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Abstract. We present a new European plant-specific emis-1 Introduction

sion inventory for isoprene, monoterpenes, sesquiterpenes

and oxygenated VOC (OVOC), on a spatial resolution of The amount and composition of plant species that cover the
0.089<0.089 degrees, for implementation in atmosphericland surface is the primary control on the type and magni-
transport models. The inventory incorporates more accuiude of biogenic volatile organic compound (BVOC) flux.
rate data on foliar biomass densities from several litterfallOn a shorter time scale, variation in atmospheric conditions
databases that became available in the last years for the maffetermines the amount of photosynthetically active photon
tree species in Europe. A bioclimatic correction factor wasflux density (PPFD) reaching the leaf surface, the leaf tem-
introduced to correct the foliar biomass densities of treesPerature, and soil moisture. All these factors in turn influ-
and crops for the different plant growth conditions that canence variations in BVOC emissions. Temperature and light
be found in Pan-Europe. Long-term seasonal variability ofintensity are key driving variables that regulate emissions of
agriculture and forest emissions was taken into account bysoprene, monoterpenes and other BVOCs in published emis-
implementing a new growing season concept. The 2004-sion algorithms Tingey et al, 1991 Guenther et a].1993
2005 averaged annual total biogenic volatile organic com-1995 2006 Schuh et al.1997 Staudt et a|.2000.

pound (BVOC) emissions for the Pan-European domain are Once emitted to the atmosphere, BVOCs react in the pres-
estimated to be about 12 Tg with a large contribution from€nce of nitrogen oxides to increase the concentration of tro-
the OVOC class of about 4.5 Tg and from monoterpenes ofP0ospheric ozoneAtkinson and Arey2003, which is a res-
about 4 Tg. Annual isoprene emissions are found to be abouiratory irritant and major component of smog. Emissions of
3.5Tg, insensitive to the chosen emission algorithm. Emis-BVOC are significant to ozone production in the European
sions of OVOC were found to originate to a large extent fromboundary layer §impson 1995 Vogel et al, 1995. The
agriculture. Further experiments on crop emissions should b@xidation products of terpenes condense to form secondary
carried out to check the validity of the applied standard emis-organic aerosolsHoffmann et al. 1997 Kavouras et aj.

sion factors. The new inventory aims at a fully transparent1998 Griffin et al, 1999 which directly alter Earth’s radia-
and verifiable aggregation of detailed land use informationtive balance and can serve as cloud-condensation néciei (
and at the inclusion of plant-specific emission data. Thoughdreae and Crutzen997). On the basis of results from smog
plant-specific land use data is available with relatively highchamber experiments &andig199]) it has commonly been
accuracy, a lack of experimental biomass densities and emigassumed that the photooxidation of isoprene does not con-
sion data on terpenes, sesquiterpenes and oxygenated VOUibute to the production of secondary organic aerosol un-
in particular for agricultural plants, currently limits the setup der ambient conditionsSginfeld and Pandjs998. How-

of a highly accurate plant-specific emission inventory. ever, evidence from both field and laboratory experiments
has been obtained in the last four years for isoprene con-

tributing to SOA formationClaeys et al.2004 Kourtchev et
al,, 2005 Kroll et al., 2005. Sesquiterpenes are a highly re-

Correspondence td5. Seufert active BVOC class with atmospheric lifetimes of only a few
BY (guenther.seufert@jrc.it) minutes. These compounds have a high potential to form

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

1060 M. Karl et al.: European BVOC emissions

[[R— = e — e — e — | ther, 1997 and MEGAN Guenther et al.2006, were used

:@ Spatial : |@ . to calculate emission fluxes of isoprene over Europe. Pre-
| Tabular GIs | : ECMWF | vious European emission estimates for isoprene were about
. Database] | database | | Forecast ' 4Tg per year, and for total BVOC ranged between 7.5Tg to
i_ 1 E | | 29 Tg per yearl(tibkert and Scbpp, 1989 Andryukov and
—|=rmp=me = | ! Timofeey, 1989 Simpson et a).1999 Steinbrecher et al.
® A 4 | . |Meteorology : 2009, indicating the high uncertainty of BVOC inventories.

! Bioclim. fEan;tlzf;Osn CL.((;:LGFL,)CreZgOO . | Do I The reason for this high variability is not always easy to un-
Ceoret [ |Fotiar  [[CAPR! Agricultf ] - LAl | derstand, because inventories are not always fully transparent
I dens.d |[o- o wml - (Mopis) | or cannot be compared for various reasons. Therefore, the
.. . . /. L new inventory presented here aims at full transparency and
) S Y T avoidance of unnecessary complexity in order to allow cal-
Toat | culations in the frame of a global chemical transport model.
l&—] Temperature .
Emission Cano
! (ng&‘é‘g Ay [¢ Ex;igcrl?:,n | 2 Inventory description
| < Seasonality | In this work a new plant-specific BVOC emission inven-
R i Facor | o tory with high spatial resolution for implementation in at-

mospheric transport models is developed for Europe. Data
on emission potentials at standard conditions for tree and
crop species and for landcover classes was adopted from
the work ofSteinbrecher et a(2009, the NatAir (Improv-

secondary organic aerosdfigffmann et al, 1997 Jaoui et  ing and Applying Methods for the Calculation of Natural
al, 2003. Bonn and Moortga{2003 suggest that the re- and Biogenic Emissions and Assessment of Impacts on Air
action of sesquiterpenes with atmospheric ozone could b&uality) project inventory of VOC emission from natural
responsible for the atmospheric new particle formation ob-and semi-natural vegetation in Pan-Europe. Throughout this
served frequently in rural locations. work, emission potentials are given for standard conditions,
. . i —2 1
Recent observations in boreal forests support the rold-8- 30C leaf temperature and 10@@nolm™“s™= photo-

of aerosol production from biogenic hydrocarbon preCur_synthetlc photon flux density (PPFD). From several litterfall
sors in the activation of cloud droplet&drminen et al. databases we derived more accurate data on foliar biomass
2005 Tunved et al. 200§. In addition, BVOCs released densities for the most abundant tree species. A biomass cor-

to the atmosphere may represent a relevant source term jrection factor was introduced for forest and agriculture land
the overall carbon budget of an ecosystéuénthey 2002 use classes to adjust foliar biomass densities for growing con-
Kesselmeier et 312002. ditions in different climates. To account for the long-term

The European landscape is characterised by a great varseasonal variability of emissions, a new growing season con-

ety of climatic and orographic zones and biomes, rangingcept Was.introduced based on detailed phenolc_)gy data for
major agricultural crops and on a seasonal algorithm for de-

from boreal forests in Scandinavia and Russia to Mediter-

ranean shrub vegetation. For millennia, the European lan§duous and evergreen vegetationdtaudt et al(2000.
cover has been intensively modified by man to create an For each BVOC class the emissions can be calculated as

extremely patchy landscape. In addition the orography ofSUm over all grid cells of the European domain:
Europe is complex, with changes between mountainous an
P P d (?:b =Y A€ Di-ycEi @
i

Fig. 1. BVOC emission model, schematic overview.

plain landscapes on a small scale. Type and amount of BVO

emissions is highly variable; even within a plant taxonomic

group like the importanQuercus(oak) genusone can ob-  In EQ. (1), A; is the vegetated and emitting area in a grid

serve several species emitting huge amount of isoprene, othégll i (in m?), €, ; is the average emission standard potential

species emitting monoterpenes, others are close to zero emifin g go, h™2) of each BVOC class; the foliar biomass

ters Csiky and Seufertt999. Therefore itis of greatimpor-  density related to dry mass (in g1 andycg, is the dimen-

tance to use highly resolved land cover data of forests, agrisionless canopy emission activity factor, often referred to as

culture and other land use for modelling European BVOCthe environmental correction factor.

emissions. The schematic information flow of our BVOC emission
Estimates of European isoprene emission depend on theodel is depicted in Figl. The model contains four main

choice of emission algorithms describing the temperatureparts: (1) retrieving geo-referenced spatial data from sev-

and light dependence of emissions. Two different represeneral Geographic Information System (GIS) databases and

tations of the temperature and light dependence, GRie(-  property data from tabular databases, (2) meteorological

Biogeosciences, 6, 1059687, 2009 www.biogeosciences.net/6/1059/2009/
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input data from the European Centre for Medium Rangepart of GLC Northern Eurasia v4.0 and the Europe region
Weather Forecast (ECMWF) and leaf area index data froncorresponds to the extent of GLC Europe v1.0.

MODIS, (3) aggregation of the spatial GIS data for the Pan-  All land use data was aggregated and then projected
European domain, processing of tabular input and writingon a regular latitude/longitude grid. The data is avail-
output to HDF files, (4) calculation of BVOC emissions us- aple in WGS84 projection with a horizontal resolution of
ing a Canopy Environment Model written in Interactive Data 0.089x0.089 degrees for continental Pan-Europe. Since lon-
Language (IDL). In Sects2.1to 2.3 the procedure of re- gitudes are widest at the equator and converge towards the
trieving and aggregating spatial information with plant spe-poles, the grid cell area in the new latitude/longitude grid
cific properties is described in detail (part 1 and 3in Blg.  corresponds to about 9.6 km by 9.6 km at the southern bor-
Section2.4describes the Canopy Environment Model which der (20 N) and to about 9.6 km by 3.2km at the northern
was applied to calculate the emission activity fagteg ; in border (72 N) of the domain.

Eqg. (1). Throughout the paper, emission factors and emis;ion In the equations below; is used as an index for tree
rates refer to mass of BVOC compound. We note that ISO-gpecies,c for crop speciesg is an index for the general

prene emission estimates Byenther et al2006 are given CLC/GLC 2000 land use classes, amndenotes the BVOC
in mass carbon and that these were converted to mass %flasses.
isoprene for the comparison with the estimates of this work

(Sect3.5). The CLC/GLC2000 mosaic land use map covers the com-

plete Pan-European domain and the sum of area fractions of
CLC/GLC2000 mosaic vegetation classegq;) in a grid
2.1 Land use aggregation celli is assumed to be the total vegetated area fraction. Gen-
eral land use classes from the CLC/GLC2000 mosaic belong
In this section we derive the vegetated and emitting aréa to one of the three main land use gategones: agriculture,
a grid cell. A new land use map covering the European conforest and other land use category (i.e. shrubland, wetland,
tinental domain£20° W, 20° N to 4C° E, 72 N) is compiled ~ @nd grassland). The CLC/GLC2000 area fraction in a grid
by combination of tree species distributions from ffree  Cell is the sum of the cumulated area fractions of agriculture,
Species MagK dble and Seufer2002 and crop species dis-  elcagri» forest,acictor,i, and other land usexicotn;, vegeta-

tributions from theAgricultural Land Use Mag{Leip et al, ~ tion classes:
2008 with the CLC/GLC2000 mosaicK(©ble 2007 land
cover data. Thelree Species Magistinguishes 115 tree acic; = dclcagri + delcfor,i + dclcothi (2)

species and is based on the inventory of the ICP (Interna-
tional Cooperative Programme on Assessment and MonitorBy relating the cumulated areas of the CLC/GLC2000 mo-
ing of Air Pollution Effects on Forests) Forest Focus level 1 saic to the total area in each grid cell, it was assured that
network. TheAgricultural Land Use Mapncludes 26 crop 4. ; does not exceed 1 in each grid cell. Thus the vegetated
species and is based on work of the project CAPRI-DynaSpaéreas provided by the CLC/GLC2000 mosaic can be used
(Common Agricultural Policy Regional Impact Analysis — as a reference for the plant-specific land use data from the
The Dynamic and Spatial Dimension). THegricultural  Tree Species Magand from theAgricultural Land Use Map
Land Use Magcontains crop-specific information for EU15 The advantage of using the CLC/GLC2000 mosaic as a ref-
and theTree Species Magpontains tree-specific information erence is that it covers the complete Pan-European region,
for 30 European countries. According k@ble and Seufert  while both theTree Species Mapnd theAgricultural Land
(2002, the main tree species in Europe &i@us sylvestris  Use Mapcover only parts of the European domain.
with a percentage contribution of 31.2% to the forested area | the next step, forest and agriculture areas of the
in 30 countries, followed byicea abieg21.4%),Fagus syl-  c|.c/GLC2000 mosaic land cover in a cell were replaced
vatica (7.1%), Betula spp. (7.0%), Quercus robur(2.9%),  with the areas of the respective tree and crop species from
Pinus pinaste(2.5%),Quercus petrae§2.3%). the Tree Species Mapnd theAgricultural Land Use Map

The CLC/GLC2000 mosaic contains 50 vegetation where this information was available. The forested area in
classes, combining the Corine Land Cover map CLC2000a grid cell covered with th@ree Species Maghould be the
(seehttp://terrestrial.eionet.eu.ift@and the global and differ- same as the area from forest vegetation classes defined in
ent regional versions of the GLC200attp://bioval.jrc.ec. the CLC/GLC2000 mosaic. But since the maps were cre-
europa.eu/products/glc2000/glc2000.plfgr the European ated using different methods and data sources, there may
continent. Vegetation classes from the Global Land Coverpe inconsistencies between the CLC/GLC2000 mosaic and
GLC2000, were divided into Africa, Northern Eurasia, and the plant-specific land use maps. To avoid these incon-
Europe parts, if their geographical distribution covers dif- sistencies in the new European map, the area fractign
ferent parts of Pan-Europe. The African region correspondgor a single tree speciesand the area fraction, ; for a
to the European part of the GLC Africa v5.0 and the GLC single crop species is corrected with the cumulated area
Global v1.1, the Northern Eurasia region to the Europeanfraction of CLC/GLC2000 forest or agriculture vegetation

www.biogeosciences.net/6/1059/2009/ Biogeosciences, 6, 1089-2009
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classes within a grid cell. The corrected area fraction of aThe Continental vegetation zone is used as a reference zone

tree speciesy, ,, is:

dclcfor,i (3)

E ag i
1

and the corrected area fraction of a crop spedcigs, is:

/
4 = Qi -

a .
, clcagri ( 4)

a.. . zaC,i .
E dc,i
c

c,l
The grid cell area; (in m?) (see EqJ), that is covered
with vegetation and emits BVOC is:

A = (Z a;,i + Za;»i + aclcothi) : Acell,i (5)
t,i c,i

whereAce; is the total area of the grid cell(in mA).

2.2 Foliar biomass density

to define bioclimatic correction factors for treeg)( crops
(fe), and CLC/GLC2000 vegetation classeg ) Tablel
lists bioclimatic correction factors for main tree species and
Table?2 for crop species in each vegetation zone.

To derive the biomass correction of a vegetation zone of
interest, tree foliar biomass data and agricultural biomass
data for both the selected vegetation zone and the Continen-
tal vegetation zone is needed. Tree and forest foliar biomass
data was derived from litterfall and foliar net primary pro-
ductivity (NPP) data and crop and agriculture biomass data
was derived from national crop yield information. The zonal
bioclimatic factor for a tree species is defined as the ratio of
the average foliar biomass of this tree species in the selected
vegetation zone to its average foliar biomass in the Conti-
nental zone. The zonal bioclimatic factor for a crop species
is defined as the ratio of the harvested yield of this crop in the
selected vegetation zone to its crop yield in the Continental
zone. The extraction of the necessary tree foliar biomass data
and crop yield data from available databases is described in
the following.

Foliar biomass density distribution for Europe is determined [itterfall data and foliar NPP are used as indicators for
from the land use information and plant-specific values. Thegrowth conditions for the main tree species. The informa-

foliar biomass density; in a grid cell (see Edl) is the sum
of the foliar densities of treed;, and of cropsd,, in the cell,

tion on the litterfall and foliar NPP of trees at European
sites is extracted from four databases: (1) leaf fall data

weighted by the area contribution of the plant to the cell areafrom the global litterfall database of the Oak Ridge Na-
For the remaining area of a grid cell, covered with vegeta-tional Laboratory (ORNL) Distributed Active Archive Cen-

tion of CLC/GLC2000 classes, the foliar densityis added,
weighted by the area fractien ; of the CLC/GLC2000 class
g inthat cell:

D, = Zat/’id,f,+Zaé,[dc-fc-+2ag,idgfg (6)
t c 8

ter (DAAC) (Holland et al, 2005, (2) the Forest Focus
database for the ICP level2 plotstip://forest.jrc.ec.europa.
eut http:/imww.icp-forests.org/ (3) the foliage component

of NPP from the recent global database on forest carbon
fluxes and pools presented byyssaert et al2007), (4) leaf

fall data for birch Betula spp. from the new AFOLU (Agri-

where f;, f. and f, are the dimensionless zonal bioclimatic culture, Forestry and Other Land Uses) Biomass Compart-
correction factors for trees, crops and CLC/GLC2000 vege-ments databaseT¢obaldellj 2008 seehttp://afoludata.jrc.
tation classes, respectively. European foliar biomass densitgc.europa.eu/index.php/logirAnnual dry foliar biomass in
distributions calculated from Eq6) for agriculture, forest, gm~2 was calculated for each data record at European sites
other land use and total land use are shown in Fig. Al in thdrom the four databases. NPP data for the foliar compartment
Electronic Supplement (sewtp://www.biogeosciences.net/ from Luyssaert et al(2007) were converted from carbon to
6/1059/2009/bg-6-1059-2009-supplement)pdf dry biomass using a conversion factor of 2. We note that the
To consider different growth conditions for the same tree conversion factor from dry biomass to carbon may vary de-
species within Pan-Europe, e.g. in the Boreal zone compending on the actual C/N ratiblflland et al, 2005 but due
pared to growth conditions in Central Europe, the foliar to incomplete datasets a factor of 2 was generally used for the
biomass densities were scaled relative to growing condi-conversion. Depending on the geographic location of the for-
tions in the continental vegetation zone. For this purposeest site, the resulting foliar biomass for a certain tree species
we introduced zonal bioclimatic correction factors for the was attributed to the corresponding vegetation zone. By this
different plant species and vegetation classes. Zonal biocliprocedure, altogether 89 litterfall records were compiled for
matic correction factors were defined for 10 European veg-Pinus sylvestris119 forPicea abies54 for Fagus sylvatica
etation zones using tHadicative Map of European Biogeo- 439 forBetula spp.and 92 forQuercus roburandQuercus
graphical Regionsieveloped by th&uropean Environment petraea Zonal bioclimatic correction factors for tree species
Agency(2007): Alpine, Boreal, Atlantic, Continental, Step- and forests are given in Table
pic, Pannonian, Anatolian, Mediterranean, Black Sea and Crop yields are used as an indicator for growth conditions
Africa-Arabia. The Africa-Arabia zone extends over North- of crops. National crop yields per hectare were obtained
ern Africa, Western Arabia and the biogeographic regionfrom the Food and Agriculture Organization of the United
Macaronesia (Canary Islands, Madeira and Azores IslandsNations (FAO) FAOSTAT, 2007, for all countries within

Biogeosciences, 6, 1059687, 2009 www.biogeosciences.net/6/1059/2009/
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Table 1. Bioclimatic correction for main tree species and forest vegetation classes in European vegetation zones. The Continental vegetation
zone is used as the reference Zohe

Tree species Alpine Arctic Atlantic Boreal Contin. Mediterr. Steppic
Betula spp. 0.81 0.51 0.73 1.36 1.00 1.00 1.11
Fagus sylvatica 0.73 0.73 0.74 0.73 1.00 1.00 1.00
Picea abies 0.86 0.60 0.58 0.60 1.00 1.00 1.00
Pinus sylvestris 0.96 0.96 1.83 0.96 1.00 1.69 2.09
Quercus robur/petraea 0.89 0.89 0.89 0.89 1.00 1.00 1.00
ID¢  Vegetation class
23 Broad-Leaved Forest 0.92 0.89 0.91 0.97 1.00 1.00 1.01
24 Coniferous Forest 0.93 0.82 1.16 0.82 1.00 1.27 1.43
25 Mixed Forest 0.92 0.86 1.04 0.90 1.00 1.14 1.22
100 Broadl. Everg. Forest 0.92 0.89 0.91 0.97 1.00 1.00 1.01
101a Broadl. Dec. Forest 0.90 0.75 0.86 1.18 1.00 1.00 1.05
101b Broadl. Dec. Forest 0.86 0.80 0.85 0.97 1.00 1.00 1.02
101c Broadl. Dec. Forest 0.92 0.89 0.91 0.97 1.00 1.00 1.01
102a Needl. Everg. Forest 0.89 0.72 1.04 0.98 1.00 1.21 1.36
102b  Needl. Everg. Forest 0.93 0.82 1.16 0.82 1.00 1.27 1.43
102¢ Needl. Everg. Forest 1.00 1.00 1.00 1.00 1.00 1.00 1.00
103 Need|. Decid. Forest 1.00 1.00 1.00 1.00 1.00 1.00 1.00
104a Mixed Forest 0.89 0.73 0.95 1.08 1.00 1.10 121
104b  Mixed Forest 0.92 0.86 1.04 0.90 1.00 1.14 1.22
104c  Mixed Forest 0.92 0.86 1.04 0.90 1.00 1.14 1.22

@ Bioclimatic factors are derived from litterfall fluxes of major tree species from different databases as described in the text. Litterfall flux
measurements were attributed to the respective vegetation zone where the forest site is located in. A bioclimatic correction factor of 1 was
used for the following vegetation zones: Anatolian, Black Sea, Pannonian, and Africa-Arabia. No data on the selected European tree species
were found for these zones. The following forest types from the CLC/GLC2000 land use database are assigned a bioclimatic correction
factor of 1 in all vegetation zones: forest and shrub/grassland mosaic, regularly flooded saline tree area. All tree species not listed here are
assigned a bioclimatic correction factor of 1 in all vegetation zones.

b Forest sample sites with elevatier®00 m south of 690N and>500 m north of 60 N are defined as Alpine. In case no data for one of the
listed tree species was found in the Mediterranean or Steppic vegetation zone, the reference value of 1.00 is used. In case no data was four

for the Boreal zone, the value from the Alpine zone is used. In case no data was found for Arctic or Alpine zones, the value from the Boreal
zone is used instead.

€ Vegetation class ID of CLC/GLC2000 landcover mosaic as indicat&blsie (2007). Letter a refers to GLC Northern Eurasia v4.0, letter
b refers to GLC Europe v1.0 and letter ¢ refers to GLC Africa v5.0 + GLC Global v1.1.

the Pan-European domain defined in this work. FAOSTAT is  The Foliar biomass densitl for several tree species was

the most widely recognized standard for national level agri-derived from the four forest biomass databases (DAAC, ICP,

cultural statistics. National yields (yearly average of 2000—global database biuyssaert et al(2007), and AFOLU).

2005) of crop species given in thgricultural Land Use  This was done for tree species with more than 10 data records

Mapwere retrieved from FAOSTAT. The national crop yields within the Continental vegetation zone. Based on 34 records

were allocated to the vegetation zone to which main parts of value of 358:108 gnT2 was obtained foFagus sylvat-

the respective country belong geographically (see explanaica which is at the higher end of the range (34¥ g n1?2)

tions in Table2). In the Arctic vegetation zone, the biocli- given byVeldt (1991). For European oaksJuercus robur

matic correction factor is 0.55 for all crops and agriculture and Quercus petragaa value of 29874gnT?2 was de-

types. This value is derived from the yield of potatoes grownrived, which is lower than the mean value of 3380 g n2)

in Iceland. It should be noted that FAO crop yields not only from Veldt (1991) but well within the range of uncertainty.

reflect the influence of climate on agriculture productivity but Our values forBetula spp. Pinus sylv. and Picea abies

also depend on agriculture management, farming practice®30+185 g nT2, 690240 g nT2, and 1346700 g nT?, re-

and fertiliser application. Zonal bioclimatic correction fac- spectively, are in reasonable agreement Wighdt (1989,

tors for crop species and agriculture are compiled in Table but show a large spread. Furthermore, foliar biomass densi-
ties could be derived for the Mediterranean o@keercus ilex

www.biogeosciences.net/6/1059/2009/ Biogeosciences, 6, 10892009



1064 M. Karl et al.: European BVOC emissions

Table 2. Bioclimatic correction for crops and agriculture vegetation classes in European vegetation zones. The Continental vegetation zone
is used as the reference z8ne

Crop species or Alpine  Anatol. Atlantic Black Boreal Contin. Mediterr. Pannon. Steppic Africa-
Vegetation class h Sea Arabia
Barley 0.90 0.59 151 0.43 0.67 1.00 0.66 0.82 0.51 0.36
Durum Whedt 0.87 0.47 1.72 0.40 0.74 1.00 0.59 0.86 0.55 0.49
Fruit trees and berry plantatidchs ~ 0.98 1.00 1.39 0.13 0.27 1.00 0.72 0.68 0.19 0.66
Maize 0.88 0.74 1.68 0.32 0.46 1.00 1.25 0.86 0.49 1.15
Olive groves 1.70 1.45 0.74 142 1.0 1.00 1.42 106 1000 140
Rape and turnip rape 1.02 0.22 1.46 6.660.72 1.00 0.66 0.83 0.46 0.62
Fibre and oleaginous crops 1.02 0.22 1.46 066 0.72 1.00 0.66 0.83 0.46 0.62
Vineyards 1.00 0.96 0.71 0.42 0.72 1.00 1.13 1.05 0.65 1.28
Oats 0.92 0.62 1.78 0.37 0.77 1.00 0.52 0.72 0.49 0.23
Other cereals 0.92 0.34 1.29 0.14 0.58 1.00 0.41 0.73 0.16 0.40
Other crop§ 0.92 0.34 1.29 0.14 0.58 1.00 0.41 0.73 0.16 0.40
Fodder other on arable land 058  1.09 0.77 417031  1.00 1.17 .00 1000 134
Other non perman. industrial créps 0.92 0.34 1.29 0.14 0.58 1.00 0.41 0.73 0.16 0.40
Tomatoes and Fresh Vegetales  0.82 0.72 0.59 0.56 0.62 1.00 0.78 0.75 0.51 0.70
Rice 1.15 1.48 1.32 0.00 0.85 1.00 1.39 0.89 0.90 1.23
Potatoes 0.86 1.12 1.76 0.47 0.75 1.00 0.88 0.93 0.41 0.97
Dry pulses 131 0.27 1.67 088 0.76 1.00 0.58 0.45 0.65 0.43
Other root crops 0.86 1.12 1.76 0.47 0.75 1.00 0.88 0.93 0.41 0.97
Rye 0.96 0.50 1.27 0.26 0.76 1.00 0.54 0.63 0.50 0.43
Soya 1.38 2.24 1.75 1.87 0.75 1.00 1.68 1.42 0.88 1.03
Sugar beet 1.02 0.96 1.39 0.38 1.22 1.00 1.36 1.02 0.48 1.10
Sunflower 0.68 0.78 1.20 0.32 0.45 1.00 0.62 1.03 0.61 0.75
Common whe& 0.87 0.47 1.72 0.40 0.74 1.00 0.59 0.86 0.55 0.49
Non-Irrigated Arable Lar®y 0.87 0.47 1.72 0.40 0.74 1.00 0.59 0.86 0.55 0.49
Permanently Irrigated LaSd 0.82 0.72 0.59 0.56 0.62 1.00 0.78 0.75 0.51 0.70
Rice Fields 1.15 1.48 1.32 149 0.85 1.00 1.39 0.89 0.90 1.23
Vineyards 1.00 0.96 0.71 0.42 0.72 1.00 1.13 1.05 0.65 1.28
Olive Groves 170 145 0.74 142 1000  1.00 1.42 100 100 140
Pastures 058  1.09 0.77 1%7 031 1.00 1.17 .06 1000 134
Annual crops assoc. w perm. cr§ps 0.92 0.34 1.29 0.14 0.58 1.00 0.41 0.73 0.16 0.40
Complex Cultivation Patterns 1.14 0.38 1.47 0.13 0.76 1.00 0.56 0.54 0.58 0.43
Agriculture w. areas of natural veg.  0.94 0.42 1.28 0.20 0.67 1.00 0.48 0.68 0.33 0.42
Agro-Forestry Areas 1.54 1.84 1.24 0.94 0.37 1.00 1.55 0.71 0.44 121
Non Irrigated Croplan®! 0.87 0.47 1.72 0.40 0.74 1.00 0.59 0.86 0.55 0.49
Irrigated Croplanl 0.82 0.72 0.59 0.56 0.62 1.00 0.78 0.75 0.51 0.70
Cropland unspecified 1.04 0.91 1.31 #900.71 1.00 0.90 0.81 0.53 0.81

@ Bioclimatic factors are derived from FAO crop yields reported by the respective nations that were allocated to a specific vegetation zone.
The Anatolian zone is represented by Turkey, the Alpine zone by Bosnia and Herzegovina, Macedonia, Slovakia, Slovenia, Switzerland, the
Atlantic zone by Belgium, Denmark, France, Ireland, the Netherlands, United Kingdom, the Black Sea zone by Georgia, the Boreal zone by
Estonia, Finland, Latvia, Lithuania, the Russian Federation, Sweden, the Continental zone by Austria, Belarus, Bulgaria, Croatia, France,
Germany, Luxembourg, Poland, Romania, the Mediterranean zone by Albania, Greece, Italy, Malta, Portugal, Spain, Cyprus, the Pannonian
zone by Hungary, the Steppic zone by Moldavia, Ukraine, the Africa-Arabia zone by Israel, Jordan, Lebanon, Syrian Arab Republic, Algeria,
Egypt, Libyan Arab Jamahiriya, Morocco, Tunisia. The following crops and agriculture types are assigned a bioclimatic factor of 1 in all
vegetation zones except for the Arctic: citrus fruits, nurseries, floriculture, fallow land, permanent gras and grazing, and tobacco from the
Agricultural Land Use Mapand the vegetation classes tree crops and cropland/forest/shrubland/grassland mosaic from CLC/GLC2000. In
the Arctic vegetation zone, the bioclimatic factor is 0.55 for all crops and agriculture types.

b From FAO crop yields of whea€; From FAO crop yields of applé", No yields reported to FAO, the bioclimatic factor from Mediterranean

is used for Black Sea and the bioclimatic factor from Continental is used for other £dfmsn FAO crop yields of rape seddErom FAO

crop yields of cereal$) From FAO crop yields of vegetables.

h We note that high valuesf{>1) for olive groves, rice, soya and dry pulses in the Alpine zone are a result of defining certain countries as
alpine though only parts of the country belong to the Alpine zone. The high values have no effect on the calculation of the emissions since
the mentioned crops are not cultivated in the Alpine zone.
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andQuercus cocciferaThey were found to be 510 gtTAand standard emission potentials for CLC/GLC2000 vegetation
520 g n2, respectively, and thus well in agreement with the classes are compiled in Tal8e
default value for evergreen broadleaved trees givekiedgt Monoterpenes are known to constitute a main fraction of
(1989. “essential oils” that are produced and stored in the plant se-
Foliar biomass density values of trees, and of crops, cretory organsesselmeier and Staydi999. Itis now well
d., for use with Eq. §) are listed in Table3 and4. Most  established that stored monoterpenes and other BVOC are re-
values in Table8 and4 are representative for growing con- leased depending on the temperature and this type of emis-
ditions in the temperate and humid part of Europe, which ission behaviour is usually referred to as pool emissions. Iso-
in our work referred to as the Continental zone. To deter-prene is never stored after its production by plants but rapidly
mine D;, foliar biomass densities of main tree and all crop lost by volatilisation and isoprene emissions are dependent
species and classes were corrected with the bioclimatic facen both temperature and light. A number of studies revealed
tor for different climatic regions. Foliar biomass densities of that monoterpene (MT) emissions from many plant species
trees were adopted from tlEEBMEP/CORINAIR(1999 man-  exhibit a strong dependence on light and were negligible dur-
ual, which are based on the study\éldt (1989, and for  ing the night Gtaudt and Seuferi995 Bertin et al, 1997
Mediterranean trees fro@wen et al(2001) and completed Moukhtar et al. 2005 Dindorf et al, 200§. This type of
with values fromGeron et al(1994) taken from the GIoBEIS ~ emissions is termed newly synthesized emissions.
database. For several tree species, foliar biomass densities Crop plants are considered to be low emitting species.
have been derived from litterfall data within the frame of However, grasslands and pastures have been found to emit
this work. For crop species, default values for foliar biomassquite substantial amounts of oxygenated Vaegselmeier
densities given in thEMEP/CORINAIR(1999 manual and and Staudt1999. Previous estimates of European BVOC
from Simpson et al(1999 were taken. The plant composi- emissions from agriculture have been based on generalized
tion of CLC/GLC2000 vegetation classes was extracted fromcrop emission properties (e.§impson et a).1995 1999
the CLC/GLC2000 documentation. The plant composition Steinbrecher et al2009. Simpson et al(1999 estimate a
(see Tablé) was used to derive foliar biomass densities for total of 1440 Ggyr! BVOC from agriculture crops, consist-
the respective CLC/GLC2000 class by weighting the con-ing mainly of oxygenated VOC emissions (1350 Gg
tributions of individual crop species from thgricultural Isoprene emissions from widespread crops as wheat, oat and
Land Use Mapand tree species from thieee Species Map rye are generally found to be zero or close to zék®ey et
This procedure reduces the bias of foliar biomass densitiesl., 1991 Winer et al, 1992 Konig et al,1995. Available
for general land use classes, compared to the application gfmission data for oxygenated VOC (OVOC) are scarce and

default values for general land use classes. only rough estimations on oxygenated VOC emissions ex-
ist (e.g.Seco et aJ.2007, and references therein) and there
2.3 BVOC standard emission factors are only a few studies with chemical speciation of OVOCs.

The OVOC class includes all oxygenated compounds with
The aggregation of the standard emission poteggialof a ~ C1-C12, like alcohols, ketones, aldehydes, etc., which are
BVOC classb in a grid cell follows the procedure for the volatile. A large fraction of oxygenated VOC (often ab-

foliar densities; it is: breviated as oxyVOC) is composed of short-chained VOC,
like methanol, ethanol, formaldehyde, acetaldehyde, ace-

€hi = Zaé,ieb,z,i + Zaé,iéb,c,i + Zag,ieb,g,i 7) tone, f_ormic aci(_j, and acetic acid. In this work, the standa_rd
; c g emission potentials for OVOC were adopted from the NatAir

study Steinbrecher et 3l2009. For most plant species and

where €, €c; and ¢, ; are the BVOC standard land use classes a default value ofﬂg]gg\}v h—1is applied.
emission potentials of a single tree species, crop species Information on plant-specific emission factors for
and CLC/GLC2000 vegetation class respectively. Datasesquiterpenes in Europe has been compiled in the recent
on emission potentials at standard conditions for tree andeview of Duhl et al. (2007. Duhl et al. (2007 state
crops species and for the CLC/GLC2000 classes waghat values of early sesquiterpene (SQT) emission studies
adopted from the work ofSteinbrecher et al(2009, were very likely positively biased by disturbance-induced
the NatAir project inventory. European standard emis-emission bursts, elevated enclosure temperatures and distur-
sion potential distributions calculated from Edg) (for bances during sample collection. In tBbehl et al.(2007)
isoprene, monoterpenes (pool), monoterpenes (synthesis)eview, average values of SQT standard emission potentials
and sesquiterpenes are shown in Fig. A2 (in the Elecfor coniferous trees, broadleaf trees, shrubs and crops are
tronic Supplement:http://www.biogeosciences.net/6/1059/ presented but these authors note that the high standard
2009/bg-6-1059-2009-supplement.pdf complete list of  deviations associated with each class preclude using these
standard emission potentials for all BVOC classes of treesdata to assign emission factors to individual plant functional
€b.1.i, and of cropsegp ;i IS given in Tables3 and4. Veg- types since there is no significant difference between
etation composition, foliar biomass densities and BVOCthese average values. The respective average and standard
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Table 3. Foliar biomass densities in g dry mass fnand standard emission potentials fixy 95\}\, hr=1 at 3°C leaf temperature and

1000mol m—2s~1 PPFD) of isoprene, monoterpenes, oxygenated VOC (OVOC) and sesquiterpenes for tree spegigardifonoter-
penes emitted with temperature and light dependence angdyldre only temperature dependent. Standard emission potentials are adopted
from the NatAir inventory $teinbrecher et 8l2009. The default standard emission potential for OVOC is,/zg@g\}v hr—1 and the default
standard emission potential for sesquiterpenes iaggg\}v hr-1. A.f. is the percentage area of each tree species to the total forest area

of the Tree Species Mapaken fromLenz et al.(2002. Seasonality type: eve=broadleaf/coniferous evergreen, dec=broadleaf/coniferous
deciduous.

Species d Stand. emission potentigk( gs\}v hr=1) Seas. A.f. Refd
(gm2) ISOP MTsynt MTpoot OVOC  SQT type (%)
Abies alba 1260 1.0 0.5 1.0 2.0 0.1 eve 1.505 AAK95
Abies borisii-regis 1260 18.4 2.5 0.2 2.0 0.1 eve 0.149 Abies alba
Abies cephalonica 1260 0.0 0.3 0.6 2.0 0.1 eve 0.223Abies alba
Abies grandis 1260 0.0 0.3 0.6 2.0 0.1 eve 0.003 Abies alba
Acer campestre 320 0.0 1.5 0.0 2.0 0.1 dec 0.046 Cb99,
Acer monspessulanum 320 0.0 15 0.0 2.0 0.1 dec 0.020 éo99,
Acer opalus 320 0.1 15 0.0 2.0 0.1 dec 0.044 Ccdoo,
Acer platanoides 320 0.1 15 0.0 2.0 0.1 dec 0.337 Ccboy,
Acer sp. 320 0.1 15 0.0 2.0 0.1 dec 0.122 cd99,
Alnus cordata 320 0.0 15 0.0 2.0 0.1 dec 0.072 CH99,
Alnus glutinosa 320 0.0 15 0.0 2.0 0.1 dec 0.346 Cc&99,
Alnus incana 320 0.0 15 0.0 2.0 0.1 dec 0.188 cé99,
Alnus viridis 320 0.0 1.5 0.0 2.0 0.1 dec 0.004 CC?99,
Arbutus andrachne 300 0.0 0.0 0.0 2.0 0.1 dec 0.009 \/1E89,
Arbutus unedo 300 0.1 0.0 0.1 2.0 0.1 dec 0.042 VE89,
Betula pendula 240 0.0 0.0 3.0 2.0 2.0 dec 2.321 This work
Betula pubescens 240 0.0 0.0 3.0 2.0 2.0 dec 4.661 This work
Buxus sempervirens 980 100 0.0 0.2 2.0 0.1 eve 0.025 Oowo1
Carpinus betulus 320 0.0 0.0 0.1 2.0 0.1 dec 0.970 CcH99,
Carpinus orientalis 320 0.0 0.0 0.0 2.0 0.1 dec 0.012 0699,
Castanea sativa 380 0.0 10.0 0.0 2.0 0.1 dec 1.077 VE89
Cedrus atlantica 700 0.0 0.0 1.0 2.0 0.1 eve 0.024 CcH99,
Cedrus deodara 700 0.0 0.0 1.0 2.0 0.1 eve 0.003 099,
Cercis siliquastrum 300 0.0 0.0 0.0 2.0 0.1 dec 0.011 VESQ9,
Ceratonia siliqua 300 0.0 0.0 0.0 2.0 0.1 eve 0.003 VE89,
Corylus avellana 300 0.0 0.0 0.0 2.0 0.1 dec 0.010 VES9,
Cupressus sempervirens 700 0.0 0.0 0.7 2.0 0.1 eve 0.030 CO099
Erica arborea 96 13.0 0.0 0.0 2.0 0.1 eve 0.011 owo1
Erica multiflora 150 0.0 0.0 0.0 2.0 0.1 eve <0.001 OWO01
Erica scoparia 150 0.0 0.0 0.0 2.0 0.1 eve <0.001 OWO01
Eucalyptus sp. 400 50.0 0.0 54 2.0 0.1 eve 0.847 C0O99
Fagus moesiaca 320 0.0 0.0 0.0 2.0 0.1 dec 0.148 é’099,
Fagus orientalis 320 0.0 0.0 0.0 2.0 0.1 dec 0.015 Cco99,
Fagus sylvatica 350 0.0 211 0.0 2.0 0.1 dec 7.107 This work
Fraxinus angustifolia 320 0.0 0.0 0.0 2.0 0.1 dec 0.049 C’7099,
Fraxinus excelsior 320 0.0 0.0 0.0 2.0 0.1 dec 0.596 C@)99,
Fraxinus ornus 320 0.0 0.0 0.0 2.0 0.1 dec 0.091 CcH99,
llex aquifolium 375 0.0 0.0 0.0 2.0 0.1 eve 0.006 GE9%4
Juglans nigra 320 0.0 0.0 1.0 2.0 0.1 dec 0.001 C099
Juglans regia 300 0.0 0.0 1.0 2.0 0.1 dec 0.003 VE89
Juniperus communis 700 0.0 0.3 0.6 2.0 0.1 eve 0.025 C7099,
Juniperus oxycedrus 700 0.0 0.0 15 2.0 0.1 eve 0.038 C099,
Juniperus phoenicea 700 0.0 0.0 15 2.0 0.1 eve 0.015 2099,
Juniperus thurifera 700 0.0 0.0 0.0 2.0 0.1 eve 0.147 0699,
Larix decidua 300 0.0 0.0 5.0 2.0 0.1 dec 0.808 VES9,
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Table 3. Continued.

Species d Stand. emission potentigk{ gB\}V hr‘l) Seas. A.f. Refd
(gm=2) ISOP MTsynt MTpeo OVOC  SQT  type (%)
Larix kaempferi 300 0.0 0.0 5.0 2.0 0.1 dec 0.065 VES9,
Laurus nobilis 500 0.0 0.0 0.0 2.0 0.1 eve <0.001 VE89?
Malus domestica 375 0.0 0.0 0.0 2.0 0.1 dec 0.002 GE9%4
Olea europaea 200 0.0 0.0 0.1 2.0 0.1 eve 0.041 C099
Ostrya carpinifolia 320 0.0 0.0 0.0 2.0 0.1 dec 0.288 C899,
Phillyrea latifolia 300 0.0 0.0 0.5 2.0 0.1 eve 0.028 VES9,
Picea abies 1340 1.0 2.1 0.4 2.0 0.1 eve 21.36 This work
Picea sitchensis 1400 4.8 0.0 6.5 2.0 0.1 eve 0.776 VE89
Pinus brutia 700 0.0 0.0 2.0 2.0 0.1 eve 0.040 VES9,
Pinus canariensis 700 0.0 0.0 6.0 2.0 0.1 eve 0.062 \i‘E89,
Pinus cembra 700 0.0 0.0 25 2.0 0.1 eve 0.020 vEs9,
Pinus contorta 700 0.0 0.0 6.0 2.0 0.1 eve 0.198 vESs9,
Pinus halepensis 700 0.0 0.0 2.7 2.0 0.1 eve 1.296 VESY,
Pinus leucodermis 700 0.0 0.0 6.0 2.0 0.1 eve 0.008 VESQ9,
Pinus mugo 700 0.0 0.0 6.0 2.0 0.1 eve 0.002 VE89,
Pinus nigra 700 0.0 3.0 3.0 2.0 0.1 eve 1.735 VES89,
Pinus pinaster 700 0.0 0.0 2.0 2.0 0.1 eve 2.532 vE89,
Pinus pinea 700 0.0 3.0 3.0 1.8 0.1 eve 0.233 VES9,
Pinus radiata 700 0.0 3.0 3.0 2.0 0.1 eve 0.136 Vﬁ89,
Pinus strobus 700 0.0 25 25 2.0 0.1 eve 0.031 vEs9,
Pinus sylvestris 690 0.1 25 25 2.0 0.1 eve 31.15 This work
Pinus uncinata 700 0.1 2.5 2.5 2.0 0.1 eve 0.056 VvES9,
Pistacia lentiscus 1014 0.0 0.0 0.6 2.0 0.1 eve 0.001 owo1
Pistacia terebinthus 230 0.0 0.0 0.1 2.0 0.1 eve 0.014 Oowo1
Platanus orientalis 320 18.5 0.0 0.1 2.0 0.1 dec 0.068 C099
Populus alba 320 60.0 0.0 0.0 2.0 0.1 dec 0.031 C@QQ,
Populus canescens 320 70.0 0.0 0.0 35 0.1 dec 0.060 €099,
Populus hybrides 320 70.0 0.0 0.0 2.0 0.1 dec 0.179 c099,
Populus nigra 320 70.0 0.0 0.0 2.0 0.1 dec 0.044 cH99,
Populus tremula 320 60.0 0.0 0.0 2.0 0.1 dec 0.598 0‘599,
Prunus avium 300 0.0 0.0 0.1 2.0 0.1 dec 0.151 cHog,
Prunus padus 300 0.0 0.0 0.1 2.0 0.1 dec 0.001 099,
Prunus serotina 300 0.0 0.0 0.1 2.0 0.1 dec 0.005 099,
Pseudotsuga menziesii 1000 1.0 0.0 2.0 2.0 0.1 eve 0.420 C099
Pyrus communis 300 0.0 0.0 0.0 2.0 0.1 dec 0.005 vEs9,
Quercus cerris 320 0.1 0.0 0.6 2.0 0.1 dec 1.037 VES9,
Quercus coccifera 520 0.1 25.0 0.0 2.0 0.1 eve 0.225 This work
Quercus faginea 320 111.0 0.0 0.0 2.0 0.1 dec 0.228 \?E89,
Quercus frainetto 320 85.0 0.0 0.0 2.0 0.1 dec 0.517 VES9,
Quercus fructosa 320 0.1 20.0 0.0 2.0 0.1 eve 0.048 VES9,
Quercus ilex 510 0.1 43.0 0.0 2.0 0.1 eve 2.177 This work
Quercus macrolepsis 320 0.2 0.0 0.7 2.0 0.1 dec 0.019 \§E89,
Quercus petraea 290 45.0 0.0 0.3 2.0 0.1 dec 2.309 This work
Quercus pubescens 320 70.0 0.0 0.3 2.0 0.1 dec 1.488 ¥E89,
Quercus pyrenaica 320 59.0 0.0 0.3 2.0 0.1 dec 0.618 VES89,
Quercus robur 290 70.0 0.0 1.0 2.0 0.1 dec 2.930 This work
Quercus rotundifolia 500 0.2 14.6 0.0 2.0 0.1 eve 0.201 VES9,
Quercus rubra 320 35.0 0.0 0.1 2.0 0.1 dec 0.132 VES9,
Quercus suber 500 0.2 20.0 0.0 2.0 0.1 eve 0.835 \)3589,
Quercus trojana 320 0.2 0.0 0.2 2.0 0.1 eve 0.041 \@89,
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Table 3. Continued.

Species d Stand. emission potentigh( 95\}\, hr-1) Seas. A.f. Refd
(gm™?) ISOP MTsynt MTpoe OVOC SQT type (%)

Robinia pseudoacacia 320 120 0.0 0.1 2.0 0.1 dec 0.464 CO099
Salix alba 150 37.2 0.0 1.1 2.0 0.1 dec 0.003 Cé)@)g,
Salix caprea 150 189 0.0 0.1 2.0 0.1 dec 0.037 CHoo,
Salix cinerea 150 28.0 0.0 0.8 2.0 0.1 dec 0.001 C#vo,
Salix eleagnos 150 28.0 0.0 0.8 2.0 0.1 dec 0.001 CJ€999,
Salix sp. 150 28.0 0.0 0.8 2.0 0.1 dec 0.024 Cé@Q,
Sorbus aria 300 0.0 0.0 0.0 2.0 0.1 dec 0.036 VEB89,
Sorbus aucuparia 300 0.0 0.0 0.0 2.0 0.1 dec 0.046 VE89,
Sorbus domestica 300 0.0 0.0 0.0 2.0 0.1 dec 0.010 VES89,
Sorbus torminalis 300 0.0 0.0 0.0 2.0 0.1 dec 0.016 VES89,
Thuya sp. 1500 0.0 0.0 0.6 2.0 0.1 eve 0.003 GE9%4
Tilia cordata 320 00 00 0.0 2.0 01 dec 0211 Cdbo,
Tilia platyphyllos 320 00 00 0.0 2.0 0.1 dec 0.044 CQG%9,
Tsuga sp. 700 0.1 0.0 0.2 2.0 0.1 eve 0.020 GEY%4
Ulmus glabra 320 0.1 0.0 0.1 2.0 0.1 dec 0.030 C&ho,
Ulmus laevis 320 0.1 0.0 0.1 2.0 0.1 dec 0.006 C&d9,
Ulmus minor 320 01 00 0.1 2.0 01 dec 0.012 C@99,

References: AAK9Bndreani-Aksoyoglu and Kellg1995; VE89 Veldt (1989, value for:! default deciduous broadleavéd, arix default,
3 default evergreen broadleavétotherPinus spp.® deciduous oaks; CO9BMEP/CORINAIR (1999, value forl Acer sp, 2 Alnus sp.
3 Carpinus 4 Cedrus ° Fagus sp.8 Fraxinus 7 Juniperus 8 Populus  Prunus 10 Salix 11 Tilia, 12UImus; OW01 Owen et al(2001);
GE94Geron et al(1994.

deviation values are 0.29.41, 1.43%2.20, 7.06:6.83 2.4.1 Temperature-dependent emissions

and 0.19-0.43u9 gg\}v h~1. The high standard deviations

associated with these numbers allow for the lower defaultMonoterpene emissions for most coniferous plants and the
value of 0.1ug gg, h~! that was chosen in this work. We emissions of OVOC in general are assumed to be pool emis-
applied the default standard emission potential for all treesions depending only on temperature. For this compound
species, with the exception of birch. FBetula pendula  group, the emission activity factor is:

and Betula pubescensxperimental data showed elevated

emission potentials{onig et al, 1995 Hakola et al, 2001, YCEi (PO = ¥pool - ¥seas 8)
vuorinen et al.2009. with ypool calculated using the approach Glienther et al.
2.4 Canopy environment model (1993:

Ypool = eXP(B(T — Ts)) 9)

In this section a simplified canopy environment model is pre-

sented that calculates the emission activity fagtee; in with the empirical coefficien{3=0.09K™1, T the leaf

Eq. (1) depending on temperature and the light incident ontemperature (in K) and’s the leaf temperature at standard

the leaves as well as on the actual emitting leaf surface (pargonditions (in K). The calculation ofseasis explained in

4 in Fig.1). The model contains emission algorithms for dif- gect.2.4.3

ferent BVOC classes. Depending on compound and plant, Emissions of sesquiterpene are assumed to be pool emis-

emissions originate from the storage pools of the leavessions, although there is evidence that emissionsgef

and/or are newly synthesized in the leaves. For pool emistaryophyllene, a major SQT emitted by plants, are both

sions, the model calculates the pool emission activity factor"ght and temperature dependent (eSghuh et al. 1997

yce.i (pool). For newly synthesized emissions, i.e. emissionSHansen and Seufer2003. Hakola et al.(2006 stated

of isoprene and Mdyny, yce,i (Synd is calculated. that it can be difficult to discern light dependencies from
SQT emission data under field conditions since light satu-
ration of the applied emission algorithms is achieved in most
cases.Tarvainen et al(2005 reported measurements pf
caryophyllene emissions from Scots Pine in darkened branch
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Table 4. Foliar biomass densities in g dry mass fnand standard emission potentials fixy 95\}\, hr=1 at 3°C leaf temperature and

1000xmolm—2s~1 PPFD) of isoprene, monoterpenes, OVOC and sesquiterpenes for crop species. MT synt are monoterpenes emitted
with temperature and light dependence and MT pool are only temperature dependent. Standard emission potentials are adopted from th
NatAir inventory Steinbrecher et gl2009. The default standard emission potential for OVOC is;ag@s\}v hr~1 and the default standard
emission potential for sesquiterpenes is;ﬁg]gg\}v hr-1.

Species d Stand. emission potentighk( gB\}V hrfl) Seas? Ref.d
(@m2) ISOP MTsynt MTpgo OVOC SQT type
Barley 1290 0.0 0.5 0.5 2.0 0.1 barl C099
Citrus fruits 500 0.0 0.5 0.5 2.0 0.1 eve C0O99b
Durum Wheat 800 0.5 0.5 0.5 2.0 0.1 swhe C099
Floriculture 1000 0.0 0.5 0.5 2.0 0.1 non Sta9
Permanent gras and grazing 400 0.5 0.5 0.5 2.0 0.1 eve €099
Fallow land 400 0.5 0.5 0.5 2.0 0.1 eve cd99
Fruit tree and berry plantations 251 0.5 0.5 0.5 2.0 0.1 dec €
Maize 1610 0.0 0.5 0.5 2.0 0.1 maiz C099
Olive groves 200 0.0 0.5 0.5 2.0 0.1 eve C099
Rape and turnip rape 400 0.0 0.5 0.5 2.0 0.1 rape C0O99
Fibre and oleaginous crops 400 0.0 0.5 0.5 2.0 0.1 sunf C099
Vineyards 410 0.0 0.5 0.5 2.0 0.1 maiz C099
Nurseries 660 05 05 0.5 2.0 01 non f
Oats 750 0.5 0.5 0.5 2.0 0.1 barl C099
Other cereals 1335 0.5 0.5 0.5 2.0 0.1 swhe Ccb99
Other crops 1335 0.5 0.5 0.5 2.0 0.1 swhe CcH99
Fodder other on arable land 400 0.5 0.5 0.5 2.0 0.1 maiz 099
Non permanent industrial crops 1335 0.5 0.5 0.5 2.0 0.1 sunf €099
Tomatoes and other vegetables 1000 0.0 0.5 0.5 2.0 0.1 non ¢ s199
Rice 1050 0.0 0.5 0.5 2.0 0.1 maiz C099
Potatoes 1000 0.0 0.5 0.5 2.0 0.1 pota 8199
Dry pulses 1000 0.0 0.5 0.5 2.0 0.1 rape 199
Other root crops 1000 0.0 0.5 0.5 2.0 0.1 roof $199
Rye 400 0.0 0.5 0.5 2.0 0.1 swhe C099
Soya 740 0.0 0.5 0.5 2.0 0.1 sunf C099
Sugar beet 1000 0.0 0.5 0.5 2.0 0.1 roof $199
Sunflower 1000 0.0 0.5 0.5 2.0 0.1 sunf S199
Common wheat 800 0.5 0.5 0.5 2.0 0.1 swhe C099
Tobacco 490 0.0 0.5 0.5 2.0 0.1 sunf C099

@ Seasonality types: eve=broadleaf/coniferous evergreen, dec=broadleaf/coniferous deciduous, non=no seasonality, barl=spring and winte
barley, maiz=fodder and grain maize, swhe=spring and winter wheat, pota=potato, roof=sugar beet, sunf=sunflower, rape=spring and winter
rape.

b Evergreen trees default.

€ Crops default.

d Grassland default.

€ Mean ofArbutus unedpVaccinumMalus domesticaPyrus communis

f same as Mixed Forest class of CLC2000.

9 Miscellaneous crops default.

References: CO9EMEP/CORINAIR(1999; SI99Simpson et al(1999.

cuvettes that were similarly high as when the cuvette re-2.4.2 Temperature- and light-dependent emissions
ceived light. For this study the empirical coefficigfitin
Eq. ©) was chosen to be 0.17K for SQT emissions. This
is the average value f@ given byHelmig et al.(2007%) for
SQT emissions from eight pine tree species.

Isoprene emissions are generally regarded as dependent on
light and temperature. Monoterpenes can be released in the
same manner as isoprene from many plakéeséelmeier and
Staudt 1999, a prominent example being European beech
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Table 5. Vegetation composition, Standard emission potential and foliar biomass densities for each CLC and GLC veget&tidiolitass
biomass density values for agriculture CLC classes are derived from individual crop species as specified in the plant composition list, and
taken from Tablel. Standard emission potentials are adopted from the NatAir inveroeynorecher et al2009. The plant composition of

most GLC vegetation class was extracted from the CLC/GLC2000 documentation or adopted from the corresponding CLC vegetation class.
For some GLC classes (e Broadleaved Deciduous Foreist Northern Europe) the plant composition is derived from regions where more
details on the vegetation composition were available.

ID CLC/GLC2000 d Stand. emission potentighk§ 9,5\}\, hr1) Sead® Plant Compositioh
Vegetation class (0 mz) ISOP  MTsynt MTpoe OVOC SQT  type

10 Green Urban Areas 400 2.0 1.0 1.0 2.0 0.1 dec grassland
12 Non-Irrigated Arable Land 800 0.5 0.5 0.5 2.0 0.1 barl Durum Wheat
13 Permanently Irrigated Land 1000 0.5 0.5 0.5 2.0 0.1 maiz 50% Tomatoes, 50% Sugar beet
14 Rice fields 1050 0.0 0.5 0.1 2.0 0.1 maiz Rice

15 Vineyards 410 0.0 0.5 0.1 2.0 0.1 maiz Vineyards

16 Fruit trees and berry plantations 250 0.5 0.5 0.5 2.0 0.1 dec Fruit tree and berry plantations
17 Olive groves 200 0.0 0.5 0.5 2.0 0.1 eve Olive groves

18 Pastures 400 0.5 0.5 0.5 2.0 0.1 dec Fodder other on arable land
19 Annual Crops w. perm. crops 1340 0.5 0.5 0.5 2.0 0.1 dec Non permanent industrial crops
20 Complex Cultivation Patterns 330 0.5 0.5 0.5 2.0 0.1 dec 50% Dry Pulses, 50% Rye
21 Agriculture, with natural Veg. 600 0.5 0.5 0.5 2.0 0.1 dec 50% Non perm. ind. crops, 50% Rye
22 Agro-Forestry Areas 840 1.0 1.0 1.0 2.0 0.1 dec 25% Citrus, 25% Olive, 50% LC 19
23 Broad-Leaved Forest 360 150 5.0 0.5 2.0 01  decd

24 Coniferous Forest 950 3.0 2.5 25 2.0 0.1 eve ©

25 Mixed Forest 660 10.0 2.0 2.0 2.0 0.1 mix 50% LC 23,50% LC 24

26 Natural Grassland 420 0.5 0.5 0.5 2.0 0.1 eve grassland

27 Moors and Heathland 350 100 1.0 1.0 2.0 0.1 eve moorland/heathland

28 Sclerophyllous Vegetation 340 5.0 15.0 15.0 2.0 0.1 eve f

29 Transitional Woodland-Shrub 400 5.0 5.0 5.0 2.0 0.1 eve 9

32 Sparsely Vegetated Areas 140 0.5 0.5 0.5 2.0 0.1 eve 30% LC 10, 50% no veg.
35 Inland Marshes 200 100 1.0 1.0 2.0 0.1 eve marshes

36 Peatbogs 330 10.0 1.0 1.0 2.0 0.1 eve N 50% cover

37 Salt-Marshes 200 10.0 1.0 1.0 2.0 0.1 eve marshes

100 Broadleaved Evergreen Forest 360 10.0 10.0 0.5 2.0 0.1 eve as LC 23

10la Broadleaved Deciduous Forest 280 300 05 0.5 2.0 0.1 ded

101b Broadleaved Deciduous Forest 340 300 05 0.5 2.0 0.5 ded

101c Broadleaved Deciduous Forest 250 300 05 0.5 2.0 0.1 dec as LC 23, 70% cover
102a Needleleaved Evergreen Forest 650 3.0 25 2.5 2.0 0.1 evé, 80% cover

102b  Needleleaved Evergreen Forest 950 1.0 25 25 2.0 0.1 eve aslLC24

102c  Needleleaved Evergreen Forest 700 1.0 25 25 2.0 0.1 evd

103 Needleleaved Deciduous Forest 300 0.5 0.0 8.0 2.0 0.1 ded.arix decidua

104a  Mixed Forest 460 100 3.0 3.0 2.0 0.1 mix 50% LC 101a, 50% LC 102a
104b  Mixed Forest 660 7.0 5.0 3.0 2.0 0.1 mix asLC 25

104c  Mixed Forest 530 7.0 5.0 3.0 2.0 0.1 mix as LC 25, 80% cover

105a Forest, Shrub/Grassland Mos. 100 100 1.0 1.0 2.0 0.1 mix as LC 27, 30% cover

105b  Forest, Shrub/Grassland Mos. 410 5.0 1.0 1.0 2.0 0.1 mix 70% LC 29, 30% LC 26
105¢c  Forest, Shrub/Grassland Mos. 410 5.0 1.0 1.0 2.0 0.1 mix 70% LC 29, 30% LC 26
107 Evergreen Shrubland 370 3.0 2.5 25 2.0 0.1 eve 50% LC 28,50% LC 29
108a  Deciduous Shrubland 330 3.0 25 25 2.0 0.1 dec 50% LC 101b, 50% LC 107
108b Deciduous Shrubland 230 5.0 1.0 1.0 2.0 0.1 dec™

108c  Deciduous Shrubland 260 5.0 1.0 1.0 2.0 0.1 dec"

109 Grassland 210 0.5 0.5 0.5 2.0 0.1 eve 50% LC 26+50% LC 36
110a Sparse Grassland 100 0.5 0.5 0.5 2.0 0.1 eve LC 109, 50% cover

110b  Sparse Grassland 210 0.5 0.5 0.5 2.0 0.1 eve LC 109

110c  Sparse Grassland 10 0.5 0.5 0.5 2.0 0.1 eve LC 109, 5% cover

111a  Wetland unspecified 330 100 1.0 1.0 2.0 0.1 eve LC 36

111b  Wetland unspecified 330 100 05 0.5 2.0 0.1 eve LC 36

111c  Wetland unspecified 380 100 05 0.5 2.0 0.1 eve 50% LC 36, 50% LC 26
112a  Non Irrigated Cropland 800 0.5 0.5 0.5 2.0 0.1 dec LC 12

112b  Non Irrigated Cropland 600 0.5 0.5 0.5 2.0 0.1 dec 50% LC 12, 50% LC 18
112c¢  Non Irrigated Cropland 520 0.5 0.5 0.5 2.0 0.1 dec 30% LC 12, 70% LC 18
113 Irrigated Cropland 1000 0.5 0.5 0.5 1.0 0.1 dec LC 13

114 Tree Crops 200 0.0 0.0 0.0 2.0 0.1 eve Date Palm
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Table 5. Continued.

ID CLC/GLC2000 d Stand. emission potentigk§ QB&V hr=1) Sea® Plant Compositioh
Vegetation class (gm?)  1SOP MTsynt  MTpoor OVOC  SQT  type
117a  Cropland/Forest/Shrubland/Grass Mos. 550 1.0 1.0 1.0 2.0 0.1 evé
117b  Cropland/Forest/Shrubland/Grass Mos. 600 5.0 0.5 0.5 2.0 0.1 evé
117c  Cropland/Forest/Shrubland/Grass Mos. 370 5.0 0.5 0.5 2.0 0.1 eve 20% LC 12, 80% LC 108
125 Cropland unspecified 600 0.5 0.5 0.5 2.0 0.1 dec 30% LC 14, 70% LC 18
127 Wetland - Bogs and Marshes 330 100 1.0 1.0 2.0 0.1 eve LC 36
128 Wetland - Palsa Bogs 170 10.0 1.0 1.0 2.0 0.1 eve LC 36, 50% cover
129 Wetland - Riparian Vegetation 300 100 1.0 1.0 2.0 0.1 eve d
131 Tree Cover, regularly flooded 250 5.0 0.1 0.1 2.0 0.1 eve African Swamp

@ Vegetation class ID of CLC/GLC2000 landcover mosaic as indicategiple (2007). b Seasonality types: eve=broadleaf/coniferous
evergreen, dec=broadleaf/coniferous deciduous, mix=50% evergreen, 50% deciduous, barl=spring and winter barley, maiz=fodder and grair
maize. ¢ LC is an abbreviation for CLC/GLC2000 land use cla8s15% Fagus sylvatical0% Q. ilex, 10% Betula pubescend 0% Q.
robur, 10%Q. pubescend0%Q. petraea 20% Eucalyptus, 5%uglans regia® 40% Pinus sylvestris40%Picea abies20%Pinus pinea

f 25% Q.ilex, 25% Q. coccifera 25% Arbutus unedp25% Myrtus communis9 30% Q.ilex, 30% Q. coccifera 30% Arbutus unedp10%
Myrtus communis" 10% Arunda donax10% Vaccinum sp.10% Salix sp, 40%Betula pendula30%Fraxinus angustifolia' 50% Betula
pubescens30% Populus tremulal0%Alnus glutinosa5% Q. petrea 5% Tilia cordata ! 30% Fagus sylvatica20% Betula pendula10%

Q. robur, 10% Q. pubescensl0% Q. petraea 10% Q. suber 10% Q. ilex k 309 Picea abies 30% Pinus sylvestris10% Abies alba
30% Betula pubescené 50% Pinus pinea 50% Pinus pinaster M 15% Erica sp, 15% Vaccinum sp.40%. " 50% LC 101c, 10%Jlex
parviflorus 10%Myrtus communis10% Lavandula sp10% Rosmarinus officinalisl0%Nerium oleander LC 101b, 30% LC 36° 30%

LC 12, 30% LC 18, 20%inus sylvestris20%Betula pubescend 30% LC 12, 30% LC 18, 20%Q. ilex, 20%Pinus pinead 50% LC 36,
20% Salix spp. 10%Alnus cordata10%Betula pendulal0%Populus alba

(Fagus sylvaticd..) (Dindorf et al, 2006. Isoprene emis- The temperature dependence of MEGAN is expressed as:
sions depending on temperature and light were calculated oo Crz - €Xp(Cr1 - %)
based on the recent concept describedsienther et al. ), = opt” -T2 E
(2006, from now on referred to as MEGAN (Model of Emis- Cr2 = (Cr1-[1 —exp(Crz- 1))
sions of_Ga_ses and Aerqsol;from Nature). Additional factors;, i, x:(%_%)/R_ R is the universal gas constant
controlling isoprene emissions as density of green leaves opt .

soil moisture, and phenology of leaves can be taken into ac(R=0.00831kJK*mol™!), Cr1, Cr are empirical con-
count in the MEGAN version 2 model b§uenther et al.

(11)

stants given byGuenther et al(20069. T is the instanta-

(2006, but were not considered in this work. The main rea- "€0Us temperature (in KEopt is the maximum normalized
son for choosing a simplified setup of the MEGAN model is €Mission capacity, anfhy: is the temperature at which Eopt
to be comparable with the previous algorithm Gyenther ~ OCCUTS. These coefficients are estimated as a function of the
(1997 that describes only temperature and light-dependencéVerage air temperature over the past 24 h (T24) and 240h
of emissions. The use of temperature and light dependerﬁT240)-
isopre_\ne emission algorithms is supported by a recent stud)Eopt — 2.034- exp(0.05.- [T24 — 297))
of Boissard et al(2008 who demonstrated that, based on
25 emitter species and using varying environmental condi- -exp(0.05- [T240— 297)
tions (10'S to 60 N), isoprene emissions are mainly sen- Topt = 313+ (0.6 - [T240— 297)) (12)
sitive (76% of the overall variability) to instantaneous tem-
perature and photosynthetic photon flux density and to the In Fhe work ofGuenther et ak2009, all temperatures are
cumulated 3 weeks air temperature considered to be leaf temperatures calculated by a canopy
. . - environment model. Since our intention is to provide a

iS.The MEGAN canopy environment emission activity factor BVOC emission model that can be readily implemented in

' 3-dimensional atmospheric transport models we reduced the
ycei(Synh) = Cce- y1 - yp - LA (10) complexity of the emission calculation by using air temper-
ature instead of leaf temperature. The light dependence of

For the canopy radiation model applied in this waotlge is MEGAN is given by:

set to 1.13 in order to obtaipce; (Synh=1 at standard con-

ditions. The value foCcE is about 2 times larger than given amC,L
in Guenther et al(2006, whereCcg=0.57 is used. Thisis VP = \/: (13)
1+asL?

due to the simplified canopy environment model applied in
our work (see SecR.4.4.
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The empirical coefficients in Eq18), o, andC,, depend  seasons, deciduous vegetation type (broadleaf and conifer-
on the past history of light levels. These parameters are caleus trees, wetlands and other deciduous vegetation) and ever-
culated as: green vegetation type (broadleaf and coniferous trees, grass-

land, pastures and other evergreen vegetation).
@m = 0.004-0.0005- In(P240 Seasonality of emissions is derived from the leaf coverage
Cp = 0.0468- exp(0.0005- [P24— Po])(P240%°  (14)  per unit ground area, expressed by the leaf area index (LAI),

in combination with data on growing season for crops and

P24 and P240 are the photosynthetically active photon flu .
density (PPFD) averages over the past 24 and 240 h, resp(;1Ce_af—on season for deciduous trees. MODIS-based LAl data

tively. Py equals 20@molm-2s-2 for sunlit leaves and provides information regarding the evolution and structure
50;)r/r.10| r(r)rzqs—l for shaded leaves of seasonal vegetation characteristiZbdng et al. 2004).

Monoterpene emissions depending on temperature an ODIS LAl data with 1km horizontal resolution is re-
light were calculated based dBuenther(1997. This ap- rieved for the years 2004/2005 from Boston University:(

. L /[primavera.bu.edu/pub/datasets/MODIS/MOAB/) and
proach was also applied to calculate an alternative isoprene

emission estimate. The emission activity factor for the directaveraged over the model grid, i.e. the total LAl of a model

emissions of these newlv svnthesized compounds is accor yrid cell corresponds to one MODIS derived LAl value. This
y sy P Al value is used to calculate the actual LAI of each veg-

ing to Guenthe(1997): etation typev (see below) and by scaling emissions with

YCEi (SYNY = y7 - ¥ - Vseas (15)  the vegetation type LAl the seasonal variability of emis-
) sions with respect to growing season length and development
with stages of leaves is simulated. A phenology correction factor

exp([CT1(T — Ts)1/RTsT) p is introduced into the model with values between 0 and

Yr = C1s + exp((C12(T — Ty)1/RTsT) (16) 1, with p=0 during no emission months ap&1 during full
emission months.

_aCuiL (17) Growing season dates (emergence, subsequent growth
vp= V1¥a2L2 stages, harvest) for seven different crops, i.e. maize (fod-

der and grain maize), potato, rape seed (spring and winter),
HereL is PPFD (inumol photons m?s~1), R is the univer-  wheat, (spring and winter), sugar beet, sunflower and barley
sal gas constant, ar@d 1, Ct1, Ct2, C13, @ andTy are em-  (spring and winter), have been obatined frBouraoui and
pirical constants given b§uenthe(1997). The approach of  Aloe (2007). All other agriculture crops have been attributed
calculating isoprene and monoterpene emissions presentad one of these seven crop phenology types (see Hjble

with Egs. (15-17) is termed G97 in the following. The crop growing season is defined by the time period be-
o o tween emergence and harvest. The harvest month was cho-
2.4.3 Seasonal variability of emissions sen as end date for emissions. Starting from the date of emer-

Seasonality of emissions (hon-temperature and non-light) acgence,p Is linearly increasing from 0 to 1, i.e. from growing
y n-temp . 9 seedlings to fully developed plants. Thef fully developed
counts for several characteristic observations:

plants is set to 1, while after harvestis 0. Monthly crop

1. Development stage of leaves on deciduous trees has dphenology data with a horizontal resolution of 50km was
impact on their emission capacity. Emissions from de-Used to derive an averagevalue for the seven crop types in
ciduous vegetation are reduced or become negligibleeaCh bioclimatic zone. Greenhouse tomatoes and plantation

during winter dormancy and due to loss of leaves. crops are treated as non-seasonal crppd (@ll year).
Deciduous trees lose their leaves in winter. With the de-
2. Emissions from agriculture are limited to the growing velopment of new leaves in spring, emissions are retarded.
season. Exceptions are tomatoes and other fruits anéor deciduous and evergreen vegetation types, the seasonal
vegetables that are cultivated in greenhouses. variation of the phenology correction factor has the form of

. _ . a bell shape with maximum in July, and can be calculated
3. Emissions from evergreen vegetation occur during thefollowing Staudt et al(2000):

whole year and have a seasonal variation.
. . p=1—pQ—exp(M — Mo)/T]) (18)
4. Snow coverage prevents emissions from all vegetation _
types. Though there might be emission from non- With M being the month of the calendar yea¥o=7

covered parts of a coniferous tree, it is assumed thafJuly), o determines the relative amplitude, amdis the
these are close to zero and negligible. length of the active emission period in months. For decid-

uous vegetatiory is set to 1, considering that emissions are
Several vegetation types with different seasonality ofzero during a dormancy period. The latitudinal separation of
emissions due to leaf phenology and growing season weréhe growing season length is the same as in the NatAir inven-
defined: seven agriculture crop types with different growingtory (Steinbrecher et gl2009:
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>65°N and in the arctic zoner=3; from 50-65 N: 7=5; emissions from deciduous trees in wintertime when leaves
between 40-50N: t=6; and in Southern Europe at latitude are not present. Emissions from agriculture occur only dur-
<40° N: t=8. ing the growing season. This approach also ensures that in
For evergreen coniferous trees, evergreen broadleaf treesase of a completely snow covered surface in a grid cell (i.e.
other evergreen vegetation, and grassland (see Table monthly average LAbt;=0), emissions from all vegetation
Eq. (18) is used with the parameters=0.8 andr=12 in all types are set to zero.
geographic zones.
The total LAl in a grid cell (LAlot;) is the sum of the 2.4.4 Setup of the canopy environment model
LAI contributions of each vegetation type(seven agricul-
ture types, deciduous and evergreen), LAl Total LAI by The BVOC emission model applies the radiation code of

definition equals the MODIS LAI (LAhodis;) in that cell: Weiss and Normar(1985 to calculate the extinction of
PPFD as a function of the leaf area index, the distribution of
LAltot;i = LAl modisi = Z LAl i (19)  the LAI (leaf area density) inside the canopy, the fraction of
v

leaves and the orientation of these leaves. The canopy is di-

LAl values for each vegetation phenology type LAt agrid  Vided into several vertical layers and each layer distinguishes
cell are calculated from the MODIS LAl of the cell consider- Petween shaded and sunlit parts of the canopy. The division
ing the respective phenology correctipp and area fraction  into shaded and sunlit leaves takes into account the actual so-
a,. For a grid cell that contains wheat (index crop), decid- lar angle and the foliage density described by the LAI. While

uous (index dec) and evergreen coniferous (index eve) tree$PFD is calculated for each vertical canopy layer, the leaf

the respective LAkop of wheat would be: ter_nperature is simply replaceql with air temperature and is
uniform for the whole canopy in order to reduce the com-
acrop* Perop * LAl modis putational demand for calculation of European BVOC emis-
LAl ¢rop = (20) i
dcrop* Pcrop 1 Adec” Pdect deve Peve sions.

i ) The canopy environment model was carefully checked
LAl for all other vegetation types are calculated in anal- v, ohtain canopy environment emission activity factors
ogy to Eq. @0). To illustrate the effectiveness of this ap- (, . .(syng) with values close to unity at standard condi-
proach, we consider a g_nd cell containing area fractionsions for both the G97 and the MEGAN version. For G97,
of 40% wheat, 40% deciduous trees, and 20% evergreen, . syny is 0.991 at standard conditions giverGuenther

coniferous trees at 4. January: MODIS LAI is 0 indi- (1997 and for MEGANycg; (syn is 0.997 at the standard
cating snow coverage; phenology correctiopigop=0 and  onditions mentioned i uenther et al2006.

Pdec=0-37, andpeve=0.69; then all vegetation type LAl are g5 g0y grid cell of the domain in addition to the emit-
0. March: MQDIS LAI. Is 2, phenqlogy correction [rop IS ting areaA;, foliar biomass densityp;, BVOC emission fac-
0.25 (emerging seedlings) apdecis 0.51, antbevels 0.77. o\ meteorological maps of temperature and light inten-
Thus emissions from crop and dec'd“"‘ﬂs trees are about tQity are required (see Fi@). The meteorological data of 2m
evolve while evergreen trees almost emit fully; then the Cal'airtemperature (in K) and solar surface radiation (in W°—Dn

culate(i respectilvg LAl are: LA"?PZO"}F' LAldec,:o'89’ and  ¢om ECMWF are the drivers used as input for the BVOC
LAl_e‘.’e'O'67' July: MODIS LAlis 6, a vegetationtypes are o ission model. The meteorological data is used with a hor
emitting; all p values are 1 and the respective vegetation P&, ontal resolution of 1 degrees

LAl are LAl¢rop=2.4, LAlgec=2.4, and LALye=1.2.

To calculate seasonal canopy emission activities
vcei(synd for different vegetation types in the MEGAN 3 Results
model, the specific vegetation type LAI of the grid cell
obtained from Eq.20) are inserted into Eq10). Inthe G97  \;5nthiy averaged BVOC emission rates for Europe were
model the seasonality of emissions from each Vegetatior?:omputed for the two years 2004 and 2005 according to
type is taken into account by using the seasonality factorEq' (). All calculations were performed with a temporal
Vseas(S€€ EQs8 and15) together with the specific vegetation egq|ution of 3h and a spatial resolution of 0.688089 de-

type LAL: grees. Two years were selected in order to obtain a more reli-
0.49LAl, able basis for studying seasonal changes, rather than to inves-
Vseas— —/——— (22) tigate inter-annual variability of emissions. The years 2004
J31+ 0.2LAI§ and 2005 were both relatively warm years in Europe with

mean annual temperatures 0.5-0.6 K higher than in the ref-
This approach consequently leads to a scaling of the emiserence period 1961-1990. The canopy environment model
sion from a certain vegetation type during the months whendescribed in Sec®.4 was applied to calculate emissions of
the emissions are not at the full extent due to phenology ofmonoterpenes, sesquiterpenes and OVOC according to the
leaves. The seasonality factor ensures that there are zemmission algorithms dBuenthe(1997). Isoprene emissions
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Fig. 2. European emission (in mgTﬁ) distribution for July 2005 of(a) isoprene(b) monoterpenegc) OVOC, (d) sesquiterpenes. Isoprene
emissions are calculated with MEGAN. The maximum differences for July 2005 between the isoprene emission distribution calculated with
MEGAN and G97 is only 6%. Emissions shown here are assessed with the assumption that terpenes and other VOC emitted by plants are
directly emitted into the atmosphere, ignoring eventual oxidation and losses within the canopy.

were obtained using the temperature and light dependence &.1 European BVOC emissions
the new MEGAN algorithm. In addition, isoprene emissions
were computed with G97.

Section3.1 presents results on BVOC emissions for Eu-
rope and the major sources of each compound class. Th
composition and amount of BVOC emissions from different
land use types in the four main vegetation zones of Europ

The average annual total BVOC emission obtained from the
two years 2004 and 2005 for the Pan-European domain is
2 Tg. Calculated annual emissions from both years are very
similar: 11.6 Tg in 2004 and 12.3Tg in 2005. The OVOC

%lass which represents mainly oxygenated VOC contributes

IS a_gaglgedsm ée;ﬁl.ZSTh(tagsi?ﬁonallty of el-rglshsmns IS d‘: about 4.5 Tg and monoterpenes about 4 Tg to the total BVOC
scribed in Sects.a 1n Sect.o.4he seasonal behaviour and ¢ iqqinng Annual isoprene emissions are found to be about

the major contributions to the emissions are investigated for,

: . 3.5 Tg, independent of the chosen emission algorithm.
four European countries. Results for these countries are com- 9 P g

pared with previous national inventories. Finally, we com- Agriculture, forests and other land use areas cover 40.4%,
pare the total BVOC emission amounts obtained in our emis-34-5% and 25.1% of the vegetated surface of Pan-Europe, re-

sion inventory to previous European emission estimates irsPectively. Forests contribute with 55% and agriculture con-
Sect.3.5. tributes with 27% to the total BVOC emissions, the remain-

ing emissions come from other land use types like shrubs,
grassland and wetlands. The contribution of agriculture
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MTpool (23%)

a) MTpool (18%) MTpool (37%) c)
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Isoprene (7%)
SQT (1%)

SQT(1%) Isoprene (20%)

OVOO(E5%)
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SQT (0%)
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Fig. 3. European BVOC class emission contributions to each land use (@prest(b) agriculture(c) other land use.

in the presented European emission inventory is somewhat European Maps of BVOC emission rates for July 2005 of
higher than in the European inventory 8fmpson et al. OVOC and sesquiterpenes are presented in Zigand 2d.
(21999 who have attributed 20% of the total European BVOC Half of the emitted amount of the OVOC class originates
emissions to agriculture. from agriculture and OVOC emission rates are highest over
The European distribution of isoprene emissions for Julyregions with intensive agriculture in Eastern Europe (B@.
2005 calculated with the MEGAN emission algorithm is with up to 800 mg m? in July 2005. Crops with highest fo-
shown in Fig.2a. Isoprene emissions calculated with the liar biomass density and land coverage will exhibit highest
G97 algorithm for the same summer month were found toOVOC emissions. It can be deduced that elevated OVOC
be up to 10% lower than the MEGAN isoprene estimate inemissions in Western Europe are from maize, common wheat
Pan-Europe. The largest differences are located in Northand other cereals, each covering 10-50% of the area in West-
ern Africa, where the monthly temperature average wasern France and the Netherlands. Maize is the crop species
above 30C and mean solar surface radiation was abovewith the highest foliar biomass density (see Tab)le
240 W nT2. We thus assume that the differences are due to Sesquiterpenes contribute only 1% to the total emitted
the different parameterization of the temperature and lightamount. However this class of compounds is of great inter-
dependence. Highest isoprene emission rates are found igst for estimating the formation of secondary organic aerosol.
the Mediterranean region both in summer and winter. InForests are the largest source of sesquiterpenes and the cen-
July 2005 up to 2000 mg n# of isoprene is emitted from the  tre of summertime SQT emissions is in Northeastern Europe,
Mediterranean vegetation in certain locations. Forests are thenainly Sweden, Finland and the European part of Russia
major source of isoprene and contribute 80% to the emitteqFig. 2d). The Nile Delta is a region with relatively high
amount of isoprene. Isoprene emissions constitute 28% ofesquiterpene (35 mgm), OVOC (500 mg n2) and newly

the total emitted BVOC amount in Europe.
Newly synthesized monoterpene (&) emissions con-

synthesized monoterpene (900 mg#n emissions in July
2005. This region is covered by 100% with the GLC veg-

tribute 31% to the annual emitted amount of monoterpenestation class of irrigated cropland. The Nile Delta is thus one

in Europe. Though the emission rate of M can region-
ally be higher than that of Mo (see Fig. A3, Electronic

Supplement: http://www.biogeosciences.net/6/1059/2009/

bg-6-1059-2009-supplement.pdprevalent solar radiation
levels in Europe inhibit a more intense release ofypd The
monthly averaged Mdyntemission rate in July 2005 is below
100 mg m 2 in Sweden and Finland, while it is much higher,
800-1200mgm?, in Spain, Italy and Greece (Fig. A3b,
Electronic Supplement: http://www.biogeosciences.net/6/
1059/2009/bg-6-1059-2009-supplement)pdf Figure 2b

example how inaccurate, not crop-specific, land use informa-
tion can affect emission rates calculated in this inventory.
The contribution of different BVOC classes to the Euro-
pean emissions from forests, agriculture and other land use
are presented in Fi@a—c. Isoprene dominates European for-
est emissions, while the OVOC class contributes a fourth and
the monoterpenes about a third to the forest emissions. Euro-
pean other land use vegetation predominantly emits monoter-
penes. BVOC emissions from agriculture in Europe mainly
consist of OVOCs. For the major vegetation zones of Europe

shows the distribution of monoterpene emissions for JU'yannua| amount and Composition of BVOC emissions from

2005. Apart from some regions with elevated monoterpeneifferent land use types are analysed in the next section.
emissions, like Spain, Corsica and Greece, the emission rates

are below 1000 mg mz Relatively hlgh monoterpene emis- 3.2 Emissions from major Vegetation zones

sion rates can be found over Scandinavia and the Baltic coun-

tries which are covered with Iarge boreal coniferous foreStS.The European Union is covered with four major Vegeta’[ion

In the boreal region, monoterpene emissions constitute aboyones: Atlantic (Western Europe), Continental (Central and

50% of the forest emissions. The ma.jor fraction of monoter- Eastern Europe), Boreal (Scandinavia and Northeastern Eu-

pene emissions in Europe stem from forests. rope) and Mediterranean. The annual average amounts ob-
tained from the 2004 and 2005 simulations of each BVOC

www.biogeosciences.net/6/1059/2009/ Biogeosciences, 6, 1089-2009
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Table 6. 2004-2005 annual averaged BVOC emissions for the four major vegetation zones in Europe from the presented inventory. For the
main land use types agriculture, forests and other land use and for the total land use, annual emissions (in Gg) are shown for each BVOC
class in the four vegetation zones Atlantic, Boreal, Continental, and Mediterranean and for the total of these four zones.

Land Use type

BVOC class

Atlantic Boreal Continental Mediterranean Total
Agriculture ISOP 15 8 51 12 86
MT synt 28 14 128 19 189
MT ool 35 29 151 18 233
ovocC 141 76 538 69 824
SQT 2 1 9 2 14
Total 221 128 877 119 1346
Forest ISOP 186 350 382 235 1154
MT synt 41 354 141 88 625
MT pool 23 494 89 63 668
ovocC 31 461 140 64 695
SQT 1 21 6 1 29
Total 282 1680 759 451 3172
Other Land Use ISOP 27 20 14 95 155
MT synt 10 12 11 130 163
MT pool 23 69 10 210 311
ovocC 32 44 11 70 157
SQT 0.4 1 0.2 2 3
Total 92 145 46 507 789
Total Land Use  Total 595 1953 1682 1077 5307

class emitted from agriculture, forest and other land use forsion route. This is certainly due to the dominance of Euro-
these vegetation zones are given in TalleBVOC emis-  pean beechRagus sylvatich Forest BVOC emissions in the
sions sum up to 1.3 Tg from agriculture, 3.2 Tg from forests Continental zone consist of 18% OVOC, 50% isoprene, 30%
and 0.8 Tg from other land use. monoterpenes and 1% sesquiterpenes. Isoprene emissions
Emissions in the Atlantic zone are mainly from forests andfrom continental forests amount to 0.4 Tg.
agriculture (Tables). Agriculture emissions mainly consist ~ Monoterpene emissions contribute 33% to the BVOC
of OVOCs, while the forest emissions mainly consist of iso- emissions in forests of the Mediterranean region. These
prene. Fruits cover 10-20% of the agriculture area in the At-emissions can largely be attributed to the pool MT emis-
lantic zone. There are some hot spot regions for the cultivasions from Pinus pinasterand to newly synthesized MT
tion of tomatoes and other vegetables in Western France anémissions fromQuercus ilex(standard emission factor of
Netherlands with area fractions of up to 40%. Widespread43ug 95\}\, h~1). Isoprene emissions constitute 52% of the
crops like wheat, maize, rape, and cereals have been assignétkediterranean forest emissions and mainly originate from
MT standard emission factors of Q& goy, h™t each for  the Mediterranean oaks. Emissions from other land use
pool and newly synthesized MT emissions. The uncertainties/egetation contribute substantially (with 47%) to the BVOC
associated with agriculture emissions are further discussed iamount emitted in the Mediterranean region. BVOC emis-
Sect4.3 sions from other land use and from forests in the Mediter-
About 90% of the emissions of the Boreal zone are fromranean each amount to about 0.5 Tg.
forests. Monoterpene emissions contribute 50% and isoprene
emissions contribute 20% to the BVOC emissions in forests3.3 Seasonality
of the Boreal zone. It should be noted that emissions from
Picea abiesin the Boreal zone are reduced by 40% com- The period from May to September is the time with enhanced
pared to the Contintental zone due to the bioclimatic correcBVOC emissions (Figd). During this period ca. 80% of the
tion of the foliar biomass density. Despite this reduction totaltotal annual BVOC amount is released from vegetation. In
BVOC emissions from boreal forest are about two times theApril deciduous trees start to develop leaves and the increas-
continental forest emissions. ing density of foliage of deciduous trees leads to a strong in-
Forest and agriculture contribute almost equally to BVOC crease of BVOC emissions from March to April and from
emissions from the Continental zone. For continental forestsApril to May. Between April and May emissions of iso-
it is interesting to note that a higher fraction of the monoter- prene, OVOC and monoterpenes more than double and SQT
pene emissions originate from the newly synthesized emisemissions increase by a factor of 3. From June to August
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Fig. 4. Seasonal variation of European BVOC emissions. Fig. 5. Seasonal variation of the land use contributions to European

total BVOC emissions.

emissions from vegetation are highest since light intensities,

temperatures and emitting plant biomass are highest during Monthly Isoprene Emissions (GQ)
these months. After September emissions decline rapidly 1000 o
due to the loss of leaves from deciduous trees and due to the MEGAN-CANOPY

end of the growing season for most agriculture crops. From 800
November to March the monthly emitted amount of OVOC

and MT compounds remains essentially constant while iso- 00
prene emission amounts show a strong dependence on the
available light intensity.

The seasonal variation of contributions from the main land 400
use types (agriculture, forests, other land use) to the emis-
sion of BVOC is shown in Fig5. In summer, forests are 200
the main source of biogenic VOC, due to their high density
of available foliar biomass for emitting these compounds. As 0 i1
shown in Fig.3a, isoprene is the most abundant compound in JEMAMJ JASONDJEMAMJ JASOND
European forest emissions. The contribution from the three Europe 2004/2005
main land use types becomes almost equal during the winter
months (November to March).

In Fig. 6 the different seasonality of isoprene emissions
calculated either using the MEGAN or the G97 algorithm
is shown. The seasonal cycle of isoprene emissions calcyprior to the time of observation, emission rates of isoprene
lated with MEGAN and G97 both resemble the shape of aare predicted to be enhanced. A further important difference
Gaussian distribution with a maximum in July. The seasonabetween the two isoprene emission algorithms is the treat-
isoprene emission cycle calculated with the G97 emission alment of foliar biomass seasonality. The canopy emission
gorithms is very similar to the MEGAN result. acitivity is considered to be a linear function of the LAl in

During the summer months, June-August, MEGAN tendsthe MEGAN parameterisation (Ef0), while the seasonality
to give higher isoprene amounts, while during winter monthsfactor used in G97yseas has a weaker dependence on LAl
isoprene emissions from MEGAN are in general lower than(Eqg. 21). It is noted that the canopy averagg in Eq. (10)
those from G97. The relative difference between the two(for MEGAN) and in Eq. {5) (for G97) also varies with LAI
algorithms is not larger than 35% for the studied months,and thus the overall response to LAl in both models is less
and most likely caused by the different parameterisation ofthan linear.
the light dependence and the different weighting of the fo-
liar biomass influence. MEGAN takes into account the influ-
ence of light and temperature conditions during the previous
day(s) and when warm and sunny conditions have occured

G97-CANOPY
I

Fig. 6. Seasonal variation of European isoprene emissions.
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Table 7. Country-specific BVOC emissions from the presented inventory for Spain, Great Britain, Finland and Germany, calculated for the
year 2005. Seasonal emissions are given as 3-monthly emission sum (in Gg) for the main land use types agriculture, forests and other lanc
uses and for the total land use. The annual emission amount (in Gg) is compared to the country-specific emission estimaBrgpsanby

et al.(1999 for each land use. (DJF: December to February, MAM: March to May, JJA: June to August, SON: September to November).

Region Land Use DJF MAM JJA SON Total Simpson et al(1999
Spain
Agriculture 5 19 45 17 87 87
Forest 19 77 265 82 444 511
Other Land Use 32 104 278 97 511 222
Total 57 200 588 196 1042 820
Great Britain
Agriculture 15 22 50 26 113 76
Forest 4 7 21 9 40 77
Other Land Use 8 11 31 16 65 25
Total 27 40 102 51 219 178
Finland
Agriculture 0 1 5 2 8 9
Forest 5 44 266 88 404 341
Other Land Use 1 18 112 35 166 5
Total 6 63 383 125 577 355
Germany
Agriculture 7 24 64 28 123 66
Forest 10 40 123 45 217 377
Other Land Use 0 2 5 2 9 31
Total 17 66 191 75 349 474
3.4 Country-specific emission patterns highest in Spain and sum up to about 1 Tg. Emissions from

the vegetation in Germany are a factor of 3 lower than in

Four countries within Europe, each representing a differentSpain. The emitted amounts for Spain, Germany and Great
vegetation zone, were selected to investigate the season8kitain are within 30% of the national estimates given in the
variation of BVOC emissions and the contribution of dif- European inventory b§impson et al(1999. Our emission
ferent land use types on a regional scale. Emitted BVOCamount for Finland is roughly 60% higher than the estimate
amounts from different land use types are compared to otheof Simpson et al(1999 due to higher emissions from other
country-specific estimates from earlier inventories. land use types in our inventory (see TaB)e

Spain is intended to represent the Mediterranean zone Half of the BVOC emissions in Spain originate from other
with forests dominated b¥inus pinasteror Quercus ilex  land use types like Mediterranean shrubland. Forests are also
Great Britain was chosen to represent the Atlantic vegetaa very important source, while emissions from agriculture
tion zone and is covered by non-irrigated arable land, agriplay a minor role in Spain. From spring (March to May,
cultural crops, deciduous and evergreen forests. In ScotlanMAM) to summer (June to August, JJA) BVOC emissions
a high fraction of other land use, moors and heathland, can bérom forests and other land use types increase by a factor of 3,
found. Finland represents the Boreal zone and boreal conifwhile emissions from agriculture increase less. Isoprene con-
erous forests cover about 60% of the land area and the domtributes 65% to the summer emissions from forests. Isoprene
nant tree species are Scots piféns sylvestrisand Nor-  emission from forests sum up to 267 Gg per year, which is
way spruce Ricea abieg Germany is in the Continental 50% higher than the previous estimate givenSiypson et
zone, which is used in this work as the reference zone tal. (1999. The BVOC emission amount for forests and agri-
define bioclimatic correction factors. Northern Germany is culture is in good agreement wi8impson et al(1999 while
dominated by agriculture, while the landscape in Southerrthe other land use emission amount is a factor of 2 higher
Germany is characterised by a mosaic of mixed forests withthan the estimate given [§impson et al(1999.

Fagus sylvaticeand Picea abiesas major tree species and  One half of the BVOC emissions in Great Britain are from
agriculture. agriculture, the other half is from forests and other land use.
Seasonal BVOC emissions for the year 2005 are displayedEmission from forests contribute only one fifth to the total
in Table7 and country-specific BVOC emissions are given in BVOC emissions. Agriculture emissions in summer (JJA)
Gg for each country. BVOC emissions for the year 2005 areare two times higher than in spring and in autumn (September
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Table 8. Comparison with other European BVOC emission estimates from bottom-up inventories. Estimates from global emission inventories
are included for the sake of completeness.

Total BVOC®  Forest BVO®  ISOP Reference Inventory Extent to East

Ggyr1 Ggyr1 Ggyr1

12 6.5 3.4 This Work, G97 This Work A&
34 This Work, MEGAN This Work 10E
10.3 This Work, G97 GEIAGuenther et a]1995° 36°E
4.5 This Work, MEGAN MEGAN Guenther et a)2006¢ 36°E

15-25 9-15 4-5 Steinbrecher et a{2009 NatAir A E

34 17 Lathiere et al(2006 ORCHIDEF® 50° E

13.5 11 4.6 Simpson et al(1999 EMEP d

10 9 45 Simpson et al(1995 EMEP d

7.5 7.5 Libkert and Sabpp (1989 Forest VOC Inv. 42E

29 Andryukov and Timofeey1989 Total VOC Inv. 42 E

@ Total amount of BVOC emissions from all land use types.

b BVOC emissions from forests only.

¢ Global BVOC inventory. The estimates are from model simulations using the global inventory.
d Includes the European part of the former USSR.

to November, SON). Agriculture BVYOC emissions sum up to the lower forest emissions in this inventory may be the use
113 Gg per year and this is 50% higher than the estimate obf lower isoprene and monoterpene standard emission poten-
Simpson et al(1999 for pastures and crops in the United tials for Norway spruceRicea abiey
Kingdom (i.e. Great Britain excluding Northern Ireland). BVOC emissions from Germany mainly originate from
This discrepancy may be an indication for the importance ofagriculture and forests with a respective contribution of 35%
using crop-specific land use information together with crop-and 62%. Total BVOC emissions in JJA are a factor of 3
specific growing seasons. In the highly spatially and tempo-higher than in MAM. Isoprene contributes to the JJA BVOC
rally resolved inventory for Great Britain frotewart et al.  emissions from agriculture and forests with 9% and 33%, re-
(2003 annual emissions of isoprene and terpenes based ogpectively. The contribution of isoprene to the yearly aver-
the year 1998, were found to be 8 Gg and 83 Gg, respectivelyaged BVOC emissions from forests is found to be 28% for
Their estimate of 8 Gg yr isoprene emissions is seven times Germany. Isoprene emissions from forests sum up to 62 Gg
less than the isoprene emission giveSimpson eta1999  per year, and are 45% lower than German isoprene forest
for the United Kingdom and four times less than our estimateemissions given bysimpson et al(1999. Our forest iso-
of 32Ggyr . Stewart et al(2003 concluded that the stan- prene emissions for Germany are in good agreement with
dard emission potential attributed to the isoprene emissionshe average isoprene forest emissions of 40 G4 yor the
from Sitka spruceRicea sitchensjss crucial in determining  decade 1994—-2003 found in the German forest BVOC inven-
isoprene emissions from Great Britain. tory by Smiatek and Steinbrech006. Our forest BVOC

In Finland forests clearly are the dominant BVOC source.emission estimate of 217 Ggyk is lower than the estimate
Forest emissions increase by a factor of 5 between MAM andf 377 Gg yr1 by Simpson et al(1999 and the estimate of
JJA. Isoprene contributes only 12% to the JJA forest emis-366 Ggyr® by Smiatek and Steinbrech&008. In our in-
sions in Finland. BVOC emissions in Finland are 8 Gglyr  ventory, agriculture is found to be an important source, emit-
from agriculture crops and 404 Ggykfrom forest, and thus ~ ting 123 Ggyr* BVOC. This amount exceeds the emission
close to the estimate given I8impson et al(1999. Other  estimate from Simpson et al. (1999) for crops in Germany by
land use BVOC emissions are much higher than in the in-a factor of two.
ventory from Simpson et al. (1999), indicating that wetlands,
moors and heathlands are probably more important emitter8.5 Comparison with other European estimates
than thought previously. The important role of wetlands for
isoprene emissions in Finland was confirmed in the recenfThe results obtained in our work are compared to other esti-
inventory study byTarvainen et al(2007). Our annual for-  mates of European BVOC emissions. A list of previous es-
est BVOC and isoprene emission amounts are more than twtmates of isoprene and total BVOC emissions for Europe is
times higher than the respective estimates of 146 Gg BVO(rovided in Table3. The most recent of the listed estimates is
and 15 Gg isoprene for boreal forests in Finland given byfrom Steinbrecher et a{2009, the NatAir project inventory
Tarvainen et al(2007) for the year 1997. One reason for of VOC emission from natural and semi-natural vegetation.
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The NatAir model domain has almost the same extent aspecific agriculture land use data was employed in the pre-
the Pan-European domain of our studyteinbrecher et al. sented work.

(2009 were mainly interested in natural emissions of BVOC  Our isoprene emission estimate of 3.5Tg is about 1Tg
and therefore agriculture emissions were estimated using thiwer than previous estimates for Europe that are based on
general agriculture classes from the CLC/GLC2000 mosaidcuropean bottom-up inventorieSitnpson et a.1995 1999

and they applied a default parameterisation for agricultureSteinbrecher et g12009. Likely reasons for the lower iso-
emission factors and foliar biomass densities. For EU27 theyprene emissions in our inventory include the use of different
made use of the forest tree species dataset fromTtbe  meteorology data, lower temperatures and light abundance in
Species Ma{Kodble and Seufert2002 while for all other  the selected years, and the application of a biomass correc-
parts of the European domain and for all other land use typesion factor for main tree species. The impact of the biocli-
the general land use classes from CLC/GLC2000 were usednatic correction factor on our European emission estimate
The use of general land use classes instead of plant-specifigill be discussed in Seci..4.

land use data can lead to large inaccuracies and will be dis- We compared our estimate for Europe with the estimate
cussed in Sec#d.1 The NatAir study calculates European from global bottom-up isoprene emission inventories using
emissions based on the years 1997, 2000, 2001 and 200Be canopy environment model as described in S2et.

to address inter-annual variability of emissions. The yearsGlobal inventories are known to incorporate a lower degree
1997 and 2002 were fairly cold years while 2001 and in par-of detail and are commonly used for global estimates of veg-
ticular 2003 were relatively warm years. Their estimate of etation emissions. In the scope of this work, simulations with
annual total BVOC emissions amounts to 20 Tg for the av-two different global isoprene inventories, the GEIA inventory
erage of the four years, with a variation from 15-25 Tg for (Guenther et al.1995 and the recent MEGANGuenther et

the particular years. The lowest NatAir estimate of 15 Tgal., 2006, were performed for the years 2002 and 2003. Me-
is about 2-3 Tg higher than our estimate and the earlier esteorological surface data was used with the same horizon-
timate given bySimpson et al(1999. From the average tal resolution as applied for the presented emission estimate.
total NatAir amount of 20 Tg BVOC emissions, 12 Tg are Using the G97 algorithm together with the GEIA isoprene
estimated to originate from forests and 8 Tg from other landemission inventory resulted in 10 Tg isoprene emissions per
uses, including agriculture. Non-forest emissions obtainedyear in Europe, while using the MEGAN algorithm together
in our work sum up to 5Tg and are lower than the averagewith the global MEGAN input variables resulted in a lower
NatAir non-forest emissions. estimate of 4.5Tg.

Forest emissions of our estimate are 45% lower than the The difference of the annual amounts of European iso-
NatAir estimate. Due to the use of the identical forest prene emissions between the two global inventories and the
tree species information (forest cover database and standaptesented plant-specific European emission inventory can be
emission factors), the emissions from forests should be comattributed to the use of plant-specific foliar biomass density
parable. A possible reason for the deviation may be thedistributions and isoprene standard emission factor distribu-
higher temperatures in the selected years of the NatAir studytions for Europe in our inventory. The annual European iso-
Forest emissions obtained in our work are very similar to theprene emissions calculated with the global isoprene emission
early estimate of Uibkert and Sabpp (1989. These authors inventory of the MEGAN modelGuenther et al.2006 are
used a very simple model for calculating forest emissionin exact agreement with the European inventorpohpson
based on altitude-resolved forest cover data and spatially andt al. (1999 which is likely due to their use of similar plant
temporally interpolated temperature data. They used onlyspecies distribution data. In general, the MEGAN inventory
one temperature-dependent emission factor for each decidwagrees well with recent European bottom-up estimates (Ta-
ous and coniferous trees. These emission factors were difble 8), while the former GEIA inventory overestimates iso-
ferent for day and for night. The good agreement with our prene emissions in Europe by more than factor 2 compared to
work indicates that the use of accurate forest data is probEuropean bottom-up inventories. It has been recognized that
ably more important for the prediction of forest emissions the minimum level of uncertainty in global biogenic emis-
than the application of a great amount of detail to describesion estimates is a factor of @(enther et al1995 and can
the short-term variation of emissions. be higher for regional estimates.

The 4Tg lower annual OVOC emission estimate for Eu-
rope of our study compared to the NatAir estimate can be

explained by the different aggregation procedure applied it Discussion of uncertainties

this work and the applied growing season concept WhIChIn this chapter the uncertainties of biogenic emission due

mclude_s detailed growing season lengths for seven qlﬁ?r_to inaccurate land use information, BVOC standard emis-
ent agricultural crops. The same default standard emission;

factor for OVOC as in the NatAir inventory was applied in sion factors, biomass densities and driving variables are dis-

this work and also the land use information is based on thecussed.

same database. In contrast to the NatAir inventory plant-

Biogeosciences, 6, 1059687, 2009 www.biogeosciences.net/6/1059/2009/



M. Karl et al.: European BVOC emissions 1081

4.1 General land use and default values and tree species. Oxygenated VOC are included in our emis-
sion inventory using the temperature dependent monoterpene
Global inventories of BVOC emissions are built on gen- emission algorithm. However, daily cycles of ambient con-
eral land use classes, like ecosystems (e.g. boreal coniferentrations of methanol, acetone and acetaldehyde, indicate
in the GEIA inventory,Guenther et al.1995 or plant dis-  that OVOC emissions are governed by different processes
tribution functions (e.g. broadleaf evergreen trees in the(Rinne et al. 2007) and should respond differently to light,
MEGAN inventory, Guenther et al.2006 or vegetation drought or herbivore attack.
classes (CLC/GLC2000 mosaic). The MEGAN inventory  Biogenic emissions among plants of the same species or
uses geo-referenced plant species distribution data whereven among parts of the same plant may vary considerably.
these are available (e.g. in the US, in Canada and in AusFunk et al.(2009 found that under normal climate condi-
tralia) while more generic data is used in other world re- tions, isoprene emissions from different red oak trees within
gions. In Europe, national tree data providedSiynpson  a single stand differed by a factor of twdkomenda and
et al. (1999 was employed in MEGAN to derive the plant Koppmann(2002 reported that monoterpenes emission rates
distribution functions for forest land use. measured from two different branches of the same Scots pine
The generalized way to define the geographic distributiontree differed by a factor of two. Monoterpene emission rates
of land use classes and the often insufficient differentiationamong different Scots pine trees of the same age and origin,
of vegetation types can lead to a systematic bias in biogenigrowing under similar conditions, even varied by more than
emission inventories. one order of magnitudé&kpmenda and Koppman&002. In
In the presented inventory, we relied on plant-specific geothe BEMA (Biogenic Emissions in the Mediterranean Area)
referenced land use information for all the parts of Europecampaigns, 1993—-1994, a high variability of standard emis-
where this kind of data is available. However, for most East-sion factors was observed fQuercus ilexandPinus pinea
ern European countries and especially for Russia we had tprobably due to different stages of leaf development, tree
use the general vegetation classes of CLC/GLC2000. Starage, habitat and light adaptioS€ufert et al.1997).
dard emission factors and foliar biomass densities for agri-
culture and forest CLC/GLC2000 landcover classes were de4.3 Emissions from agriculture
rived from the predominant plant species in each class. The
vegetation class foliar biomass densityis thus obtained ~Monoterpene emissions from agriculture are highly uncer-
from the weighted foliar biomass densities of major tree ortain since studies on agricultural crops are scarce and the
crop species that contribute to the vegetation composition ofipplied standard emission potentials are probably biased by
the respective class. However, vegetation classes often covéheasurements at higher-than-ambient temperatures. To date,
large geographic regions and plant composition of classedhe investigation oKonig et al.(1999 is the only compre-
may not be representative of the complete geographic extentiensive work on BVOC emissions from agricultural crops in
For example, the Global Landcover (GLC) vegetation classEurope (see Table 7 ikesselmeier and Staydt999. An-
Needleleaved Evergreen Forest covers large parts of boreiual monoterpene emissions from agriculture in our inven-
Northern Russia. The GLC Northern Eurasia (v4.0) clas-tory sum up to about 0.9 Tg and are lower than the estimate
sifies this forest to consist mainly of Picea, Abies and Pi-0f about 2 Tg given bysteinbrecher et al2009 for other
nus trees. This forest type covers large areas by 100%, iglanduse. It should however be considered that the definition
noring that there are actually other land use types like wet-Of other landuse in the NatAir inventory includes agriculture
lands in these areas. This leads to inconsistencies of thand other land use types (grassland, wetland, shrubs etc.).
calculated foliar biomass density and becomes clearly visAgriculture is an important source for OVOCs and monoter-
ible at the Russian border to Finland (see Fig. Alb, Elec-penes in our inventory, comprising about 35% of the total
tronic Supplement: http://www.biogeosciences.net/6/1059/ annual OVOC and monoterpene emissions.

2009/bg-6-1059-2009-supplement.pdfThis country bor- In our inventory, OVOC due to the high default emission
. i — . . .
der marks the border between plant-specific land use classdsctor of 2.0ug gy, h™* predominantly contributes to agri-
and the general land use classes from GLC. culture BVOC emissions. Until now, it is unclear if the main
crops like wheat and other cereals emit OVOC in signifi-
4.2 Standard emission factors cant quantities. For exampl&Yiner et al.(1992 detected

no oxygenated VOC emissions from wheatonig et al.

The use of default values for standard emission factors fo(1995 have found that total plant BVOC emission of oilseed
the OVOC and SQT classes tend to produce inaccurate re-ape (normalised to 3€) were increased by a factor of 2 in
sults. Default values for these compound groups are apthe blossoming stage compared to the nonblossoming stage,
plied in this inventory to give an European estimate in spitewith increases of factor 4-5 for single monoterpenes like
of missing measured data for most plant species. There ig-pinene. Rape cultivations cover 5-10% of large parts of
a clear need for future research on the chemical speciatiofrance, England, Germany and Italy and locally cover about
and emission factors of oxygenated VOC for different crop40% in Spain (see map in Fig. A4, Electronic Supplement),
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and rape oil is increasingly used as biofuel. These examplebiomass densities in Western Europe (see Fig. Ala, Elec-
illustrate the clear need for more comprehensive studies otronic Supplement: http://www.biogeosciences.net/6/1059/
BVOC emissions from European agricultural crops. 2009/bg-6-1059-2009-supplement.pdf This is also re-

To quantify the impact of uncertain monoterpene emis-flected in the emissions from Great Britain, which are higher
sions from agriculture for our inventory, we performed a by 12%. In the Mediterranean vegetation zone, total BVOC
simulation of BVOC emissions for the year 2005 with in- emissions for the year 2005 are 5% lower when considering
creased monoterpene emissions from rape cultivations. Fdhe bioclimate correction of foliar biomass densities. Agri-
this test, the rape standard emission factors forpddT  culture BVOC emissions are 20% lower, indicating that bio-
and MTsynt were increased by a factor of four and set to climatic correction factors below 1 for main crops in the
2.0u9 95\}\/ h—1. The MT standard emission potentials as- Mediterranean zone are the cause for the discrepancy. In
signed to all other agriculture crops remained unchangedSpain, emissions are only 2% lower due to the minor impor-
Total European monoterpene emissions from agriculture iniance of agriculture emissions. In the Boreal vegetation zone,
creased by 3% in this test. Emissions from agriculture inBVOC emissions for 2005 are only 1% lower when taking
the Atlantic vegetation zone increase by roughly 3%, whileinto account the bioclimatic correction of foliar biomass den-

the agriculture emissions from the Boreal, Continental andsities. Though bioclimatic correction factors for the main
Mediterranean zone are less affected. tree species in the Boreal zone are less than 1, the impact on

The regional impact on BVOC emissions from agricul- total BVOC emission is limited. As expected, BVOC emis-
ture depends on the agricultural area fraction covered wittsions of Germany remained unchanged, since this country is
rape cultivations. Agriculture BVOC emissions for 2005 in- Within the Continental zone which is used as a reference zone
creased by 1% in Spain, 2% in Great Britain, 3% in Ger- for defining the bioclimatic correction.
many and 4% in Finland. Rape is cultivated in Southern Fin- |t can thus be concluded, that the introduction of corrected
land and increased monoterpene standard emission factofsliar biomass densities has a significant impact on regional
slightly affect the agriculture BVOC emissions. However we BVOC emission estimates, while, on the European scale, the
note that agriculture plays a minor role in Finland, contribut- annual and the monthly emitted European amount of BVOC
ing only 1% to the total BVOC emissions in Finland. is only marginally influenced by the correction for biocli-

Though only small changes of agricultural emissions arematic zones. However, it can not be excluded that a less
observed in this test for monoterpene emissions from rap&onservative and more realistic application of bioclimatic
cultivations, we conclude that the estimate of agricultural corrections which relies on a larger amount of tree specific
emissions in Europe is currently biased by the uncertaintiehiomass data may change this picture. For individual biocli-
in monoterpene and OVOC standard emission potentials fomatic zones the bioclimatic correction factors for tree species

crops. rely on very few litterfall data records (e.Binus sylvestris
o . in the Atlantic and Mediterranean zone). Further exploita-
4.4 Bioclimatic correction tion of the biomass compartment databases like the one from

. ) . N } ~ AFOLU (see Sect2.2) data will help to improve the situation
To adjust foliar biomass densities for the main tree species, future.

and crops in the different vegetation zones we have intro-
duced a bioclimatic correction factor (see S&cp). Euro- o ]
pean BVOC emissions were recalculated for the year 2005%->  Driving variables
with the bioclimatic correction set to unity for all trees, crops
and general vegetation classgs= fi=fi=1), in order to  The commonly observed temperature and light dependence
test the sensitivity of emissions towards this parameter. Thef BVOC emissions seems to hold also at high latitudes in
total emitted European amount of BVOC from this simula- boreal and subarctic regions. It has been shown that the light
tion is only 3% higher than the amount calculated with biocli- and temperature dependent parameterization of BVOC emis-
matic correction factors according to Tableand2. For sin-  sions is applicable to northern boreal environmental condi-
gle BVOC classes annual European emissions changed lesi®mns Rinne et al,200Q Tarvainen et aJ2005 2007 Hakola
than 5%. et al, 2009. Tiiva et al. (2008 demonstrated the increase
However this factor is important when estimating BVOC of isoprene emission due to temperature increase in subarc-
emissions from major vegetation zones and countriegic heath land. The effect was found to be a direct response
within Europe. In the Atlantic vegetation zone, to- to increased air temperature, which indicates a rapid physio-
tal BVOC emissions for 2005 are 17% higher and agri- logical effect of current temperature on isoprene production
culture BVOC emissions are 26% higher when consid-as outlined inLerdau and Gray2003. The mean isoprene
ering the bioclimate correction of foliar biomass densi- emissions from subarctic heath land were comparable to the
ties. This can be explained with bioclimatic correction emissions found earlier from a subarctic peatland ecosys-
factors larger than 1 for the main agricultural crops in tem (Tiiva et al, 2007). The emissions from the subarctic
the Atlantic vegetation zone, leading to elevated foliar peatland increased 10-fold during an exceptionally warming
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period, again giving evidence for the validity of the proposedbers, if flushed with ambient aiSgufert et a].1997). Above
temperature- and light-dependengéva et al, 2007). canopy fluxes are much smaller than emissions derived from
Emissions are not only dependent on exogenous drivingoranch enclosures due to losses by deposition and oxidation
variables like temperature and light but dependent also orwithin the canopyCiccioli et al, 1999. Within-canopy gas-
endogenous parameters such as the developmental state miase reactions of ozone with monoterpenes, sesquiterpenes
the leaves. While young leaves of deciduous trees begirand other oxygenated hydrocarbons with short chemical life-
photosynthesis shortly after budbreak, emission of isoprenéimes will lead to SOA formation inside the canopy. The esti-
only starts after a retardation of several days. On the othemated fluxes of our inventory thus are more representative of
hand, older leaves produce isoprene less efficiently. Reducethe sum of parent hydrocarbon, its oxidations products and
emissions in autumn have been found to be correlated witlparticles released to the atmosphere. Transformation and de-
the activity of some terpene synthaskslfning et al. 1999 position losses should thus be taken into account in future
and a seasonality for monoterpene synthase activity has bedBVOC emission inventories.
observed forQuercus ilex(Fischbach et al.2002. Based Uncertainties of the main driving variables temperature,
on long term laboratory experiments wiinus pinearees,  solar radiation and leaf area index have shown to result in
Staudt et al(2000 developed an algorithm to adjust for sea- emission estimates that differ more than a factor of three
sonality that was proven to fit very well with observations in for specific times and locationgG(ienther et al.2009.
the field, where monoterpene emission factors of this specie¥he additional driving factors mentioned above can poten-
varied between 2.8 and 15 goy, h™* during the course of  tially be addressed in a canopy environment model of the
the year Staudt et al.1997). The algorithm ofStaudt et al. MEGAN type. The plant-specific European inventory of fo-
(2000 has been applied in this work to determine the (long-liar biomass densities developed in this work can be used
term) seasonal variation of emissions from deciduous and evtogether with less biased emission factors and with a more
ergreen vegetation. sophisticated canopy emission model in the future to obtain
Soil water availability represents an important environ- more accurate BVOC emission estimates for Europe with a
mental constraint under Mediterranean conditions. In thehigh temporal and spatial resolution.
Mediterranean area, summer months are characterized by the
highest annual temperatures and radiation levels which oc-
cur simultaneously with the most severe drought conditions5 Conclusions
Under drought conditions, plants will experience increasing
water deficit stress. This affects emissions of different VOCAgriculture land use types are identified in our study as an
classes in different ways, depending on whether BVOCs arémportant source for OVOCs and monoterpenes. However,
emitted from current photosynthesis like in case of isoprendarge uncertainties remain for the OVOC class since chem-
and MTgynt or from reservoir pools (M{ool). Pegaro et al. ically speciated measurements are lacking for most plant
(2004 showed forQuercus virginianaMill. that isoprene  species. Monoterpene emissions from agriculture are highly
emissions remained stable during the first eight days of wauncertain because the estimate relies on scarce literature data
ter withholding and declined thereafter. SQT emissions fromavailable for crops in Europe and on early screening studies.
orange trees are reported to be strongly reduced under sevefdie small number of available studies on agriculture emis-
water deficit, while not being influenced under mild water sions is a serious limitation of current BVOC emission in-
stress conditionsHansen and Seufer2003. Results ob-  ventories for Europe. In our European inventory, for the first
tained byOrmeio et al.(2007 indicate that emissions of time, crop-specific land use information was employed to-
sesquiterpenes are replaced by monoterpenes when droughether with crop-specific standard emission factors wherever
is prolonged. They showed that water stress has a positivapplicable. Further work on agriculture emissions should be
effect on monoterpene emissions Rinus halepensiand  carried out to check the validity of standard emission factors
Cistus albiduswhich are both Moo emitter. Monoter-  for monoterpenes and OVOC. In view of the discussion on
pene emissions of water stresdRdsmarinus officinalise- the increased use of biofuels in Europe it will be of great
mained stable @rmeio et al, 2007). Species likeCistus  importance to give a more accurate estimate of BVOC emis-
and Rosmarinuscontain aromatic oils in external glandular sions from agriculture crops cultivated for biofuel produc-
hairs which allow monoterpene emissions to be maintainedion.
during drought conditions until the reservoir gets depleted. The presented emission inventory serves as an improved
In case of BVOC emission from current photosynthesis, abasis — especially with regard to the plant-specific land use
severe drought with prolonged reduction of photosynthesidata — for estimating BVOC emissions in Europe. In con-
may reduce emission due to a depletion of resourBesgti trast to previous BVOC emission inventories, a bioclimatic
and Staudt1996. correction factor was introduced to correct the foliar biomass
At ambient ozone levels, reactive terpenoids like ocimenedensities for the different plant growth conditions that can
linalool, limonene and most sesquiterpenes are partly rebe found in Pan-Europe. This leads to reduced BVOC emis-
moved within the canopy or within leaf or branch cham- sions from agriculture in the Mediterranean while emissions
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from agriculture in Western Europe are increased compare@ertin, N., Staudt, M., Hansen, U., Seufert, G., Ciccioli, P., Fos-
to an estimate that does not consider the influence of differ- ter, P., Fugit, J.-L., and Torres, L.: The BEMA-project: Diurnal
ent growth conditions on the foliar biomass density. Forests and seasonal course of monoterpene emissions from Quercus ilex
are found to be the largest source for BVOCs released to the (L.) under natural conditions — application of light and tempera-
atmosphere in Europe and therefore an accurate estimate of {Ure algorithms, Atmos. Environ., 31(S1), 135-144, 1997.

the foliar biomass density for the main tree species is esser°/S3ard: €., Chervier, F., and Dutot, A. L. Assessment of high
tial for the correct prediction of emissions (diurnal) to low (seasonal) frequency variations of isoprene emis-

. - . . sion rates using a neural network approach, Atmos. Chem. Phys.,
To improve predictions of European air quality it is impor- 8 2089-2101. 2008

tant to use BVOC emissions that are as accurate as possible pp./iyww.atmos-chem-phys.net/8/2089/2008/

since the importance of anthropogenic VOC as precursors ogonn, B. and Moortgat, G. K.: Sesquiterpene ozonolysis: Origin of
photochemically produced ozone may decline due to pollu- atmospheric new particle formation from biogenic hydrocarbons,
tion abatement strategies. Geophys. Res. Lett., 30(11), 1585, doi:10.1029/2003GL017000,
The databases of foliar biomass densities, standard emis- 2003.

sion potentials, and resulting emissions are created in HDFBouraoui, F. and Aloe, A.: European Agrochemicals Geospatial
format to facilitate the implementation into atmospheric ~Loss Estimator: Model Development and Applications. Euro-
transport models. The databases can be obtained upon pean Commission, Joint Research Centre, Institute for Environ-
request from the authors and are made available on the. mentand Sustainability, ISBN 978-92-79-05053-4, p. 107, 2007.
AFOLU portal (nttp://afoludata.jrc.ec.europa.eufindex.php/ iccioli, P., Brancaleoni, E., Frattoni, M., Di Palo, V., Valentini, R.,

. ’ LA ’ o Tirone, G., Seufert, G., Bertin, N., Hansen, U., Csiky, O., Lenz,
dataset/info/12)l To access the dataset on the web portal it is

. - . R., and Sharma, M.: Emission of reactive terpene compounds
necessary to registettp:/afoludata.jrc.ec.europa.eufindex.  fom orange orchards and their removal by within-canopy pro-

php/newuse). cesses, J. Geophys. Res., 104(D7), 8077-8094, 1999.
Resulting European emission fields can be used in theClaeys, M., Graham, B., Vas, G., Wang, W., Vermeylen, R., Pashyn-
future to investigate secondary particle formation from iso- ska, V., Cafmeyer, J., Guyon, P., Andreae, M. O., Artaxo, P., and
prene, monoterpenes and sesquiterpenes with regional or Maenhaut, W.: Formation of secondary organic aerosols through
global chemistry transport models. photooxidation of isoprene, Science, 303, 1173-1176, 2004.
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