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Abstract

The vertical columns of formaldehyde (HCHO) retrieved from two satellite instruments,
the Global Ozone Monitoring Instrument-2 (GOME-2) on Metop-A and the Ozone Mon-
itoring Instrument (OMI) on Aura, are used to constrain global emissions of HCHO
precursors from open fires, vegetation and human activities in the year 2010. To this5

end, the emissions are varied and optimized using the adjoint model technique in the
IMAGESv2 global CTM (chemistry-transport model) on a monthly basis and at the
model resolution. Given the different local overpass times of GOME-2 (09:30 LT) and
OMI (13:30 LT), the simulated diurnal cycle of HCHO columns is investigated and eval-
uated against ground-based optical measurements at 7 sites in Europe, China and10

Africa. The modelled diurnal cycle exhibits large variability, reflecting competition be-
tween photochemistry and emission variations, with noon or early afternoon maxima at
remote locations (oceans) and in regions dominated by anthropogenic emissions, late
afternoon or evening maxima over fire scenes, and midday minima in isoprene-rich
regions. The agreement between simulated and ground-based columns is found to be15

generally better in summer (with a clear afternoon maximum at mid-latitude sites) than
in winter, and the annually averaged ratio of afternoon to morning columns is slightly
higher in the model (1.126) than in the ground-based measurements (1.043).

The anthropogenic VOC (volatile organic compound) sources are found to be weakly
constrained by the inversions on the global scale, mainly owing to their generally minor20

contribution to the HCHO columns, except over strongly polluted regions, like China.
The OMI-based inversion yields total flux estimates over China close to the bottom-
up inventory (24.6 vs. 25.5 in the a priori) with, however, pronounced increases in the
Northeast China and reductions in the south. Lower fluxes are estimated based on
GOME-2 HCHO columns (20.6 TgVOC), in particular over the Northeast, likely reflect-25

ing mismatches between the observed and the modelled diurnal cycle in this region.
The resulting biogenic and pyrogenic flux estimates from both optimizations gen-

erally show a good degree of consistency. A reduction of the global annual biogenic
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emissions of isoprene is derived, by 9 and by 13 % according to GOME-2 and OMI,
respectively, compared to the a priori estimate of 363 Tg in 2010. The reduction is
largest (up to 25–40 %) in the Southeastern US, in accordance with earlier studies.
The GOME-2 and OMI satellite columns suggest a global pyrogenic flux decrease by
36 and 33 %, respectively, compared to the GFEDv3 inventory. This decrease is es-5

pecially pronounced over tropical forests such as Amazonia and Thailand/Myanmar,
and is supported by comparisons with IASI CO observations. In contrast to these flux
reductions, the emissions due to harvest waste burning are strongly enhanced in the
Northeastern China plain in June (by ca. 70 % in June according to OMI) as well as
over Indochina in March. Sensitivity inversions showed robustness of the inferred esti-10

mates, which were found to lie within 7 % of the standard inversion results at the global
scale.

1 Introduction

Besides a small direct source, the dominant source of formaldehyde (HCHO) is its
photochemical formation due to the oxidation of methane and non-methane volatile15

organic compounds (NMVOCs) emitted by the biosphere, vegetation fires and human
activities. Methane oxidation is by far the largest contributor to the HCHO formation (ca.
60 % on the global scale), while the remainder is due to oxidation of a large variety of
VOCs of anthropogenic, pyrogenic and biogenic origin (Stavrakou et al., 2009a). The
main removal processes (Sander et al., 2011) are the oxidation by OH,20

HCHO+OH(+O2)→ CO+HO2 +H2O,

ultimately producing CO and converting OH to HO2, and photolysis reactions

HCHO+hν→ CO+H2, and

HCHO+hν(+2O2)→ CO+2HO2,
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producing CO as well as HO2 radicals.
Because of its short photochemical lifetime (ca. 4–5 h), and of the short lifetime of

its main NMVOC precursors, most importantly isoprene, enhanced levels of HCHO are
directly associated with the presence of nearby hydrocarbon emission sources. The
strong potential of HCHO measurement to constrain VOC emission fluxes on global5

and regional scales was put forward through a large body of literature studies, rely-
ing on the measurement of HCHO column densities from space by solar backscatter
radiation in the UV-Visible spectral region (Chance et al., 2000; Palmer et al., 2003,
2006; Millet et al., 2006, 2008; Dufour et al., 2009; Barkley et al., 2009; Stavrakou
et al., 2009a, b; Marais et al., 2012, 2014). In some cases, however, these studies10

led to conflicting answers regarding the magnitude and/or spatiotemporal variability of
the underlying VOC sources, mostly owing to differences in the satellite column prod-
ucts, in the models used to infer top-down estimates through inversion techniques,
and in the emission inventories used as input in the models. The latter point is very
often a source of confusion, since a very large range of estimates can be obtained us-15

ing the same emission model depending on the choice of input variables. Indeed, the
isoprene fluxes estimated using MEGAN (Guenther et al., 2006), the most commonly
used bottom-up emission model for biospheric emissions, are found to strongly vary
depending on the driving variables used (e.g. meteorology, landcover), leading to an
uncertainty of about a factor of 5 for the global isoprene emissions (Arneth et al., 2011)20

and underscoring the need for clearly indicated a priori emission information in order
to allow meaningful comparisons between inverse modelling studies.

Despite significant progress in the field, the derivation of VOC emissions using
HCHO columns remains challenging, mainly owing to the large number and diversity
of HCHO precursors, to uncertainties regarding their sources and speciation profiles,25

and to inadequate or incomplete knowledge of their chemical mechanisms and path-
ways leading to HCHO formation. In addition, it crucially depends on the quality of the
satellite retrievals, and therefore efforts to address aspects such as instrumental degra-
dation, temporal stability of the retrievals, noise reduction, and error characterization
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are of primary importance (De Smedt et al., 2012, 2015; Hewson et al., 2013; González
Abad et al., 2015). The diurnal cycle of HCHO concentrations has been investigated in
field studies in different environments. At a tropical forest location in Borneo, a midday
peak followed by gradual decrease in the evening were observed (MacDonald et al.,
2012). At a forest site in California, HCHO concentration was observed to peak in5

the evening during cool days and around midday under warm and sunny conditions
(Choi et al., 2010). Similar diel patterns were observed near a city location in the Po
valley (Junkermann, 2009). Generally, the diurnal patterns of surface HCHO concen-
trations are found to be mostly influenced by the magnitude of precursor emissions
and their diurnal variability, as well as the development of the boundary layer. Diurnal10

measurements of HCHO columns are unfortunately more limited. Measurements over
the remote ocean using the MAX-DOAS technique showed noontime maxima and low
morning and evening values (Peters et al., 2012). The observation of HCHO columns
by GOME-2 and OMI at different times (09:30 and 13:30 LT) offer a potentially useful
additional piece of information in this respect.15

Our first objective is to investigate the diurnal variability of HCHO columns simulated
by the IMAGESv2 global CTM, and in particular, to evaluate the model capability to re-
produce the observed diurnal cycle of HCHO columns at different locations. The main
focus of this study is to address the issue of consistency between VOC flux strengths
inferred from one complete year of GOME-2 and OMI HCHO column densities, tak-20

ing into account their different instrument overpass times. For that purpose, the satel-
lite algorithms developed for the two sensors were designed to ensure the maximum
consistency between the two sets of observations (De Smedt et al., 2015). The inver-
sion framework uses the adjoint model (Müller and Stavrakou, 2005; Stavrakou et al.,
2009a) and fluxes are optimized per month, model grid and emission category (an-25

thropogenic, biogenic and pyrogenic). The same inversion setup is applied using either
GOME-2 or OMI measurements as top-down constraints for 2010, a particularly warm
and dry year with intense fires and enhanced biogenic emissions. Sensitivity studies
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are carried out to assess the robustness of the findings to different assumptions, e.g.
to the inversion design.

In Sect. 2 a brief description of the IMAGESv2 model is given, with particular fo-
cus on the formation of HCHO in the oxidation of anthropogenic VOCs (Sect. 2.2).
The modelled and observed diurnal cycle of HCHO columns is discussed in detail in5

Sect. 3. The GOME-2 and OMI HCHO columns are briefly discussed in Sect. 4. An
overview of the emissions inferred from the inversions using GOME-2 and OMI data,
as well as global results from sensitivity case studies are presented in Sect. 5. The
VOC emissions inferred at the mid-latitudes (North America, China) and in tropical re-
gions (Amazonia, Indonesia, Indochina, Africa) are thoroughly described in Sects. 610

and 7. Finally, conclusions are drawn in Sect. 8.

2 HCHO simulated with IMAGESv2

2.1 Brief model description

The IMAGESv2 global CTM is run at 2◦ ×2.5◦ horizontal resolution and extends ver-
tically from the Earth’s surface to the lower stratosphere through 40 unevenly spaced15

sigma-pressure levels. It calculates daily averaged concentrations of 131 transported
and 41 short-lived trace gases with a time step of 6 h. The effect of diurnal variations
are considered through correction factors on the photolysis and kinetic rates obtained
from model simulations accounting for the diurnal cycle of photorates, emissions and
meteorological variables (Stavrakou et al., 2009a). A thorough model description is20

given in Stavrakou et al. (2013) and references therein. The target year of this study is
2010.

Anthropogenic emissions are obtained from the RETRO 2000 database (Schultz
et al., 2008), except over Asia where the REASv2 inventory for year 2008 is used
(Kurokawa et al., 2013). The diurnal profile of anthropogenic emissions follows25

Jenkin et al. (2000). Isoprene emissions (including their diurnal, day-to-day and sea-
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sonal variations) are obtained from the MEGAN-MOHYCAN-v2 inventory (http://tropo.
aeronomie.be/models/isoprene.htm, Müller et al., 2008; Stavrakou et al., 2014) and are
estimated at 363 Tg in 2010 (Fig. 1). Open vegetation fire emissions are taken from
GFEDv3 (van der Werf et al., 2010), with emission factors for tropical, extratropical,
savanna and peat fire burning provided from the 2011 update of the recommendations5

by Andreae and Merlet (2001). The GFEDv3 emission is estimated at 105.4 TgVOC
in 2010, equivalent to 2.26 Tmoles (average molecular weight of 46.5) (Fig. 1). The
diurnal profile of biomass burning emissions was derived based on a complete year
of geostationary active fires and fire radiative power observations from the SEVIRI im-
ager over Africa (Roberts et al., 2009). The analysis of the fire cycle, performed over10

20 different land cover types in the Northern and Southern Hemisphere Africa, exhibits
strong diurnal variability and very similar patterns in both hemispheres. According to
this dataset, fire activity is negligible during the night and low in the early morning, it
peaks around 13:30 LT, and decreases rapidly in the afternoon hours. The African di-
urnal profile has been applied to all fires worldwide. The vertical profiles of pyrogenic15

emissions are taken from a new global dataset (Sofiev et al., 2013) of vertical smoke
profiles from open fires, based on plume top heights computed by a semi-empirical
model (Sofiev et al., 2012), and fire radiative power from the MODIS instrument. These
profiles are highly variable depending on the season and the year. Forest regions are
characterized by high altitude plumes (up to 6–8 km), whereas grasslands generally20

emit within 2–3 km. About half of emitted flux is injected within the boundary layer.
The 5th, median, 80th and 99th monthly percentiles of injection profiles maps of this
dataset were obtained from the GlobEmission website (http://www.globemission.eu)
and implemented in the CTM.

The chemical mechanism of isoprene oxidation accounts for OH recycling according25

to the Leuven Isoprene mechanism LIM0 (Peeters et al., 2009; Peeters and Müller,
2010; Stavrakou et al., 2010), and its upgraded version LIM1 (Peeters et al., 2014).
LIM1 is based on a theoretical re-evaluation of the kinetics of isoprene peroxy radicals
undergoing 1,5 and 1,6-shift isomerization, and is found to be in satisfactory agree-
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ment (factor of ∼ 2) with experimental yields of the hydroperoxy aldehydes (HPALDs)
believed to be major isomerization products (Crounse et al., 2011). Based on box
model calculations using the KineticPreProcessor (KPP) chemical solver (Damian
et al., 2002), the isomerization of isoprene peroxy radicals is estimated to decrease
the molar HCHO yield by ∼ 8 % in high NOx conditions (2.39 vs. 2.60 molmol−1 after5

two months of simulation at 1 ppbvNO2), and by ∼ 15 % in low NOx conditions (1.91
vs. 2.25 after two months at 0.1 ppbvNO2). These estimated changes are however
very uncertain, given their dependence on the unimolecular reaction rates of isoprene
peroxy radicals and on the poorly constrained fate of the isomerization products.

2.2 HCHO from anthropogenic NMVOC emissions10

Based on the NMVOC speciation profile of the UK National Atmospheric Emissions
Inventory (NAEI) (Goodwin et al., 2001), 49 out of the 650 considered compounds ac-
count for ca. 81 % of the total UK emission. 17 of the 49 compounds are included explic-
itly in IMAGESv2, namely, ethane, propane, ethene, propene, acetylene, formaldehyde,
acetaldehyde, propanal, benzene, toluene, xylenes, methanol, ethanol, formic acid,15

acetic acid, acetone, and methyl ethyl ketone. The remaining 32 species (Table 1) are
taken into account through a lumped compound, OAHC (other anthropogenic hydrocar-
bons). The oxidation mechanism of OAHC is adjusted in order to reproduce the yields
of HCHO from the mix of 32 higher NMVOCs. This adjustment is realized based on
time-dependent box model calculations using the semi-explicit Master Chemical Mech-20

anism (MCMv3.2, http://mcm.leeds.ac.uk/MCM/, Saunders et al., 2003; Bloss et al.,
2005).

The simulations start at 6 a.m. for a temperature of 300 K at a mid-latitude location
(30◦N) in June. The initial concentrations of O3, CO, and OAHC are set at 35, 200 and
1 ppb, respectively. The NO2 concentration is kept equal to 1 ppb since our focus is25

on environments dominated by anthropogenic activities. For each NMVOC, the HCHO
yield is calculated after one day of simulation (short-term) and after 60 days (final). The
short-term yield is defined as Y1d = P1d/C0, where C0 is the initial OAHC concentration

12015

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/12007/2015/acpd-15-12007-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/12007/2015/acpd-15-12007-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://mcm.leeds.ac.uk/MCM/


ACPD
15, 12007–12067, 2015

Hydrocarbon
emissions derived
from GOME-2 and

OMI HCHO columns

T. Stavrakou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

and P1d is the HCHO produced after one day. The final yield is calculated as Y60d =
P60d/∆C, ∆C being the difference between the initial and the final OAHC concentration.
Whereas the final yield is most relevant for estimating the impact of a precursor VOC on
the global HCHO budget, the short-term yield best reflects the impact of this compound
in the vicinity of its emission region.5

The calculated short-term and final molar yields are summarized in Table 1. As ex-
pected, the highest short-term yields are calculated for the most reactive precursors,
namely, the higher alkenes and aromatics, with kOH typically ranging between 3×10−11

and 7×10−11 cm3 molec−1 s−1. For those compounds, the short-term yield and the final
yield are very close, within ∼ 10 %. Exceptions are the cases of ethylbenzene, which is10

less reactive, and 2-methylpropene, which is oxidized to acetone, a very slow-reacting
intermediate. For alkanes, alcohols and esters, the short-term yield is often much lower
than the final yield, due to the relatively low reactivity of the precursor (kOH between
2×10−12 and 13×10−12 cm3 molec−1 s−1) and/or due to the existence of slow-reacting
oxygenated intermediates.15

For alkanes, the highest final yields are calculated for branched-chain structures
(0.5–0.66 per carbon). The yields are slightly lower for butane and pentane (0.5 C−1)
and significantly lower for the longer linear alkanes (< 0.4 C−1). Final yields range be-
tween 0.43 and 0.72 C−1 for alkenes, and between 0.33 and 0.35 for trimethylbenzenes.

The production of HCHO (in g) by a NMVOC can be expressed as20

P = E · Y ·MWHCHO/MWNMVOC, (1)

with E the emission (in g), Y the calculated short-term or final molar yield and MW the
molecular weight.

The emission of the lumped OAHC species being taken equal to the total emission
(in g) of the explicit NMVOCs, its molecular weight is calculated using25

MWOAHC =

∑
iEi∑

i (Ei/MWi )
, (2)
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and its short-term and final yield by

YOAHC =

∑
i (Ei/MWi ) · Yi∑
iEi/MWi

. (3)

The values obtained in this way are 73 gmol−1 for MWOAHC and 0.567 and 2.381 for
the short-term and final yields, respectively.

The rate of the reaction of OAHC with OH,5

OAHC+OH→ KO2 (4)

needed to reproduce those yields is relatively low (1.7×10−12 cm3 molec−1 s−1) based
on box model calculations. The following simple mechanism is adopted:

KO2 +NO→ 0.1KONO2 +0.9 (KO+NO2) (5)

KO2 +HO2→ KOOH (6)10

KO2 +CH3O2→ 0.6 (KO+CH3O)+0.2 (KOH+HCHO)+0.2 (MEK+CH3OH), (7)

where MEK denotes methylethyl ketone, KOH is a generic higher alcohol and the oxy
radical (KO) reacts immediately following

KO→ 0.14CH3COCH2O2 +0.14HO2

+0.32HOCH2CH2O2 +0.46CH3CHO15

+0.46CH3CO3 +0.08CH3COCH3.

Both KONO2 and KOOH photolyze (to KO+NO2 and KO+OH, respectively) and react
with OH:

KONO2 +OH→ NO2 +CH3CHO+CH3CO3 (8)

KOOH+OH→ 0.4 (BIACET+OH+CH3COCH2O2)+0.1KO2, (9)20

where BIACET denotes biacetyl (CH3COCOCH3). The kinetic rates are k5 = 2.54×
10−12 exp(360/T ), k6 = 1.82×10−13 exp(1300/T ), k7 = 3.8×10−13, k8 = 10−12, and k9 =
3.9×10−11 (in cm3 molec−1 s−1), where T denotes the temperature.
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3 Diurnal cycle of HCHO columns

3.1 Model processes and sensitivity

The top-down determination of VOC emissions based on GOME-2 and OMI data as-
sumes that the model reproduces reasonably well the diurnal cycle of HCHO columns.
To test this assumption would require a large number of well distributed ground-based5

observations, which are however scarce and intermittent. We present further below
a comparison with a limited dataset of column observations at surface sites, most of
which are located at or near pollution centers at mid-latitudes. In order to better charac-
terize the diurnal cycle and to identify the factors influencing it in the model, we present
on Fig. 2 the modelled diurnal variations of HCHO columns at selected locations, and10

on Fig. 3 the distribution of the local time of the maximum in the diurnal cycle of HCHO
columns. Figure 2 also shows the results of sensitivity calculations either neglecting
the diurnal cycle of emissions (in blue) or neglecting biomass burning emissions (in
orange), in comparison to the standard model results (in red). Several additional sensi-
tivity simulations were conducted, the results are however not shown here for the sake15

of clarity.
A striking feature of Figs. 2 and 3 is the large diversity of diurnal profiles accross the

seasons and locations. Very little HCHO variations are seen at high latitudes during
the winter, due to the very low photochemical activity and absence of notable emis-
sions. In regions where anthropogenic emissions are the dominant source of HCHO20

precursors, such as Northwestern Europe, Eastern China, India and the Middle East
(Fig. 1), the diurnal cycle displays a midday maximum and a minimum at the end of
the night (Fig. 2, S. England and Fig. 3). As can be seen in Fig. 2, the diurnal cycle of
anthropogenic emissions has a very small impact at these locations. This is due to the
fairly long photochemical lifetimes of most anthropogenic NMVOCs. Their relatively low25

short-term HCHO yields in comparison with the final yields (see Table 1) implies that
most HCHO formation occurs days after the precursor has been emitted. The midday
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maximum therefore reflects the diurnal cycle of OH concentrations, very low at night
and maximum when radiation is highest (Logan et al., 1981).

Over the Eastern US, the wintertime (November to March) diurnal cycle displays
a similar pattern due to anthropogenic emissions. In the summer, however, when bio-
genic isoprene is the dominant VOC, a completely different behavior is predicted, with5

a noon minimum and a maximum in the evening or even in the early morning (Fig. 2,
Arkansas and Fig. 3). A relatively similar pattern is found in the Manaus region in the
Amazon in July–September (Fig. 2), in agreement with a previous modelling study
using GEOS-Chem and focussing on Amazonia (Barkley et al., 2011). At all sites im-
pacted by isoprene (Arkansas, Borneo, Manaus and Mato Grosso), the simulation ne-10

glecting diurnal variations of emissions (Fig. 2, blue curve) leads to a continuous HCHO
buildup during the night and to a pronounced morning maximum followed by a gradual
decrease during daytime until a minimum in late afternoon or early evening. The night-
time buildup in that simulation follows the slow isoprene oxidation (mostly by ozone)
and the near-absence of HCHO sinks, whereas the gradual HCHO decrease during15

the day reflects the decline of the accumulated isoprene and intermediate oxidation
products due to OH oxidation. Although the daytime chemical lifetime of isoprene is
short (less than 1 h at an OH concentration of 4×106 moleccm−3), a large fraction of
the formaldehyde production due to isoprene involves longer-lived intermediates (such
as methylvinylketone, methacrolein, hydroxyacetone, hydroperoxides, etc.) resulting in20

a delayed formaldehyde production.
When the diurnal cycle of isoprene emissions is taken into account (Fig. 2, red

curve), the midday emission maximum leads to a HCHO minimum and to an increase
afterwards, due to the delayed production from isoprene (Arkansas, Manaus and Mato
Grosso). It has been pointed out (Barkley et al., 2011) that the nighttime HCHO accu-25

mulation and morning maximum near Manaus in September might be unrealistic, as
models are often unable to reproduce the observed rapid decline of isoprene concen-
trations during the evening at different surface sites. Nighttime chemistry, deposition
and boundary layer processes might indeed be poorly represented in models, causing

12019

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/12007/2015/acpd-15-12007-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/12007/2015/acpd-15-12007-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 12007–12067, 2015

Hydrocarbon
emissions derived
from GOME-2 and

OMI HCHO columns

T. Stavrakou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

significant deviations from the patterns described above. As is obvious from Figs. 2
and 3, different locations or seasons display often very different diurnal patterns, for
complex reasons including radiation and NOx levels, the occurrence of biomass burn-
ing, mixing processes, etc. Note however, that sensitivity simulations neglecting the
diurnal cycle of boundary layer mixing and deep convection fluxes were found to cause5

only minimal deviations from the columns of the standard model calculations.
Vegetation fires are found to cause locally very strong variations with maximum

values in the evening, exceeding by up to 70 % the morning minimum value (Cen-
tral Alaska in May and July, Mato Grosso in September). As seen on Fig. 3, strong
emissions over Eastern Siberia, European Russia, Central Canada, Angola, Brazil and10

Northern Australia are most often associated with HCHO column maxima in the late
afternoon and evening.

3.2 Model evaluation

To evaluate the model diurnal cycle, we use ground-based remote-sensed measure-
ments at the 7 following sites:15

1. Cabauw/the Netherlands (52◦N, 5◦ E), 8 June–21 July 2009 (Pinardi et al., 2013).

2. Observatoire de Haute Provence (OHP)/France (43.94◦N, 5.71◦ E), 26
June 2007–20 March 2013 (Valks et al., 2011).

3. Uccle/Belgium (50.78◦N, 4.35◦ E), 1 May 2011–23 April 2012 (Gielen et al., 2014).

4. Beijing/China (39.98◦N, 116.38◦ E), 3 July 2008–17 April 2009 (Vlemmix et al.,20

2015, see also Hendrick et al., 2014).

5. Xianghe/China (39.75◦N, 116.96◦ E), 7 March 2010–26 December 2013 (Vlem-
mix et al., 2015, see also Hendrick et al., 2014).

6. Bujumbura/Burundi (3◦ S, 29◦ E), 25 November 2013–22 January 2014 (De Smedt
et al., 2015).25
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7. Reunion Island/France (20.9◦ S, 55.5◦ E), 1 August–25 October 2004, 21 May–15
October 2007, 2 June–28 December 2009, and 11 January–16 December 2010
(Vigouroux et al., 2009).

The MAX-DOAS (Multi-axis differential optical absorption spectroscopy) technique
(Hönninger et al., 2004; Platt and Stutz, 2008) was used in all cases, except at Re-5

union Island where the FTIR (Fourier Transform infrared spectroscopy) technique is
used (Griffiths and de Haseth, 2007; Vigouroux et al., 2009). Total HCHO columns are
measured at all stations, and profiles are also measured at Beijing, Xianghe, and Bu-
jumbura. Figures 4 and 5 illustrate the diurnal cycle of observed and modelled HCHO
columns seasonally averaged and normalized by their noon values. The ratio of the10

observed columns at 13:30 and 09:30 LT ranges mostly between 0.8 and 1.2, although
values close to 1.4 are found at one site (OHP). The modelled values of this ratio
are most often higher than in the measurements, except at OHP. The average ratio at
all sites and seasons is slightly higher in the model (1.126) than in the data (1.043),
although the average absolute deviation between model and data is large (20 %), pre-15

sumably mostly because of representativity issues. The coarse resolution of the model
makes it impossible to reproduce the very large differences seen, for example, between
the observed diurnal profiles at Beijing and Xianghe, two very nearby sites lying in the
same model grid cell. OHP similarly lies in a region with strong gradients in the diurnal
behavior of the columns, as seen in Fig. 3.20

Nevertheless, the diurnal cycle of HCHO columns at the four most polluted sites
(Uccle, Cabauw, Beijing and Xianghe) shows a consistent pattern during summertime
(also in spring and fall at Uccle) which is well reproduced by the model. At Reunion
Island as well, the observed midday maximum is well reproduced by the model. As
pointed out above, the midday maximum at both very remote and very polluted sites25

is primarily caused by the diurnal cycle of OH levels, as the reaction with OH of the
(mostly fairly long-lived) anthropogenic VOCs as well as methane is the main source
of HCHO in those areas. In the Beijing area, the diurnal cycle of emissions is respon-
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sible for a slight delay in the maximum towards the afternoon, in agreement with the
observations.

A broader network of measurements would be necessary to provide a more de-
tailed assessment of HCHO column diurnal variations, in particular over forests and in
biomass burning areas. Nevertheless, the comparison presented above with the limited5

dataset of available measurements revealed no large systematic discrepancies, except
for a slight overestimation (by 8 %) of the average ratio of 13:30 to 09:30 LT columns.

4 Satellite observations

The current version (v14) of the HCHO retrievals applied to GOME-2/METOP-A and
OMI/AURA measurements is based on the algorithm developed for GOME-2 (version10

12, De Smedt et al., 2012), but with significant adaptations, as detailed below.
A classical DOAS algorithm is used, including three main steps: (1) the fit of absorp-

tion cross-section databases to the measured Earth reflectance in order to retrieve
HCHO slant columns, (2) a background normalization procedure to eliminate remain-
ing unphysical dependencies, and (3) the calculation of tropospheric air mass factors15

using radiative transfer calculations and modelled a priori profiles. In GOME-2 v12, two
fitting intervals were introduced to improve the treatment of BrO absorption features,
and to reduce the noise on the HCHO columns (328.5–359 nm for the pre-fit of BrO,
328.5–346 nm for the fit of HCHO) (De Smedt et al., 2012).

In the current version, a third fitting interval (339–364 nm) is used to pre-fit the O2-20

O2 slant columns in order to minimize the effect of spectral interferences between the
molecular absorptions. This results in a global reduction of the HCHO slant columns
over the continents compared to the previous version, by 0 to 25 %, depending on the
season and the altitude. It is interesting to note that the effect is very similar when ap-
plied to GOME-2 and OMI HCHO retrievals, i.e. it has little or no impact on the diurnal25

variations (De Smedt et al., 2015). In order to improve the fit of the slant columns, an
iterative DOAS algorithm for removal of spike residuals has been implemented (Richter
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et al., 2011). In addition, this version of the algorithm makes use of radiance spectra,
daily averaged in the equatorial Pacific, which serve as reference spectra. The back-
ground normalisation now depends on the day, the latitude, but also on the viewing
zenith angle of the observation. This also serves as destriping procedure, needed for
an imager instrument such as OMI (Boersma et al., 2011). The air mass factor calcu-5

lation is based on Palmer et al. (2001). Scattering weighting functions are calculated
with the LIDORT v3.3 radiative transfer model (Spurr, 2008).

The a priori profile shapes are provided by the IMAGES model, at 09:30 LT for
GOME-2 and 13:30 LT for OMI (cf. Sect. 2). The OMI-based surface reflection database
from Kleipool et al. (2008) is used for both GOME-2 and OMI. Radiative cloud ef-10

fects are corrected using the independent pixel approximation (Martin et al., 2002)
and the respective cloud products of the instruments provided by the TEMIS website
(http://www.temis.nl), namely the GOME-2 O2 A-band Frescov6 product (Wang et al.,
2008) and the OMI O2-O2 cloud product (Stammes et al., 2008). As for the previous
algorithm versions, v14 HCHO columns are openly available on the TEMIS website15

(http://h2co.aeronomie.be/).
Monthly averaged HCHO columns from both instruments gridded onto the resolu-

tion of the model are used as top-down constraints. Columns with a cloud fraction
higher than 40 % are excluded from the averages. HCHO data are also excluded over
oceanic IMAGES gridcells (for which the land fraction is lower than 0.2), since we aim20

to constrain only continental sources, as well as in the region of the South Atlantic ge-
omagnetic anomaly, i. e. within less than 1500 km of its assumed epicentre (47.0◦W,
24.9◦ S). Finally, regridded columns for which the monthly and spatially averaged re-
trieval error exceeds 100 % are also rejected. The error of the satellite columns is
defined as the square root of the squared sum of the retrieval error and an absolute25

error of 2×1015 moleccm−2. In most VOC-emitting regions the error ranges between
40 and 60 %.

The monthly regridded HCHO columns from GOME-2 and OMI are shown in Fig. 6
for July 2010. As seen on this figure, and discussed in De Smedt et al. (2015), the early
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afternoon columns of OMI are higher than the mid-morning values of GOME-2 at mid-
latitudes, while the reverse is true at most tropical locations, in qualitative agreement
with the ground-based measurements and modelling results (Figs. 4 and 5).

5 Overview of the results

Table 2 summarizes the source inversions carried out in this study. In each inver-5

sion, the emission rates of the three emission categories (anthropogenic, biogenic and
biomass burning) are adjusted per month and per model grid so as to minimize a cost
function measuring the overall bias between the model and a set of observations, i.e.
GOME-2 or OMI HCHO columns. On the global scale, ca. 63 000 flux parameters are
varied. The emission of a grid cell is not optimized when its maximum a priori monthly10

value is lower than 1010 moleccm−2 s−1. The assumed error on the a priori anthro-
pogenic emission by country is set equal to a factor 1.5 and 2 for OECD and other
countries, respectively, to a factor of 2 for biogenic emissions and 3 for fire burning
emissions. More details about the inversion framework can be found in Stavrakou et al.
(2009b).15

The sensitivity studies (Table 2) aim at assessing the impact of (i) the choice of
a priori errors on the emission fluxes (OMI-DE, OMI-HE), (ii) the cloud fraction filter
applied to the satellite data (OMI-CF), and (iii) the isomerization of isoprene peroxy
radicals (OMI-IS). The annual a priori and top-down fluxes of the two standard and
the four sensitivity inversions are summarized in Table 3. The a priori model columns20

calculated at 09:30 and 13:30 LT local time are generally higher than the GOME-2 or
OMI HCHO column abundances (Fig. 6), e. g. over Europe, Southern China, the United
States, Amazonia and Northern Africa. They are however found to agree generally well
in terms of seasonality (Fig. 7).

Globally, the cost function is reduced by a factor of 2 after optimization, and its gra-25

dient is reduced by a factor of ca. 103. In general, the consistency between the two
inversions is found to be highest in tropical regions. At mid-latitudes, the emission up-
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dates (i.e. the ratios of optimized to prior emissions) are almost systematically higher
in the OMI-based than in the GOME-2-based inversion. This reflects ratios of 13:30
to 09:30 LT columns which are lower in the model than suggested by the two satellite
datasets.

Both GOME-2 and OMI inversions suggest a strong decrease in global biomass5

burning VOC emissions with regard to the a priori GFEDv3 inventory, by 36 and 33 %,
respectively. This decrease is most pronounced in tropical regions. In contrast, both the
OMI and GOME-2 optimizations lead to enhanced emissions (by about 50 %) due to
the extensive fires which plagued European Russia in August 2010 (Sect. 6.2) and to
agricultural waste burning in the North China Plain in June (Sect. 6.3). The fire burning10

estimates from the two base inversions are generally quite consistent, not only globally
but also over large emitting regions like Amazonia, Southeastern Asia, and Africa. The
sensitivity studies provide global flux estimates which are close (within 7 %) to the
standard top-down results using OMI.

The globally derived isoprene fluxes are reduced in both standard inversions, by 9 %15

according to GOME-2 and by 13 % according to OMI, compared to the a priori estimate
of the MEGAN-ECMWF-v2 inventory (363.1 Tg yr−1, Table 3). The overall consistency
between the global estimates is high for this emission category, despite some signif-
icant differences at a regional scale (cf. next sections). The biogenic top-down fluxes
derived from the sensitivity inversions of Table 2 lie within 5 % of the OMI-based esti-20

mates on the global scale, yet larger differences are found in the regional scale.
Finally, the global anthropogenic source is decreased in the GOME-2 inversion, while

it is slightly increased in the inversion using OMI. Despite their limited capability to
constrain this emission category on the global scale due to its small contribution to the
global HCHO budget (Stavrakou et al., 2009a), the satellite observations are found to25

provide constraints over highly polluted regions, notably Eastern China, where however
the discrepancy between the two sensors is most evident (see Sect. 6.3).

Annual emission updates for the different source categories, and the monthly varia-
tion of the a priori and optimized flux estimates are illustrated in Figs. 9–13.
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Modifying the errors on the flux parameters infers isoprene emission decreases of
ca. 15 % (OMI-HE) and 30 % (OMI-DE) with regard to the initial isoprene inventory, and
within 7 % of the standard OMI inversion, cf. Table 3. As expected, due to the limited or
stronger confidence assigned to the a priori inventories in OMI-DE and OMI-HE scenar-
ios, respectively, most substantial departures from the a priori inventory are obtained5

when doubling the errors on the emission parameters, while the OMI-HE scenario lies
closer to the a priori database. The impact of the use of a stricter cloud criterion on the
OMI scenes used as top-down constraints (20 % for OMI-CF instead of 40 % in OMI
base inversion) results in weak increases of the globally inferred fluxes with respect to
the OMI inversion, but the enhancement is found to be more important in extratropical10

regions, and amounts to 22 % for biomass burning emissions (Table 3, Fig. 8). Finally,
suppressing the isomerization channel in isoprene oxidation increases the HCHO yield
from isoprene and leads to slightly higher model columns over isoprene-rich regions.
The resulting isoprene fluxes are found to be by 4 % lower on the global scale, but over
Amazonia, the emission reduction is estimated at 8 % compared to the results of OMI15

inversion.

6 Emissions at the mid-latitudes

6.1 North America

Biogenic isoprene emissions drive the HCHO column seasonality and explain the sum-
mertime column peak in the Eastern US (Fig. 7). The a priori model exhibits, however,20

a much stronger seasonal variability than the observation with a summer-to-winter ratio
of 4–5 compared to the observed ratio of about 2. In summertime, the a priori model
overestimates the GOME-2 and OMI measurements by up to 50 and 35 %, respec-
tively in the Eastern US (Figs. 6 and 7). This drives the significant decrease in the
optimized isoprene fluxes, from the a priori value of 17.8 to 11.6 Tg (GOME-2) and to25

13.8 Tg (OMI) over the US in 2010, in good agreement with our earlier flux estimates
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(13 Tgyr−1) based on SCIAMACHY HCHO columns (Stavrakou et al., 2009b). Even
larger reductions are found in the Southeastern US, amounting to ca. 25 and 40 % in
the OMI and GOME-2 inversions, respectively (Fig. 13). Anthropogenic and pyrogenic
emissions over the US are essentially unchanged by the inversions. The estimated
cumulative June–August US isoprene emissions from both optimizations (7.8 Tg for5

GOME-2 and 9.5 Tg for OMI) agree well with reported values based on earlier versions
of OMI HCHO retrievals (9.3 Tg according to the variable slope technique as described
in Millet et al., 2008). The OMI-based isoprene flux in July 2010, estimated at 3.23 Tg,
is by 30 % lower than the a priori (4.62 Tg), corroborating the low values of the BEIS2
inventory (Palmer et al., 2003).10

The model predictions are compared to HCHO measurements from the INTEX-A air-
craft campaign conducted in July–August 2004 over the Eastern US (Singh et al., 2006;
Fried et al., 2008) in Fig. 14. It is worth noting that the measurements by NCAR (Na-
tional Center for Atmospheric Research) and URI (Univ. Rhode Island) exhibit large
differences between them, the NCAR values being by ca. 50 % higher than URI be-15

low 2 km altitude (Fig. 14). The model simulations are performed for 2004, and the
concentrations are sampled at the locations and times of the airborne measurements.
In the a posteriori simulation shown in Fig. 14, the bottom-up isoprene emissions for
2004 were multiplied by the isoprene emission update inferred from either the OMI or
the GOME-2 inversion for 2010. As seen on Fig. 14, the average HCHO concentration20

below 2 km altitude is decreased by about 10 % in the OMI inversion (15 % in the case
of GOME-2) and remains within the range of the NCAR and URI measurements. De-
spite the marked underestimation of the modelled HCHO (1.39 and 1.32 ppbv in the
OMI and GOME-2 inversions) in comparison to NCAR observations (1.83 ppbv), the
emission optimization results in an increased Pearson’s spatial correlation coeffient25

between the modelled and observed concentrations below 2 km, from 0.74 in the a pri-
ori to 0.79 and 0.80 in the OMI and GOME-2 inversions. A similar improvement is found
with respect to URI data.
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6.2 Russia

The a priori model underpredicts the observed OMI HCHO columns during the Russian
fires of July–August 2010 by up to a factor of 2, in particular over a broad region extend-
ing to the North (61◦N) and East (55◦ E) of Moscow (Fig. 6). Similar spatial patterns are
also observed in GOME-2 HCHO columns. However, the GOME-2 columns are lower5

than OMI over this region, and the model underestimation is less severe in this case
reaching 60 %. The lower GOME-2 values might be due to the lower retrieval sensitivity
of GOME-2 to lower tropospheric HCHO compared to OMI at these latitudes, associ-
ated to larger solar zenith angles (De Smedt et al., 2015). As a result, the increase of
the pyrogenic emission fluxes is strongest in the OMI inversion, from 440 Gg VOC in10

the GFEDv3 inventory, to 720 Gg VOC (630 GgVOC in GOME-2) in August 2010 over
Europe. Accordingly, the isoprene fluxes inferred from the OMI inversion in August are
also larger, about 40 % higher than the a priori estimate in the Moscow area, whereas
the increase derived by GOME-2 does not exceed 25 %. Overall, the OMI data suggest
annual isoprene fluxes in Europe by 11 % higher than the a priori inventory (Table 3).15

Strongly enhanced fire emissions in the Moscow region between mid-July and mid-
August 2010 were reported based on satellite observations of CO from MOPITT (Kono-
valov et al., 2011) and IASI (Krol et al., 2013; R’honi et al., 2013), and on suface mea-
sureuments (Konovalov et al., 2011). The optimized fire emission inferred by assimila-
tion of IASI CO columns in Krol et al. (2013) lies within 22 and 27 Tg CO during the fires,20

i.e. about 7–10 times higher than in the bottom-up inventory (GFEDv3). These values
are comparable with the ranges of 19–33 and 34–40 Tg CO suggested by R’honi et al.
(2013) and Yurganov et al. (2011), respectively, but are much higher than reported
values of ca. 10 Tg CO derived using surface CO measurements in the Moscow area
(Konovalov et al., 2011). The latter study identifies the contribution of peat burning to25

the total CO fire emission in this region to be as high as 30 %.
The IMAGESv2 a priori CO simulation (using GFEDv3 inventory) underestimates

substantially the IASI CO observations. Scaling the CO emissions in IMAGESv2 to the
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fire VOC increase suggested by the OMI HCHO optimization, i.e. ca. 60 % in July and
August 2010, barely improves the model agreement with the satellite, indicating that, in
accordance with earlier studies, more drastic fire flux enhancements (factor of 5 to 10)
are required to reconcile CO model-data mismatches. The reasons for the differences
in the emission increases inferred by CO and HCHO during the 2010 Russian fires are5

currently unknown, but could be related either to inadequate knowledge of emission
factors of CO and VOCs from peat fires, and/or underestimated remote-sensed HCHO
columns over fire scenes due to possibly important aerosol effects not accounted for in
the retrievals.

6.3 China10

The dominant emission source in China is anthropogenic and is estimated at
25.5 Tg VOC in REASv2 (Kurokawa et al., 2013) for 2008. The biogenic source, mainly
located in Southern China, amounts to 7 Tg in 2010 in the MEGAN-MOHYCAN-v2 in-
ventory (Stavrakou et al., 2014; Guenther et al., 2006, 2012). In Northern China, the
HCHO columns are underestimated by the a priori model in winter compared to OMI,15

whereas a relatively good agreement is found in summer. In Southern China, a general
model overestimation is found all year round (Figs. 6 and 7).

Although the OMI-based inversion yields total Chinese anthropogenic emissions
very similar to the a priori (24.6 Tg VOC), the emission patterns are modified with in-
creased emissions in Northeast China and especially around Beijing (20–40 %), and20

emission reductions in the Southeast and in particular around Shanghai (15–47 %) and
Guangzhou (15–30 %). The total GOME-2 emission, estimated at 20.6 Tg VOC, is lower
than the OMI result, but in good agreement with the estimate (20.2 Tg in 2008) of the
Multi-resolution Emission Inventory for China (MEIC, http://www.meicmodel.org). The
flux distributions from both inversions have common features, e.g. decreased fluxes in25

Shanghai and Guangzhou regions, but contradicting estimates in the Northeast where
GOME-2 observations do not support the emission enhancements suggested by OMI.
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This discrepancy is primarily due to the lower modelled ratios of 13:30 to 09:30 LT
columns compared to the satellite datasets (Fig. 7). Note that, however, the model
was found to overestimate this ratio against MAX-DOAS data at Beijing and Xianghe
(Fig. 5). Another possible cause for difference between the OMI and GOME-2 results
is the limited availability of GOME-2 data in wintertime (Fig. 7) due to the high solar5

zenith angles leading to large retrieval errors frequently exceeding 100 %. For example,
GOME-2 columns are unavailable from November to April over Beijing.

In the North China Plain, one of the largest agricultural plains on Earth, the post
wheat harvest season fires set up every year in June is a common farmer’s practice
(Huang et al., 2012), responsible for poor air quality conditions and environmental harm10

(Yamaji et al., 2010). Both OMI and GOME-2-based inversions suggest a considerable
enhancement of the agricultural fire flux in this region, by almost a factor of 2 in com-
parison with the a priori inventory by Huang et al. (2012), cf. Fig. 12. The interannual
variability of these emissions will be addressed in a separate work in preparation.

Finally, the Chinese isoprene emission are decreased from 7 Tgyear−1 to 6.5 Tg15

(OMI) and 5.9 Tg (GOME-2), with especially strong decreases in Southern China, as
illustrated in Fig. 10.

7 Emissions in the Tropics

7.1 South America

After the 2005 drought in Amazonia, characterized as one-in-a-century event (Marengo20

et al., 2008), Amazonia suffered a second, even more severe drought in 2010 with
major environmental impacts (Marengo et al., 2011). Extensive wildfires broke out
in different regions from July to October, with central and south Amazonia as main
epicenters. The massive fire burning is reflected in the high HCHO columns (up to
15×1015 moleccm−2) detected by GOME-2 and OMI during these months, about twice25

the observed columns in the wet season (Fig. 7). Both instruments agree very well on
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the magnitudes and spatial patterns of the HCHO columns, as illustrated in Fig. 15.
The a priori model strongly overestimates the observations during the dry season (by
up to 70 % in August) indicating that the GFEDv3 emissions for this region are most
likely too high. The GOME-2 and OMI inversions decrease the fire emission by factors
of 2 and 2.5, respectively (Fig. 12). Even stronger decreases (factor of 3) are found5

over Northern Bolivia and central Amazonia (Fig. 9).
These emission reductions are supported by comparison with CO columns ob-

served by the Infrared Atmospheric Sounding Interferometer (IASI) instrument on the
MetOp payload (George et al., 2009). The use of fire emissions from GFEDv3 leads to
strongly overestimated CO columns in comparison to IASI observations in August 201010

(Fig. 15), reaching almost a factor of 2 over Western Amazonia. Significant improve-
ment in the model-data match is achieved when the emission reduction inferred by
the OMI-based inversion is implemented and applied not only to NMVOCs but also to
other compounds including CO. The GFEDv3 emissions of CO in 2010 were also found
to be substantially overestimated, by a factor of ∼ 1.8 over South America between 515

and 25◦ S, by inverse modelling of MOPITT CO columns using the GEOS-Chem model
(Bloom et al., 2015). The most likely cause for the lower emissions in 2010 compared
to 2007 was proposed by these authors to be a reduction of the combusted biomass
density possibly due to dry conditions and/or repeat fires. The good consistency found
between results using either CO or HCHO indicates that the emission factors used in20

the model for NMVOC and CO (or at least their ratios) are appropriate, unless an error
compensation is responsible for the noted good agreement. Note also that, besides
the good consistency found between the emission estimates derived from GOME-2
and OMI, the performed sensitivity inversions induce only very weak departures from
the standard inversion (Fig. 12).25

Isoprene fluxes over Amazonia derived by GOME-2 and OMI inversions are esti-
mated at 73.7 and 92.5 Tg, respectively. This is by 25 and 7 % lower than the prior and
in good agreement with previous studies using satellite HCHO observations from the
SCIAMACHY instrument (Stavrakou et al., 2009b). The seasonal variation of the pos-
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terior fluxes is found to be consistent with the a priori inventory, except during the tran-
sitional wet-to-dry period (April–June) with both GOME-2 and OMI satellite datasets
pointing to a significant flux decrease by ca. 25 % (Fig. 13). This behaviour confirms
previous comparisons using GOME HCHO observations suggesting that factors other
than the temperature influence the observed variability (Barkley et al., 2008), such as5

the growth of new leaves causing a temporary shut-down of the emissions (Barkley
et al., 2009).

7.2 Indonesia

Fire activity was exceptionally low in 2010, with annual emissions of about 0.1 Tg VOC,
i.e. about two orders magnitude less than for high years such as 2006 according to10

GFEDv3.
The GOME-2 and OMI inferred isoprene estimates show good consistency over

Indonesia all year round, amounting to 10.3 and 11.1 Tg, respectively, close to the
a priori (11.6 Tg). The inferred isoprene emissions are, however, twice lower than re-
ported fluxes of 25 Tgyr−1 based on SCIAMACHY HCHO observations, which were15

themselves decreased with respect to their priori isoprene flux of 35 Tgyr−1 (Stavrakou
et al., 2009b). In comparison to that study, the isoprene a priori emissions used in the
present work are strongly reduced over this region, due to a drastic reduction by a fac-
tor of 4.1 of the MEGANv2.1 basal isoprene rate for tropical rainforests over Asia, as
suggested by field measurements in Borneo (Langford et al., 2010). This reduction im-20

plemented in the MEGAN-MOHYCAN-v2 model (Stavrakou et al., 2014) is found here
to be corroborated by GOME-2 and OMI HCHO measurements.

7.3 Indochina

The Northern part of the Indochinese peninsula (primarily Myanmar, also Assam
in India and parts of Thailand) faces intense forest fires during the dry season,25

as very well seen in the GOME-2 and OMI HCHO timeseries, with values reach-
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ing 15×1015 molec cm−2 in March, about three times higher than in the wet season
(Fig. 7).

Both the GOME-2 and OMI data point to substantial, but very contrasted updates in
the pyrogenic fluxes during the fire season (March, Fig. 9): flux reductions by a factor of
2–5 over Myanmar and surrounding forested areas, and flux increases by a factor of al-5

most 2 (or more in the case of OMI) over the Southeastern part of the peninsula, which
includes Cambodia, Southern Laos and Southern Vietnam. In the OMI-DE inversion
assuming doubled errors on the a priori fluxes, the updates are even more pronounced
and reach a factor of 4 over parts of Vietnam and Laos. The annual emissions in the
entire region are decreased by 15 and 26 % in the OMI and GOME-2 inversions, re-10

spectively. As illustrated in Fig. 16, the optimization leads to a substantial improvement
of the model performance, although the HCHO columns remain significantly underes-
timated (by up to 20 %) in the Southern part of the peninsula (e. g. Cambodia), most
likely due to a too strong underestimation of the GFEDv3 emissions used as a priori
in the model. The emission drop over Myanmar and the need for higher emissions in15

the Southeast are partly confirmed by comparisons with IASI CO columns. Indeed,
modelled CO simulations using either GFEDv3 or biomass burning fluxes optimized
using OMI data (Fig. 16) display a better agreement in the second case, despite an
underestimation of CO by ca. 10 % over most of the peninsula.

The strong enhancement of pyrogenic emissions required to comply to the satellite20

data over the Southeastern part of Indochina might be due to the occurrence of agri-
cultural fires in those regions (e. g. Cambodia), known to be a common management
practice (Chang and Song, 2010). These fires are very difficult to detect by satellite due
to their limited spatial extent. It is worth noting that the latest version of the Fire Inven-
tory from NCAR (Wiedinmyer et al., 2011) (FINNv1.5) predicts much higher emissions25

from this region: ca. 43 Tg C in March in the region 100–108◦ E, 10–18◦N, i.e. a factor of
10 higher than in the GFEDv3 inventory (4.3 Tg C). The differences between GFEDv3
and FINN are most likely due to inherent differences in the proxy variables used in the
respective emission models, burned area in the case of GFEDv3, and active fire counts
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in FINN model, both retrieved from MODIS satellite data. The two inventories provide
however very similar estimates for the more forested, Northwestern part of Indochina
(19–27◦N, 97–100◦ E): 105 Tg C in GFEDv3, 124 Tg C in FINNv1.5.

Considerable cloudiness during the rainy season (May–October) causes gaps in the
OMI HCHO timeseries, due to the exclusion of scenes with ≥ 40 % cloud cover. The5

GOME-2 data series are comparatively less affected by this issue, due to the diurnal
precipitation and cloudiness patterns during the monsoon season. Indeed, long-term
observations over Indochina (Takahashi et al., 2010) reveal an early afternoon rainfall
peak (13:00–16:00 LT), and heavy rainfall in the early morning (04:00–07:00 LT), but
lower precipitation rates between 07:00 and 10:00 LT. GOME-2 observations are there-10

fore less contaminated by clouds and offer a better spatial coverage during the rainy
season in this region.

7.4 Africa

Over Africa, the annual pyrogenic source, amounting at 40.7 Tg VOC in the a priori,
is reduced to 26.2 and 32.6 Tg VOC in the GOME-2 and OMI inversions, respectively15

(Table 3). A smaller reduction is also inferred for isoprene fluxes, estimated at 76.6 Tg
(GOME-2) and at 74.2 Tg (OMI), within 10 % of the a priori value (81.6 Tg). These
estimates are in line with recently reported isoprene fluxes over Africa based on the
NASA dataset of OMI HCHO columns (77 TgC or 87 Tg isoprene compared to 116 Tg
isoprene in the a priori, Marais et al., 2012). The spatial distribution of the emission20

updates is displayed in Figs. 9–11.
African fire occurrence peaks in central Africa (e. g., the Democratic Republic of the

Congo or DRC) in early June (Fig. 7) and lasts until August with the end of the dry sea-
son. The GOME-2 and OMI observations show an excellent accordance, with morning
columns being about 10 % higher than in the afternoon, consistent with measurements25

in Bujumbura (Fig. 5), although the morning-to-afternoon ratio was found to be higher in
the ground-based observations (1.25). The model simulations overpredict the observa-
tions of both sounders during the fire season by 10–25 %. The posterior bias reduction
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(cf. Fig. 7, DRC region) is achieved by a significant biomass burning flux decrease,
reaching a factor of 2 in the southern part of DRC, and 20–30 % elsewhere between 2
and 12◦ S. In a similar manner, up to a factor of 2 emission decrease is also needed in
the region of the Central African Republic during the fire season (November–February)
to match the observed columns (Fig. 7), in good agreement with our previous study5

using SCIAMACHY HCHO columns (Stavrakou et al., 2009b). Only small changes are
inferred for isoprene emissions in Northern Africa, by 11 % (GOME-2) and by 16 %
(OMI) decrease compared to the a priori, as illustrated in Fig. 13.

In Southern Africa, biogenic fluxes are highest in January and lowest in July, while the
fire season starts in May, and peaks in September (Figs. 12 and 13). Both GOME-2 and10

OMI inversions infer only small isoprene flux updates (Table 3). Regarding fire emis-
sions, in constrast with GOME-2 data suggesting a ca. 30 % flux reduction (to 17.6 from
25.8 Tg VOC), the OMI-based estimate lies within 10 % of the a priori, due to a compen-
sation of flux decreases North of approx. 15◦ S, and flux increases in the southernmost
part of the continent, south of ca. 15◦ S (Fig. 9). Although the seasonal patterns are15

essentialy preserved by the optimization, both inversions predict higher emissions at
the end of the dry season, especially over Zambia and surrounding regions (October,
Fig. 12). These updates are highest (factor of ∼ 2) in the OMI optimization, but the
patterns are very similar in both inversions.

8 Conclusions20

The emissions of NMVOCs in 2010 were optimized by inverse modelling using the IM-
AGESv2 CTM and its adjoint with HCHO column abundances from either GOME-2 or
OMI as observational constraint. Given their different overpass times, the consistency
of the inferred emissions depends on how the model can faithfully reproduce the di-
urnal cycle of HCHO columns. The modelled diurnal cycle displays a great variability25

mirroring the competing influences of photochemical productions and losses as well
as the diurnal profiles of emissions and (to a lesser extent) meteorological parameters.
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Where anthropogenic VOCs are dominant, daytime photochemical production and the
anthropogenic emission profile leads to an early afternoon maximum, in agreement
with MAX-DOAS observations in Belgium, Holland and (during summertime) the Bei-
jing area. Over oceanic areas, where methane oxidation is the only significant source in
the model, a similar behavior is also simulated, in agreement with FTIR data at Reunion5

Island. The poor model performance at several locations (Bujumbura, OHP, Beijing in
winter/spring) is likely at least partly due to the coarse model resolution, as shown by
the very different diurnal profiles observed at Beijing and Xianghe. This limited repre-
sentativity of local ground-based sites possibly explains (part of) the large deviations
(typically ±10–30 %) found between the calculated and observed ratios of the HCHO10

columns at 13:30 and 09:30 LT. Despite this large scatter, the average ratio of 13:30 LT
columns to 09:30 LT columns is only slightly higher (1.126) in the model compared to
the MAX-DOAS and FTIR measurements (1.043).

Unfortunately no ground-based measurements are available in regions where the
simulated diurnal cycle amplitude is largest, namely over intense fire scenes at both15

tropical and boreal latitudes. Over these regions, an evening maximum is predicted,
and the peak-to-trough ratio reaches up to 70 %. In isoprene-rich areas, the diurnal
HCHO cycle often, but not always, displays a minimum around noon, when the pho-
tochemical sink is highest, and a maximum in the late evening or early morning, in
agreement with a previous modelling study (Barkley et al., 2011). Validation studies20

over forested areas will be needed to determine how realistic these patterns are.
The ratio of 13:30 to 09:30 LT column is found to be most often between 0.8 and

1.2 according to ground-based measurements. Similar, but generally higher values
of this ratio are calculated by the model, by 8 % on average. The satellite, on the
other hand, although in qualitative agreement with the above, suggests higher ratios25

of 13:30 to 09:30 LT columns than the model at mid-latitudes, whereas no clear pat-
tern emerges in tropical regions (Fig. 7). Nevertheless, these discrepancies in terms
of morning/afternoon ratios are most often small in comparison with the model/data
differences in the HCHO columns themselves. As a consequence, the emission fluxes
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inferred from both GOME-2 and OMI inversions are found to be generally very consis-
tent. They both suggest a strong decrease of the global biomass burning source, by
about 35 %. The decrease is mostly concentrated in the Tropics, e.g. over Amazonia
(factor of > 2 reduction), over Equatorial Africa and over Myanmar and surrounding re-
gions (factor of 2–5 reduction in March). These updates are confirmed by comparing5

CO columns predicted by the model using the biomass burning emissions estimated
by the OMI inversion with IASI CO columns. The results are also consistent with a re-
cent study using MOPITT CO columns (Bloom et al., 2015). The seasonal profile of
the emissions is generally well preserved by the inversions, except for a significant en-
hancement near the end of the dry season, in particular over Southern Africa (in Octo-10

ber) but also Amazonia (in September) and Indochina (in April). Both satellite datasets
point to strong enhancements of agricultural fire fluxes in the North China Plain in June
(factor of almost 2) and in the southern part of Indochina, compared to the a priori
estimate.

Very good agreement between the inversion results is found for isoprene fluxes, with15

global annual fluxes reduced by 9 % (GOME-2) and 13 % (OMI) compared to the a priori
of 363 Tg. In the Southeastern US, both inversions agree on a substantial decrease by
ca. 25 % (OMI) and 40 % (GOME-2), in good agreement with previous estimates based
on SCIAMACHY and OMI HCHO data. This reduction improves the correlation between
calculated and observed HCHO concentrations during the airborne INTEX-A campaign20

conducted over the Eastern US. Over Amazonia, the source of isoprene is found to be
consistently lower than the a priori, in particular during the wet-to-dry season transition
(April–June), in accordance with previously reported estimates. Over Indonesia, the
optimizations do not present significant deviations from the prior, thereby validating
the a priori isoprene inventory which incorporated decreased basal emission rates for25

Asian tropical rainforests.
The results show that the global anthropogenic VOC fluxes are not well constrained,

as indicated by the negligible updates derived by the inversions over most areas, except
over highly polluted regions with a distinct anthropogenic signal in the HCHO columns,
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like China. In this region, the changes in the emission patterns found by the OMI-based
optimization are not well reproduced by the inversion of GOME-2 data, likely reflecting
discrepancies in the 13:30 LT/09:30 LT column ratio calculated by the model. In spite
of those discrepancies, our study demonstrates that a high degree of compatibility is
achieved between top-down pyrogenic and biogenic emissions derived by GOME-25

and OMI HCHO data, while the flux estimates are found to be weakly dependent to
changes in key uncertain parameters in the performed sensitivity inversions.

This study identifies several important large regions where the differences between
bottom-up and top-down estimates are particularly important and the inferred flux esti-
mates from both satellites show a high degree of consistency, like the Amazon and the10

Southeast US. Recent airborne field measurements in those regions should provide ad-
ditional constraints and help close the gap between bottom-up and top-down estimates.
The increasing availability of in-situ observations of formaldehyde and related trace
gases can provide a basis for improving and assessing model simulations of diurnal
variations over a range of environmental conditions and interactions between biogenic15

and anthropogenic compounds (e.g. DiGangi et al., 2012). Furthermore, planned geo-
stationary satellites have the potential to improve satellite based emission estimates
by characterizing diurnal variations in atmospheric constituents (Saide et al., 2014). Fi-
nally, new cross section measurements of isoprene in the infrared open new avenues
for the detection of isoprene using satellite (e.g. IASI) and a direct link to isoprene20

emission (Brauer et al., 2014).
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Table 1. MCMv3.2-based short-term yields (after 1 day) and final yields (after 60 days) of HCHO
from the oxidation of NMVOCs not explicitly considered in the IMAGES mechanism. The OH-
reaction rates at 298 K and the estimated emissions for the UK (Goodwin et al., 2001) are also
provided.

NMVOC Molecular Y1d Y60d OH-reaction rate Emission
weight mol mol−1 mol mol−1 cm3 molec−1 s−1 kt yr−1

Higher butane 58 0.280 2.033 2.35×10−12 151.11
alkanes pentane 72 0.600 2.098 4.00×10−12 64.53

hexane 86 0.624 2.805 5.45×10−12 51.46
heptane 100 0.520 2.952 7.02×10−12 22.49
octane 114 0.505 2.976 8.70×10−12 15.08
nonane 128 0.541 3.128 9.98×10−12 6.03
decane 142 0.607 3.826 1.12×10−11 11.04
undecane 156 0.717 4.339 1.29×10−11 4.87
2-methylpropane 58 0.308 2.710 2.18×10−12 40.92
2-methylbutane 72 0.361 2.810 3.70×10−12 70.18
2-methylpentane 86 0.530 2.914 5.30×10−12 5.73
3-methylpentane 86 0.683 2.994 5.40×10−12 3.96
2-methylhexane 100 0.525 3.814 6.86×10−12 5.36
3-methylhexane 100 0.670 3.283 7.15×10−12 4.38
cyclohexane 86 0.541 1.615 7.20×10−12 4.31

Higher 1-butene 56 1.790 1.911 3.14×10−11 4.15
alkenes 2-methylpropene 56 1.117 2.890 5.11×10−11 11.37

1-pentene 70 1.852 2.157 3.14×10−11 3.81
1.3-butadiene 54 1.644 1.711 6.65×10−11 6.19

Higher ethylbenzene 106 0.533 1.111 7.00×10−12 18.48
aromatics 1.2.3-trimethylbenzene 120 2.883 3.189 3.27×10−11 5.01

1.2.4-trimethylbenzene 120 2.758 2.999 3.25×10−11 18.45
1.3.5-trimethylbenzene 120 2.554 2.969 5.67×10−11 6.75
styrene 104 0.942 0.987 5.80×10−11 4.14

Others 1-propanol 60 0.949 1.476 5.82×10−12 4.79
2-propanol 60 0.192 1.935 5.09×10−12 8.44
1-butanol 74 1.166 1.728 8.48×10−12 5.63
2-butanol 74 0.683 2.099 8.70×10−12 4.05
methyl acetate 74 0.115 1.661 3.49×10−13 4.66
ethyl acetate 88 0.462 1.823 1.68×10−12 13.72
butyl acetate 116 0.615 2.469 4.92×10−12 6.88
4-methyl-2-pentanone 100 1.770 3.759 1.41×10−11 11.73
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Table 2. Performed emission inversions.

Name Description

GOME-2 Use GOME-2 data
OMI Use OMI data
OMI-DE Doubled a priori errors on the emission fluxes
OMI-HE Halved a priori errors on the emission fluxes
OMI-CF Use only OMI data with cloud fraction < 0.2
OMI-IS Ignore isomerization of isoprene peroxy radicals
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Table 3. A priori and top-down VOC emissions (Tg yr−1) by region. The emission inversions are
defined in Table 2. The regions are defined as follows. North America: US and Canada, South-
ern America: Mexico, Central and South America, Northern (Southern) Africa: north (south) of
the equator, Tropics: 25◦ S–25◦ N, Southeastern US: 25–38◦ N, 60–100◦W, Amazonia: 14◦ S–
10◦ N, 45–80◦W, Indonesia: 10◦ S–6◦ N, 95–142.5◦ E, Indochina: 6–22◦ N, 97.5–110◦ E, Europe
extends to Urals (55◦ E), FSU=Former Soviet Union.

Biomass burning (Tg VOC yr−1) A priori GOME-2 OMI OMI-DE OMI-HE OMI-CF OMI-IS

North America 5.3 3.6 3.3 5.3 2.9 4.6 3.2
Southern America 36.9 20.7 17.1 16.8 17.8 16.4 16.2
Amazonia 26.5 13.0 10.4 10.2 10.8 10.0 9.7
Northern Africa 14.9 8.6 8.8 8.8 9.2 9.7 8.1
Southern Africa 25.8 17.6 23.8 24.6 23.0 25.5 23.1
Indochina 6.2 4.6 5.3 5.6 4.7 5.6 5.0
Tropics 93.3 56.8 60.6 61.6 60.4 63.0 57.8
Extratropics 12.0 10.0 9.9 13.4 8.8 12.1 9.2
Global 105.4 67.0 70.5 74.9 69.1 75.1 67.1

Isoprene (Tg yr−1) A priori GOME-2 OMI OMI-DE OMI-HE OMI-CF OMI-IS

Europe (excl. FSU) 3.8 3.3 3.8 3.7 3.4 3.9 3.7
Europe 7.4 6.9 8.2 8.8 7.7 8.6 8.1
North America 34.7 26.5 29.9 28.0 31.9 30.4 28.6
Southeastern US 14.5 8.9 10.8 9.8 12.2 11.3 9.9
Southern America 149.5 142.1 121.2 115.9 128.9 125.6 114.0
Amazonia 99.4 92.5 73.7 69.1 80.6 77.2 67.9
Northern Africa 50.6 45.3 43.7 40.4 46.8 44.7 41.5
Southern Africa 31.0 31.3 31.5 32.8 31.0 34.2 30.7
Indonesia 11.6 10.3 11.1 10.5 11.4 10.6 10.9
Indochina 7.6 7.1 7.5 7.3 7.5 7.4 7.3
Tropics 314.8 291.1 272.3 261.9 286.2 281.3 260.2
Extratropics 48.3 39.4 44.7 44.1 45.8 46.4 43.3
Global 363.1 330.5 317.0 305.9 332.1 327.8 303.5

Anthropogenic (Tg VOC yr−1) A priori GOME-2 OMI OMI-DE OMI-HE OMI-CF OMI-IS

Global 155.6 138.6 157.5 162.0 154.2 163.4 155.8
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A priori VOC emissions

Biogenic isoprene

Anthropogenic

Biomass burning

Figure 1. A priori annually averaged pyrogenic NMVOC, biogenic isoprene and anthropogenic
NMVOC emissions used in the CTM. Units are 1010 moleccm−2 s−1.
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Figure 2. Modelled diurnal variations of HCHO columns (normalized at noon) at six locations,
Central Alaska (65◦ N, 151◦W), South England (51◦ N, 2.5◦W), Arkansas (35◦ N, 91◦W), Bor-
neo (4◦ N, 117◦ E), Manaus (3◦ S, 61◦W), and Mato Grosso (9◦ S, 51◦W) in January, March,
May, July, September and November 2010. The curves represent the standard simulation (in
red), a simulation without biomass burning emissions (in orange) and a simulation ignoring the
diurnal variation of emissions (in blue). The modelled ratios of 13:30 to 09:30 LT columns are
given inside each panel.
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Local time of HCHO column maximum

Biomass burning emissions

Figure 3. Modelled local time (in hour) of the maximum in HCHO column, for July 2010. The
locations of sites for which comparisons are shown in Figs. 2, 4 and 5 are shown as crosses
(x) and plus symbols (+), respectively. White color represents regions with diurnal variability
of less than 5 %. The distribution of open fire NMVOC emissions (1010 molec cm−2 s−1) for the
same month is also shown inset.
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Figure 4. Seasonally averaged observed (black) and modelled (red) diurnal variations of HCHO
columns at 3 European sites, Cabauw, Observatoire de Haute Provence, and Uccle. The ob-
served columns are obtained using the MAX-DOAS technique (Sect. 3). The errors bars cor-
respond to the measurement standard deviation. Modelled columns calculated assuming no
diurnal emission variability are shown in blue. The observed and modelled ratios (blue and red)
of 13:30 to 09:30 LT columns are given inset.
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Figure 5. As in Fig. 4, comparison between modelled and observed diurnal variations for four
sites: Beijing, Xianghe, Bujumbura and Reunion Island. The observations were obtained using
the MAX-DOAS (Beijing, Xianghe, Bujumbura) and FTIR (Reunion Island) techniques.
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Figure 6. Observed (upper panels) HCHO columns by GOME-2 and OMI instruments in
July 2010. Simulated HCHO columns using IMAGESv2 CTM at the overpass times of GOME-2
and OMI (middle panels), and optimized modelled columns derived from the inversions using
GOME-2 data (left) and OMI columns (right). The columns are expressed in 1015 molec cm−2.
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Figure 7. Monthly averages of observed GOME-2 (blue asterisks) and OMI (red asterisks)
HCHO columns and modelled columns over nine selected regions. Dashed and solid lines
correspond to a priori and optimized model columns, respectively, calculated at 09:30 LT (in
blue) and at 13:30 LT (in red). The units are 1015 moleccm−2. The mean absolute deviation
between the a priori (left) and optimized (right) modelled and the observed columns is given
inset each panel (in blue for GOME-2, in red for OMI). Error bars (blue for GOME-2, red for
OMI) represent the retrieval error provided for each dataset.
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OMI-CF - OMI OMI-IS - OMI

Figure 8. Percentage difference of the total VOC emissions inferred by the sensitivity inversions
(OMI-CF, left panel and OMI-IS, right panel) and the standard OMI inversion for the month of
July (see Table 2).
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GOME-2-based biomass burning emission update

OMI-based biomass burning emission update

JANUARY

JANUARY

MARCH

MARCH

AUGUST

AUGUST

OCTOBER

OCTOBER

Figure 9. Ratios of optimized to a priori pyrogenic VOC fluxes derived by source inversion
of HCHO columns from GOME-2 (upper panels) and OMI (lower panels) in January, March,
August and October 2010. Ratio values comprised between 0.9 and 1.1 are not shown for
clarity.
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GOME-2-based isoprene emission update

OMI-based isoprene emission update

JANUARY JULY

JULYJANUARY

Figure 10. Same as Fig. 9, but for isoprene emissions in January and July.
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Anthropogenic VOC emission update

GOME-2-based OMI-based

Figure 11. Same as Fig. 9, but for annual anthropogenic VOC fluxes.
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Figure 12. Monthly variation of a priori and top-down biomass burning VOC fluxes for Amazo-
nia (14◦ S–10◦ N, 45–80◦W), Africa north and south of the equator, Indochina (6–22◦ N, 97.5–
110◦ E), Europe (including European Russia), N. America (US and Canada), China, and world-
wide, expressed in Tg VOC. Solid lines are used for the a priori emissions (black), updated
emissions inferred from GOME-2 (blue) and OMI (red) observations. Dotted and dashed red
lines are used for the results of the sensitivity studies OMI-DE, and OMI-HE (Table 2), respec-
tively. For each inversion annual fluxes for 2010 (in Tg VOC) are given inside the panels.
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Figure 13. Monthly variation of a priori and satellite-derived isoprene fluxes for Amazonia,
Northern and Southern Africa, Europe, N. America (defined as in Fig. 12), Indonesia (10◦ S–
6◦ N, 95–142.5◦ E), and Southeastern US (25–38◦ N, 60–100◦W). The color and line code is
the same as in Fig. 12. Units are Tg of isoprene per month. Annual isoprene fluxes per region
are given in each panel.
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Figure 14. Comparison between HCHO measurements from the INTEX-A campaign and
model concentrations sampled at the measurement times and locations from the a priori simu-
lation and from the OMI-based inversion averaged between the surface and 2 km. The HCHO
data are reported from two different instruments, from the National Center for Atmospheric Re-
search (NCAR) and from the University of Rhode Island (URI). The observed and modelled
mean HCHO concentrations over the flight domain and altitude range are given inside each
panel.
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Figure 15. Observed, a priori and a posteriori model HCHO columns derived from GOME-2
(upper) and OMI (middle) inversions in Amazonia in March 2010. For the same month, ob-
served CO columns by IASI, a priori model CO columns and CO columns from the OMI-based
inversion are shown in the bottom panels. CO results from the GOME-2 inversion are very
similar to those obtained from OMI and are therefore not shown here.
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Figure 16. Same as Fig. 15 for the Indochinese Peninsula in March 2010.
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