities and the air mass

factors used in this study to determine the VCD. For both fig-

ures the multi-annual average for the time span of 2003–2007

has been taken into account to obtain five complete years of

measurements.

Enhanced glyoxal column amounts of SCDCHO.CHO ≥

1.2 × 1015 molec cm−2 (Fig. 2a) and VCDCHO.CHO ≥ 6 ×

1014 molec cm−2 (Fig. 2c) have been observed. The ma-

jority of the areas having enhanced glyoxal columns are in

tropical and sub-tropical regions. South America, Africa,

India, Indonesia and Asia (mainly South-Eastern China)

are among the regions where high values of CHO.CHO

are retrieved. At middle latitudes, moderate values of

VCDCHO.CHO of about 3×1014 molec cm−2 are discernible,

for example above North America, Europe and Australia.

Notably, high column amounts of CHO.CHO are also found

above water, close to upwelling areas and regions having sig-

nificant amounts of phytoplankton as indicated by their ocean

colour. This implies oceanic biogenic activity as a possi-

ble source of glyoxal precursors (this is discussed further in

Sect. 3.5.7).

Due to the short lifetime of CHO.CHO of about 2–3 h,

these high values are expected to originate mostly from re-

gional sources of the precursor VOCs. Indeed, as it will

be described later on (Sect. 3.5) depending on the season,

these regions are characterized by strong biogenic emissions,

biomass burning and pollution induced from anthropogenic

activities.

3.2 Comparison of space observations and ground

based measurements

A comparison of the data set of the glyoxal retrieved from

SCIAMACHY with the ones published involving in situ

ground based measurements was undertaken in this study. In

Table 1 the CHO.CHO mixing ratios reported in the litera-

ture are compiled. The air masses over these measuring sites

are characterized as polluted-urban, polluted semi-urban, ru-

ral (sometimes influenced by urban plumes) and maritime.
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(a) 

Fig. 3a. Comparison of the in situ observations (blue bars) with the

converted space based observations (red bars) using the assump-

tions stated in the text. The cyan bars depict the range of the ground

based measurements. In some of the references the range and not

the actual value is reported. The numbers of the locations corre-

spond to the measuring stations used in Table 1.

Unfortunately, no observations are available for the South-

ern Hemisphere, where high concentrations of CHO.CHO

are observed from space.

In order to compare directly the in situ measurements

of glyoxal mixing ratios with the space based observations

of tropospheric columns of CHO.CHO several assumptions

had to be made. For example, it has been assumed that

CHO.CHO is well mixed inside the boundary layer which

has been calculated from the LMDz-INCA model for the

year 2000 (K. Tsigaridis, personal communication). For the

conversion of the vertical column densities, standard condi-

tions of temperature and pressure (25◦C and 1 atm) have been

used.

The spatial resolution of the SCIAMACHY instrument

(30×60 km) is large in comparison to the point of the in-situ

measurements. We assume for the present that the point mea-

surements are representative for a box of dimensions 1◦ ×1◦

surrounding each station.

Finally, the in situ observations were considered to be rep-

resentative for the whole season that they were conducted,

regardless of the actual year of measurements. The reasons

are that i) the time series of the SCIAMACHY glyoxal data

set is limited from August 2002 and on so no direct com-

parison is feasible with the older in situ data-sets and ii) the

satellite overpass above a specific point occurs only a few

times per month and averaging of data is necessary.

The outcome of the comparison is visualized in Fig. 3a

and b. As depicted in Fig. 3a, there is a reasonable agree-

ment of the SCIAMACHY observations (red bars) with the

ground based observations (blue bars) when taking into ac-

count their range (cyan columns), their standard deviation,

(b) 

Fig. 3b. Comparison of the SCIAMACHY observations with the

ground-based rural (green triangles), urban (red rhombs) and ma-

rine (blue squares) measurements coupled with their standard devi-

ations.

the numerous assumptions made and the different techniques

used. In most of the cases (Fig. 3b) SCIAMACHY overes-

timates the in situ measurements which would be explained

by the transport of glyoxal above the boundary layer over

constant sources e.g. isoprene emissions over the rural sta-

tions. There are a few cases, above urban areas, where SCIA-

MACHY underestimates the measurements and this could be

due to the dilution of the localized anthropogenic emissions

to the 1◦ × 1◦ box chosen for the SCIAMACHY analysis.

Interestingly, SCIAMACHY agrees well with the moderate

values observed over the ocean (Zhou et al., 1990; Sinreich

et al., 2007) and the only reported aircraft observations, of

CHO.CHO mixing ratios (Lee et al., 1998) over Nashville,

USA.

3.3 Interannual variability of glyoxal vertical column

densities

The global distribution of the yearly averaged glyoxal

columns between 2003 and 2007 is displayed in Fig. 4.

A similar pattern is observed, systematically, every year.

Each individual composite map of VCDCHO.CHO confirms

that high column amounts are found above regions with

dense vegetation (e.g. the tropical forest of Amazonia),

biomass burning (e.g. the sub-Saharan Africa) and anthro-

pogenic emissions (e.g. Guangzhou, China) and those hav-

ing mixtures of these three sources of VOC. In order to

compute the annual changes of glyoxal on a global scale,

a linear regression of the annual averages of tropospheric

CHO.CHO was applied and plotted in Fig. 5a. In addition,
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Fig. 4. VCCHO.CHO per year: Yearly averaged glyoxal vertical columns (molec cm−2) from 2003 to 2007. This figure includes also the half

year observations obtained during the period August 2002–December 2002.

 

(a) (b) 

Fig. 5. Absolute and respective differences. Linear regression (panel a) of the annual averages of the glyoxal vertical columns retrieved for

the period 2003–2007 and the difference (panel b) of the CHO.CHO vertical columns retrieved for the years 2007 and 2003. The red color

denotes an increase while the blue one shows a decrease in respective VCDCHO.CHO values. The SAA corresponds to the South Atlantic

Anomaly and the values are not considered in this study because they have more noise. Significant increases of the rate of emission of

glyoxal is observed over China.
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Table 1. Glyoxal concentrations in rural, semi-polluted, polluted and marine sites. The SCIAMACHY vertical columns were converted to

mixing ratios using some basic assumptions noted in the caption.

Location Comment Period

[season]

Mixing ratio

[pptv]

SCIAMACHY

[pptv]b
Reference

[1] Metter, Georgia, USA

(32◦ N, 82◦ W)

Rural Summer 80±60a

Range: 20–190

316±103 Lee et al. (1995)

[2] San Nicolas, Ventura, USA

(33◦ N, 119◦ W)

Rural Autumn 100 128±96 Grosjean et al. (1996)

[3] Tamakomai forest, Hokkaid,

Japan

(43◦ N, 142◦ E)

Rural Autumn 90±36a

Range: 26–136

119±107 Ieda et al. (2006)

[4] Anadia, Portugal

(40◦ N, 8◦ W)

Rural Summer Range: 0–600 89±26 Cerqueira et al. (2003)

[5] Blodgett forest, California, USA

(39◦ N, 120◦ W)

Rural, 1315 m Summer 27±15,

Range: 6–83

33±26 Spaulding et al. (2003)

[6] Pinnacles, Shenandoah Park,

Virginia, USA

(39◦ N, 78◦ W, 1037 m)

Rural

(mountain site –

1037 m)

Autumn 35±10a

Range:10–200

93±34 Munger et al. (1995)

[7] Goldlauter, Germany

(55◦ N, 11◦ E)

Rural, 605 m Autumn 20±10a

Range: 4–31

19±25 Müller et al. (2005)

[8] Lassen, California, USA

(38◦5′ N, 121◦ W)

Rural, 2070 m Summer/Autumn Range: 0–38 106±48 Seaman et al. (2006)

[9] Roseville, California, USA

(38◦5′ N, 121◦ W)

Sub-urban Summer/Autumn 143±37 118±101 Seaman et al. (2006)

[10] LA, USA,

(34◦ N, 117◦ W)

Polluted/urban Autumn 263±246

Range: 40–950

191±62 Kawamura et al. (2000)

[11a][11b] Las Vegas, USA

(36◦ N, 115◦ W)

Polluted/urban Summer

Winter

Range: 120–420

Range: 90–210

78±35

51±50

Jing et al. (2001)

[12] Long Beach, LA, Claremont,

Azusa, California, USA

(34◦ N, 117◦ W)

Polluted/urban Autumn 530±270a

Range: 12–3800

237±94 Grosjean et al. (1996)

[13] Pabstthum, Germany

(52◦5′ N, 12◦5′ E)

Polluted/urban Summer 30±20a

Range: 10–125

150±59 Moortgat et al. (2002)

[14] Mexico City, Mexico

(19◦3′ N, 19◦1′ W)

Polluted/urban Spring 200±80a

Range: 0–1200

82±41 Volkamer et al. (2005)

[15] MIT, Massachusetts, USA

(42◦4′ N, 71◦1′ W)

Polluted/urban Summer 70±40a

Range: 40–140

318±86 Sinreich et al. (2007)

[16] Gulf of Maine,

(43◦ N, 68◦ W)

Marine/polluted Summer 200±150a

Range: 75–350

206±79 Sinreich et al. (2007)

[17] Caribbean Sea and Sargasso

Sea coast

(15◦ N, 66◦ W)

Marine Autumn–Spring 80 89±38 Zhou and Mopper (1990)

[18] Nashville, Tennessee, USA

(37◦ N, 87◦ W)

Free troposphere Summer 67±40,

range: 10–290

(inside the BL)

86±25 Lee et al. (1998)

a At around 10 a.m. as calculated from the cited diurnal variation when available
b The conversion of the column densities to pptv is performed by assuming that most of the observed CHO.CHO is found inside the boundary

layer. For simplicity reasons, standard conditions for temperature (25◦C) and pressure (1atm) were used in the calculations. In addition, it

was assumed that the ground based measurements are representative for the area extending by ±0.5◦ around them as well as for the specific

season when they were contacted regardless the year of measurements (e.g. a measurement performed in August is representative for the

summer).

the absolute difference of VCDCHO.CHO for the period

2003 to 2007 has been calculated (Fig. 5b). The cal-

culated detection limit for the average annual changes is

about 2.5×1013 molec cm−2 y−1 based on the monthly value

(2×1014 molecules cm−2) and the reduction due to the tem-

poral

(
√

(

1
12

)

)

and spatial

(
√

(

1
4

)

)

averaging used.

Above East Asia and mainly China, the calculated differ-

ence of the VCDCHO.CHO for the years 2003 to 2007 shows a

significant increase (up to 3×1014 molec cm−2) as depicted

by the red color (Fig. 5b). The linear regression applied

to the yearly-based data revealed an annual increase up to

5×1013 molec cm−2 y−1 (Fig. 5a). This increase is found in

the same region where an increase in the tropospheric NO2

column amounts was observed during the period 1996–2004
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Fig. 6a. Seasonal variation of glyoxal: Seasonal means of CHO.CHO VCDs for December, January, and February (DJF), March, April, and

May (MAM), June, July, August, (JJA) and September, October, November, (SON).

Fig. 6b. Mean normalized CHO.CHO VCDs calculated for the hot

spots located in both NH (black dotted line) and SH (red dotted line)

and described in Table 2.

over the same region (Richter et al., 2005) and which is still

increasing. This implies that either an increase in the anthro-

pogenic VOC precursors of glyoxal has occurred or there is a

potential unknown direct emission of CHO.CHO, most likely

originating from anthropogenic activities.

There are other places where the column amounts of gly-

oxal increase or decrease to a significant extent but less

than in China. For example a local decrease of CHO.CHO

(∼3×1013 molec cm−2 y−1) is found over the tropical forests

of Congo at Central Africa. As the length of the data set is

increasing, our knowledge of the significance of the local and

regional changes in CHO.CHO column will improve.

3.4 Seasonal variability of glyoxal Vertical Column

Densities

The monthly seasonal mean values of the VCDCHO.CHO data

set are presented in Fig. 6a. As illustrated in these maps,

CHO.CHO VCDs vary according to season. For the major-

ity of the continental areas of both hemispheres, the high-

est amounts of glyoxal are observed during their respective

summer and the lowest during winter. In general this be-

haviour can be explained by 1) enhanced biogenic emis-

sions during the warm periods (Guenther et al., 2006) 2)

enhanced amounts of oxidants during summer (Rohrer and

Berresheim, 2006; Vrekoussis et al., 2004, 2007; Myrioke-

falitakis et al., 2008) and 3) overall an increase in the rate

of oxidation of the emitted VOCs. The latter reflects, once

more, the photochemical origin of CHO.CHO. The pyro-

genic emissions of VOC and CHO.CHO also contribute sig-

nificantly to the observed seasonality as noted in the case of

Africa, Amazonia and Indonesia.

In order to better illustrate the general pattern of the

seasonal changes observed in the NH and the SH, the
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Table 2. Median values of VCDs of CHO.CHO and HCHO coupled with their median ratio (RGF ), the average EVI and the sum of fire

numbers for the period 2003–2007. Data gridded to 0.5×0.5◦ have been used for the following analysis.

Box number/ Lat center Long center CHO.CHO HCHO RGF EVI Sum of Fire

Fig. 8 [deg] [deg] [molec cm−2] [molec cm−2] counts

N. America 1-a 32±4 −90±10 3.67×1014 8.07×1015 0.045 0.32 1061

S. America 2-b 0±10 −62±8 5.32×1014 1.25×1016 0.043 0.49 23 759

S. Americaa 3-c −2±4 −50±3 6.62×1014 1.38×1016 0.048 0.47 13 198

Africa N 4-d 6±4 1±10 5.83×1014 1.14×1016 0.051 0.42 11 098

Africa E 5-e 2±4 19±9 5.36×1014 1.29×1016 0.042 0.46 3902

Africa S 6-f −7±5 19±9 5.05×1014 1.10×1015 0.046 0.39 2879

Indonesia 7-i 2±6 108±12 5.54×1014 8.34×1015 0.066 0.43 22 770

Australia 8-l −14±3 135±10 3.75×1014 6.09×1015 0.062 0.24 21 449

Asia S 9-k 25±3 112±5 5.79×1014 1.25×1016 0.046 0.35 1778

Asia N 10-j 34±5 116±5 4.52×1014 1.19×1016 0.038 0.29 8057

India 11-h 24±4 85±7 4.88×1014 9.14×1015 0.053 0.30 2535

Europe 12-g 48±5 7±6 2.20×1014 7.32×1015 0.034 0.34 2127

a SA box 3 is studied due to its higher glyoxal values in comparison to box 2 (details provided at Sect. 3.5.2)

“normalized” VCDCHO.CHO have been calculated for se-

lected hot spot areas (1, 4, 9, 10, 11 and 12 for the NH and 2,

3, 6, 7 and 8 for the SH) depicted in Fig. 7 and presented in

detail in the next section. The normalized VCDCHO.CHO val-

ues are derived from the monthly averages through division

by the annual mean value, e.g. the normalized VDCCHO.CHO

for January is calculated from Eq. (1)

normalized VCD(Jan) =

∑j

i {VCD(Jan)/Ni}

(j − i +1)
(1)

In this equation, i is the initial year of measurements, j the

end year, and Ni the annual average. The use of the normal-

ized values reduces the month-to-month variability caused

by the variation in the sources contributing to glyoxal pro-

duction, e.g. an unexpected intensive biomass burning event.

The results of these calculations (Fig. 6b) confirms the

above finding, that the CHO.CHO column amount has a

strong seasonal variation with the highest values observed

during the warm periods namely June to September for the

NH (black circles) and November to February for the SH

(Red empty circles). Depending on the sources and the dif-

ferences in temperatures, the amplitude of those patterns may

vary significantly (see Sect. 3.5).

3.5 Photochemical “hot-spot” areas of VCDCHO.CHO –

seasonal variability

After focusing on the global composite map of glyoxal col-

umn amount and its normalized seasonality, the next objec-

tive addresses selected specific areas of interest where the

highest values of CHO.CHO columns are observed.

To perform this analysis, twelve “hot-spot” locations

(Fig. 7a, black boxes) were selected. These locations are pre-

sented in Table 2 together with the median VCDs computed

for CHO.CHO and HCHO, the average Enhanced Vegetation

Index (EVI) (http://earthobservatory.nasa.gov/Observatory/)

and the sum of the fire counts based on the analysis of the Ad-

vanced Along Track Scanning Radiometer, AATSR instru-

ment (ATSR World Fire Atlas, http://dup.esrin.esa.int/ionia/

wfa/index.asp). It should be noted that all the datasets were

gridded to the same resolution (0.5◦ ×0.5◦). The respective

results are discussed by region in the following subsections

in conjunction with both their local seasonality and their in-

terannual variability.

3.5.1 North America

The highest mean values of the VCDs of glyoxal over North

America, NA, are observed above the Southern East Coast.

This region, which is known to have a large biogenic emis-

sion, is characterized by enhanced EVI values, which is di-

rectly related to the photosynthetic capacity and primary pro-

ductivity of the plant canopies.

Over the region defined as NA (Fig. 7 – box 1)

the VCDCHO.CHO have a median annual value equal

to 3.7×1014 molec cm−2 which on average vary between

low values in winter (2.5×1014 molec cm−2) up to about

5.0×1014 molec cm−2 in summer following the changes

of the EVI (green line). The seasonal behaviour of the

CHO.CHO values, as already pointed out, can be attributed

to the oxidation of biogenic VOCs (bVOCs) such as isoprene

(Wiedinmeyer et al., 2005) and terpenes. The oxidation of

VOCs will lead also to high values of the column amount of

HCHO, which is a major product of the oxidation scheme of

isoprene (Spaulding et al., 2003, and references therein).

Indeed and in agreement with the above assumptions, both

the terrestrial isoprene emissions (Guenther et al., 2006) and
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Fig. 7. Monthly mean variability of the VCDCHO.CHO (black dotted line) computed over the 12 selected photochemical hotspots of Table 2.

The green line illustrates the Enhanced Vegetation Index calculated from MODIS data and the red columns depict the one fourth of the

normalized, per year, fire counts as computed from the AATSR instrument.

the respective VCDHCHO observations (Chance et al., 2000;

Abbot et al., 2003; Wittrock, 2006; De Smedt et al., 2008;

Stavrakou et al., 2009a) show enhanced values above the

Southern East Coast. The ratio 0.044±0.009 computed from

the annual mean values of VCDCHO.CHO/VCDHCHO, defined

as RGF , agrees with the mean value of 0.045 found dur-

ing the SCAPE experiment (Munger et al., 1995) held at the

mountain ridge site in Shenandoah National Park, Virginia.

Please note that in order to provide additional statistics, Ta-

ble 2 presents the median RGF values.

Several other spots with high glyoxal values are re-

vealed when looking across the NA continent. These are

mainly influenced by anthropogenically emitted VOCs, e.g.

above Los Angeles at the West Coast, where on average

VCDCHO.CHO ≥ 5.8×1014 molec cm−2 are found. The anal-

ysis of these more localized phenomena will be described in

a forthcoming publication.

3.5.2 South America

As depicted in Fig. 7b, the highest VCDCHO.CHO are com-

puted over the tropical rainforests of Amazonia. The abun-

dance of CHO.CHO in this region is controlled not only by

VOCs induced by biogenic sources (high values of EVI, Ta-

ble 2) but also by biomass burning emission (Table 2). Al-

though fires contribute less systematically than the biogenic

emissions, their occurrence coincides with high amounts of

glyoxal. This is confirmed from the analysis of the VCDs

Atmos. Chem. Phys., 9, 4485–4504, 2009 www.atmos-chem-phys.net/9/4485/2009/



M. Vrekoussis et al.: Temporal and spatial variability of glyoxal as observed from space 4497

of CHO.CHO for boxes 2 (central and western SA) and 3

(eastern SA) presented in Fig. 7.

Here both the EVI and the calculated number of fires are

high (Table 2). In addition, box 3 is a region where almost

all fire events occur during the period July–October while

box 2 encounters two fire seasons with the maxima of the

fire counts observed in March and in September.

For the region 2, the median VCDCHO.CHO equals

5.3×1014 molec cm−2. When focusing on the smaller box

an increase of 25% is found in CHO.CHO. Interestingly

the increase in HCHO is smaller (10%) which implies

that CHO.CHO, at least for this specific case study, might

be a more sensitive metric for monitoring the air qual-

ity above biomass burning. The difference in the in-

crease of the concentrations of those species results in

slightly higher CHO.CHO/HCHO ratio of the mean VCDs

(RGF =0.049±0.016) calculated for the small region in com-

parison to the respective one characterizing the larger region

(RGF =0.045±0.012). The annual mean VCDs of NO2 re-

main quite low for both regions with the respective values

being equal to 3–4×1014 molec cm−2.

Interestingly, although the strength of the apparent sources

of precursor VOCs linked to glyoxal production at both co-

herent regions are different, the seasonal variability (Fig. 7 –

boxes 2 and 3) is showing that the maxima are found during

the same period around November and the minima around

July.

For the larger area (box 2) this is supported by the findings

of Huete et al. (2006), who observed a progressive increase

of the EVI in Amazonia during the dry season (July–mid

November). The same period coincides with the fire season

affecting mainly the selected region 3 in addition to the im-

pact of the local vegetation. The biomass burning in this case

has a direct effect in the reported amplitude (Fig. 7, box 3) of

the mean variability of CHO.CHO which in total is enhanced

by 85%.

3.5.3 Africa

Africa is one of the continents where some of the highest

glyoxal VCDs are observed. The reason is that as in the

case of S. America, Central Africa is covered with dense

vegetation, which have large emission of VOC and in ad-

dition biomass burning is a regular reoccurring phenom-

ena. To the north and south of the tropical forests, the

vegetation type changes to deciduous forests and savannas.

In addition to these strong biogenic emissions, CHO.CHO

is produced from wild fires and savannan fires (Cahoon et

al., 1992). These fire events are seasonally dependant as

it is shown not only from the ATSR world fire atlas but

also from the respective carbon monoxide, CO from Mo-

pitt (Measurements of pollution in the Troposphere, MO-

PITT, http://web.eos.ucar.edu/mopitt/index.html) and SCIA-

MACHY (Buchwitz et al., 2007). In West Africa fires peak

from December to February and in Southern Africa during

May–August (Fig. 7, red columns). This results in different

patterns in the observed seasonality as depicted in Fig. 7, in

regional boxes 4 and 6.

Moving from the Northern Hemisphere to the Southern

Hemisphere for the selected regions in Fig. 7, a decrease in

CHO.CHO amounts, is observed. The median VCD values

are 5.8, 5.4 and 5.1×1014 molec cm−2 for the boxed areas 4,

5 and 6 respectively. Each of the three regions is controlled

by different types and mixtures of emissions.

The 4th box, at the north west of the major tropical forest

area is populated mostly with deciduous humid forests, de-

rived Savanna and partially with tropical forests at its coastal

borders to the south. The total amount of biomass burned

in this region is the largest for the entire continent (Hao and

Liu, 1994). Climatologically, there is a well distinguished

“wet – dry” system characterizing this area. Glyoxal VCDs

obtain their highest values (Fig. 7 – box 4) from December

to February when the peak of fires is observed. An increase

is observed from July. This behaviour can be explained by

the high EVI values, implying large biogenic emissions and

the ensuing photochemistry during summer. The computed

ratio RGF is equal to 0.050±0.006.

Box 5 is covered completely by tropical forest with wild

fires occurring sporadically. The climate is tropical with

fairly constant temperatures (around 27◦C) corresponding

to two dry and two wet season (Stavrakou et al., 2009a).

Small changes are found for the month-to-month variability

of CHO.CHO and the RGF was 0.043±0.004, a value close

to the one already calculated over the biogenically influenced

areas.

Finally, box 6 is covered by mid sub-humid wooden sa-

vannas and the climate is similar to the one mentioned for

region 4. The observed contrary seasonality is linked to the

pyrogenic emissions occurring during the dry season which

in this case peaks in August. The retrieved CHO.CHO has a

two maxima shape with the highest values computed in Au-

gust due to the fires, and the second in December due to the

enhanced biogenic emissions. The RGF is in this case equal

to 0.046±0.004 slightly higher than the one of box 5.

3.5.4 Europe

Over Europe the values of the glyoxal columns are mod-

erate. Above the selected areas in Western Europe the

anthropogenic sources are of major importance as ex-

pressed by the high NO2 vertical columns (Richter et al.,

2005). The monthly mean CHO.CHO columns range from

1.5×1014 molec cm−2in winter to 3.0×1014 molec cm−2 in

summer (Fig. 7 – box 12) and the median annual value is

2.2×1014 molec cm−2. The respective HCHO columns over

the same region are also moderate and their median value is

found to be equal to 7.3×1015 molec cm−2. The ratio of both

trace gases in this case is RGF =0.035±0.007 suggesting that

over anthropogenically influenced regions the ratio decreases

as a result of higher primary sources of HCHO in comparison
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to the CHO.CHO ones (Garcia et al., 2006). Another indirect

source of HCHO but not of CHO.CHO comes from the de-

composition of the peroxyacetyl nitrate (PAN), a product of

the photochemical reaction of VOCs and NO2. The thermal

decomposition of PAN has a relatively large enthalpy result-

ing in a strong temperature dependence. PAN is therefore a

temporary reservoir for HCHO.

3.5.5 Asia

Four hot spots are selected over Asia. One is found over

India, one in Indonesia and two over China.

Both the southern and northern China regions (Fig. 7

– boxes 9 and 10) are controlled by strong biogenic as

well as pyrogenic emissions (Fu et al., 2007; Stavrakou

et al., 2009a). The northern region is additionally finger-

printed by agricultural biomass burning which maximizes in

June (Fu et al., 2007) and with rapidly increasing anthro-

pogenic emissions (Richter et al., 2005). The median an-

nual value of the VCDCHO.CHO is higher for the southern

box (5.8×1014 molec cm−2) in comparison to the northern

(4.5×1014 molec cm−2).

The seasonal pattern is relatively similar for both areas,

with the maximum values being retrieved during summer but

a second increase found in March until July for the southern

region. This increase has been observed also in the HCHO

values (Fu et al., 2007; Stavrakou et al., 2009a). The calcu-

lated RGF s are 0.046±0.005 and 0.039±0.005 for the south-

ern and the northern boxes respectively. The values of the

median VCDNO2 were almost 5 times larger over the north-

ern China suggesting, as in the case of Europe, that the low-

est values of RGF occur over areas where anthropogenically

induced emissions from fossil fuel combustion occur.

In India the selected hot spot is located above a densely

populated area (http://earthobservatory.nasa.gov/IOTD/view.

php?id=432) close to the Himalaya Mountains. The season-

ality of glyoxal follows the northern hemispheric pattern with

the maxima found in summer (Fig. 7 – box 11). The me-

dian annual value was equal to 4.9×1014 molec cm−2 and

the computed RGF was 0.053±0.008. These numbers point

to the existence of supplementary sources of CHO.CHO in

addition to the biogenic emissions occurrence. Another ma-

jor source of NMVOCs in India are the residential emissions

(wood fuel), as reported in the Emission Database for Global

Atmospheric Research (EDGAR). The relatively low median

NO2 VCDs (2.5×1015 molec cm−2) over box 11 agrees with

the findings of the EDGAR database stating that the pollu-

tion induced from industrialization processes currently is not

the key contributor to NMVOC production.

Over Indonesia (Fig. 7 – box 7), the annual cycle in

glyoxal is not so pronounced. Higher mean VCDs are

observed from September to February and lower columns

from March to August. The median VCDCHO.CHO was

5.5×1014 molec cm−2 and the reported RGF of 0.068±0.039

was not only the highest among all the studied values of the

12 hot spots but also the one with the greatest variability. At

first glance, this appears to be linked with increased biomass

burning, which can be supported by the conditions occur-

ring in this region. Indonesia is covered by tropical forests.

Climatologically, it is affected by a dry monsoonal period

mainly between July and October. During this period, fires

are started for agricultural land clearing and deforestation. In

parallel, wild fires occur at the tropical forests due to the dry

climate (Murdiyarso and Adiningsih, 2006). Changing from

rain forest to commercial crops is also changing the type and

pattern of emissions of VOC. In addition Indonesia is one

of the regions suffering from the drier conditions caused by

the El-Niño phenomenon and subsequently the increase of

fire numbers. As seen in Fig. 7 – box 7 (blue dashed line),

the monthly averages of the VCDCHO.CHO were up to 27%

higher in 2006, a characteristic El-Niño year, in comparison

to the data excluding the El-Nino year (not shown here), dur-

ing October and November.

3.5.6 Australia

Northern Australia is also characterised by biogenic emis-

sions and periods of biomass burning. Both contribute to

the observed seasonal cycle, which minimizes during the

cold period (JJA) due to the absence of precursors in addi-

tion to lower photochemistry. During the fire season (July–

December) glyoxal columns exhibit a sharp increase 4–

5×1014 molecules cm−2, which ends in February when the

maximum EVI values are obtained (Fig. 7 – box 8). The ob-

served ratio of CHO.CHO to HCHO is 0.059±0.009 indica-

tive of the large numbers of fires in addition to the biogenic

emissions occurring in Northern Australia.

3.5.7 Oceanic VCDCHO.CHO

The retrieved trace-gas observations of small absorbers suf-

fer from different potential error sources over water (e.g. in-

terference from liquid water absorption and vibrational Ra-

man infilling of Fraunhofer line) than over land. This makes

their interpretation more demanding in comparison to land

values. However assuming that the retrieved SCDCHO.CHO

and VCDCHO.CHO are accurate within error this results to the

following analysis.

High VCDCHO.CHO (in some cases ≥4×104 molec cm−2)

are observed at several regions above the ocean (Fig. 2c).

The most abundant oceanic regions of glyoxal are in the trop-

ics. In addition there is a seasonal modulation of CHO.CHO

over the southern oceans and northern ocean. The values of

CHO.CHO are less over the higher latitudes but a clear sea-

sonal cycle is observed. These regions where CHO.CHO is

found above the oceans are known to be biological active:

relatively large amounts of phytoplankton monitored from

space result to enhanced Oceanic Net Primary Productiv-

ity values (npp, http://www.science.oregonstate.edu/ocean.

Atmos. Chem. Phys., 9, 4485–4504, 2009 www.atmos-chem-phys.net/9/4485/2009/



M. Vrekoussis et al.: Temporal and spatial variability of glyoxal as observed from space 4499

Fig. 8. Interannual variability of the vertical column densities of glyoxal over the selected hotspots. The dots show all the individual

measurements, the black lines present the respective monthly means and the gray lines corresponds to the residual mean squares (RMS) of

the fit for each individual measurement.

productivity/, based on MODIS chlorophyll and temperature

data).

The strong signals in the tropics in particular in the Pa-

cific are affected by the Intertropical Convergence Zone

(ITCZ). In this region strong convection occurs lifting moist-

air masses having marine aerosol.

The latter is indicative of another potential source of the

glyoxal over oceans: the convection of organic aerosols, rich

in dissolved organic carbon (DOC) to the troposphere. The

oceanic and coastal surface microlayers are enriched in low

molecular weight carbonyls in comparison to the subsurface

water as a result of the enhanced photo-production rate (Zhou

and Mopper, 1997). This may facilitate their release to the

www.atmos-chem-phys.net/9/4485/2009/ Atmos. Chem. Phys., 9, 4485–4504, 2009
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Fig. 9. Linear regression analysis of the CHO.CHO VCDs coupled with their uncertainties (2 σ), over the selected hotspots of Table 2. The

red columns show the annual increase of the VCDs of glyoxal observed over Northeastern Asia.

atmosphere at the surface or from marine aerosol, which is

created from wave breaking and foam etc. The surface layer

of the ocean and these aerosols under the presence of oxi-

dants (OH, O3 and NO3) and/or halogens may result in the

dissolved organic carbon being oxidized and organic com-

pounds and radicals being released to the gas phase. Possibly

a complex process controls the chemical scheme of the pro-

duction of CHO.CHO from the oceanic sources and further

investigation is needed.

The oceanic behavour of CHO.CHO in connection with

various oxidants (e.g. O3, OH, IO) as well as with the ob-

served net primary productivity is subject of a paper in prepa-

ration.

3.6 Interannual variability and trends over the

hotspot areas

The hot-spots described above are now analyzed in terms of

their interannual variability. The individual measurements

of VCDCHO.CHO coupled with the respective residual mean

squares (RMS) and the monthly means are illustrated in

Fig. 8.

The seasonal patterns emanating from this figure were al-

ready described above. In order to observe potential trends

for the specific selected hot spots of glyoxal, a linear regres-

sion analysis has been applied to the results and the outcome

is presented separately in Fig. 9.

Four of the twelve hot-spots, NE and SE Asia, India and

Australia present an annual increase in CHO.CHO Vertical

Column Densities. For Australia, India and SE Asia the

annual computed increase of 1.6% and 1.2% and 3.5%, re-

spectively, is small. Notably, during the period 2003–2007,

the vertical columns of glyoxal increased over NE China by

about 45%. This increase is attributed, at least partially to

the increase of the VOC emissions following the rapid and

continuous economic development of this region (Richter et

al., 2005).

On the contrary, a small decrease of 4.0%, 1.3%, 1.7%,

4%, and 3% in the VCDCHO.CHO was found over Western

Europe, S. America, and Africa respectively. Over Western

Europe, a 18% NOx emission reduction, from 1996 to 2002,

is also reported (Richter et al., 2005). This reduction in NOx

emissions reflects the decrease of man-made emissions. The

decrease of glyoxal has to be treated with care as the median

value of the VCDCHO.CHO for the studied period is also very

low (2.2×1014 molecules cm−2).

As the length of the data set increases, the significance

of the observed changes and any non linear behaviour will

become clearer.

4 Conclusions

SCIAMACHY measurements of the upwelling radiance at

the top of the atmosphere have been used to obtain the first

global multi-annual (2002–2007) dataset of the glyoxal ver-

tical column densities. The slant columns were retrieved in

the 435–457 nm spectral region using the DOAS technique:

slant column densities being initially retrieved and then con-

verted to vertical columns densities by using air mass factors.

The verification and validation of the space-based observa-

tions was made using ground-based measurements reported

in the literature. Taking into account the assumptions needed

to obtain a coherent dataset, the comparisons between ground

Atmos. Chem. Phys., 9, 4485–4504, 2009 www.atmos-chem-phys.net/9/4485/2009/
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based and satellite data showed a good agreement within un-

certainties.

As glyoxal’s lifetime is short (about 2–3 h), the column

amounts of CHO.CHO can be used as a regional and global

marker of photochemical hot-spots, which are defined as re-

gions where photochemical oxidation of chemical species is

rapid. Several hot-spots regions were selected and their tem-

poral variation was analyzed. Spatially, the highest values

of glyoxal VCDs are observed over tropical and sub-tropical

regions. South America, Africa, India, Indonesia and Asia

(mainly China) have the largest columns of CHO.CHO fol-

lowed by North America ground scenes, Europe and Aus-

tralia. Notably, large column amounts of glyoxal are also

found above the ocean, close to upwelling areas and above

regions having large concentrations of phytoplankton sug-

gesting biogenic activity, perhaps coupled with photochem-

istry as the oceanic source of the CHO.CHO.

The highest glyoxal amounts are found over regions con-

trolled by strong biogenic and pyrogenic emissions. The

VOCs emitted from those sources act as the precursor “fuel”

in the CHO.CHO production. Nevertheless attention should

be given to exploit the primary emission of glyoxal, linked to

the strong biomass burning events.

Temporally, the levels of glyoxal vary seasonally due to

the changes in the biogenically emitted VOCs, mainly iso-

prene and the ones originating from man-made fires. Other

important factors controlling the seasonality of CHO.CHO

are the oxidant levels and the induced photochemical reac-

tions. In general, the highest values of the VCDCHO.CHO are

observed for both hemispheres during summer and the lowest

during winter.

The reported ratio of the CHO.CHO to HCHO amounts

was found to be about 0.045 over the source regions con-

trolled by biogenic sources. When shifting to regions af-

fected additionally by biomass burning an increase of this

ratio has been computed. On the contrary the presence of

anthropogenic sources has been connected to a decrease of

the respective ratio possibly due to the additional sources of

HCHO. Further temporal and spatial investigation is needed

to better characterize this ratio.

Finally, the interannual global analysis showed that over

Northeastern China, an increase in glyoxal column amounts

of about 3.5×1013 molec cm−2 y−1 or else of 45% is found

for the period 2003 to 2007.
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