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Abstract. Tropical rainforests act as a huge contributor to

the global emissions of biogenic volatile organic compounds

(BVOCs). Measurements of their oxidation products, such

as formaldehyde (HCHO) and glyoxal (CHOCHO), provide

useful indicators of fast photochemistry occurring in the

lower troposphere. However, measurements of these species

in tropical forest locations are extremely limited. To redress

this, HCHO and CHOCHO were measured using the long-

path (LP) and multi-axis (MAX) differential optical absorp-

tion spectroscopy (DOAS) techniques above the rainforest

canopy in Borneo during two campaigns in spring and sum-

mer 2008, as part of the Oxidant and Particle Photochemical

Processes above a south-east Asian tropical rainforest (OP3)

project. The results were compared with concurrent mea-

surements of hydroxyl radical (OH), isoprene (C5H8) (which

was the dominant organic species emitted in this forest envi-

ronment), and various meteorological parameters. Formalde-

hyde was observed at a maximum concentration of 4.5 ppb

and glyoxal at a maximum of 1.6 ppb, significantly higher

than previous measurements in rural locations. A 1-D chem-

istry model was then used to assess the diurnal evolution of

formaldehyde and glyoxal throughout the boundary layer.

The results, which compare well with the LP-DOAS and

MAX-DOAS observations, suggest that the majority of the

glyoxal and formaldehyde is confined to the first 500 m of the

boundary layer, and that the measured ratio of these species

is reproduced using currently accepted product yields for the

oxidation of isoprene by OH. An important conclusion is that

the measured levels of glyoxal are consistent with the sur-

prisingly high concentrations of OH measured in this envi-

ronment.

1 Introduction

Glyoxal (CHOCHO) is the smallest dicarbonyl and is pro-

duced in the atmosphere from the oxidation of a number of

volatile organic compounds (VOCs). Biogenic sources in-

clude isoprene (47 % of the global source of glyoxal, Fu et

al., 2008; Spaulding et al., 2003) and monoterpenes, while

anthropogenic sources include aromatic compounds from ve-

hicle emissions and biomass burning (Volkamer et al., 2001;

Fu et al., 2008). Formaldehyde (HCHO) in the remote at-

mosphere is predominantly produced from the oxidation of

methane by the hydroxyl (OH) radical (Arlander et al., 1995),

but it is also produced through the oxidation of isoprene,

which can be a dominant source depending on the emis-

sion rates (Dufour et al., 2009). Isoprene (C5H8) is emitted

by vegetation when exposed to sunlight, and the emission

rate has a positive dependence on temperature. It is the most

abundant non-methane VOC in the atmosphere, contributing

44 % of the total atmospheric VOC flux (Guenther et al.,
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1995). The tropical rainforests in South-East Asia act as a

significant source of VOCs to the atmosphere; an estimated

10 Tg C yr−1 of isoprene is contributed by the rainforests of

Borneo alone compared to a global total of ∼ 500 Tg C yr−1

(Guenther et al., 1995).

Both formaldehyde and glyoxal have been used as in-

dicators for fast organic photochemistry occurring in the

boundary layer (Volkamer et al., 2005a). Ground-based mea-

surements of glyoxal are fairly sparse and have predomi-

nantly been in urban locations in the Northern Hemisphere,

with comparatively few in rural environments. Measure-

ments have been made using 2,4 dinitrophenylhydrazine

coated annular denuders followed by high performance liq-

uid chromatography (DNPH/HPLC) (Grosjean et al., 1990;

Lee et al., 1998) and differential optical absorption spec-

troscopy (DOAS) (Volkamer et al., 2005a; Sinreich et al.,

2007, 2010) with more recent measurements employing laser

induced phosphorescence (Huisman et al., 2011) and in-

coherent broadband cavity enhanced absorption (Washen-

felder et al., 2011). Satellite measurements (utilizing DOAS)

have also been performed using both the SCIAMACHY

(SCanning Imaging Absorption spectroMeter for Atmo-

spheric CartograpHY) and GOME-2 (Global Ozone Mon-

itoring Experiment-2) instruments (Wittrock et al., 2006;

Vrekoussis et al., 2009; Lerot et al., 2010). The concentra-

tions of glyoxal in the boundary layer range from parts per

trillion (ppt, equivalent to pmol mol−1) to low parts per bil-

lion (ppb, equivalent to nmol mol−1) levels, with higher con-

centrations observed in highly polluted urban environments

(Volkamer et al., 2005a) and areas with high biogenic activ-

ity (Wittrock et al., 2006; Vrekoussis et al., 2009), while low

concentrations have been reported in remote environments

(Sinreich et al., 2010). Very recent measurements of glyoxal

above a pine plantation in the Sierra Nevada using Laser-

Induced Phosphorescence (LIP) found daytime peak glyoxal

mixing ratios of 50–150 ppt (Huisman et al., 2011).

Atmospheric measurements of formaldehyde are much

more abundant. A number of different measurement tech-

niques have been employed and inter-compared (Hak et al.,

2005; Cardenas et al., 2000). Concentrations of formalde-

hyde in rural locations are typically in the 0.1–4 ppb range

(Munger et al., 1995; Lee et al., 1998; Heikes, 1992; Lowe

and Schmidt, 1983), with much higher concentrations (up to

29 ppb) in urban locations (Possanzini et al., 2002; Grosjean,

1991). Measurements of HCHO above a pine forest in the US

Sierra Nevada using Quantum Cascade Laser Spectroscopy

(QCLS) showed elevated levels of 15–20 ppb at midday at-

tributed to abundant emissions of very reactive volatile or-

ganic compounds (Choi et al., 2010).

Satellite measurements indicate significant levels of gly-

oxal and formaldehyde over the tropical oceans (Wittrock et

al., 2006), and recent ship-based measurements in the south-

eastern Pacific reported up to 140 ppt of glyoxal above the

ocean surface (Sinreich et al., 2010). In fact, these measure-

ments cannot be fully explained using the current knowledge

of glyoxal source and sink chemistry. The lifetime of gly-

oxal is of the order of 1–2 h for overhead sun conditions in

urban environments (Volkamer et al., 2005a), or 2–3 h glob-

ally (Myriokefalitakis et al., 2008; Fu et al., 2008), and is

determined primarily by photolysis and reaction with OH

(Volkamer et al., 2005a). The importance of glyoxal in sec-

ondary organic aerosol (SOA) formation has been an area of

increased interest recently; questions remain over the mech-

anism of glyoxal uptake (Corrigan et al., 2008; Kroll et al.,

2005; Liggio et al., 2005). Fu et al. (2008) found that gly-

oxal loss to aerosol in an urban environment was compa-

rable to oxidation by OH, and aerosol loss accounted for a

significant missing sink identified from modelling glyoxal

measurements in Mexico City (Volkamer et al., 2007). Mea-

surements have also shown that the extent of glyoxal up-

take is heavily dependent on the coating of the seed aerosol

(Galloway et al., 2011b; Volkamer et al., 2009). Glyoxal up-

take may also account for the missing source of SOA in the

free troposphere identified in current global models such as

GEOS-Chem (Heald et al., 2005). Recent studies have shown

that glyoxal processing in clouds could provide a further

source of SOA to the free troposphere (Tan et al., 2009).

The average lifetime of formaldehyde in the troposphere is

around 5 h (Arlander et al., 1995), and is similarly governed

by its reaction with OH and photolysis. Although uptake of

formaldehyde occurs on acidified aerosol, it should not play a

role in SOA formation under typical atmospheric conditions

(Jayne et al., 1996; Kroll et al., 2005). Smaller loss processes

for both species are dry and wet deposition, due to their high

solubility in water (Fu et al., 2008).

Satellite measurements indicate increased concentrations

for both species over areas with high biogenic isoprene emis-

sions (Wittrock et al., 2006). These measurements also sug-

gest that the ratio of glyoxal to formaldehyde can be an in-

dicator of whether the sources of these species are predom-

inantly biogenic or anthropogenic: higher ratios indicate a

greater influence of biogenic activity. A ratio of 0.06 was de-

termined for areas where biogenic sources dominate such as

tropical rainforests (Vrekoussis et al., 2010), compared to a

ratio of 0.04 in urban environments.

In this paper we describe ground-based measurements of

glyoxal and formaldehyde over a tropical rainforest canopy,

using long-path DOAS (LP-DOAS) and multi-axis DOAS

(MAX-DOAS) instruments. The observed diurnal variations

and ratios of the two compounds are then interpreted using a

1-dimensional model of the boundary layer above the forest

canopy.

2 Field campaigns and measurement techniques

Measurements were performed during two campaigns in

April/May and June/July 2008, as part of the Oxidant and

Particle Photochemical Processes above a south-east Asian

tropical rain forest (OP3) project. During these campaigns a
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Fig. 1. Coastline of Borneo with measurement site indicated by the black dot and inset showing the location of Borneo within south-east Asia.

variety of ground-based and airborne techniques were used

to study the atmospheric composition within and above the

rainforest canopy (Hewitt et al., 2010). The LP-DOAS instru-

ment was located on a look-out tower at Bukit Atur in Danum

Valley, Sabah, Malaysia (4◦58′49.33′′ N, 117◦50′39.05′′ E)

(Fig. 1). The Bukit Atur Global Atmospheric Watch (GAW)

tower is situated within the Danum Valley Conservation

Area, which covers an area of 438 km2 of protected rainfor-

est. The site is located approximately 30 km from the coast

and 70 km south-west of the Sabahmas palm oil plantation

(Hewitt et al., 2010).

The LP-DOAS optical path was directed 3.35 km south-

west at an elevation angle of −3◦ to the top of the canopy

(Fig. 2), where an array of corner cube reflectors was se-

cured to the trunk of a tree 40 m above the ground in the for-

est canopy. The total optical path length was 6.7 km, running

at an average height of about 90 m above the canopy tak-

ing into account the difference in height between the retro-

reflector and the hill on which the LP-DOAS was situated

(180 m higher). There is a further discussion of the height

difference between the DOAS and complementary measure-

ments in the discussion and modelling section. Details of

the instrument and spectral deconvolution procedure can be

found elsewhere (Plane and Saiz-Lopez, 2006), and so only a

brief description is presented here. Spectra were recorded us-

ing a 0.5 m Czerny-Turner spectrometer with a 1200 grooves

mm−1 grating, coupled to a cooled CCD camera, producing

a spectral resolution of 0.25 nm in a spectral region spanning

about 40 nm. A 400 W xenon arc lamp was used as the light

source. Reference lamp spectra were recorded online at 30 s

intervals using an optical bypass system allowing for mea-

surement of light that was not exposed to the atmospheric

lightpath. A similar system enabled recording of the back-

ground light by blocking the Xe arc lamp source. Spectra

were averaged for 10 and 60 min for glyoxal and formalde-

hyde, respectively, to improve the signal-to-noise. The spec-

tra were then converted into optical densities and the contri-

butions of the individual absorbing species were determined

by simultaneously fitting, using singular value decomposi-

tion, a library of reference absorption cross sections to deter-

mine their respective concentrations (Plane and Saiz-Lopez,

2006).

An important point to note is that simultaneous measure-

ments of glyoxal and formaldehyde are not possible with this

specific instrument, because these species are retrieved in dif-

ferent, not simultaneously probed spectral regions. Glyoxal

was measured in the visible from 412–454 nm. The spec-

tral fitting window used was from 422–442 nm and reference

spectra fitted in this region were glyoxal (Volkamer et al.,

2005a), NO2 (Vandaele et al., 1998) and H2O (Rothman et

al., 2003). Formaldehyde was measured in the near-UV from

316–358 nm and the spectral fitting range used was from

324–356 nm . The reference spectra fitted in this window

were formaldehyde (Meller and Moortgat, 2000), NO2 (Van-

daele et al., 1998) and O3 (Burrows et al., 1999). Figure 3

illustrates examples of spectral fits for glyoxal and formalde-

hyde. The detection limit for glyoxal was between 100–

200 ppt (depending on visibility), and that for formaldehyde

www.atmos-chem-phys.net/12/5949/2012/ Atmos. Chem. Phys., 12, 5949–5962, 2012
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Fig. 2. Schematic diagram of the field site showing viewing directions for both DOAS instruments.

Fig. 3. Example spectral fits for formaldehyde and glyoxal from

the LP-DOAS analysis. The red solid lines and markers show the

measured atmospheric spectrum after all other absorbers have been

subtracted and the dashed lines show the respective reference spec-

tra for HCHO and CHOCHO, corresponding to 2452 ± 74 ppt and

764 ± 72 ppt, respectively.

between 300 and 400 ppt. The residual structures present in

the spectrum appear to be random and do not appear system-

atically in successive spectra.

The MAX-DOAS instrument was situated on the same

tower at Bukit Atur as the LP-DOAS instrument, but view-

ing north-north-east (Fig. 2) as this gave the lowest possible

viewing angle over the forest canopy. The MAX-DOAS tech-

nique uses scattered sunlight as the light source, and spectra

are recorded at discrete viewing angles so that vertical pro-

file information on the species of interest can be obtained

(Plane and Saiz-Lopez, 2006; Platt and Stutz, 2008). The

Leeds MAX-DOAS employs a stepper motor to scan the ele-

vation angle of a small telescope, at a fixed azimuthal angle.

The telescope consists of a 2.5 cm diameter quartz lens with

a 7.5 cm focal length, whose focal point is the entrance to an

Fig. 4. Example spectral fit for formaldehyde from the MAX-DOAS

analysis. The red solid line shows the measured atmospheric spec-

trum after all other absorbers have been subtracted, and the dashed

line shows the reference spectrum. The fit corresponds to a slant

column density of 3.31 × 1016 cm−2 and is for a solar zenith angle

of 59◦.

optic fibre. This arrangement has a field of view around 1◦.

Spectra were recorded at 9 discrete viewing angles: 1, 2, 4,

6, 8, 10, 15, 30 and 90◦ elevation, with 30 s exposure time at

each angle. Formaldehyde was measured in the 326–369 nm

spectral region. Along with the HCHO absorption cross sec-

tion, the other species fitted in the window from 336–357 nm

were BrO, NO2, O3, O4, and a Ring spectrum (Greenblatt et

al., 1990; Meller and Moortgat, 2000; Vandaele et al., 1998;

Wilmouth et al., 1999; Bogumil et al., 2003) and the zenith

spectrum from each scan is used as a reference. An example

of a MAX-DOAS spectral fit is shown in Fig. 4.

In addition to the DOAS measurements, there was a com-

prehensive suite of instruments measuring various species

Atmos. Chem. Phys., 12, 5949–5962, 2012 www.atmos-chem-phys.net/12/5949/2012/
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Fig. 5. Time series for formaldehyde and glyoxal over both campaigns. The red squares show the measured formaldehyde and the associated

detection limit and the blue triangles are those for glyoxal.

at the Bukit Atur site. OH measurements were made using

the Fluorescence Assay by Gas Expansion (FAGE) technique

(Whalley et al., 2011) and measurements of aerosol surface

area were performed using a Differential Mobility Particle

Sizer (DMPS) (Winklmayr et al., 1991). Measurements of

isoprene were made using Gas Chromatography with Flame

Ionisation Detection (GC-FID) at 5 m, on top of the FAGE

container and with Proton Transfer Reaction Mass Spectrom-

etry (PTRMS) at 75 m on the GAW tower (Langford et al.,

2009; Hopkins et al., 2003).

3 Observations

Figure 5 summarises the results from the LP-DOAS for both

campaigns. Glyoxal was measured on 19 days. It showed

significant variability, from below the detection limit (100–

200 ppt) at night up to typically 800–1000 ppt during the day.

The maximum value observed was 1.6 ppb on 28 April. The

diurnal peak in glyoxal was highly variable and was observed

from 11:00 LT until well into the night as late as 21:00 LT, af-

ter the isoprene concentration had dropped close to zero on

some days. There was usually a lack of retrievable data in

the early hours of the morning due to the presence of fog

which persisted on many of the days of measurements; how-

ever, there were 6 days when glyoxal was observed above the

detection limit throughout the night. It should be noted that

the negative concentration values in Fig. 5 resulted from the

DOAS fitting procedure to spectra with low signal-to-noise,

which usually resulted from reduced visibility. Large varia-

tions in the shift and stretch required to fit the spectra were

required due to the unstable temperature in the LP-DOAS

container. The fitting was improved by calculating the shift

and stretch for each spectrum online in the analysis program.

Formaldehyde was observed on 23 days over both cam-

paigns. The maximum value of 4.5 ppb was observed during

the second campaign on 14 July; the typical daytime peak

concentrations were 2–3 ppb (Fig. 5). The formaldehyde con-

centrations generally peaked after midday from around 14:00

to 17:00 LT, with a gradual decrease into the evening.

Formaldehyde was also observed using the MAX-DOAS

instrument on 9 days in the first campaign and 16 days in the

second campaign (Fig. 6). The slant column densities were

found to vary from below the detection limit up to a maxi-

mum of around 10×1016 cm−2. Typical values for the 2σ un-

certainty and 2σ detection limit are 6×1015 and 3.4×1016 for

SZA < 80◦, and 3×1015 and 2×1016 cm−2 for SZA < 60◦.

It is clear from Fig. 7 that the majority of the formalde-

hyde is observed in the lowermost elevation angles, meaning

the formaldehyde is contained within the first few hundred

metres above the canopy and that the highest formaldehyde

slant columns are observed in the late afternoon, confirming

the LP-DOAS observations. A geometrical conversion of the

slant column densities for the 2◦ elevation angle assuming

the formaldehyde is uniformly distributed in a layer 250 m

above the canopy gives reasonable agreement with the LP-

DOAS formaldehyde measurements (Fig. 8). A correlation of

the LP against the MAX-DOAS data sets gave a correlation

coefficient of only 0.016. Reasons for this low value include

the fact that the two instruments were sampling different air

masses with highly variable topography due to their differ-

ing viewing directions. A full inversion of the slant columns

using radiative transfer is not possible for all the data due

to the constant presence of patchy clouds contaminating the

www.atmos-chem-phys.net/12/5949/2012/ Atmos. Chem. Phys., 12, 5949–5962, 2012
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Fig. 6. Time series for formaldehyde measured using the MAX-DOAS over both campaigns. The solid circles represent data above the

detection limit while the open circles represent data which were below the detection limit or when there was significant cloud.

Fig. 7. HCHO differential slant column density vs. viewing angle

on 24 June 2008 for 3 different solar zenith angles: 60◦ (around

08:00 LT – black), 18◦ (noon – red) and 61◦ (around 16:00 LT –

blue). Note the large increase in HCHO between the two profiles

with solar zenith angles = 60◦. The noon profile exhibits a compar-

atively small slant column density because the solar zenith angle is

only 18◦.

higher elevation angles; however, using one relatively cloud

free day a full inversion was applied which gave good agree-

ment with the geometric conversion. Vertical column densi-

ties were obtained using the 15◦ elevation angle. The aver-

age values ranged from 2 × 1015 to 7 × 1015 cm−2, in good

agreement with the SCIAMACHY satellite vertical columns

of 5 × 1015 cm−2 for July at this location. The errors in the

monthly averaged satellite HCHO slant columns were typi-

cally around 2.5 × 1015 cm−2 (Wittrock et al., 2006).

4 Discussion and modelling

The observations of glyoxal are significantly higher than

previous measurements in rural environments where typi-

cal maximum mixing ratios range from around 140–350 ppt

(Huisman et al., 2011; Sinreich et al., 2007; Munger et al.,

1995; Lee et al., 1998). However, none of these measure-

ments were in tropical locations, where there should be a

higher concentration of precursor species such as isoprene,

with the exception of Huisman et al. (2011) which had very

similar isoprene concentrations and also high levels of the

glyoxal precursor MBO. The formaldehyde measurements

show good agreement with previous ground-based measure-

ments in rural locations where mixing ratios of around 0.1–

4 ppb have been recorded (Lee et al., 1998; Munger et al.,

1995; Lowe and Schmidt, 1983; Heikes, 1992), and airborne

measurements over the Amazon rainforest which were typ-

ically around 1–2 ppb (Stickler et al., 2007), although the

peak concentrations are lower than those observed by Choi

et al. (2010) above a pine plantation which ranged from 15–

20 ppb.

Glyoxal was found to have some dependence on rainfall;

due to its high solubility, it was generally washed out dur-

ing periods of rainfall which were frequent but very inho-

mogeneous over Danum Valley (Fig. 9). Both formaldehyde

and glyoxal generally peaked in the afternoon several hours

Atmos. Chem. Phys., 12, 5949–5962, 2012 www.atmos-chem-phys.net/12/5949/2012/
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Fig. 8. Geometric conversion of the MAX-DOAS slant column densities at 2◦ elevation angle to mixing ratios assuming a block profile of

250 m thickness, which are then compared with simultaneous LP-DOAS measurements.

Fig. 9. LP-DOAS measurements of glyoxal (black squares) on

20 April 2008 showing a sharp drop in the middle of the day dur-

ing an episode of rainfall measured at the GAW tower (blue lines).

Missing data points are due to poor visibility for DOAS measure-

ments caused by the rainfall. Note that because of the localised na-

ture of the showers, the anti-correlation is not precise.

after the peak in the isoprene concentration, as can be seen

in Fig. 10. The larger concentrations of glyoxal through the

late evening after the drop in the modelled values may be

due to alternative sources of glyoxal such as monoterpenes.

Measurements of monoterpenes during the two campaigns

showed that they were consistently present throughout the

night, unlike isoprene, and could represent a source of gly-

oxal in the evening.

The SCIAMACHY observations made in 2007 indicate

that the glyoxal concentration in the forest canopy was in

the range 460–640 ppt, assuming that the glyoxal was con-

tained within the first 500 m of the boundary layer (Vrek-

oussis et al., 2009). Given that these satellite measurements

were made at around 10:00 LT (i.e., about 5 h before the gly-

oxal concentration tends to peak), these results are consistent

with the LP-DOAS observations in the present study.

A model with a simplified chemistry scheme was then

used to investigate whether the observations of glyoxal and

formaldehyde could be reproduced solely from isoprene ox-

idation by OH, at the levels of OH which were measured

during the OP3 campaign (Whalley et al., 2011). Isoprene

was the dominant precursor species measured above the for-

est canopy – the total monoterpene to isoprene ratio was 0.2–

0.25 measured over both campaigns (Jones et al., 2011). An

existing 1-D chemistry/transport model (Saiz-Lopez et al.,

2008) was used with a simplified organic chemistry scheme.

This scheme included oxidation of isoprene by OH as a

source for both glyoxal and formaldehyde, and included loss

of both species by reaction with OH, photolysis, and uptake

onto aerosol.

The vertical resolution of the model was 5 m with a bound-

ary layer height of 1 km (typical of measurements at the site

during daytime, Pearson et al., 2010) which was kept con-

stant throughout the model runs. Although the lidar mea-

surements made during the campaign showed evidence of

the boundary layer collapsing to 200 m after midnight, this

coincided with the episodes of fog observed at the site when

fewer LP-DOAS measurements are available. Vertical trans-

port of all species was governed by eddy diffusion between

boxes. The eddy diffusion coefficient Kz was estimated from

the wind speed measurements recorded on the GAW tower at

heights of 30, 45 and 75 m, and assuming a surface roughness

length of 2.2 m (Jacobson, 2005). The values for Kz ranged

from 6.4 × 103 at the ground to 5.0 × 104 cm2 s−1 at 50 m,

above which it was assumed constant. The sensitivity of the

model to this coefficient is discussed later.

The model was constrained with the diurnal time-varying

concentrations of isoprene and OH, obtained by averaging

the measurements for each of the two campaigns. The values

were read into the model at 20 model-minute intervals. The

www.atmos-chem-phys.net/12/5949/2012/ Atmos. Chem. Phys., 12, 5949–5962, 2012
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Fig. 10. Average diurnal profiles for glyoxal and formaldehyde measured by LP-DOAS, and isoprene measured by GC-FID, for campaigns

1 and 2. The black squares show the measured average and associated 1σ standard deviation, the red lines show the modelled glyoxal and

formaldehyde averaged over the first 180 m and the modelled isoprene at 185 m.

isoprene measurements were input into the lowest level of the

model representing the top of the forest canopy – the height

at which the LP-DOAS retro-reflector was placed. There are

several factors to consider which arise from the difference in

height between the LP-DOAS, MAX-DOAS and the comple-

mentary measurements of OH and isoprene. First, the glyoxal

and formaldehyde concentrations represent a spatial average

over the 3.4 km path between the LP-DOAS and retroreflec-

tor array. Second, the light path was not horizontal over the

forest canopy, but at an angle of 3◦ producing a vertical dis-

placement of 180 m between the retro-reflector array and the

LP-DOAS (Fig. 2). Third, the canopy itself was not flat and

the trees continued up the side of the hill at Bukit Atur. The

isoprene measurements used for the diurnal profile in the

model were recorded at 5 m on the FAGE container, which

was positioned in a clearing on top of the hill at Bukit Atur

above the tree height, and were therefore assumed to be at

185 m above the canopy in the model. That is, significant

oxidation by OH would already have occurred between the

canopy and the point of measurement. This situation was

dealt with in the model by multiplying the measured iso-

prene diurnal profile by a factor and inputting the resulting

concentration of isoprene in the lowest box (i.e., just above

the canopy). The factor was chosen so that the peak isoprene

concentration modelled at 185 m matched that of the obser-

vations; this factor was 2.3 for the first campaign and 3.0

for the second campaign. For comparison of the formalde-

hyde and glyoxal model output with the LP-DOAS measure-

ments, an average of the model results over the first 180 m

was taken. In the absence of profile measurements, the OH

measurements were input into every model level so that the

OH remained constant with height.

The production of glyoxal and formaldehyde was as-

sumed to be solely from oxidation of isoprene for the rea-

sons mentioned above. In the simplified chemistry scheme,

glyoxal and formaldehyde were treated as direct products.

The branching ratio for glyoxal production from the iso-

prene + OH reaction was initially taken as 8 %, consistent
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with the Master Chemical Mechanism version 3.2 (Jenkin

et al., 1997; Saunders et al., 2003), and a 31.5 % branch-

ing ratio for formaldehyde production was assumed (Jenkin

et al., 1998) (estimates of the branching ratio for formalde-

hyde vary between 31.5 and 34.0 %). According to Jenkin

et al. (1998), under high NOx conditions (9 ppb NOx) the

formaldehyde yield more than doubles to 65.6 % compared

to the yield in the absence of NOx (31.5 %). Considering

the daily maximum NOx during OP3 was typically around

300 ppt, this would have little effect on the formaldehyde

yield and therefore the yield in the absence of NOx was used.

However, it should be noted that the experimental condi-

tions of Jenkin et al. (1998) featured high RO2/HO2 ratios

which would favour production of formaldehyde and these

high ratios may not be applicable to ambient low NOx envi-

ronments. Stavrakou et al. (2009) found that the yield of gly-

oxal from isoprene oxidation by OH increased only slightly,

from 8.4 % to 9.9 %, when moving from low to high NOx

conditions. Therefore the yield of 8 % chosen here appears

reasonable for low NOx conditions. Sensitivity studies using

the MCM chemical scheme found that a doubling of the ob-

served NOx produced a 30 % increase in the concentrations

of HCHO and CHOCHO.

The loss processes for both species were oxidation by OH

and photolysis; photolysis rates were calculated on-line us-

ing an explicit two-stream radiation scheme from Thomp-

son (1984) and absorption cross-section data for HCHO and

CHOCHO (Meller and Moortgat, 2000; Volkamer et al.,

2005b). Uptake on to aqueous aerosol was also included for

glyoxal, using an uptake coefficient γ = 2.9 × 10−3 (Lig-

gio et al., 2005) and an aerosol volumetric surface area of

5 × 10−7 cm2 cm−3 based on measurements performed dur-

ing the campaigns (Whitehead et al., 2010). An additional

source of formaldehyde is the photolysis of glyoxal, how-

ever the branching ratio of this pathway is only 2.9 % (Tadic

et al., 2006).

The two campaigns were modelled separately due to the

large differences in the average diurnal profile for both iso-

prene and OH, with around 50 % more isoprene observed

during the first campaign, and around double the amount of

OH in the second campaign compared to the first. The sensi-

tivity of the modelled HCHO and CHOCHO to a number of

model parameters are discussed below.

4.1 Height dependence of HCHO and CHOCHO

Figure 10 compares the modelled diurnal profiles of glyoxal,

formaldehyde and isoprene with the measurements made by

the LP-DOAS and on the GAW tower, averaged for each

of the campaigns. There is good agreement, within the 1σ

standard deviations of the measured averages, for all three

species. Figure 11 shows the modelled diurnal variations of

the vertical profiles of these species above the canopy. Note

that most of the glyoxal is predicted to reside less than 250 m

above the canopy, which makes the SCIAMACHY vertical

column abundances (Vrekoussis et al., 2009) closer to 1 ppb,

in even better agreement with the present LP-DOAS results.

The formaldehyde also mostly resides below 250 m, which

validates the assumption used in Fig. 8 to compare the MAX-

DOAS slant column at 2◦ elevation angle with the LP-DOAS.

4.2 Effect of vertical mixing

Another important parameter in the model is the eddy dif-

fusion coefficient, Kz. To test the model sensitivity, the Kz

profile was doubled and model runs carried out for each cam-

paign using the initial conditions as before. The modelled

isoprene at 185 m showed a maximum increase of 35 % at

midday. The glyoxal and formaldehyde over the first 180 m

showed an average decrease of 11 and 13 %, respectively, for

both campaigns, with the maximum difference observed at

sunrise (Fig. 12). Thus, the sensitivity to Kz appears to be

modest. However, although convection is not treated explic-

itly in the model, it is likely to increase the vertical and hori-

zontal inhomogeneity of the chemistry in this environment.

4.3 The HCHO/CHOCHO ratio

The modelled ratio of glyoxal to formaldehyde can be com-

pared with the measured ratio, in order to investigate the

branching ratio for the isoprene + OH reaction to yield gly-

oxal. The average glyoxal and formaldehyde over the first

180 m in the model was computed to compare with the LP-

DOAS measurements. Various estimates between 3 and 10 %

have been proposed for the glyoxal branching ratio based

on chamber studies and modelling work (Fu et al., 2008;

Volkamer et al., 2007; Stavrakou et al., 2009). The model

was therefore initiated using branching ratios over this range,

keeping the formaldehyde branching ratio at 31.5 %. Fig-

ure 13 compares the resulting glyoxal/formaldehyde ratio

with that obtained from the LP-DOAS measurements, where

the ratio of the average glyoxal to the average formalde-

hyde concentration using the hourly data in Fig. 10 was used.

Note that due to the limited spectral range of the DOAS, the

glyoxal and formaldehyde measurements are not concurrent

and therefore it was not possible to calculate a direct, non-

averaged glyoxal/formaldehyde ratio. Only daytime values

were considered because the isoprene oxidation by OH is a

daytime source for both species.

Figure 13 shows that while the LP-DOAS measured ra-

tios do not, within the measurement uncertainty, exclude the

branching ratio being anywhere within the range 3–10 %, the

agreement is much improved if the ratio lies between 6 and

10 % for campaign 2, and the best agreement is found using

8 % – which is consistent with the Master Chemical Mecha-

nism version 3.1 (Jenkin et al., 1997; Saunders et al., 2003)

and also more recent studies by Galloway et al. (2011a)

who found the ratio to lie between 8 and 11 %. The appar-

ently higher ratios observed for campaign 1 (though there is

still agreement within error) may point to additional organic
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Fig. 11. Diurnal variations of the vertical profiles of glyoxal, formaldehyde and isoprene in the boundary layer, using a branching ratio of

8 % for the glyoxal yield from isoprene + OH.

species as sources of glyoxal above the forest canopy. These

ratios are significantly higher than observed using satellite

observations (Vrekoussis et al., 2010) where ratios of 0.06

are proposed for areas with high biogenic VOC emissions.

however, this may be indicative of the reduced sensitivity of

the satellite measurements to the lower boundary layer and

the very high HOx turnover in this environment.

4.4 Effect of OH

Another important parameter in the model is the measured

OH. The OH concentrations measured during both OP3 cam-

paigns were significantly higher than would be predicted for

a forest environment, where the abundance of organic species

(sinks for OH) should lead to a low concentration above the

canopy. Indeed, by using the measured OH reactivity during

the campaign and production from all measured OH sources

in a zero-dimensional model, Whalley et al. (2011) predicted

an OH concentration an order of magnitude smaller than the

value typically observed at noon (e.g., 2.5 × 106 cm−3 in the

first campaign). They were able to match the observed OH

by including an HO2 recycling mechanism. Figure 14 shows

the modelled glyoxal using the OH concentrations measured

by FAGE and using an order of magnitude lower OH, clearly

showing that the measured glyoxal cannot be explained using

the lower OH values. In the present model, a lower limit to

the daytime OH concentration can be obtained by using the

upper limit to the branching ratio for glyoxal production from

isoprene oxidation of 10 % (Stavrakou et al., 2009). This

shows that the lower limit to the OH concentration is only

a factor of 2 less than the observations. In fact, the branching

ratio for glyoxal formation from OH + isoprene would need

to be ∼ 40 % if the OH concentrations really were an order

of magnitude lower.
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Fig. 12. Modelled diurnal profiles for glyoxal, formaldehyde and

isoprene using the estimated Kz profile (black line, see text for de-

tails) and double that value (red line).

Fig. 13. The glyoxal/formaldehyde ratio between 06:00 and

19:00 LT from the LP-DOAS measurements (black) and from the

model using branching ratios for the yield of glyoxal from the

OH + isoprene reaction of 3, 6, 8 and 10 %, for each of the OP3

campaigns.

4.5 Uptake on aerosol

As discussed in the Introduction, there have been numerous

studies into the role of glyoxal in secondary organic aerosol

formation, so the sensitivity of the glyoxal measurements

Fig. 14. Measured (black squares) and modelled CHOCHO using

FAGE OH measurements (red line) and using an order of magnitude

lower OH (blue line) for campaign 1.

to uptake onto aerosol was investigated. The uptake of gly-

oxal on background aerosol was not found to be a signifi-

cant loss process. This is due to the low uptake coefficient,

γ = 2.9 × 10−3 (Liggio et al., 2005), and the small aerosol

volumetric surface area (average = 5 × 10−7 cm2 cm−3, He-

witt et al., 2010). An increase in the aerosol volumetric sur-

face area by a factor of 3 (i.e., to the maximum observed

during the campaigns) decreases the lifetime with respect to

uptake to about 7 h, but this only reduces the glyoxal con-

centration at midday by ∼ 5 % because it does not compete

effectively with photolysis and reaction with OH. In addition,

the presence of appreciable levels of glyoxal at night is fur-

ther evidence that uptake onto aerosol is not a significant loss

process.

Another factor to consider is that glyoxal is not partic-

ularly soluble. For example, taking an average measured

night-time glyoxal concentration of 500 ppt together with

the Henry’s law coefficient of 4.2 × 105 M atm−1 (Ip et al.,

2009), the saturation concentration of glyoxal in the aerosol

is 2.1×10−4 M. Using an average aerosol diameter of 100 nm

and the glyoxal uptake coefficient above, glyoxal will equi-

librate with the aerosol in less than 1 s. Therefore uptake

onto aerosol does not represent a significant loss process for

glyoxal from the gas phase in this environment; however,

because glyoxal reaches saturation within aerosol rapidly it

could play an important role in aerosol growth.

5 Conclusions

The measurements of glyoxal and formaldehyde reported

here demonstrate significant photochemistry occurring above

the tropical rainforest of Borneo and add to the wealth of data

obtained from the 2008 OP3 campaign. The results show that
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glyoxal is far more abundant above the forest canopy than

in other rural environments as reported in previous studies.

Modelling studies have shown that the high concentrations of

glyoxal observed can be explained by oxidation of isoprene

by OH using current estimates of the branching ratio for this

pathway, within experimental error. The measurements of

formaldehyde are also consistent with isoprene as its main

source above the forest canopy. The lifetimes of glyoxal and

formaldehyde were found to be determined by photolysis and

reaction with OH; uptake onto aerosol only played a minor

role in gas-phase glyoxal loss. The glyoxal/formaldehyde ra-

tio in this environment, which averages around 0.2, is repro-

duced in the model using current estimates of the branching

ratios from isoprene oxidation for both species. Finally, the

observed glyoxal mixing ratios could only be reproduced in

the model using the measured OH concentrations, providing

further evidence that the unusually high OH concentrations

observed above the forest canopy were not an artefact of the

measurement technique.
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