10

15

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-221, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 31 March 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

Nine years of global hydrocarbon emissions based on source

inversion of OMI formaldehyde observations

Maite Bauwen} Trissevgeni StavrakduJean-Francois MiillérIsabelle De SmeétMichel Van
Roozendaé| Guido R.van der Weff Christine Wiedinmye¥, Johannes W. KaisgrKaterina

Sindelarova®, and Alex Guenthér

'Royal Belgian Institute for Space Aeronomy, Avenue Cirzel8, 1180, Brussels, Belgium

2Vrije Universiteit Amsterdam, Faculty of Earth and Life 8cces, Amsterdam, The Netherlands
3National Centre for Atmospheric Research, Boulder, CO, USA

4Max Planck Institute for Chemistry, Mainz, Germany

SUPMC Univ. Paris 06; Université Versailles St-Quentin; CBIRISU; LATMOS-IPSL, Paris, France
6Charles University in Prague, Department of Atmospherigsiis, Prague, Czech Republic

"University of California, Irvine, USA

Correspondence to: Maite Bauwens (maite.bauwens@aeronomie.be)

Abstract.

Formaldehyde (HCHO) being a high-yield product in the otiwaof most volatile organic compounds (VOCs) emitted
by fires, vegetation and anthropogenic activities, ségetibservations of HCHO are well-suited to inform us on thatisp
and temporal variability of the underlying VOC sources. Ttneg-record of space-based HCHO column observations from
the Ozone Monitoring Instrument (OMI) is used to infer ertadlux estimates from pyrogenic and biogenic volatile miga
compounds (VOCs) on the global scale over 2005-2013. Thisiized through the method of source inverse modellinggivh
consists in the optimization of emissions in a chemistansport model (CTM) in order to minimize the discrepancyveein
the observed and modelled HCHO columns. The top-down fluseegerived in the global CTM IMAGESV2 by an iterative
minimization algorithm based on the full adjoint of IMAGES&\starting from a priori emission estimates provided byrtiely
released GFEDA4s (Global Fire Emission Database, versianvintory for fires, and by the MEGAN-MOHYCAN inventory
for isoprene emissions. The top-down fluxes are comparegddandependent inventories for fire (GFAS and FINNv1.5) and
isoprene emissions (MEGAN-MACC and GUESS-ES).

The inversion indicates a moderate decrease (ca. 20%) aivwliege annual global fire and isoprene emissions, from
2028 TgC in the a priori to 1653 TgC for burnt biomass, and @48 to 272 Tg for isoprene fluxes. Those estimates are
acknowledged to depend on the accuracy of formaldehyde datavell as on the assumed fire emission factors and the
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oxidation mechanisms leading to HCHO production. Strordggreased top-down fire fluxes (30-50%) are inferred in the
peak fire season in Africa, and during years with strong arpificxes associated to forest fires in Amazonia (in 2005, 2007
and 2010), bushfires in Australia (in 2006 and 2011), and peating in Indonesia (in 2006 and 2009), whereas generally
increased fluxes are suggested in Indochina and during théf#@s in Southern Europe. Moreover, changes in fire sehsona
patterns are suggested, e.g. the seasonal amplitude eeduer Southeast Asia. In Africa, the inversion indicateseased
fluxes due to agricultural fires, and decreased maxima whiemaidires are dominant. The top-down fire emissions are much
better correlated with MODIS fire counts than the a prioreimtory in regions with small and agricultural fires, indingtthat
the OMI-based inversion is well-suited to assess the assatemissions.

Regarding biogenic sources, significant reductions ofresop fluxes are inferred in tropical ecosystems (30-40%)y sst-
ing overestimated basal emission rates in those areas botl@m-up inventory, whereas strongly positive isopreméssion
updates are derived over semi-arid and desert areas, apacBSouthern Africa and Australia. This finding suggehtst the
parameterization of the soil moisture stress used in MEGAdhty exaggerates the flux reduction due to drought in those
regions. The isoprene emission trends over 2005-2013 &&a ehhanced after optimization, with positive top-doventts
in Siberia (4.2%/yr) and Eastern Europe (3.9%/yr), likedftecting forest expansion and warming temperatures, agative
trends in Amazonia (-2.1%/yr), South China (-1%/yr), theteleh States (-3.7%/yr), and Western Europe (-3.3%/yr)ctviaire
generally corroborated by independent studies, yet thigrpretation warrants further investigation.

1 Introduction

Complementary to bottom-up methodologies for derivingssioins estimates, inverse modelling has the potential podue
those estimates through the use of atmospheric obsersaiioinace gas compounds, in particular over regions undsgygo
fast economic development and facing intense air pollypi@blems, like Eastern China (Worden et al., 2012; Reutat. et
2014; Mijling and van der A, 2012; Ding et al., 2015), but atsothe global scale (Jaeglé et al., 2005; Chang and Song; 2010
Kopacz et al., 2010). Pollutants like CO and N@re directly detected from satellite and their emissiongehaeen in-
ferred using inversion techniques at different scales. {@&gron et al. (2004); Muller and Stavrakou (2005); Staovedt al.
(2008); Kopacz et al. (2010); Tang et al. (2013)). The deacdf formaldehyde columns from satellite sensors meaguri
in the UV-Visible spectral window opened the way for the dation of fluxes of non-methane volatile organic compounds
(NMVOC:s), a broad class of formaldehyde precursors emiitedegetation, fires and anthropogenic activities (Chaheé e
2000; Palmer et al., 2003, 2006). These compounds have@prfmpact on air quality and climate, owing to their inflaen
on OH levels and the methane lifetime and to their role asyssees of 0zone and secondary organic aerosols (Hartmaain et
2013). The accurate estimation of their fluxes is thereférgrost importance.

Natural emission from vegetation is the dominant VOC soufte global annual flux is estimated at ca. 1000 Tg VOC,
with isoprene accounting for half of this emission (Guenttel., 1995, 2012; Sindelarova et al., 2014). Despite a&ign
consensus on the isoprene emission patterns, includimgdependence on temperature and light density responfible
their marked diurnal and seasonal variations, these emnisstimates come, however, with large uncertainties,cassal
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with the strong variability of emission factors and the egtrlation of sparse measurements to larger scales. Antairdgr

of a factor of 2 in global and regional isoprene fluxes was mggbobased on a compilation of numerous literature studies
(Sindelarova et al., 2014), whereas emission models weiredfto be strongly sensitive to choices of input variableading

to even wider uncertainty, ca. 200-1000 TgClyr globallyr{éth et al., 2011).

The global biomass burning fluxes are estimated by bottormugntories at ca. 1300-2200 TgC on a yearly basis, which
corresponds to 40-100 TgVOC/yr using emission factors ftioencompilation of Andreae and Merlet (2001) or Akagi et al.
(2011) (van der Werf et al., 2010; Wiedinmyer et al., 2011)eJe estimates, however, depend on assumptions made in fire
emission models regarding fuel loading and consumptionieffcy, and on the quality of land cover maps and fire proxies
from satellite (Hyer and Reid, 2009; Wiedinmyer et al., 2084dares et al., 2015).

Formaldehyde is a high-yield product in the oxidation of @éamajority of NMVOCs. Isoprene alone is responsible for
approximately 30% of the global HCHO burden according to ed@stimates (Stavrakou et al., 2009b), whereas the contri-
bution of vegetation fires is globally small (3%), but can beadlly very important. Spaceborne vertical columns of HCHO
retrieved from GOME, SCIAMACHY, OMI and GOME-2 sensors hdeen used to constrain the VOC budget at different
scales (e.g. Palmer et al. (2003, 2006); Millet et al. (2082Y¥kley et al. (2013); Bauwens et al. (2014); Zhu et al. @p1
Top-down flux estimates deduced from two satellite sensdrsdifferent overpass times showed a good degree of cemsigt
over the Amazon (Barkley et al., 2013) and globally (Staota&t al., 2015). The latter study using GOME-2 (9:30 LT) and
OMI (13:30 LT) HCHO observations in 2010 reported a good agrent between the inversion results over most areas and
identified large regions where the derived emissions weglelyconsistent (e.g. Amazonia, Southeastern US). Engedrby
those results, and relying on a multi-year record of HCHQugwois observed by the OMI sensor, we use inverse modelling to
derive top-down pyrogenic and biogenic VOC estimates 008622013. The satellite data offer an unparalleled oppatsttio
bring new insights in our understanding of emissions anit thentification, to infer long-term seasonal and interaadrfilux
variability, and to detect potential emission trends thigtihnot be well represented in bottom-up inventories. T® plurpose,
we use a global CTM, coupled with an inversion module and amination algorithm adjusting the emissions used in the
model in order to achieve an optimal match between the medielhd the observed HCHO columns while accounting for
errors on the a priori emissions and the HCHO observatioms.optimized fluxes are compared with independent bottom-up
pyrogenic and biogenic emission inventories as well as priévious literature studies. The methodology is brieflyspraed
in Sect. 2, and an overview of the results is discussed in 3ethe top-down fluxes and comparisons to bottom-up invergo
over big world regions are discussed thoroughly in Sect.ahd@emission trends in Sect. 9. Conclusions and final renaaeks
presented in Sect. 10.

2 Methods

We used formaldehyde observations retrieved from the OMtspmeter aboard the Aura mission and fully documented in
a recent study (De Smedt et al., 2015). The retrievals aredbas an improved DOAS algorithm that reduces the effect of
interferences between species and ensures maximum emcsisgietween the OMI and GOME-2 columns. The current data
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version (v14) uses an iterative algorithm to remove spikdabe residuals of the slant columns and a procedure basduon t
background normalisation to remove striping artefactstdualibration problems (Boersma et al., 2011; Richter eR&l11;

De Smedt et al., 2015). In addition to the destriping procedn order to reduce the effect of the OMI row anomaly issue a
fecting the spectra after 2007 (http://www.knmi.nl/oregearch/product/rowvanomaly-background.php), the OM$aresent-
ing higher levels of noise and fitting residuals than the agemwere systematically removed from the dataset (De Srhadf e
2015). Although this filtering leads to a loss of coverage rsulting dataset is more appropriate for addressing stries,

as explained in De Smedt et al. (2015).

The IMAGESV2 global model calculates the concentration$3df transported and 41 short-lived trace gases with a time
step of 6 hours a2° x 2.5° resolution between the surface and the lower stratosphiee effect of diurnal variations is
accounted for through correction factors on the photolgsid kinetic rates obtained from model simulations with aetim
step of 20 minutes, which are also used to calculate the @ishrapes of formaldehyde columns required for the comparis
with satellite data. A detailed model description is pr@ddn Stavrakou et al. (2013). Meteorological fields are iolehfrom
ERA-Interim analyses of the European Centre for Mediungeaeather Forecasts (ECMWF). The model uses anthropogenic
NOx, CO, SQ, NH5 and total NMVOC emissions from the Emission Database fob&létmospheric Research (EDGARA4.2,
http://edgar.jrc.ec.europa.eu), which is overwrittertiy EMEP inventory (http://www.ceip.at/ms) over Europed dy the
REASV2 inventory (Kurokawa et al., 2013) over Asia. The NM¥@peciation is obtained from REASv2 over Asia and from
the RETRO inventory (Schultz et al., 2007) elsewhere. Thissons over the US are scaled according to the NEI national
totals for all years between 2005 and 2013 (http://www@paair-emissions-inventories/air-pollutant-emissidrends-data).

Biomass burning emissions are taken from the latest verditine Global Fire Emissions Database, GFED4s (July 2015),
which includes the contribution of small fires based on &diire detections (Randerson et al., 2012; Giglio et al., 2003
GFED data are available on a daily basi8.26° x 0.25° resolution from 1997 through the present at http://wwwbglfiredata.org.
Those emissions are distributed vertically according tiieSet al. (2013).

A priori isoprene emissions are obtained from the MEGAN-MCEAN model (Miller et al., 2008; Stavrakou et al., 2014)
for all years of the study period at a resolution005° x 0.5° (http://tropo.aeronomie.be/models/isoprene.htm)id&ssthe
emission dependence on leaf temperature, photosyntlyetictive radiation (PAR), leaf area and leaf age, the madebunts
for the inhibition of isoprene emissions in very dry soil dittons through a dimensionless soil moisture activitytdacysy)
expressed as a function of volumetric soil moisture conf@unenther et al., 2006) obtained from the ERA-Interim réysis.

The parameterization ofsy; bears large uncertainties, as it is based on scarce (andiswaeontradictory) field data, and its
implementation can lead to very different results depegdimthe choice of database for soil moisture data (Mullet.2@08;
Sindelarova et al., 2014; Marais et al., 2012). It reduceethissions by ca. 20% globally according to MEGAN-MOHY CAN,
with strongest effects (up to factor of 3 or more) over Augrand Southern Africa, and to a lesser extent over NortAétina
(Sahel), the Western US and the Middle East.

The chemical degradation mechanism of pyrogenic NMVOCarigely described in Stavrakou et al. (2009a), with only
minor modifications. This mechanism includes an explieiattment for 16 pyrogenic formaldehyde precursors. Thestonis
of other pyrogenic compounds is represented through a l[dmpmpound (OTHC) with a simplified oxidation mechanism
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designed in order to reproduce the overall formaldehyde yitthe explicit NMVOC mix it represents. The oxidation niec
anism for isoprene is based on Stavrakou et al. (2010), neddidi account for the revised kinetics of isoprene peroxicedsl
according to the Leuven Isoprene Mechanism version 1 (LI§PBeters et al., 2014), as well as for the chemistry of the
isoprene epoxides (IEPOX) following the Master Chemicakthbnism MCMv3.2 (http://mcm.leeds.ac.uk/MCMv3.2/). The
formaldehyde yield in isoprene oxidation by OH is calcutiaising a box model to be 2.4 mol/molin high NOx (1 ppbvNO
after 2 months of simulation) and 1.9 mol/mol for 0.1 ppbvN®@ should be stressed that the isoprene mechanism stilébea
important uncertainties at low NOx conditions, as both thielation products of the isoprene epoxides and the isowrt@is
products of isoprene peroxy radicals have complex degadatechanisms that are still far from being well elucidated
spite recent progress (Peeters et al., 2014; Bates et &4b).200te that suppressing the isomerization channel insthgene
degradation resulted in only slightly higher model HCHOunhs over isoprene-rich regions (Stavrakou et al., 2015).

The mismatch between the CTM and the observations, quahiifi¢he cost functior,

1

J(£) = 5 ((H(£) —y) "B (H(f) - y) + £7Bf) 1)

is minimized through an iterative quasi-Newton optimiaatalgorithm, which is based on the calculation of the pkdgaiva-
tives of J with respect to the input variables, in our case are scaldahlasf = (f;), such that the optimized flux can be
expressed as

P (,t) = Y el ®i(x, 1), ©)
j=1

with ®;(x,t) being the initial flux depending on space (latitude, londg)iand time (month), antgh the emission cate-
gories/processes. In Eq. #,(f) denotes the model acting on the variabjeshe observation vectoE andB the covariance
matrices of the errors on the observations and on the a méawameters, respectively, and means the transpose of the
matrix. The partial derivatives of with respect tdf are calculated by the discrete adjoint of IMAGESV2 chemisttansport
model (CTM) (Mdller and Stavrakou, 2005; Stavrakou et &1Q2b). The derivation of monthly pyrogenic and biogenicésix

is carried out on global scale at the resolution of the mazfek(2.5°), as described in detail in Stavrakou et al. (2015). The in-
versions are performed separately for all years of the gpedpd (2005-2013), and about 60,000 flux parameters ammized

per year globally.

The covariance matrix of the observational errors is assludi@gonal. The errors are calculated as the squared sum of
the retrieval error and a representativity error set to 2xIfiolec.cnt2. The assumed error on the a priori biogenic and
pyrogenic fluxes is factor of 3. The spatiotemporal corietet among the a priori errors on the flux parameters are dkfine
as in Stavrakou et al. (2009b). About 20-40 iterations aszlad to reach convergence, which is attained when the gtaufie
the cost function is reduced by a factor of 1000 with respedistinitial value. The cost function generally decreasgsd
45-55% in comparison to its initial value.

Figure 1 illustrates a comparison between observed montlelgn HCHO column densities over 2005-2013 and monthly
columns simulated by the IMAGESv2 model sampled at the time lacation of the satellite measurement. The observed
monthly averages exclude scenes with cloud fractions hijiae 40% and land fractions lower than 20%, as well as data wi
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a retrieval error higher than 100%. The number of effectiveesvational constraints is highest in the first years ofQM
mission (ca. 17,000 per year), and declines by about 15%20&9 due to instrumental degradation effects (De Smedt,et a
2015), whereas the data availability is higher during tharser than in the winter in the Northern Hemisphere (ca. 1600 v
1200 measurements per month). The satellite columns aly freailable at the BIRA-IASB website (http://h2co.aevorie.be).
The OMI-based emission fluxes presented in this study arabi@at the GlobEmission web portal (http://www.globegidn.eu).

3 Overview of the results

The source optimization leads to a good overall agreemehttive OMI observations (Fig. 1), in particular in the Trapias a
result of the high signal-to-noise ratio in the observaiiatthese latitudes. The a posteriori columns remain ctotbesta priori

at high latitudes, mainly due to lower data availability dmgher observational errors at these latitudes (De Smeadt, &015).
The inferred mean HCHO columns over the study period arergéneecreased by 20-25% over the Amazon and Equatorial
Africa, whereas a mean decrease of about 13% is found in théhn&astern US during summertime (cf. Supplement, Fig. S1).
The HCHO columns are increased in a few regions after inmergispecially during biomass burning events. The annually
averaged global distribution of pyrogenic and isoprenessions over 2005-2013 before and after optimization istitated in

Fig. 2. Fig. 3 displays the extent of the regions over whicmparisons will be discussed. Bottom-up and top-down epnissi
estimates are summarized in Table 1 and 2.

The OMI-based fire flux estimates are compared with two indéest inventories GFAS and FINNv1.5. The Global Fire
Assimilation System (GFAS) is based on assimilation of fagiative power observed from the MODIS instruments abdeed t
Terra and Aqua satellites (Kaiser et al., 2012) and prowildély global fire emission estimates(@®@b° x 0.5° and0.1° x 0.1°
resolution for 2003 onwards (http://eccad.sedoo.fr). Fine Inventory from NCAR (FINN) version 1.5 is an updatedsien
of the FINN daily global high-resolution inventory (Wiedityer et al., 2011) available at http://bai.acd.ucar.edtélire. In
addition to GFED4s, we also used GFED4. Both version havptaddower fuel consumption rates than the previous version
GFED3 (van der Werf et al., 2010) to better match field obdemwa (Leeuwen et al., 2014), but in GFEDA4s this decrease
is compensated for by the addition of small (s) fire burnt ales available at http://www.globalfiredata.org. The &age
2005-2013 global burnt biomass is estimated at 1938, 20@51438 TgClyr, in GFAS, FINNv1.5 and GFED4, respectively
(Table 1, Fig. S2).

The isoprene emission estimates are compared to two batpimventories, MEGAN-MACC and GUESS-ES (Fig. S3).
MEGAN-MACC (Sindelarova et al., 2014) relies on the MEGAN/Enodel for biogenic volatile organic compounds (BVOC)
and is based on the MERRA reanalysis fields (Rienecker 2@l]). The emissions are provideddai© x 0.5° resolution
and on a monthly basis from 1980 through 2010. The GUESS-&#8a8e inventory is based on the physiological isoprene
emission algorithm described by Niinemets et al. (1999) apdiated by Arneth et al. (2007). It is coupled to the dynamic
global vegetation model LPJ-GUESS (Sitch et al., 2003) arttiven by the CRU (Climatic Research Unit) monthly meteo-
rological fields (Mitchell and Jones, 2005) 14t x 1° resolution between 1969 and 2009. Both inventories ardadlaifrom
the ECCAD data portal (http://eccad.sedoo.fr). The meaprene emission amounts to 452 Tg/yr and to 570 Tg/yr, aecord
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ing to the GUESS-ES and to MEGAN-MACC inventory, respedsi@able 1), and both lie much higher than the a priori
MEGAN-MOHYCAN inventory (343 Tg/yr average over 2005-2018he large discrepancy between MEGAN-MACC and
MEGAN-MOHYCAN datasets, both relying on the MEGAN emissimodel (Guenther et al., 2006) and the same version
of basal emission factors (version 2011) can be explainedaoge extent by (i) the neglect of soil moisture stresscésfan
MEGAN-MACC, (ii) a reduction by a factor of 4.1 of the basalission factors for forests in Asia in MEGAN-MOHYCAN
(Stavrakou et al., 2014) as suggested by field observatiddgrineo (Langford et al., 2010), and (iii) the use of the iigbri-
bution database of Ramankutty and Foley (1999) in MEGAN-M@AN, along with the necessary adjustment of the other
plant functional type distributions, leading overall togar crop extent and lower total emissions.

The average global fire flux, expressed as burnt biomassdisee from 2028 TgC/yr (GFEDA4s) to 1653 TgClyr after
optimization (Table 1). Note that the inversion provideslated VOC emissions of HCHO precursors. However, to ease the
comparison with other inventories, VOC emissions are cdadeto carbon emissions through the use of emission factors
obtained from the compilation of Andreae and Merlet (2004itH 2011 updates). It should be acknowledged that the top-
down estimates given here for fuel consumption might bectdteby errors in the emission factors as well as on errorben t
formaldehyde yields per VOC. The strongest emission dsereare induced over Africa (23%), South America and Sosthea
Asia (15%), whereas in Europe the fire fluxes are 12% higherith&FED4s. The reduced top-down emission agrees within
15% with the GFED4 inventory (1438 TgClyr), and is ca. 18%dothan the GFAS and FINN global estimates. The lower a
posteriori emissions in Africa are supported by the indejeahinventories, and the flux updates in Europe and Russisar
good agreement with the FINN fluxes. At tropical latitudég, €stimates from the independent inventories exhibindéege
discrepancies, underscoring the large uncertainty ofstiisce, while the top-down emissions lie generally withigitt range
(Table 1, Fig. 4).

The OMI-based fire emissions present a marked interannuiabigty, between a minimum of 1383 TgC in 2013 and a
maximum of 1966 TgC in 2007 (Table 2). Figure 4 illustrates tloefficient of variability, defined as the standard deorati
of the emissions divided by the mean, which is a measure dhtheannual variability of the emissions (Giglio et al.,13).

The GFED4s coefficient is lowest over Africa (less than 041 highest in South America, Southeast Asia, Russia and
Australia (0.35-0.57). The low variability over Africa cdie explained by the dominance of intense savanna fires that ar
highly regular throughout the years. According to the sewattribution of GFED4s, deforestation fires are by far thevgiting
source responsible for 80% of the total emission in South eaewhile the rest is due to savanna burning occurring in
northeastern South America. The coefficient of variatiosofith American deforestation fires amounts to 0.74, parton

the strong effect of climate variability caused by e.g. ttiersy El Nifio Southern Oscillation (ENSO) on the fire occooe

in the Amazon (Alencar et al., 2011), and the rapid declindeforestation rates over 2005-2013 (Nepstad et al., 2014).
addition, the estimated coefficient for savanna fires (Oig Bubstantially higher than for the African savannas duthéo
strong variability of fire burning in the northern South Ancer(Romero-Ruiz et al., 2010). In Australia, savanna, sjeasl,

and shrubland fires are responsible for the high interanrarability of the GFED4s inventory (0.42). In Southeastaithe
contribution of peat burning to the total fire flux varies sigty from year to year (0-38%) and drives the high coefficignt
variability (0.45) (Giglio et al., 2013). After inversiothe coefficient of variability is reinforced over Europe &Bld Africa,
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but is reduced in the Tropics, especially over Southeast Asd South America, where the decreased top-down vatyeisili
supported by comparisons with GFAS and FINN (Fig. 4).

The global mean 2005-2013 isoprene emission is reduced3d8o 272 Tg/yr after inversion (Table 1), with the largest
reductions inferred in NH Africa and South America (ca. 30%)d in Southeastern US (35%). In constrast to the emission
decrease suggested by satellite, the isoprene fluxes &stirog MEGAN-MACC and GUESS-ES are substantially higher,
by 100% and 66%, respectively. The interannual variatiothefisoprene fluxes is low in all regions, with the coefficieht
variability close to 0.04 in the Tropics and up to 0.07 in ekiwpical regions. The satellite columns suggest stroingenannual
variability over all regions, except in South America whris slightly reduced. The interannual variation of isapedluxes
is low for all inventories, generally stronger in MEGAN-MAup to 0.1) and weaker in GUESS-ES (Fig. 4).

The monthly variation of the a priori and the OMI-based eioiss is compared directly to MODIS Aqua (MYD14CM,
13h30 LT) fire counts (http://reverb.echo.nasa.gov) owefte smaller regions selected based on literature eva&rche
occurrence of small fires (Table 3, Fig. S4). Higher spatia temporal correlations are calculated after the invarsicall
selected areas, especially over agricultural regions,Jikutheastern US, Eastern Australia and Maranhao, wheomtrela-
tion improves significantly, from 0.36 to 0.65, from 0.55 t&®, and from 0.56 to 0.91, respectively. This shows thatligat
HCHO observations do detect the contribution of small fikealso explains the improved correlation of OMI-based emiss
with GFAS and FINN in South America, Northern Africa and Swast Asia, regions where this contribution is important
(Chen et al., 2013; Huang et al., 2012; Karki, 2002; Magi et2412).

The ratio of the optimized to the a priori annual fluxes forbass burning and isoprene emissions is presented in Figl 5 an
Fig. 6, respectively. The interannual flux variation is thgied in Fig. 7 and Fig. 8 and the seasonal variation of thefwver
different regions (Sec. 4-8) are shown in Figs. 9, 11-15. Yésent detailed results for regions where the satellitermbasons
suggest important changes relative to the a priori fluxes.

4  Amazonian emissions

The OMI columns suggest important fire flux decreases duragsywith strong a priori fluxes, by 16% in 2005, 22% in 2007
and 32% in 2010. The inferred flux reduction in 2010 is corrabed by earlier inversion studies constrained by GOME-2
HCHO columns (Stavrakou et al., 2015), MOPITT CO observatiBloom et al., 2015), and a multi-sensor based emission
estimate above Mato Grosso (Anderson et al., 2015). Thedogt interannual fire variability is marked, but less promoed
compared to the a priori, with the lowest emission inferre@009 (80.2 TgC) and the highest in 2007 (387.4 TgC, Fig. 7),
and is corroborated by the GFAS and FINN inventories (FigThg time and duration of the fire season is not modified by the
optimization (Fig. 9). The OMI-derived fluxes display thersapronounced seasonality as GFEDA4s, with fire emissions pea
ing between August and September, and a rapid decline irb@ctmd November, as found in previous studies (Barkley. et al
2008; Bloom et al., 2015; Stavrakou et al., 2015). The inddpat inventories, however, indicate generally higherdtuthan

the top-down fluxes from October to January (Fig. 9).
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Regarding isoprene, the inversion infers generally lowete$ than the a priori inventory for all years of the studyiqubr
with a 38% mean annual reduction over 2005-2013, as illtestrim Fig. 6 and 8. The top-down annual isoprene flux ranges
between 59 Tg in 2013 and 70 Tg in 2007 and the a priori intarahand seasonal variability is generally preserved after
inversion (Fig. 8, 9), and similar in all inventories, withinimal emissions during the wet-to-dry season transitidpri(-
June) and higher fluxes during the dry season (July-Octolblhg peak-to-trough ratio is about a factor of 2 for the anprio
and optimized fluxes, whereas it is weaker in GUESS-ES imrgr{lL.6) and stronger in MEGAN-MACC (2.4). During the
wet-to-dry transition season (April-June), top-downresties from GOME-2 and OMI show better consistency than idtiie
season (Fig. 9, Stavrakou et al. (2015)). An all-year-roemission decrease in most bottom-up inventories was atgoresl
in order to reconcile the GEOS-Chem model with SCIAMACHY &l HCHO columns (Barkley et al., 2013). The strong
seasonal variation and low emissions during the wet-tadrnsition are most likely due new leaf growth and lower flates
from young leaves (Barkley et al., 2009).

Figure 10 shows a comparison of modelled isoprene fluxes flukhmeasurements from 12 field campaigns performed
in the Amazon. The comparison accounts for the diurnal tiaria in the fluxes through correction factors used to sdade t
measured fluxes to daily averages (cf. Table S1). Direct enisgns between modelled fluxes and field measurementsshoul
however, be considered with caution mainly due to the caasdution of the modelled emissions, but also to the faatfthx
measurements were often performed outside the study p@@@b-2013). The observed isoprene fluxes exhibit stroogl lo
differences within the forest (up to 5 mgith, Karl et al. (2009)), as well as significant differencesnirone day to another
(up to 0.5 mg/m/h) (Ciccioli et al., 2003; Karl et al., 2007; Kuhn et al., 20} whereas they might exhibit differences of up
to 1 mg/nt/h associated with the use of different measurement teaksi¢Helmig et al., 1998; Karl et al., 2007; Kuhn et al.,
2007). Overall, the emission reduction inferred by thelbt®bservations lies within the variability of the fieldeasurements,
while the discrepancies between the observed fluxes anme lafiger than the differences between the a priori and a poste
fluxes. The field studies generally agree on higher fluxesxduhe dry and the dry-to-wet transition season betweenahdy
December (Simon et al., 2005), while a recent field campaiggests much lower fluxes (by ca. factor of 3) compared to the
top-down estimates, most likely related to a local effedeaf flushing at the measurement location (Alves et al., 2015

5 African emissions

In Northern Africa, the biomass burning source is reducethlyinversion by 15-38% for the different years and lies @tos

to GFED4, GFAS and FINN estimates (Table 1, Fig. 11). In thgion, both natural and agricultural fires peak in December,
while the agricultural fires are dominant in the beginnimgni September to November, and at the end of the fire season,
from February to April (Magi et al., 2012). The OMI obsereais suggest ca. 50% emission decrease in the fire peak season,
which is supported by comparisons with GFAS and FINN invee®(Fig. 11), and a moderate increase from February to
April when the agricultural fires are dominant, and when tlaetion of small fires is largest according to GFED4s. Higher
emissions from February to April are also supported by GFAGFREINN, suggesting an even stronger shift in the fire season,
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with higher fire emissions lasting until May. The reducedssitin amplitude and the longer burning season in Northetica\f
are corroborated by an inversion study using CO columns freMOPITT instrument (Chevallier et al., 2009).

In Africa south of the equator, the OMI-based fire source & 28wer than the bottom-up estimate, and lies closer to the
estimates of GFED4, GFAS and FINN (Table 1, Fig. 11). In teofnrseasonal variation, the natural fires open the fire season
between April and October, followed by agricultural firestiag from June to November (Magi et al., 2012). The invarsio
infers 21% lower emissions in the beginning of the fire seastien fires are predominantly natural, a reduction by 43%ndur
the fire peak between July and September, and by 20% highesiems than GFED4s in October, when agricultural fires are
the prevalent source (Fig. 11). The GFED4s inventory ateEs¢éhe maximum of small fires fraction at the peak of the fire
season (Randerson et al., 2012), resulting in an enhandsdiempeak in July-August, rather than in September, agestgd
by the OMI observations. This seasonality shift of the bogrieason was also reported in past inversion studies aoresirby
SCIAMACHY and GOME-2 HCHO (Stavrakou et al., 2009b, 2015) #OPITT CO observations (Chevallier et al., 2009).

Southern Hemisphere Africa can be divided in two regiongtas the fire source updates suggested by OMI (Fig. 5). In its
northern part, reduced emissions are systematicallyeléfor all years, by up to 65%, with regard to the a priori flukereas
in its southern part, (Southern Africa in Fig. 3), the endssiexhibit a stronger variability, increasing signifidamnmntil 2010,
but remaining closer to the a priori in the subsequent yearglustrated in Fig. 5. The a posteriori emissions durirgpeak
fire season in September are found to be up to a factor of 3 hilgae FINN, and by 50% higher than GFAS and GFEDA4. The
largest top-down flux in this region is inferred in Septenmi@d8, estimated at 50% higher than the a priori, due to rebill
wildfires in Mozambique, South Africa and Swaziland in thaay (Jha, 2010).

The OMI observations suggest a decrease of isoprene flugeshm/African continent by ca. 20% for all years of the target
period, from 79 Tg/yr in the a priori to 63 Tg/yr, as shown irbleal. This decrease is very similar to the result obtained
from an inversion study constrained by the NASA OMI HCHO iestal product reporting an emission reduction in African
isoprene fluxes, from 87 Tg/yr in the a priori to 68 Tg/yr thgbit?005-2009 (Marais et al., 2012). In the latter study, the fl
decrease was strongest over equatorial and Northern Africzery good agreement with the updates shown in Fig. 6. In
a follow-up inversion study also based on OMI observatidfatais et al. (2014) invoked a reduction of MEGAN emission
factors for broadleaf trees and shrub (ca. factor of 2) anoldy@avannas (20%) in Africa in order to reconcile the modei w
the observations, whereas the reported comparisons witingrbased measurements suggested that even lower isdjonen
rates might be necessary.

In Northern Africa, the isoprene fluxes in Northern Africahéit a weak interannual variability (Fig. 8, 11). The OMI
observations point to a mean (2005-2013) decrease of 26%smegion with respect to the bottom-up estimate. The geo-
graphical extent of the emission updates (Fig. 6) is in agesg with previous satellite-based results using SCIAMACH
(Stavrakou et al., 2009b) and GOME-2 HCHO columns (Bauweénk,e2014; Stavrakou et al., 2015). As seen in Fig. 11, the
seasonality of isoprene emissions in Northern Africa isati@rized by two emission maxima, driven by the two equaitor
rainy seasons occurring from March to May and from Augustéoéinber. The satellite columns indicate a change in the sea-
sonal profile, from two equally strong emission maxima inikpray and in October, to a peak in March and a weaker second
peak in October-November (Fig. 11). This agrees with theaeality derived from GOME-2 observations, and is simitar t
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the seasonality change reported by Marais et al. (2012)sfrbager emissions in the first half of the year are also stersi
with the independent inventories, whereas the secondalyipdetter represented in GUESS-ES inventory.

The isoprene emissions in Southern Africa peak during th&ttf®on Hemisphere summer, when both temperature and
precipitation rates are higher (Fig. 11). Both MEGAN-MAC@daGUESS-ES emission estimates are about a factor of 2
higher than the top-down estimates. The discrepancy wittGME-MACC is partly explained by the neglect of the soll
moisture stress effecty{yr) in the standard version of the MEGAN-MACC model. Its inéusin MEGAN-MACC was
found to have a strong impact, leading to a flux decrease by &@d¥lobal scale, and even stronger decreases in Africa and
South America (Sindelarova et al., 2014). Interestinglg, inversion suggests a large increase of isoprene emis@iprio a
factor of 2) southward of 15S, and particularly in the very dry Southwestern part of thetinent (west of ca. 30E), where
the soil moisture stress effect is strongest in the MEGANHACAN emissions (Fig. 6 and Fig. 2 in Mller et al. (2008)).
The spatial coincidence of the largest emission updatesriad by the inversion with the areas where the soil moistress
effect is strongest is a first indication that its parametgion in MEGAN overestimates the impact of very low soil stare
on the emissions in dry subtropical environments like SewrttAfrica (also Australia, see Sec. 7). A second, even ggon
indication is provided by the interannual variability oétBmission updates in Southwestern Africa (15-35 S, 10-30d&yn
on Fig.12. These updates are indeed found to be well coetefat= 0.81) temporally with the factor by which the emissions
are reduced due to the soil moisture activity factet;. In other words, the emission increments are largest whdméuere
vsm IS lowest.

MEGAN simulates isoprene response to soil moisture stré¢gsasimple parameterization that shuts off isoprene aamss
when soil moisture drops to the level where plants can nododgaw moisture from the soil, known as the wilting point. ¥&h
the MEGAN soil moisture stress effect uses a simple conteptmplementation is difficult due to the need to accuratedgel
soil moisture, soil wilting point, and plant rooting dep8eco et al. (2015) evaluated the MEGAN response to soil maist
stress by comparison to measured whole canopy isoprenes #imxkfound that the algorithm performed poorly with the ditfa
soil wilting point but worked well when a more accurate values used.

6 Emissions in Southeast Asia

The fire season in Southeast Asia is characterized by a fiaktipeMarch, associated with aboveground vegetation bgrinin
former Indochina, and a second peak in August to OctobeecHmspeat combustion occurring in Indonesia (Chang and,Song
2010) (Fig. 13). The GFED4s fluxes vary considerably actosgears, ranging between a minimum of 123 TgC (in 2011) and
277 TgC (in 2006). The top-down estimates remain generbkdecto the a priori, except in 2006 and 2009 where the datelli
observations suggest a significant decrease of the fluxesiates] to peat burning in Indonesia (Reddington et al. 420¥
almost factor of 3 (Fig. 13). The optimized fluxes generaligrease in March and decrease from August to October, while
the amplitude of the seasonal pattern is reduced, with thieséons in March being generally larger than the peat bgrnin
emissions in August. In addition, the higher a posterioriglation with monthly MODIS fire counts in Indochina (Tal#e
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indicates an improved representation of the seasonalaldit@s in March-April and agricultural waste burning in Algviay
(Magi et al., 2012).

In Indonesia, the fire season extends from June to Novembe@rcamprises intense peat burning, in particular during
extreme drought conditions caused by EI Nifio (Schultz eP@D8; Worden et al., 2013). The GFEDA4s estimates are ggnera
lower than 100 TgClyr, but significantly higher for El Nifioars, e.g. 2006 (350.3 TgC) and 2009 (191.6 Tg/yr). The iaterr
flux drop in 2006 and 2009 is supported by GFAS and FINN, bulliother years both FINN and GFAS are relatively close to
GFED4s. The lower 2006 flux suggested by the observed colismmmosroborated by an independent carbon emission estimate
based on burned area in a small region of Borneo in 2006 (&ldfatimantan, approximately 13% of the Indonesian pedjlan
reporting peat fire emissions of 49 TgC during the 2006 El Nifisode (Ballhorn et al., 2009). This estimate is aboutdfalf
the GFED4s value (109 TgC), and closer to the OMI-based aiof 33 TgC for the same area and year. Note, however, that
this independent estimate does not account for above gfgionthss burning.

As mentioned in the previous sections, the updated isopFsnissions are systematically decreased in tropical reglmn
about 40% on average in Amazonia and equatorial Africa @jigoointing to potentially overestimated emission fastesed
in the MEGAN model for tropical forests. In contrast to thesgions, the emission reduction for the tropical rainftsed
Southeast Asia is much weaketrZ0%, Fig. 6, 8) due to the lower basal emission rates incatpdiin MEGAN-MOHYCAN
(Stavrakou et al., 2014) based on OP3 campaign measuremehtsrainforest of Borneo (Langford et al., 2010). The rel-
atively small discrepancy between the model and the dat¢liCHO columns in Southeast Asia supports the use of lower
isoprene flux rates for the Asian rainforests.

In China, most of the fires are agricultural and their emissiare generally low, except for the North China Plain (Fig. 5
Stavrakou et al. (2016)). The isoprene fluxes in China aceratduced after optimization, from 7.3 Tg/yrin MEGAN-MOHYG!
to 5.8 Tg/yr on average over the study period, but the deerisadronger in South China, ranging between 27% and 45% de-
pending on the year. The emissions peak in summertime asdmreeak interannual variability (Fig. 8), with a maximum i
2007 (2.6 Tg/yr) and a minimum in 2010 (1.7 Tg/yr, Fig. 13)eT®MI-based flux in 2010 is in good agreement with an earlier
estimate inferred from GOME-2 HCHO observations (2.4 Tdhg. 13) (Stavrakou et al., 2015).

7 Australian emissions

Northern Australia is a major fire-prone area where bushdicesir during many months every year (Steffen et al., 2015¢. T
peak of the fire season is observed between September andnNereut its magnitude depends strongly on the year. The
fire season sets off between April and June, with the beginoiinhe dry season, gets reinforced by the hot temperatuigks a
winds of the subsequent months, and lasts until DecemberOMI data suggest top-down fluxes close to the a priori in all
years, except for 2011, where the emission maximum is deedday about 25% with respect to GFED4s (Fig. 14), whereas
the estimates from GFAS and FINN in this region differ by mttv@n a factor of 10. In Southern Australia (Fig. 14), the fire
fluxes are generally half those in Northern Australia, anshffites are again the main fire type in this region. This regiod

in particular the state of Victoria, sometimes experiereodeeme fire events, like the 2006-2007 bushfires which wasobn
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the worst in record, and the “Black Saturday" bushfires inrkraty 2009. The satellite columns of HCHO lead to a significan
reduction (Fig. 14) of the fire emission during the aforermer@d major fire events in comparison to the GFED4s inventory
in good agreement with the FINN estimates.

The optimization indicates negative isoprene updates entithpical and subtropical ecosystems of Northern Australi
which are dominated by woodland and grasslands, and ggneaesitive flux increments in the southern part of the coenity
where temperate forests and grasslands are prevalenB(Hig). The mean reduction over 2005-2013 in Northern Aliatra
amounts to ca. 20% with respect to the a priori (24.4 Tg/yn), ia supported by the inversion study based on GOME-2 HCHO
columns (Stavrakou et al., 2015) as shown in Fig. 8, poirttngossibly overestimated emission factors assumed in MEGA
for tropical ecosystems. In Southern Australia, the a pmstasoprene fluxes are increased by about 20% on average ov
the study period, from 12.5 Tg/yr to 15 Tg/yr, and show smaitiannual and seasonal variability (Fig. 14). Although th
MEGAN-MACC emissions are much higher than the other inveasoover Australia, a sensitivity calculation accountiog
the soil moisture stress activity factor in the MEGAN-MAC®del resulted in a substantial flux decrease of about 70% with
respect to the reference MEGAN-MACC simulation (Sindelaret al., 2014), stressing the important role of soil moestu
stress in these very dry environments. As for Southern Afitice OMI-based inversion over Southern Australia enhatice
emissions where and when; reaches its lowest values (Fig. 6 and 12). As discussed abw@oor performance of the
parameterization could be partly due to misrepresentatidririving variables (soil moisture content) or soil claeaistics
(wilting point, rooting depth). The use of satellite-dexil/soil moisture or solar-induced fluorescence (van der Melal.,
2016; Joiner et al., 2016) could be a promising way for imprgv¥he soil stress estimation in the future.

8 Mid-latitude emissions

In Europe, the fire season peaks in summertime and a secquetakys also recorded in spring, mainly due to emissions from
agricultural waste burning (Fig. 15). The optimized fluxesgenerally close to the a priori except in 2006 and 2007 wiiex

OMI observations point to higher fluxes (by 40-50%) than irEBBs during the emission peak. The strong flux in April-May
2006 and in summer 2007 were due to numerous agriculturakfieg occurred in the Baltic countries, western Russiegtds|

and Ukraine (Stohl et al., 2007), and to intense biomassifigiin southern Europe. The increase in the top-down estisnat
in 2007 is in line with the reported increase based on IASI GDrons (Turquety et al., 2009). The top-down estimate agree
well with GFED4s during the devastating fires in the Moscoeaan July-August 2010, whereas previous studies reported
values which were a factor of 2 (Yurganov et al., 2010), 3 (alov et al., 2011), or 10 (Krol et al., 2013) higher than the
older GFED3 inventory (van der Werf et al., 2010), which wggbout 60% lower than GFEDA4s in this region.

Regarding isoprene fluxes over Europe, the satellite obhens suggest an average increase by 15% in Western Europe
(from 2.9 to 3.4 Tglyr), and by 33% in Eastern Europe (fromt8.8.2 Tg/yr), whereas the inferred increase is signifigantl
stronger during extremely hot summers, like in 2007 and 20deed, in July 2007 Greece experienced the hottest summer
record since 1891 (Founda and Giannakopoulos, 2009) witheeature anomalies of +6 compared to the 1961-1990 mean,
and in July 2010, the hottest summer since 1500 was recondedstern Russia with temperature anomalies ofC+@ith
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respect to the 1961-1990 mean (Barriopedro et al., 2011p@awand Rahmstorf, 2012) (http://www.ncdc.noaa.gov/temp
and-precip).

The concurrence of pyrogenic and isoprene emissions in tdeand high-latitudes of the Northern Hemisphere during
summertime is, however, an inherent difficulty in the detitwa of top-down emissions by inverting for HCHO columns.
HCHO being an intermediate compound in the oxidation of lpgtfogenic and biogenic hydrocarbons, it cannot be excluded
that the HCHO column enhancements associated to highereisegmissions, have in reality a pyrogenic origin and vice
versa. The inversion scheme relies strongly on the a prioisgion distributions and errors in the retrievals, anddhg, errors
in the geolocation of fire hot spots in the bottom-up inveie®could propagate as errors in the source attributioraiitiqular
for intense fire events associated to summer heat waves.

In Southeastern US, a major isoprene emitting region, theltawn fluxes are systematically reduced compared to thalini
inventory, by 35% on average, with the strongest decread#) Inferred in 2013. Similarly to the a priori, the a posbeii
estimates peak in 2011 and are lowest in 2013. This variakslprimarily related to temperature changes, with reedrigdm-
perature anomalies of #€ in 2011, and -1.5C in 2013, with respect to the 1961-1990 mean (http://wwudcrimoaa.gov/temp-
and-precip/). The use of GOME-2 HCHO columns to constragnitlrersion in 2010 (Stavrakou et al., 2015) results in an ex-
cellent agreement with the OMI-based fluxes (Fig. 8 and 1Bgreas both optimizations suggest a slightly modified sedso
profile, with a primary peak in June and a secondary in August.need for lower emissions in Southeastern US compared to
the MEGAN model has been put forward by past studies baseatelite observations of HCHO from GOME, SCIAMACHY
and OMI sensors (Palmer et al., 2006; Millet et al., 2008yiSteou et al., 2009b). The MEGAN-MACC and GUESS-ES esti-
mates are in very good agreement with the a posteriori fluxesrims of magnitude, although in some years the peak emissio
is delayed by one month (Fig. 15).

9 Emission trends

The global distribution of isoprene emission trends ove®320013 according to the bottom-up emission inventory and
as suggested by the inversion of satellite data is displaydedg. 16. Although deriving long-term emission trendsnfro
satellite data might be very useful for diagnosing global aegional change, particular caution is required whenrinte
preting the results, since physical changes in the satetfigtruments over time might result in artificial drifts inet ob-
servations. In the case of OMI HCHO columns, special effagse made to reduce the effects of the row anomaly issue
(http://projects.knmi.nl/omi/research/product/rowaraly-background.php) on the retrieved HCHO columns, deoto en-
sure the suitability of the data for addressing trend sti(lle Smedt et al., 2015). Nevertheless, it appears diffiowdioid
that any time-dependent instrumental effect might impaetimterannual variability of emissions reported in thistes.
Amazonia experienced a rapid decline of pyrogenic emissiestimated at -7%/yr in the a priori GFED4s inventory and
-8%l/yr in the OMI-based emissions as a result of the trendNi €olumns calculated during the dry season (-3.2%/yr in
August-September). This trend in HCHO columns was atteithiib a strong decline in deforestation rates in the Amazon
(Nepstad et al., 2014), and especially in Mato grosso andl®ua where the cover loss in evergreen broadleaf forests de
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creased by more than 80% between 2002 and 2009 (Fanin anér&ved, 2015). The isoprene emission trend over Ama-
zonia, which is close to negligible (-0.2%l/yr) in the a priowentory (Fig. 9 and 16) becomes negative after optinozrat
(-2.1%l/yr). The derivation of biogenic emission trenddhis region is made difficult by the magnitude and strong arteual
variability of biomass burning. However, a decline of isepe emissions is supported by the negative trend (-1.3%/yine
observed HCHO columns during the wet season (NovembeAptien biomass burning plays only a very minor role. This
result is difficult to interpret. Recent findings based omlite surface reflectance data (more precisely, norméailitiéerence
vegetation index, or NDVI, data) point to diminished vedieta greenness since 2000 due to a precipitation declingsacr
large parts of Amazonia, especially Northern Brazil (Hilkeal., 2014). However, most of these changes occurreddestw
2000 and 2005, whereas the precipitation rates and NDVlegalvere comparatively more stable afterwards, and the Leaf
Area Index from MODIS Collection 5 (MOD15A2 composite, hitmodis.gsfc.nasa.gov/data/dataprod) either incoése
less than 0.5%/yr) or showed no trend over 2005—-2013 ovet ofidsnazonia (see Fig. S5).

Over Northern Africa, during the fire season (November-Eaby) a decreasing trend of about 3%/yr over the study period
is derived for the OMI-based fire fluxes (Fig. 7), close to tHeEG4s trend (-3.2%l/yr), whereas the corresponding trend of
FINN (-2.4%lyr) is somewhat weaker. This trend is most jkedlated to negative trends observed in burned area in Biorth
Africa (Andela and van der Werf, 2014; Giglio et al., 2013)iogvto land use changes (conversion of savannah into crdplan
and to changes in precipitation, driven by the El Nifio/SeuttOscillation (Andela and van der Werf, 2014).

In Siberia, the strongly positive isoprene emission trehthe bottom-up inventory (3.8%l/yr) (Fig. 16) is a result bét
warming temperature trends in this region (0Q&r over 55-75 N, 40-120 E, based on ECMWF ERA-Interim terapee
data over 2005-2013). The model incorporates both thetd#fézct of warming on the MEGAN temperature response of the
emissions and the indirect effect through the increase i WAich reaches 3%/yr in Northern Siberia (Fig. S5). Thesnsion
leads to an even higher trend (4.2%/yr), induced by the gtygrositive trend in the HCHO observations (4.2%/yr) oved2-
2013 in this region. Higher temperatures might also faverehtension of forests inducing even higher isoprene eamssi
(Potosnak et al., 2013). According to MODIS land cover déaaforest fraction in this region has increased from 3198052
to 36% in 2012 (Friedl et al., 2010).

Opposite a priori isoprene trends are calculated in WestedrEastern Europe over the study period, -2.5%/yr and $12%/
respectively, mostly related to the temperature and saldiation trends. The OMI observations corroborate theseds,
showing a negative trend in Western Europe (-1.1%/yr) anuk#ipe trend in Eastern Europe (0.4%/yr). The calculatedds
after optimization are moderately enhanced, -3.3%/yr a@%B8/r in Western and Eastern Europe, respectively. Besililmate
parameters, land use changes might also contribute to ¢heaising column and emission trend in Eastern Europe. Based
MODIS land cover data (Friedl et al., 2010), the forest fimtincreased at a faster pace in Eastern than in Westerrpguro
(1.1%.yr vs. 0.9%yr), and the crop fraction decreased maplly (-0.5%/yr) in Eastern than in Western Europe (-0 9o/

Over the Southeastern US, the slightly negative trend irstimemertime isoprene fluxes in the a priori (-0.3%/yr) beceme
much more pronounced after inversion (-4%/yr), induced ey downward trend in the OMI HCHO columns (-2.5%/yr)
over 2005-2013 (De Smedt et al., 2015). Except for this trémelinterannual variability of the top-down emissionsraés
region is similar to the a priori (Fig. 8). The long-term deelcould be in part an artefact resulting from the well-doented
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downward trend in NOx abundances over the United States@Rasal., 2012; Kharol et al., 2015), which could signifittan
decrease formaldehyde production over time, if the yielHGHO per isoprene molecule is substantially lower at low NOx
level than at high NOx. The ground-level N@oncentrations have decreased by as much as a factor of evdcagtern US
based on OMI and in situ measurements between 2005 and 20B2dlket al., 2015). The NOx dependence of the HCHO
yield is taken into account in the calculations presentethis study, but the modelled decrease in PBL NOx level in the
Eastern US is lower (ca. -30%) than observed (-50%) durir@202012. Furthermore, the low-NOx oxidation mechanism
remains incompletely characterized, especially regarttie further degradation of primary oxidation productayleg open
the possibility of a significant overestimation of the HCH@Ig at low NOx, even though a recent analysis of airborne
measurements over the Southeast US indicated that stte-afit oxidation mechanisms can reproduce the NOx degrexed

of prompt HCHO formation inferred from the measurementsitgVet al., 2016). If confirmed, an overestimation of the HCHO
yield at low NOx could also help to explain the negative tramtbp-down isoprene emission over Western Europe (Fig. 16)
More importantly, it would imply a general underestimatinour top-down emissions in low-NOx environments, tropica
forests in particular.

In South China, the negative summertime trend (-0.7%/yH@HO columns drives a change in the sign of the 2005-2013
isoprene trend, from 0.1%l/yr in the a priori to -1.6%/yr ire tOMI-based fluxes. The very small a priori emission trend
results from a combination of compensating effects : on @amelhdeclining trends in the ERA-Interim photochemicadinae
radiation (PAR) (-0.33%/yr) and temperature (-0.03 K/gr)d on the other hand, an increasing trend in leaf area iddény(,
cf. Fig S5) and a decline in crop extent in South China, suggésy the land use database of Ramankutty and Foley (1999)
and supported by MODIS land cover data (Friedl et al., 20d0)vever, a recent land cover database suggests that the exte
of crops has increased in eastern China in the last 30 yearst @i al., 2011). In addition, the declining trend in PARsvedso
derived from ERA-Interim data complemented by surfaceatimn measurements (Weedon et al., 2014). The crop expansio
and declining PAR were proposed to cause a negative isopmemein South China (Yue et al., 2015), and likely explaia th
observed negative trend in HCHO.

10 Conclusions

Global distributions of pyrogenic and biogenic VOC fluxe$vmen 2005 and 2013 were derived using the adjoint inversion
scheme built on the IMAGESV2 global CTM and HCHO column alamuks retrieved from the OMI sounder. The inversion
suggests a moderate decrease (ca. 20%) of the global awraggons of both pyrogenic and and biogenic VOCs relative t
the a priori emissions used in the model. The main findinghisfdtudy are presented below.

— The global top-down fire fluxes exhibit strong interannuaiafaility, ranging between ca. 1400 TgC/yr (2011) and 2000
TgClyr (2007). The a priori interannual variability is geaky well preserved, but the inferred estimates are by 68.ta
450 TgC lower than the a priori depending on the year, witHahgest decreases suggested over Africa, South America,
and Southeast Asia (23%). The top-down emissions are loattezlated with MODIS fire counts in regions with small
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fires than GFEDA4s, indicating that the associated emissiogist be too low in GFED4s, and that they can be derived
by the OMI-based inversion.

— The inversion suggests (i) important fire flux decreases3(%) in Amazonia during years with strong a priori emis-
sions, (ii) about 50% emission decrease during the peakédmsomn in Northern and Southern Africa, (iii) generally
increased emissions in Indochina and decreased fluxes amésia during intense fire events related to El Nifio years,
(iv) significant flux reduction during the major bushfires ingiralia, and (v) flux increases during the devastating fires
in Southern Europe in 2007.

— Changes in fire seasonal patterns are suggested, in pariit@outheast Asia and Africa. In Southeast Asia, the sedso
amplitude is reduced after inversion, with enhanced eomssdue to aboveground vegetation burning in March, and
weaker emissions due to Indonesian peat burning in Auging.ifiversion suggests generally increased fluxes due to
agricultural fires over Africa, and decreased emission maxdue to natural fires.

— Significant reductions of isoprene fluxes are inferred ipitral ecosystems (30-40% in Amazonia and Northern Africa),
suggesting overestimated basal emission rates in theze diiee top-down fluxes generally increase over Eurasia; esp
cially during heat waves in summer (e.g. western Russia iDP&uggesting a possibly stronger emission response to
high temperatures than currently assumed.

— The inversion suggests large isoprene emission increapetd (100% locally) over areas most affected by the soil
moisture stress parameterization in MEGAN, in particutaiSouthern Africa and Southern Australia. The inferred
isoprene increments present a strong interannual camelaith 1/sy, i.e. by the factor by which isoprene emissions
are reduced due to soil moisture stress in MEGANQ\7), indicating that the soil moisture parameterizateeds to
overly decreased isoprene fluxes.

— The isoprene emission trends are found to be often enhaffteedreersion. Positive trends in top-down isoprene emis-
sions are inferred in Siberia (4.2%/yr) and Eastern Eur8@26/yr), likely reflecting forest expansion and the wargnin
trend. Negative trends are derived in Amazonia (-2.1%/&0yth China (-1%l/yr), the United States (-3.7%/yr), and
Western Europe (-3.9%/yr). The top-down trends should sidered with caution due to possible drifts in the satel-
lite data. In several instances, however, they are supphbostendependent evidence from literature studies. Trends i
NOx emissions might play a significant role given their pblsiarge influence on formaldehyde yields, which remain
imperfectly characterized and deserve more attentioreaésity at low NOx.

For simplicity and to avoid excessive computational castigtailed error assessment of the a posteriori emissionatet
is not addressed in this work. Nevertheless, sensitivitgrisions conducted in an earlier study, also based on OMhwas for
2010, have shown that the inferred fluxes were generally lyependent on the choice of key model and inversion param-
eters, and lay within 7% of the standard inversion resultavi@kou et al., 2015). Recent developments in the reptasem
of vertical profiles of smoke released by open fires (SofieV.eP@13), in the partitioning of burned biomass into endtte

17



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-221, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 31 March 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

trace gases (Akagi et al., 2011), and in the spatiotemparébility of emission factors (van Leeuwen et al., 20111 20are
additional sources of uncertainty that could impact thedown fluxes and should therefore be carefully assessedunefu
studies.
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Figure 1. Global distributions of mean 2005-2013 HCHO columns forudam and June observed by OMI (upper panels), modelled using
emissions (middle panels) and inferred after optimizatiower panels). The columns are expressed it IBolec.cm 2. The observed
monthly averages exclude scenes with cloud fractions hititas 40% and land fractions lower than 20%, as well as dataavietrieval

error higher than 100%.
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Figure 2. Upper panel: Mean (2005-2013) annual biomass burning @misstimates in TgC/grid per year according to the a priventory
GFED4s and to the OMI-based biomass burning emissions. iLparel: Mean (2005-2013) annual isoprene emission essriatTg
isoprene per grid cell per year according to the a priori MBGMOHY CAN inventory and from the OMI-based inversion.
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Figure 3. Definition of big and small regions used in this study. Bigioeg are : N. America (13-75 N, 40-170 W), S. America (60 S-13
N, 90 W-30 E), Europe (37-75 N, 15 W-50 E), NH Africa (0-37 N, 8065 E), SH Africa (0-40 S, 20 W-65 E), Russia (37-75 N, 50-179
E), SE Asia (10 S-37 N, 65-170 E), Australia (10-50 S, 110-Ey9Small regions are : SE US (26-36 N, 75-100 W), Amazonia(5s,
40-75 W), W. Europe (37-71 N, 10 W-20 E), E. Europe (37-71 N5R(E), Northern Africa (0-16 N, 15 W-35 E), Southern Afrideb¢35

S, 10-55 E), Siberia (57-75 N, 60-140 E), South China (18-3209-122 E), Indochina (9-30 N, 94-109 E), Indonesia (10/-80-140

E), N. Australia (10-24 S, 110-150 E), S. Australia (24-38 5)-155 E).
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Figure 5. Updates (percentage change from the a priori) in annuadlya@ed biomass burning emissions suggested by the fluxsioneor
all years of the study period.
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Figure 6. Updates (percentage change from the a priori) in annuabya@ed isoprene emissions inferred by the optimizatiomifforears
of the study period.
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Figure 11.As Fig. 9 for Africa.
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Figure 13. As Fig. 9 for Southeast Asia.
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Figure 14. As Fig. 9 for Northern and Southern Australia.
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Figure 15. As Fig. 9 for Europe and Southeast US.
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(right) expressed in %lyr.
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Table 1. Mean a priori and OMI-based emission estimates comparedd&pendent emission inventories for open biomass burmidg a
isoprene emissions calculated for different world regiang globally. Regions are defined in Fig. 3. The means ara taker the period of
data availability, i.e. over 2005-2013 for all inventoriegcept for MEGAN-MACC (2005-2010) and GUESS-ES (2005900

North South | Europe| NH SH Russia| Southeast| Australia | Global

America | America Africa | Africa Asia

Biomass burning emissions (burnt biomass in TgC/yr)

GFED4s 105 319 31 418 684 130 237 104 2028
OMl-based 86 273 35 320 530 112 203 95 1653
GFAS 187 328 22 333 431 264 246 126 1938
FINNv1.5 112 452 34 278 415 114 579 22 2006
GFEDA4 84 231 17 279 479 97 156 95 1438

Isoprene emissions (Tg isoprene/yr)

MEGAN MOHYCAN 32 141 6.8 50 29 9.4 36 38 343
OMl-based 26 97 8.4 35 28 11 31 36 272
MEGAN-MACC 34 173 7.8 103 67 12 80 94 570
GUESS-ES 44 143 18.1 1 60 20 63 26 452
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Table 2. Global a priori and OMI-based emission estimates per yeg.dstimates are expressed in TgClyr, isoprene in Tg ofésmpper

year.

Year A priori | Optimized | A priori | Optimized

fires fires isoprene| isoprene
2005 2252 1936 349 282
2006 2207 1721 339 280
2007 2202 1966 340 285
2008 1873 1605 324 263
2009 1862 1504 339 269
2010 2150 1679 363 272
2011 1872 1404 341 258
2012 2058 1676 350 276
2013 1773 1383 338 265
2005-2013| 2028 1653 343 272
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Table 3. Temporal Correlation between monthly MODIS fire counts, GBE and OMI-based fluxes over the regions selected based on
literature evidence for the occurrence of small fires. Thygores are shown on the MODIS land cover map in Fig. S4. NoteRegion
dominated by cropland according to the MODIS land cover geddustice et al., 2002):Region with a high number of small deforestation
fires (Chen et al., 2013J;Region with peat fires selected based on Andela et al. (281Rgion with a high number of small deforestation
fires (Karki, 2002);¢ Region where GFED4s emissions are predominantly assddiatemall fires (Randerson et al., 2012).

Region Coordinates Fire type MODIS vs. GFED4s| MODIS vs. OMI-based
N. Africa 4-16 N, 15W-15 E agricultural® 0.89 0.96
Maranhao 6S-2 N, 44-52 W agriculturaf 0.56 0.91
Mato Grosso| 7-15S,50-60 W | small scale deforestatibn 0.95 0.97
SE US 30-36 N, 75-100 W agriculturaf 0.36 0.65
N. China 30-40 N,111-122 E agriculturaf 0.66 0.85
Indochina 6-27 N, 87-110 E | agriculturaf and small- 0.84 0.95

scale deforestatidn

Indonesia 10 S-5N,93-130 E| agriculturaf and pedt 0.85 0.89
NW India 29-33 N,70-79 E agricultural fire§ 0.75 0.87
Russia 52-60 N, 55-90 W | agriculturaf and pedt 0.81 0.94
Eq. Africa 14S-2N,10-25 E agriculturaf 0.96 0.99
E. Australia | 20-40 S, 145-155 H agriculturaf 0.55 0.86
Madagascar | 12-26 S, 43-50 E agriculturaf 0.90 0.96
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