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Abstract

Emission of non-methane Volatile Organic Compounds (VOCs) to the atmosphere
stems from biogenic and human activities, and their estimation is difficult because of
the many and not fully understood processes involved. In order to narrow down the
uncertainty related to VOC emissions, which negatively reflects on our ability to sim-5

ulate the atmospheric composition, we exploit satellite observations of formaldehyde
(HCHO), an ubiquitous oxidation product of most VOCs, focusing on Europe. HCHO
column observations from the Ozone Monitoring Instrument (OMI) reveal a marked
seasonal cycle with a summer maximum and winter minimum. In summer, the oxida-
tion of methane and other long-lived VOCs supply a slowly varying background HCHO10

column, while HCHO variability is dominated by most reactive VOC, primarily biogenic
isoprene followed in importance by biogenic terpenes and anthropogenic VOCs. The
chemistry-transport model CHIMERE qualitatively reproduces the temporal and spa-
tial features of the observed HCHO column, but display regional biases which are
attributed mainly to incorrect biogenic VOC emissions, calculated with the Model of15

Emissions of Gases and Aerosol from Nature (MEGAN) algorithm. These “bottom-up”
or a-priori emissions are corrected through a Bayesian inversion of the OMI HCHO
observations. Resulting “top-down” or a-posteriori isoprene emissions are lower than
“bottom-up” by 40% over the Balkans and by 20% over Southern Germany, and higher
by 20% over Iberian Peninsula, Greece and Italy. The inversion is shown to be robust20

against assumptions on the a-priori and the inversion parameters. We conclude that
OMI satellite observations of HCHO can provide a quantitative “top-down” constraint
on the European “bottom-up” VOC inventories.

1 Introduction

Non-methane volatile organic compounds (VOCs) contribute to the oxidizing capac-25

ity and the optical properties of the atmosphere, through the formation of ozone and
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secondary particulate matter (Finlayson-Pitts and Pitts, 1997). They also play a role in
feedbacks inside the climate system related to the carbon cycle (Kulmala et al., 2004)
and to landuse management (Purves et al., 2004; Lathière et al., 2006).

Global emissions of anthropogenic VOCs (AVOCs), estimated to be ∼180 TgC/year
(EDGAR3.2), are small compared to emissions of VOCs from biogenic activity (BVOCs)5

that account for ∼1150 Tg C/y (Guenther et al., 1995). Isoprene is the most abundantly
emitted BVOC with ∼500 Tg C/y (Arneth et al., 2008), followed by oxygenated VOCs
(OVOCs) and monoterpenes (Guenther et al., 1995). Once in the atmosphere, VOCs
may deposit or undergo chemical degradation, normally initiated by reaction with OH,
O3 or NO3 (Atkinson, 2000), that lead to the formation of other VOCs (e.g. aldehy-10

des and ketones) and finally CO2 and/or secondary organic aerosol (Goldstein and
Galbally, 2007). Because many BVOCs are extremely reactive (Fuentes et al., 2000;
Atkinson and Arey, 2003), they can contribute significantly to episodes of elevated
surface-level ozone in NOx-rich conditions (e.g. Pierce et al., 1998).

Formaldehyde (HCHO) is a common intermediate product of the oxidation of most15

VOCs. Its concentration in the remote atmosphere is determined by the oxidation
of methane (CH4), which can be significantly increased in the continental boundary
layer due to the oxidation of non-methane hydrocarbons (Wiedinmyer et al., 2005; Pos-
sanzini et al., 2002; Lee et al., 1998). HCHO also has a direct source from incomplete
combustion, e.g., biomass burning (Andreae and Merlet, 2001). The main sinks of20

HCHO include photolysis and reaction with OH, resulting in a lifetime of a few hours
during summertime conditions.

Previous work showed that HCHO concentrations measured from satellites can be
used to estimate emissions of VOCs (Palmer et al., 2003). The efficacy of this approach
in determining the emission of a particular VOC depends on two factors: (1) the parent25

VOC having a significant HCHO yield and (2) the parent VOC having sufficiently short
lifetimes such that there exists a local relationship between the emission of the VOC
and the observed HCHO column. Early work illustrated this approach for isoprene
by using column observations of HCHO from the Global Ozone Monitoring Experiment
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(GOME), in combination with the GEOS-Chem model, over North America during sum-
mertime when isoprene explained most the observed variability of the column (Palmer
et al., 2003, 2006). They showed that GOME derived isoprene emissions are well cor-
related with in situ flux measurements over a Michigan forest, and they found a bias of
−30%, which is within the estimated uncertainty of satellite derived emissions (Palmer5

et al., 2006). More recent work have applied the general methodology to (1) East
Asia (Fu et al., 2007), where AVOCs and fires complicate interpretation of HCHO
columns; (2) South America, where low-NOx conditions and fires prevail (Barkley et
al., 2008); and (3) North America using higher spatial and temporal resolution data
from the Ozone Monitoring Instrument (OMI) (Millet et al., 2008). Other work chose to10

interpret these data on a global scale using a Bayesian approach (Shim et al., 2005;
Stravakou et al., 2009). To our knowledge, there has been only one study focused on
European VOC emissions using SCIAMACHY HCHO columns (Dufour et al., 2009).
HCHO columns over Europe are typically much lower than other mentioned regions,
and satellite HCHO measurement are close to detection limit. However, Dufour et15

al. (2009) showed that inverse modelling of European isoprene emissions using SCIA-
MACHY HCHO data reduces their a-priori uncertainty.

Unlike the global scale, annual European AVOC emissions (estimated to be
∼19 Tg/y, Simpson et al., 1999) are comparable to BVOC emissions (estimated to be
∼13 Tg/y, Simpson et al., 1999; Steinbrecher et al., 2009; Karl et al., 2009). BVOC20

emissions generally have a more pronounced seasonal cycle, peaking in hotter sum-
mer months and therefore still have the potential to play a considerable role in O3
and SOA chemistry. Recent multi-year assessments (Steinbrecher et al. 2009; Karl
et al., 2009) reported that 30–40% of European BVOC emissions are concentrated in
July, almost equally shared among isoprene, terpenes and OVOCs. Emissions dur-25

ing June and August both represent 25–30% of the annual emissions. Isoprene and
monoterpene are dominated by a relatively small number of forest species with largest
coverage (Keenan et al., 2009), while OVOCs have also important contributions from
crops (Karl et al., 2009). During the European growing season (April–September)
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BVOCs contribute about 2.5 ppbv to average surface ozone maximum over continental
Europe, with peaks of 15 ppbv and 5 ppbv respectively over Portugal and the Mediter-
ranean basin (Curci et al., 2009). During severe pollution episodes, BVOC emissions
can contribute 30–75% to ozone production (Duane et al., 2002; Solmon et al., 2004).
In contrast, BVOCs lead to a net ozone loss through the year in the Northern European5

boundary layer (Curci et al., 2009). The uncertainty related to modelling European
BVOC emissions at the regional scale (<100 km) is estimated to be a factor of 2–3
for isoprene and a factor of at least 5 for monoterpenes (Simpson et al., 1999; Stein-
brecher et al., 2009), with plant emission potentials being the single most important
factor of uncertainty (Arneth et al., 2008). These emission uncertainties correspond to10

a BVOC-derived ozone uncertainty of about 50% (Curci et al., 2009).
Here, we use satellite observations of formaldehyde column from the OMI instrument

aboard NASA Aura to constrain VOC emissions over Europe. In Sect. 2, we briefly de-
scribe the CHIMERE chemistry-transport model, which serves as a tool for quantifying
the atmospheric budget of HCHO and as the forward model for the interpretation of the15

satellite data. In Sect. 3, we interpret the monthly mean HCHO column distributions
observed by OMI in relation to the emission of precursors emissions. In Sect. 4, we
describe the inversion method, present our results, and discuss the robustness of our
VOC emission estimates. We conclude the paper in Sect. 5.

2 CHIMERE chemistry-transport model20

We use the CHIMERE chemistry-transport model (version 200709C, http://www.lmd.
polytechnique.fr/chimere/) to help interpret observed HCHO columns and to act as
the forward model in the inversion by providing the relationships between VOC emis-
sions and the HCHO columns. The model simulates gaseous and the aerosol phases
(Bessagnet et al., 2008), but here we focus on the gas phase. The model is setup25

on a 0.5◦×0.5◦ horizontal grid covering Europe (35◦−58◦ N; 15◦ W−25◦ E) and 20
hybrid-sigma vertical layers extending to 200 hPa, in order to simulate the tropospheric
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abundance of chemical species. The model has been applied to simulate and analyze
pollution episodes (Drobinski et al., 2007; Hodzic et al., 2006; Vautard et al., 2005),
for long-term O3 trends analysis (Vautard et al., 2006), for diagnostics or inverse mod-
elling of emissions (Dufour et al., 2009; Deguillaume et al., 2007; Konovalov et al.,
2007) and for operational forecast of pollutant levels over Western Europe (Rouil et al.,5

2009, http://www.prevair.org).
Meteorological input is provided by PSU/NCAR MM5 model (Dudhia, 1993) run at

45×45 km2 horizontal resolution and 32 vertical sigma layers extending up to 100 hPa,
and regridded on the 0.5◦×0.5◦ CHIMERE grid. The model is forced by ECMWF anal-
yses using the grid nudging (grid FDDA) option implemented in MM5.10

Anthropogenic emissions are derived from the Co-operative Programme for Monitor-
ing and Evaluation of the Long-range Transmission of Air pollutants in Europe (EMEP)
annual totals (Vestreng, 2003) scaled to hourly emissions applying temporal profiles
provided by University of Stuttgart (IER) (Friedrich, 1997), as described in Schmidt et
al. (2001). VOC emissions are aggregated into 11 model classes following the mass15

and reactivity weighting procedure proposed by Middleton et al. (1990).
Biogenic emissions of isoprene and monoterpenes are calculated with the MEGAN

model (Guenther et al., 2006, v. 2.04) and implemented in CHIMERE as described in
Bessagnet et al. (2008). The old biogenic emission module, derived from the Euro-
pean inventory proposed by Simpson et al. (1999) and implemented in CHIMERE as20

described by Derognat et al. (2003), is retained here to estimate uncertainty on BVOC
emissions (Sect. 4).

Chemical boundary conditions for long-lived species are provided by a monthly mean
global climatology from LMDz-INCA model (Hauglustaine et al., 2004).

The gas-phase chemical mechanism MELCHIOR (Latuatti, 1997) includes about 8025

species and more than 300 reactions. Isoprene oxidation is derived from the work of
Paulson and Seinfeld (1992). α-pinene is chosen as a representative for terpenes and
its oxidation pathway is based on that included in the RACM mechanism (Stockwell
et al., 1997). The model does not contain the latest findings on isoprene chemistry in
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low-NOx conditions, such as enhanced HOx recycling (Lelieveld et al., 2008; Hofzuma-
haus et al., 2009) and epoxide formation (Paulot et al., 2009). Mechanisms proposed
for “pristine” atmospheres, such as Amazonia, are expected to have negligible impact
on European polluted atmosphere (Lelieveld et al., 2008; Paulot et al., 2009). The
OH-recycling mechanism hypothesized for polluted atmosphere by Hofzumahaus et5

al. (2009) is still very uncertain and would require a comprehensive database of mea-
surements (Pugh et al., 2010) in order to be constrained for the European case.

Dufour et al. (2009) presented a detailed comparison of HCHO yield from biogenic
isoprene and α-pinene and anthropogenic VOCs simulated with MELCHIOR against
results from complete explicit mechanisms such as the Master Chemical Mechanism10

(MCM) (Saunders et al., 2003; Jenkin et al., 2003) and the Self-Generated Master
Mechanism (SGMM) (Aumont et al., 2005). The MELCHIOR HCHO yield from iso-
prene oxidation is about 10% lower than in the MCM and SGMM under high-NOx con-
ditions and within 8% under low-NOx conditions. The MELCHIOR HCHO yield from
α-pinene oxidation is within 20% of the MCM and SGMM under both high and low NOx15

conditions. The MELCHIOR HCHO yield from the degradation of anthropogenic VOCs
is consistent with the MCM and SGMM within 20% and 50% under high and low NOx
conditions, respectively, generally displaying an overestimation of HCHO yields from
more reactive VOCs.

3 Formaldehyde column distributions over Europe20

3.1 HCHO columns observed by the OMI satellite instrument

The Ozone Monitoring Instrument (OMI) (Levelt et al., 2006) is one of the instru-
ments aboard the NASA EOS-Aura spacecraft (http://aura.gsfc.nasa.gov/), launched in
July 2004 on a near-polar sun-synchronous orbit. In the daytime ascending direction,
Aura crosses the equator around 13:45 local time (LT), so that OMI observes Europe25

between 10:00 and 14:00 UTC. The instrument detects Earth’s backscattered radiation
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with two CCDs in the UV/Vis spectral range (270–500 nm), scanning the atmosphere
in the nadir direction with 60 across-track pixels along a swath of 2600 km that permits
a near-global coverage in one day. The finest spatial resolution is 13×24 km2 at nadir,
degrading towards swath edges.

We use the OMI 1-Orbit level 2 swath HCHO product (version 003, algorithm version5

2.0) publicly released in May 2008 through NASA’s DAAC (http://disc.gsfc.nasa.gov/).
The HCHO column is retrieved by direct fitting of radiances and irradiances in the
327.5–356.5 nm UV spectral window (OMI-ATBD, 2002) with a procedure based on the
algorithm developed for GOME (Chance et al., 2000) and including a new sampling
correction (Chance et al., 2005). The slant columns resulting from the fitting procedure10

are converted to vertical columns by them by air mass factors (AMFs), as a function
of viewing geometry, surface albedo, atmospheric Rayleigh (air molecules) and Mie
(aerosol and clouds) scattering and HCHO profile (Palmer et al., 2001; Martin et al.,
2002). Scene-dependent atmospheric scattering is described by scattering weights
(Palmer et al., 2001) calculated with the LIDORT radiative transfer model (Spurr et al.,15

2001). UV surface albedo database is derived from several years of GOME satellite
observations (Koelemeijer et al., 2003). We use the cloud information provided by the
OMI product (OMI-ATBD, 2002). We use the GEOS-Chem global chemistry-transport
model (http://www.geos-chem.org, v7-04-11) to calculate aerosol optical depths. The
same model is used to compute normalized distributions (Palmer et al., 2001) using20

the simulated HCHO profiles. The uncertainty on a single HCHO slant column obser-
vation ranges 40–100%, with lower end over hot-spots (Chance and Kurosu, 2008).
Uncertainty on the AMF calculated with GEOS-Chem is estimated to be about 30% for
cloud fractions less than 0.2 (Millet et al., 2006; Palmer et al., 2006). The total uncer-
tainty of a single HCHO vertical column observation, adding the individual sources of25

uncertainty in quadrature, ranges from 50 to 105% (Chance and Kurosu, 2008).
OMI has a limit of detection for HCHO of about 8×1015 molecules cm−2, which is

about double the value for the GOME instrument due to a lower signal-to-noise ra-
tio (but with much higher spatial resolution). We exclude data that do not satisfy fit
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convergence and statistical outliers (column negative within 2σ uncertainty and column
values >1×1019 molecules cm−2) as indicated by quality checks (Chance and Kurosu,
2008). We also exclude scenes where cloud fraction >20% or the solar zenith angle
>84◦ (Millet et al., 2008).

To simplify the comparison between OMI and CHIMERE we average OMI data with5

daily frequency onto the same regular 0.5◦×0.5◦ grid used for model simulations (see
Sect. 2). Model output is sampled at same time and location of OMI overpass. Data
availability largely depend on presence of clouds: the number N of gridded daily ob-
servations goes from a minimum of about 10 per month over the British Isles to almost
30 per month over Southern Europe. In the following analysis we will focus only on grid10

cells over land.
Table 1 summarises the distribution of HCHO columns and related uncertainties

observed by OMI from May to September 2005 over continental Europe. In July,
when average HCHO columns are highest, about half of data fall below the detec-
tion limit of 8×1015 molecules cm−2. The mean uncertainty of HCHO columns is15

9.1×1015 molecules cm−2. About 33% and 23% of data are above the detection limit
respectively in June–August and May–September, while median uncertainties are 8.3-
10.4×1015 molecules cm−2. In other months observed columns are mostly below de-
tection limit (not shown).

Figure 1 shows monthly mean spatial distributions of OMI HCHO observed in 2005.20

We find that OMI clearly shows a seasonal cycle, peaking in summer, which is qual-
itatively in phase with the main growing season (April to September). Generally,
HCHO columns are below 8×1015 molecules cm−2 in colder months (October to April,
not shown). In May two slightly enhanced features above the industrialized Po Val-
ley (Northern Italy) and Benelux appear; both these features are associated with 8–25

10×1015 molecules cm−2. At several locations over Iberian Peninsula, France, Italy and
Germany HCHO column is typically >8×1015 molecules cm−2 during June–September,
with values peaking at >12×1015 molecules cm−2 during July. From October observed
column return to low winter values.
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Surface concentrations of formaldehyde and other VOCs are measured twice a
week at few European sites by EMEP (Solberg et al., 2001; Solberg 2008, and ref-
erences therein), with 8-hours sampling time centred at noon. HCHO measurements
show a winter minimum (monthly mean concentration 0.3–2 ppbv) and a summer max-
imum (0.9–4 ppbv), and HCHO concentrations generally increase with decreasing lat-5

itude. Lagrangian model calculations reproduced these features, but underestimated
atmospheric concentrations by 20–30% probably because the coarse resolution of the
model planetary boundary layer (Solberg et al., 2001). HCHO columns observed from
GOME show a similar seasonal cycle over Europe, with vertical columns going from 3–
4×1015 molecules cm−2 in winter to 8–10×1015 molecules cm−2 in summer (Wittrock,10

2006; De Smedt et al., 2008). A clear seasonal cycle is not observed by SCIAMACHY,
but this is probably due to a too low signal-to-noise ratio of measurements over Europe
(De Smedt et al., 2008).

Airborne profile measurements of formaldehyde over Europe were collected during
the “Mediterranean Intensive Oxidant Study” (MINOS) aircraft campaign (Kormann et15

al., 2003) over South Eastern Mediterranean near Crete in August 2001, and during
the “Upper Tropospheric Ozone: Processes Involving HOx and NOx” (UTOPIHAN II)
aircraft campaign (Stickler et al., 2006) over Central Europe in July 2003. Observed
vertical HCHO profiles from these campaigns are generally “C-shaped”, with HCHO
mixing ratios approximately 1.5 ppbv in the boundary layer, decreasing rapidly to ap-20

proximately 0.3 ppbv in the free troposphere (4–8 km altitude) and then slightly increas-
ing again in the upper troposphere. Elevated HCHO concentrations in the free and
upper troposphere were attributed to the influence of long-range transport from North
America and South Asia (Kormann et al., 2003), or air masses from the continental
boundary layer recently lofted by large-scale convection (Stickel et al., 2006). The25

column calculated from the observed HCHO mean profile observed during MINOS
(Table 1 in Kormann et al., 2003) is of the order of 10×1015 molecules cm−2, consis-
tent with those determined by OMI during summer 2005. Ground-based MAX-DOAS
measurements over the Netherlands (Wittrock, 2006) and Northern Italy (Heckel et al.,
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2005) also show this steep decrease of HCHO from the surface to free troposphere,
with associated columns ranging from 5 to 20×1015 molecules cm−2.

Observed HCHO concentrations over the South Eastern Mediterranean are a factor
of 3 larger than those expected over the remote marine environments (Kormann et al.,
2003). A definitive reason for this difference has not been clearly identified and de-5

serves further investigation. We speculate that several combined factors, peculiar of
the Mediterranean Sea, may play a role: (1) Mediterranean is a relatively closed sea,
hotter and more salty than nearby Atlantic Ocean: life of marine organisms (and their
related emissions) should be affected; (2) in summer, the basin continuously receives
polluted air masses from the continent, rich of VOCs and NOy; (3) in spring-summer,10

large amounts of Saharan dust are deposited over the sea, together with their miner-
als (potential nutrients); (4) there is an intense ship traffic that may provide additional
NOx to a generally NOx-poor photochemical environment, stimulating photo-oxidation
of available VOC to HCHO and other compounds. These factors may not be properly
understood and represented in our emission and chemistry-transport models, leading15

to the large underestimate of satellite HCHO observations.

3.2 CHIMERE model columns of HCHO

In our inversion analysis we use our CTM model results to help interpret the variability
and drivers of European HCHO column. We first evaluate the simulation of HCHO at
ground level against measurements at EMEP monitoring stations (Solberg, 2008) and20

then compare the simulation of HCHO column against OMI observations described in
Sect. 3.1.

The monthly mean picture derived from OMI (Fig. 1) shows an annual cycle in phase
with the growing season (April–September) and winter values well below the detection
limit (8×1015 molecules cm−2). We focus on the period from May to September be-25

cause a significant fraction of observed HCHO values are above the instrument detec-
tion limit (Sect. 3.1) and thus potentially useful to constrain underlying VOC emissions.
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Previously mentioned measurements at EMEP sites might be a useful third term of
comparison between model and satellite observations. Figure 2 shows the compari-
son of observed and model surface concentrations of HCHO and isoprene at stations
with available measurements for the period under analysis (May–September 2005).
The model generally show a very small bias and good correlation (0.65–0.85) with re-5

spect to EMEP surface measurements, with the exception of the Campisabalos site in
Central Spain, where the model shows a positive bias and poor correlation. Modelled
isoprene, one of the main HCHO precursors (see Sect. 1 and next Sect. 3.3), is also
in good agreement with EMEP measurements, with the exception of a few episodes
of enhanced isoprene in France. Previously reported comparison of CHIMERE simu-10

lations and EMEP HCHO measurements for summer of 2003 show similar results for
French and Czech stations (Dufour et al., 2009).

Figure 1 shows a comparison between monthly average HCHO column observed by
OMI from May to September 2005 with the CHIMERE model. Table 1 summarises the
mean statistics of the comparison. The model qualitatively reproduces the seasonal15

cycle with a maximum in July, but it underestimates the amplitude of the HCHO cycle
with respect to OMI observations. The model bias over land is always within the es-
timated OMI uncertainty. Over the ocean, model HCHO columns are systematically
lower than observations. We found a significant mean spatial correlation of 0.39–0.53
between OMI and CHIMERE HCHO column in summer. CHIMERE overestimates OMI20

HCHO over the Balkans and Southern Germany from May to September and it under-
estimates OMI HCHO over Spain, France and Italy in July. The EMEP sites are located
in regions where the OMI minus model HCHO difference is relatively small. The model
bias with respect to EMEP is the same sign as the model bias with respect to OMI at
same location (Fig. 2).25

Over the Balkans, the model predicts an enhanced HCHO feature not seen by OMI:
this is due to overestimated biogenic isoprene emissions, because extended broadleaf
forests are present in this region. Recent studies support the hypothesis of too high iso-
prene emissions in MEGAN over the Balkans for July 2003 (Steinbrecher et al. 2009),
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most probably because of too high emission factors at standard conditions. The model
over the Iberian Peninsula under (over) predicts OMI column on the west (east). The
model also has a negative bias over Western France and a positive bias over South-
ern Germany. These regional biases, mostly due to incorrect prescription of biogenic
emission estimates, illustrate the importance of satellite observations as a potential5

constraint on emissions.

3.3 Drivers of observed variability of HCHO columns

We now investigate on factors that control the production and variability of HCHO
columns over Europe. In summer months, HCHO production at EMEP rural sites is
largely controlled by photochemistry (NO + peroxy radicals), while main loss pathways10

were identified in reaction with OH and photolysis in rural (Solberg et al., 2001; Borbon
et al., 2004), polluted (Duane et al., 2002; Possanzini et al., 2002), and free tropo-
spheric environments (Stikler et al., 2006).

Formaldehyde photochemical production terms over Europe were quantified by
means of a tagged-tracers version of the CHIMERE model for summer of 2003 (Dufour15

et al., 2009), which keeps track of the HCHO produced from the oxidation of indi-
vidual VOCs separately. The study found that oxidation of methane and other long-
lived VOCs contributes to a slowly varying HCHO column background of 55–85%, with
higher values over the sea. Variability is driven by non-methane VOCs. Isoprene ox-
idation contributes an average 20% of HCHO column, with peaks of 50% over strong20

source regions. Contribution from monoterpenes is 8% on average and up to 20% over
source regions. Anthropogenic reactive VOCs typically make a small average contri-
bution of 11%, but may contribute up to 40% of HCHO features such as columns over
the Po Valley.

Model calculations agree with description of HCHO sources previously reported.25

Solberg et al. (2001) calculated that HCHO production rate is very sensitive to iso-
prene emissions at 6 EMEP sites, including those considered in this study. Duane et
al. (2002) reported that in Po Valley isoprene contribute 30–60% of HCHO production
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in summer, while Borbon et al. (2004) estimated a contribution to HCHO production
from isoprene <10% at Donon in France. Po Valley was studied in two “Formaldehyde
as a Tracer of Oxidation in the Troposphere” (FORMAT) campaigns (Liu et al., 2007a,
2007b). During the 2002 campaign held in summer, Liu et al. (2007a) found a sig-
nificant influence of isoprene on HCHO production, while Liu et al. (2007b) reported5

a significant influence of anthropogenic VOCs on HCHO during the 2003 campaign
held from September to October. This might indicate a switch from biogenic to anthro-
pogenic control on HCHO when going from July–August to September–October, as
also suggested by OMI yearly cycle shown in Fig. 1.

We further test the control on the HCHO column production from isoprene, terpenes10

and reactive anthropogenic VOCs using five simulations of the CHIMERE model ar-
ranged as follows. Our reference calculation includes all emissions (CTRL simula-
tion). Another one excludes emissions of BVOCs and reactive AVOCs (RAVOCs),
such as ethene (C2H4), propene (C3H6), and xylenes (BKGD). The remaining three
simulations are from sequentially imposing reductions of 30% to isoprene (ISOP30),15

terpenes (TERP30) and RAVOC (RAVOC30) emissions to estimate the sensitivity of
HCHO columns to parent VOC emissions.

Figure 3 shows the monthly timeseries of HCHO column averaged over selected
regions over inland Europe. The comparison of OMI and model confirms the model
bias discussed previously: the seasonal cycle is qualitatively reproduced by the model,20

but the amplitude is generally underestimated, and a systematic high bias is found
over the Balkans and Southern Germany. Consistent with previous work (Dufour et al.,
2009), CHIMERE predicts that the bulk of the European HCHO column is made up by
a background supplied by the oxidation of long-lived hydrocarbons. This background
represents more than 90% of the column during colder months (September–May) and25

about 50% during summer. In summer, isoprene oxidation supplies about 30% of
HCHO content, while terpenes and RAVOCs oxidation share almost equally the rest.

Our results suggest that HCHO production over Northern Italy is most sensitive to
local emissions, because the difference between observed and model background
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column remains relatively high even in shoulder months. This can be explained by
the extremely oxidative environment found there, favoured by vertical dispersion inhib-
ited by thermal inversion above the PBL, and recirculation of pollutants by mountain
breezes (Dosio et al., 2002). Moreover, the model suggest that oxidation of RAVOC
may be an HCHO source almost as important as isoprene during May and September.5

The key points that can be drawn to setup an inversion analysis of the OMI HCHO
column can be summarized as follows. Oxidation of methane is expected to be the
dominant “background” source of formaldehyde. Due to its high reactivity, isoprene
is expected to dominate the temporal and spatial variability of the column, with the
exception of the industrialized Po Valley and North-Western Europe, where a potentially10

important contribution from most reactive anthropogenic VOCs is expected. Biogenic
monoterpenes make a minor contribution.

4 Constraining European VOC emissions with OMI HCHO columns

Here we apply Bayes’ theorem to obtain a Maximum A Posteriori (MAP) solution
(Rodgers, 2000) of the inverse problem relating satellite observation of formaldehyde15

and a state vector of isoprene and terpenes biogenic emissions and anthropogenic
reactive VOC emissions (ethene, propene, and xylenes, see Sect. 3.3).

4.1 Inversion method

We assume a local, linear relationship between parent VOC emissions and the result-
ing HCHO columns, so that we can neglect atmospheric transport. Palmer et al. (2003)20

showed that the assumption is valid in summer at midlatitudes for the high HCHO-yield
(∼2.5 per mol) and reactive (lifetime ∼30 min.) isoprene on a length scale of O(100 km).
Following our analysis on terms of HCHO production and calculations of Dufour et
al. (2009, Table 1 and 2), in addition to biogenic isoprene we include in our inverse
analysis reactive anthropogenic VOCs ethene (C2H4), propene (C3H6), and xylenes25
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(C8H10), (1) because of their potential influence on HCHO column over strong source
regions, (2) because they have relatively short lifetimes (few hours) and high HCHO-
yield (1.6–1.8 per mol), and (3) because they have very different spatial and temporal
distribution with respect to isoprene emissions. Biogenic monoterpenes are not in-
cluded, because their sources mostly overlap with those of isoprene (forests) and the5

inversion problem to estimate their source would be strongly ill-conditioned (Rodgers,
2000).

We use the CHIMERE CTM as the forward model to obtain a local, linear relationship
between the vector of HCHO daily observation y and the two-elements state column
vector of monthly emissions x:10

y =Kx+b±ε

where ε is the observational error vector and K is the Jacobian matrix derived from
CTM and represents the sensitivity of the observation variable y to the state variables
x(K= ∂y/∂x). b is the daily HCHO background due to all contributing factors other
than local emissions of isoprene and RAVOCs; it is also estimated from CTM and it is15

treated as a parameter.
We define a-priori knowledge the state vector xa and its associated error covariance

matrix Sa. Assuming Gaussian error distributions, the Maximum A Posteriori (MAP)
solution gives an optimal estimate x̂ of the state vector:

x̂=xa+G(y−Kxa−b) (1)20

where G is the gain matrix given by:

G=SaKT (KSaKT +Sε)−1 (2)

which represents the sensitivity of the retrieval to the observation (G= ∂x̂/∂y). Sε is
the observational error covariance matrix. The second term on the right-hand side of
Eq. (1) represents the correction to the a-priori on the basis of the measurement y and25
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accounting for the relative magnitude of the a-priori and the observational errors. The
error covariance matrix of the optimal state vector x̂ is given by:

Ŝ= (KTS−1
ε K+S−1

a )−1

The a-posteriori error is always equal or less than the a-priori error, again depending
on the relative magnitude of the a-priori and the observational errors.5

A compact measure of the information added by the observation to the knowledge of
the state vector is the concept of “pieces of information” (Rodgers, 2000), equivalently
called “degrees of freedom for signal” (ds). It can be shown that this quantity equals
the trace of the averaging kernel matrix A:

A=GK10

ds = tr(A) (3)

where A=∂x̂/∂x represents the sensitivity of the MAP solution to the true state. The
pieces of information ds are always less than the dimension of the observational vector,
in our case the number of available observations in a month, being perfectly equal only
in the limiting case of absence of error (ε= 0).15

In contrast to original work by Palmer et al. (2003, 2006), our top-down estimate
of VOC emissions builds on an a-priori knowledge about the magnitude of emissions.
Over Europe the additional information is made necessary by the satellite observations
generally close to detection limit, as illustrated in previous sections. Without proper
“guidance” the inversion would only be not ill-conditioned in those few locations with20

high instrumental signal-to-noise ratio. We apply the top-down inversion on a monthly
basis from May to September 2005, and solved separately for each grid cell using daily
OMI observations.

4.1.1 Estimate of inversion parameters

The Jacobian matrix K is estimated using results from the four simulations of CHIMERE25

chemistry-transport model, similar to those reported in Sect. 3.2. The background term
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b is calculated from the simulation with emissions we want to constrain (BVOCs and
RAVOCs) switched off (BKGD). The two simulations with isoprene and RAVOC emis-
sions alternatively reduced by 30% (ISOP30 and RAVOC30) are used to estimate sen-
sitivity of HCHO column to parent emissions (elements of K). We perform simulations
at 0.5◦×0.5◦ resolution and then degrade resolution to 1◦×1◦ in order to apply inversion5

on a length scale of ∼100 km that allows to neglect atmospheric transport. Simulations
are started on 15th March 2005 to assure sufficient model spin-up, and results from
May to September are used to estimate monthly sensitivity to VOC emissions.

Error associated to the observing system (ε) includes (1) fitting error from retrieval
procedure, (2) uncertainty related to AMF calculations, (3) uncertainty of HCHO back-10

ground b. Fitting error is provided in the standard OMI HCHO product and monthly
mean values are reported in Table 1. We add an uncertainty of 30% associated to
AMF (see Sect. 3.1). We further add an uncertainty of 15% associated to background
b, following error analysis on CHIMERE results (Dufour et al., 2009). Square of ele-
ments of ε are the diagonal of observational error covariance matrix Sε. We assume15

Sε is diagonal, i.e. we assume errors on observations are independent.
The error associated to a-priori MEGAN biogenic emissions is estimated from the dif-

ference with another biogenic emissions inventory described by Derognat et al. (2003)
also implemented into CHIMERE model (see Sect. 2). The error associated to a-priori
EMEP reactive anthropogenic VOCs emissions is estimated in 40% as assumed in the20

inverse analysis by Deguillaume et al. (2007). We assume error covariance matrix of
a-priori is diagonal.

4.2 VOC emissions over Europe constrained by OMI HCHO

Figure 4 shows maps of the observational error, the a-priori and a-posteriori errors
for July 2005. We look first at errors since they are used to define the matrix G (2),25

which defines the gain of information introduced by the MAP solution. The number
of available observations N, which defines the dimensionality of y for each grid-cell
and month, is strictly related to cloud cover, and reaches a maximum over the Iberian
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Peninsula and a minimum over the British Isles. The uncertainty on BVOC emissions
(isoprene and terpenes) is highest on major source regions over Iberian Peninsula,
Italy, Southern Germany and Balkans. The uncertainty on RAVOC emissions is also
highest on major source regions, i.e. Po Valley and North-Western Europe.

We find that MAP solution reduces uncertainty on a-priori emissions prevalently over5

regions where there is an optimal combination of low observational error and high VOC
emissions. The uncertainty on isoprene emissions is reduced by 20–40% over major
source regions. MAP solution is not able to significantly reduce the uncertainty on
RAVOC emissions (reduction <1%).

The spatial pattern of a-priori and a-posteriori errors are the same for other months10

under analysis (not shown). The improvement gained from using the MAP solution
decreases in June and August and becomes very low in May and September. This can
be seen in a compact way from the average “pieces of information” ds, summarized in
last two columns of Table 2, which reach a maximum in July and a minimum in May
and September.15

Figure 5 shows a-priori and a-posteriori BVOC and RAVOC emissions for July 2005.
VOC emissions are corrected by MAP solution according to differences between HCHO
columns simulated by CHIMERE and observed by OMI. In July, MEGAN isoprene emis-
sions over the Balkans are reduced by up to 40% in the a-posteriori scenario and up
to 20% in Southern Germany and South-Western Spain. On the other hand, they are20

increased by up to 20% at most locations over Iberian Peninsula, Greece and Italy.
RAVOC emissions are sensitive to MAP solution over largest urban regions of North-
Western Europe, Spain and Italy, where they are increased or reduced by up to 10%.

In Fig. 6 we show timeseries of monthly mean emissions averaged over same se-
lected regions of Fig. 3. Isoprene emissions display the most pronounced seasonal25

variation, with a peak in July and a steep decrease in shoulder months. Anthropogenic
RAVOC emissions have very little month-to-month variation, with a minimum in August.
The region most impacted by correction induced by OMI observations is that of Balkan
Mountains, with BVOC emissions reduced in all months under investigation and by up
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to 25% in July. Systematic reductions to a-priori emissions are found also in South-
ern Germany and Northern Italy, the latter displaying very small variations. Over the
Iberian Peninsula, OMI observations correct the seasonal cycle of BVOC emissions,
increasing them in July and decreasing them in other months.

On the continental scale, as reported in Table 2, we find a-posteriori total monthly5

reactive VOC emissions are reduced for all months from May to September 2005. Iso-
prene emissions are reduced by 4–8%, and RAVOC by less than 1%. The degrees of
freedom of the signal or pieces of information ds Eq. (3) indicate how much information
from OMI penetrates into MAP solution. We find a maximum of ds in July, because,
as noted previously, there is an optimal combination of highest BVOC emissions and10

lowest OMI observational relative error. For the opposite reason we find a minimum of
ds in shoulder months.

The monthly ratios of a-posteriori and a-priori emissions of isoprene and RAVOC
are applied as multiplicative gridded factors to hourly emissions into CHIMERE model
and used to calculate HCHO column from May to September 2005 with OMI-corrected15

reactive VOC emissions. In Table 1, we summarize the comparison of CHIMERE sim-
ulations with OMI observations on a monthly basis at continental scale. Introduction of
a-posteriori emissions into the model does not help in reducing much the HCHO bias,
probably because this is determined more by background HCHO concentrations (not
corrected by OMI here) rather than local reactive VOC oxidation. On the other hand,20

we find that spatial correlations are significantly improved with a-posteriori emissions,
particularly in July (from 0.39 to 0.54). This makes sense, since the HCHO variability is
expected to be dominated by local reactive VOC emissions, which are improved here
through the MAP solution.

In supplementary Fig. S1, we compare observed and simulated monthly HCHO25

columns over Europe. a-posteriori emissions correct model bias over the Balkans,
especially in summer. Southern Germany and Iberian Peninsula are other two re-
gions significantly impacted. The comparison of HCHO and isoprene concentrations at
EMEP ground stations with a-priori and a-posteriori emissions, shown in Fig. 2, reveal
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small changes. Exploitation of EMEP ground observations as third term of compari-
son is very limited by the small dataset and because sites are located in places where
model to OMI bias is relatively small, implying small change to a-priori emissions.

4.3 Sensitivity tests

The Maximum A Posteriori solution of the inverse problem of constraining reactive VOC5

emissions from satellite HCHO columns has been shown to reduce the uncertainty on
a-priori knowledge of emissions. However, the MAP solution involves uncertainties
related (a) to the estimation of parameters in Eq. (2) and (b) to the choice of the a-
priori. We now investigate how these uncertainties affect the MAP solution, i.e. how
robust is our a-posteriori estimate of emissions.10

The gain matrix G, which weights the relative importance of observational and a-
priori error to evolve to a less uncertain a-posteriori, relies on estimate of three main
quantities: Eq. (1) observing system error (ε); Eq. (2) a-priori covariance matrix (Sa);
Eq. (3) Jacobian matrix (K).

The observing system error ε, as explained in Sect. 4.1.1, is calculated from retrieval15

fit error, plus minor contributions from model error associated to Air Mass Factor and
background term b in Eq. (1). The uncertainty related to estimate of ε can thus be
assumed as negligible, since it is strictly related to intrinsic instrument characteristics.

Diagonal terms of the error covariance matrix Sa are errors associated to a-priori
knowledge on emissions. Error on biogenic emissions is assumed to be equal to dif-20

ference with a different inventory, while error on RAVOC emissions is assumed to be
40% (Sect. 4.1.1). We test the impact of these assumption on MAP solution alterna-
tively doubling these errors and looking at changes in a-posteriori emissions. We find
that maximum differences with reference emissions are found for isoprene emissions
in July, but these do not exceed 2% on the continental total, and are always <10%25

at specific location. This suggests that the MAP solution is mainly influenced by the
measurements rather than the a priori information.
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We use a brute-force approach to calculate the Jacobian matrix K, i.e. derivatives
∂Ω

/
∂Ei . A more accurate calculation of the gradients would account for the non-

linear effect of tropospheric photochemistry, e.g. in an adjoint model framework (Henze
et al., 2007). However, we show in Fig. 4 that this effect is small. We compare the
average background HCHO b in selected regions calculated with the full chemistry5

model (blue solid lines) and by subtracting HCHO contributions of single sources from
the total model column (blue dotted lines). Contributions from single VOC sources
(isoprene and RAVOC) are calculated from linear extrapolation of HCHO sensitivities
to emissions, i.e. the elements of K. The difference attributable to non-linearity in
photochemistry is <5%. We estimate the uncertainty introduced in the MAP solution,10

perturbing by a conservative −10% the elements of K, and find maximum difference
with reference emissions <4% in July.

The overall uncertainty introduced by estimation of inversion parameters is thus ex-
pected to be small (∼10%). The other source of uncertainty is the choice of the a-priori
state vector xa. We test for this swapping the role of the two BVOC emissions invento-15

ries used in this study. We recalculate the inversion parameters driving the model with
the Derognat et al. (2003) inventory and using MEGAN inventory to assess its uncer-
tainty. Results are shown in supplementary Fig. S2 and Table S1. A-priori isoprene
emissions display significant differences, but corrections brought by MAP solution yield
to a convergence of the two a-posteriori’s. In July, continental a-priori isoprene emis-20

sions differ by 100 Gg (15%), while a-posteriori emissions differ by only 24 Gg (3%).
We conclude that our Bayesian top-down estimate of VOC emissions is robust against
choice of the a-priori.

5 Conclusions

We analyzed satellite observations of formaldehyde column over Europe (35◦−58◦ N;25

15◦ W−25◦ E) from the OMI instrument onboard the EOS-Aura spacecraft during 2005.
We find a clear HCHO seasonal cycle with a summer maximum, associated with
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columns generally above the detection limit (8×1015 molecules cm−2) over the Iberian
Peninsula, France, Italy and Southern Germany during May-September. Elevated
HCHO concentrations are observed over the Mediterranean Sea in summer and their
origin is not clear and warrants future work. In cold months, OMI HCHO values are
mostly below the detection limit.5

From simulations of the CHIMERE chemistry-transport model and consistently with
previous findings (Dufour et al., 2009), we find that the bulk of HCHO column over Eu-
rope is made up of a slowly varying background supplied by oxidation of methane and
other long-lived VOCs. In summer, isoprene oxidation provides about 30% of the total
column and dominates HCHO temporal and spatial variability owing to its high reac-10

tivity and abundant emission, while oxidation of biogenic terpenes and anthropogenic
reactive VOCs (ethene, propene and xylenes) make a minor contribution (about 10%
each).

The chemistry-transport model is able to qualitatively reproduce the spatial variability
of OMI HCHO column over land (correlation ∼0.4), but it underestimates the amplitude15

of the observed seasonal cycle. The model overestimates OMI HCHO over the Balkans
and Southern Germany from May to September and it underestimates OMI HCHO over
Spain, France and Italy in July. Differences are mostly attributed to wrong specification
of biogenic VOCs (BVOCs) emissions, calculated with the MEGAN algorithm (Guen-
ther et al., 2006). Anthropogenic reactive VOCs (RAVOCs) emissions only play a minor20

role over Northern Italy.
Building on the work by Palmer et al. (2003, 2006), we apply Bayes’ theorem to

obtain a Maximum A Posteriori (MAP) solution of the inverse problem relating OMI
HCHO observations to European emissions of BVOCs and RAVOCs. The uncertainty
on “bottom-up” or a-priori emissions are reduced in the “top-down” or a-posteriori emis-25

sions. Estimated uncertainties on isoprene, terpene and RAVOC emissions are re-
duced by up to 40%, 10% and <1%, respectively, over major source regions. The
spatial bias of model HCHO column with respect to OMI is reduced (correlation ∼0.5),
owing to correction to BVOC emissions. In particular, MEGAN isoprene emissions are
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found to be too high by 40% over the Balkans and by 20% over Southern Germany,
and too low by 20% over Iberian Peninsula, Greece and Italy.

We tested for the robustness of our Bayesian “top-down” estimate of VOC emissions,
and concluded that it does not strongly depends on the assumed a-priori and that a
relatively small (∼10%) uncertainty is introduced by estimation of inversion parameters.5

We conclude that satellite observations of formaldehyde can be usefully exploited as a
constraint on “bottom-up” European BVOC and AVOC inventories.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/10/19697/2010/
acpd-10-19697-2010-supplement.pdf.10
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Table 1. Monthly mean comparison of continental European (35◦−58◦ N; 15◦ W−25◦ E) OMI
HCHO column and the CHIMERE model with a-priori or a-posteriori (OMI-derived) VOC emis-
sions during May–September 2005. Boldface font for indices better with a-posteriori emissions,
italics for those better with a-priori emissions.

OMI CHIMERE

w/a-priori emiss w/a-posteriori emiss

Ωa σb Ωm Biasc RMSEd re Ωm Bias RMSE r

Month 1015 molecules cm−2 1015 molecules cm−2

May 4.8 9.8 5.3 0.5 1.5 0.36 5.3 0.4 1.4 0.42
Jun 6.7 10.4 6.5 −0.2 1.6 0.47 6.4 −0.3 1.4 0.54
Jul 8.2 9.1 7.5 −0.7 1.9 0.39 7.4 −0.8 1.7 0.54
Aug 6.6 8.3 6.5 −0.1 1.3 0.53 6.5 −0.1 1.3 0.59
Sep 5.7 8.3 6.0 0.4 1.3 0.50 6.0 0.3 1.3 0.54

a Formaldehyde column. b Median of column fitting uncertainty. c Calculated as spatial average

of Ωm−Ω. d Calculated as spatial average of
√∑

(Ωm−Ω)2. e Spatial correlation.
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Table 2. A-priori and a-posteriori (OMI-derived) European VOC emissions in 2005. RAVOCs
are anthropogenic reactive VOCs (ethene, propene and xylenes).

a-priori emissions Gg/month a-posteriori emissions Gg/month OMI da
s

Month Isoprene RAVOC Isoprene RAVOC avg max

May 319 151 291 150 0.10 0.66
Jun 597 147 560 147 0.21 0.85
Jul 735 149 707 150 0.32 0.97
Aug 395 142 388 142 0.18 0.95
Sep 213 138 208 137 0.12 0.92

a Degrees of freedom of the signal, or pieces of information (Eq. 3).
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Fig. 1. Comparison of OMI and model monthly mean HCHO columns (1015 molecules cm−2)
during May–September 2005. OMI columns are mapped onto the same 0.5◦×0.5◦ grid of the
model with daily frequency, with the model sampled at the time and location of OMI observa-
tions.
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Fig. 2. Comparison of EMEP surface measurements of HCHO (left) and isoprene (right) (black
circles) with the CHIMERE model during May–September 2005 with standard (a-priori) emis-
sions (red squares) and with OMI-corrected (a-posteriori) emissions (blue crosses). Latitude
and longitude of monitoring stations, and bias and correlation of model results with respect to
observations are shown inset.

19732

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/19697/2010/acpd-10-19697-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/19697/2010/acpd-10-19697-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 19697–19736, 2010

Estimating European
VOC emissions from

satellite

G. Curci 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
|

Fig. 3. OMI and model monthly HCHO column (1015 molecules cm−2) over selected continen-
tal European regions during May–September 2005. The black line denotes OMI observations,
the red line denotes the CHIMERE model; the continuous red line denotes the model with
standard (a-priori) emissions, and the dashed red line denotes the model with OMI-corrected
(a-posteriori) emissions. Other lines represent contributions to HCHO column from the oxida-
tion of long-lived hydrocarbons (blue, background, BKGD), isoprene (green, ISOP), terpenes
(magenta, TERP), and anthropogenic reactive VOCs (cyan, RAVOC: ethene, propene, and
xylenes). The blue dotted line denotes the background HCHO calculated by subtracting the
sum of contributions from reactive VOCs from the total model column, and is used to evaluate
the uncertainty related to estimate of Jacobian matrix (see text).
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Fig. 4. Estimated observational error related to OMI HCHO column observations
(1015 molecules cm−2), and a-priori and a-posteriori errors related to biogenic and anthro-
pogenic VOC emissions (1011 molecules cm−2 s−1), for July 2005. a-posteriori errors are re-
duced exploiting OMI information content through the MAP solution.
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Fig. 5. a-priori and a-posteriori VOC emission estimates (mg m−2 h−1) for July 2005. Differ-
ences of RAVOC emissions are multiplied by 10 to fit the same colour scale of isoprene and
terpenes emissions. Monthly total emissions (Gg) are shown inset.
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Fig. 6. Monthly emissions (1011 molecules cm−2) of isoprene (blue), and reactive anthropogenic
VOCs (red) averaged over selected regions during May–September 2005. The continuous lines
denote a-priori emissions and the dashed lines a-posteriori emissions. Please note that RAVOC
emissions are multiplied by 10.
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