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Abstract. A biogenic emissions scheme has been incorpo-1 Introduction

rated in the global dynamic vegetation model ORCHIDEE

(Organizing Carbon and Hydrology in Dynamic Ecosys- The terrestrial biosphere is a major source of natural volatile
tEms) in order to calculate global biogenic emissions oforganic compounds (VOCs). Isoprene and monoterpenes
isoprene, monoterpenes, methanol, acetone, acetaldehydgominate biogenic emissions but other highly reactive chem-
formaldehyde and formic and acetic acids. Important paramical species, such as methanol, acetone, aldehydes and or-
eters such as the leaf area index are fully determined by thganic acids, are now also recognized to be emitted by the
global vegetation model and the influences of light extinc-terrestrial vegetation at significant levels, as shown by sev-
tion (for isoprene emissions) and leaf age (for isoprene andral measurement campaigns (Kirstine et al., 1998; Schade
methanol emissions) are also taken into account. We studgnd Goldstein, 2001; Villanueva-Fierro et al., 2004). Global
the interannual variability of biogenic emissions using the VOCs emissions by the vegetation are 1150 TgC/yr (Guen-
satellite-based climate forcing ISLSCP-II as well as relevantther et al., 1995), corresponding to nearly 90% of global
CO;, atmospheric levels, for the 1983-1995 period. MeanvOC emissions at the surface (including anthropogenic
global emissions of 460 TgC/yr for isoprene, 117 TgC/yr for emissions).

monoterpenes, 106 TgC/yr for methanol and 42TgClyr for  Those hiogenic compounds play a crucial role in tropo-
acetone are predicted. The mean global emission of all biospheric chemistry, from local to global scales, inducing in-
genic compounds is 79216 TgC/yr with extremes ranging creased or decreased ozone formation, depending op NO
from 717 TgClyr in 1986 to 778 TgClyr in 1995, that is a |evels (Fehsenfeld et al., 1992; Thunis and Cuvelier, 2000;
8.5% increase between both. This variability differs signif- pyn et al., 2002). Recently, Barket al. (2004) showed that
icantly from one region to another and among the regionssoprene photooxidation results in maximum ozone produc-
studied, biogenic emissions anomalies were the most varition rates for NQ concentrations in the range of about 1—
able in Europe and the least variable in Indonesia (isoprengg ppbv, a typical level of anthropogenically influenced ru-
and monoterpenes) and North America (methanol). Two scerg| environments. Wang and Shallcross (2000) used a global
narios of land use changes are considered using the 1983 clignd-surface and chemistry-transport model to show that the
mate and atmospheric G@onditions, to study the sensi- jnclusion of isoprene emissions, estimated at 530 TgC/yr for
tivity of biogenic emissions to vegetation alteration, namely present day conditions, has a significant impact on ozone and
tropical deforestation and European afforestation. Globalyxidation products, such as peroxyacetyl nitrate (PAN), in
biogenic emissions are highly affected by tropical deforesta+oth hemispheres. Their analysis indicated that the response
tion, with a 29% decrease in isoprene emission and a 22%jf ozone to isoprene emissions was predominantly governed
increase in methanol emission. Global emissions are not sigby the spatial and temporal variations in terrestrial vegeta-
nificantly affected by European afforestation, but on a Euro-tjon, with a simulated ozone increase of about 4 ppbv over the
pean scale, total biogenic VOCs emissions increase by 54%gceans and about 8—12 ppbv over mid-latitude continental ar-
eas. Sanderson et al. (2003) illustrated the impact of climate
change on both isoprene emissions and ozone levels. Based
on a global isoprene emission increase from 484 TgClyr for
Correspondence tal. Lathere the 1990s to 615 TgClyr for the 2090s, as a result of climate
(juliette.lathiere@cea.fr) and vegetation distribution changes, the authors calculated an
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ozone increase by 10-20 ppbv in some locations. They alsgtudy of the impact of deforestation in Amazonia on tropo-
noted that the changes in ozone levels were closely linked t@pheric chemistry (Ganzeveld and Lelieveld, 2004), replac-
changes in isoprene surface fluxes in regions such as the eastg tropical rainforest by pasture, predicted a large decrease
ern U.S. or southern China. However, this effect was muchin maximum isoprene emission fluxes, from B0 to
less marked over the Amazon region and Africa because ofl.2x 10 molecules m?s™1 (=11.9x10~11kgC/n¥/s) due
lower levels of nitrogen oxides. to a decrease in the isoprene emission factor and in the foliar
In addition to their importance for gas phase chemistry,density. Furthermore, a large reduction in the diurnal ozone
the involvement of biogenic VOCs in tropospheric aerosolsdeposition velocity and an increase of nocturnal soil deposi-
formation, first suggested by Went (1960), has lately beertion were predicted Steiner et al. (2002) estimated that in East
demonstrated (Griffin et al., 1999), and enforces the impor-Asia, the human-induced land-cover changes, characterized
tance of taking into account biogenic VOC in both tropo- by the conversion of about 30% of the land area from forests
spheric gas phase reactions and particulate formation. Asto cropland, led to a decrease of 30% in isoprene and 40%
suming an aerosol yield from the oxidation of biogenic VOC in monoterpenes annual emissions. On the other hand, forest
other than isoprene (monoterpenes and other VOC) betweerestoration efforts are done in some regions such as boreal
5% and 40%, Andreae and Crutzen (1997) suggested thand temperate zones of North America and western Europe,
the secondary organic aerosols (SOA) formation could rangédeading to an increase in forest cover (Stanturf and Madsen,
between 30 and 270 Tg of organic matter per year. More2002), which could also affect significantly biogenic emis-
recently, Tsigaridis and Kanakidou (2003) estimated, usingsion levels and tropospheric chemistry.
a global chemistry-transport model, that the production of The main goal of our work is to study the sensitivity of
SOA from biogenic VOC might range from 2.5 to 44.5 Tg/yr global biogenic emissions to, first, climate and atmospheric
Furthermore, Kanakidou et al. (2000) estimated that the pro-CO, interannual variability and, second, to vegetation distri-
duction of SOA from biogenic VOCs increased from 17— bution changes. We have incorporated a biogenic emission
28 Tg/yr in preindustrial times to 61-79 Tg/yr for present day scheme in the dynamic global vegetation model ORCHIDEE
conditions, which was attributed to an increase in ozone ando calculate not only isoprene and monoterpenes emissions
primary organic aerosol from anthropogenic sources. In adbut also methanol, acetone, acetaldehyde, formaldehyde,
dition to the recognized role of monoterpenes SOA forma-formic and acetic acids.
tion (Kavouras et al., 1999; Sotiropoulou et al., 2004), recent |n Sect. 2 of this paper, we describe the interactive bio-
studies (Limbeck et al., 2003; Claeys et al., 2004) also suggenic emission and vegetation model used in our study, as
gest the importance of isoprene in aerosol formation, leadingvell as details of the simulations. Global mean estimates for
to 2 Tg of organic matter per year (Claeys et al., 2004). the 1983-1995 period are given in Sect. 3 and compared to
Key parameters, such as environmental conditions (mainlythe results of other studies. Analysis of the impact of climate
temperature and radiation), vegetation type and foliar areaand CQ interannual variability from 1983 to 1995 on the
constrain biogenic emissions, thus making them very sensisimulated biogenic VOC emissions is presented in Sect. 4.
tive to climate and land use changes. In addition, vegetafFinally, two scenarios of land use change, tropical deforesta-
tion is not only influenced by climate change but also humantion and European afforestation, are considered in Sect. 5 to
activity and development, such as urbanization and agriculanalyse the sensitivity of biogenic emissions to the vegeta-
ture expansion. Mainly initiated by Guenther et al. (1995), tion distribution alteration.
global biogenic emissions modeling now benefits from dy-
namic vegetation models, allowing the calculation of bio-
genic emissions for the present day, as well as studying theip  The interactive biogenic emission and vegetation
possible future evolution in response to vegetation and cli- model
mate changes (Levis et al., 2003; Sanderson et al., 2003;
Naik et al., 2004; Latlire et al., 2005). The History 2.1 General description
Database of the Global Environment (HYDE), developed
by Goldewijk (2001) to estimate global land use changesA biogenic emission scheme, based on Guenther et
over the past 300 years (1700-1990), based on historicadl. (1995) parameterizations, has been incorporated into
statistical inventories and spatial analysis techniques, sugthe dynamic global vegetation model ORCHIDEE (Or-
gests a global increase of cropland area from>2B%ha  ganizing Carbon and Hydrology in Dynamic Ecosys-
in 1700 to 147k 10 ha in 1990, and a more than six fold tEms) (Krinner et al., 2005). This terrestrial biosphere
increase of pasture area from 5240° to 3451x 10° ha. Im- model consists of the surface-vegetation-atmosphere transfer
portant regional differences are found: most of the land usescheme SECHIBA (S@matisation deéchanges hydriques
change occurred during the 19th century in temperate rea l'interface biosphere-atmospte), (Ducouds et al., 1993;
gions of Canada, the United States, Russia and Oceani®)e Rosnay and Polcher, 1998) and of the carbon module
whereas in most of the tropical regions, the largest rate ofSTOMATE (Saclay-Toulouse-Orsay Model for the Analy-
land use conversion occurred at the end of the last century. Ais of Terrestrial Ecosystems), which includes the dynamic
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vegetation component of the LPJ (Lund-Potsdam-Jena) dy- ~ Dominont Plant Functional Types in ORCHIDEE —
namic model (Sitch et al., 2003). ‘ ' ' ‘ ‘ ‘ ' "
SECHIBA calculates processes characterized by short” | ‘ ‘
time-scales, ranging from a few minutes to hours, such as [*
energy and water exchanges between the atmosphere and tt )
terrestrial biosphere, photosynthesis, as well as the soil wa-ew
ter budget. SECHIBA has a time step of 30 min in order to
simulate the diurnal cycle of the terrestrial biosphere. STO-
MATE treats daily processes such as carbon allocation, lit-
ter decomposition, soil carbon dynamics, phenology, mainte-
nance and growth respiration. Important parameterizations, |
allowing the dynamic simulation of vegetation distribution,
have been taken from the global model LPJ: processes sucl=:
as fire, sapling establishment, light competition, tree mor- ,
tality and climatic criteria for the introduction and elimina- oo - 100

tion of plant functional types are integrated into ORCHIDEE, No. PFT Description Maximum LAl  Critical leaf age
with a time step of one year. (m2/m?) (days)

In the ORCHIDEE model, the land surface is described as™ | e soil
a mosaic of twelve plant functional types (PFTs) and bare 2  Tropical broadleaf ever- 7 730

soil (Fig. 1). The definition of PFT is based on ecologi- green tree

cal parameters such as plant physiognomy (tree or grass), 3  Tropical broadleaf rain- 7 180
leaves (needleleaf or broadleaf), phenology (evergreen, sum- , g’:een?;e;r':tee eedleleat ov- 5 010
mergreen or raingreen) and photosynthesis type for crops and ergreen tree

grasses (gor Cy). Relevant biophysical and biogeochemi- 5  Temperate broadleaf ev- 5 730
cal parameters are prescribed for each PFT (Krinner et al., ergreen tree

2005). This distinction is of great importance since the na- © Ijmgirf‘t;en tggad'eaf 5 180
tqre and the amount of th_e biogenic VOCs emitted are very Boreal geedleleaf ever- 45 910
different from one vegetation type to another. In the current green tree

version of ORCHIDEE there is no explicit terrestrial nitro- 8  Boreal broadleaf sum- 45 180
gen cycle. However, nitrogen is implicitly taken into account mergreen tree

in the photosynthesis and carbon allocation calculations. For ©  Boreal ”etEd'e'eaf sum- 3 180
carbon allocation, a nitrogen limitation is parameterized asa rggrgrrzzg ree 25 120
function of monthly soil moisture and temperature, because 11  c4 Grass 25 120
nitrogen availability of a plant depends on microbial activity 12  C3 Agriculture 5 120
in soil, and thus on soil moisture and temperature. Photosyn- 13  C4 Agriculture 5 120

thesis is parameterized as an exponential function decreas- _ _ )

ing with canopy depth, with an asymptotic minimum limit Fig. 1. melnant_plant functional _types (PFT§)|n (2)RCHIDI_E!E, cor-

of 30% of the maximum efficiency, to take into account ver- respondmg maximum leaf area index (LAl i?fm?) and critical

tical variation of photosynthetic capacity based on leaf ni- leaf age (in days).

trogen content. Leaf onset and senescence are calculated,

depending on the PFT, by applying warmth and/or moisture

stress criteria to the meteorological conditions. Carbon allo-mented in the ORCHIDEE model. In the current model ver-
cation to leaves, and to other compartments such as roots arfdon. 4 leaf age classes are considered, each corresponding to
sap wood, depends on external constraints such as temper¥arious leaf efficiency regimes and of equal duration (=crit-
ture, moisture or light. The more stress a tissue will suffer,ical leaf age/number of leaf age classes). The critical leaf
the more carbon it receives. In addition, a maximum leafage is 910 days for needleleaf evergreen trees, 730 days for
area index (LAI) value, above which no carbon will be allo- Proadleaf evergreen trees, 180 days for raingreen and sum-
cated to leaves, is prescribed for each PFT2/hm for trop- ~ Mergreen trees and 120 days for grasses and crops. This fea-
ical trees, 5ri/m? for temperate trees, 3 and 4.5/m? for ture is critical in accounting for the leaf age influence on bio-
boreal forestS, 2.5 %drnz for grasses and S%fmz for crops geniC emissions (MaCDonaId and Fa”, 1993, Guenther et al.,
(Fig. 1). The leaf photosynthetic efficiency varies during its 2000).

life cycle: small when the leaf is young, it increases quickly ORCHIDEE can either be forced by archived climate
with the leaf age up to a maximum value, lasting until the leaffields or driven by a general circulation model and can run
age equals half its critical value, and then decreases. To takim various modes, depending on the activated model compo-
into account this feature, a leaf age structure has been impleaents. For instance, the natural PFT distribution can either be
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— January — 2.2 Biogenic emission model

In addition to isoprene and monoterpenes, we also explic-
itly estimate the emissions of methanol, acetone, acetalde-
hyde, formaldehyde, formic and acetic acids, which are usu-
ally considered as a family of compounds and estimated as
bulk emissions. VOC biogenic emissions are calculated ev-
ery 30 minutes, based on the Guenther et al. (1995) param-
eterizations, and integrate additional feature such as the leaf
age influence on isoprene and methanol emissions.
The generic formula is:

S0°N

40°N

4095 -

F=LAl xsxEfxCrxCpxLyg (1)

where F is the flux of the considered biogenic species, given
in wgC/mé/h and LAl the leaf area index in #fim?, calcu-
lated at each time step by the model (Fig. 2). The specific leaf
weight s in gdm/rA (dm: dry matter) is prescribed in OR-
CHIDEE depending on the considered PFF.iE the emis-

sion factor inugC/gdm/h prescribed for each PFT and bio-
genic species (Table 1). Isoprene, and monoterpenes emis-
sion factors are based on Guenther et al. (1995) and adapted
to the PFTs considered in ORCHIDEE. For methanol, we
use emission factors from Guenther et al. (2000) and Mac-
Donald and Fall (1993), crops being the highest methanol
emitters. For the other VOCs (acetone, aldehydes and acids),
we use emission factors from Kesselmeier and Staudt (1999)
and Janson and De Serves (2001).

Cr(Eq. 2) and G (Eq. 3) are adjustment factors which
account for the influence of leaf temperature and photosyn-
Fig. 2. Monthly mean Leaf Area Index (LAI, &im?) calculated by ~ thetically active radiation (PAR) on biogenic emissions and
ORCHIDEE for January and July. depend on the considered biogenic species. For isoprene,
both light and temperature dependencies are considered and
the radiation extinction inside the canopy is also taken into
account. The leaf area index, used in Eq. (1), is divided
into a sunlit and a shaded fraction and a separate calcula-

. . . . tion is applied to each to estimate the incident PAR flux,
prescribed from an inventory (static mode, LPJ not activated) . . . .
. . . -‘used in Eqg. (3). The direct PAR is considered to only reach
or entirely simulated by the model (dynamic mode, LPJ acti- . : . .
. . o . sunlit leaves whereas diffuse PAR is received by both sun-
vated), depending on climate conditions. The fraction of the;,
) ) . . ._lit and shaded leaves (Guenther et al., 1995). The total flux
grid box occupied by agricultural PFTs is always prescribed . : S .
. . . of isoprene is then the sum of emissions from both sunlit
so that crop extent is not affected by the dynamic vegetation .
X ; and shaded leaves. The PAR is calculated from the surface
change. The atmospheric @@vels influence photosynthe- .~ o ; ; . )
. - incident short-wave radiation given in the forcing file (see
sis, and consequently, the LAI, and can thus indirectly affect . )
X . o . . below). For other chemical species only a temperature de-
VOC biogenic emissions. It is thus really important to con-

sider the relevant C®atmospheric level for each year and pendency is considered as in Guenther et al. (1995):

&2°M

40°M

40°5

take into account its evolution throughout the period anal- eXpCTllg—TTs)
ysed. Cr= ST for isoprene,
1+ exp TAT TN
Validation studies showed that the ORCHIDEE model ac-C7 = €XPB(T'—Ty)) for all other compounds @
curately simulates water, energy and carbon exchanges, as aCL1 ) )
i i = Q dered f I 3
well as vegetation processes on short and long time-scale&L = \/H—TZQZ consiaered tor Isoprene only (3)

A more detailed description of the ORCHIDEE model and

its validation is presented in Krinner et al. (2005), and its T is the leaf temperature (K), Q is the incident flux
good skills for interannual variability have been illustrated of PAR (umol.phot.nt2s™1), T, is the leaf temper-
by Ciais et al. (2005). ature at standard conditions (=303K), R is the ideal
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Table 1. Biogenic emission factors in the ORCHIDEE modebC/gdm/h).

PFT Isoprene  Monoterpenes Methanol Acetone Acetaldehyde Formaldehyde Formicacid Acetic Acid
Tropical broadleaf evergreen tree 24 0.8 0.6 0.29 0.1 0.07 0.01 0.002
Tropical broadleaf raingreen tree 24 0.8 0.6 0.29 0.1 0.07 0.01 0.002
Temperate needleleaf evergreen tree 8 2.4 1.8 0.87 0.3 0.2 0.03 0.006
Temperate broadleaf evegreen tree 16 1.2 0.9 0.43 0.15 0.1 0.015 0.003
Temperate broadleaf summergreen tree 45 0.8 0.6 0.29 0.1 0.07 0.01 0.002
Boreal needleleaf evergreen tree 8 2.4 1.8 0.87 0.3 0.2 0.03 0.006
Boreal broadleaf summergreen tree 8 2.4 1.8 0.87 0.3 0.2 0.03 0.006
Boreal needleleaf summergreen tree 8 24 1.8 0.87 0.3 0.2 0.03 0.006
C3 grass 16 0.8 0.6 0.29 0.1 0.07 0.01 0.002
C4 grass 24 1.2 0.9 0.43 0.15 0.1 0.015 0.003
C3 agriculture 5 0.2 2 0.07 0.025 0.017 0.0025 0.0005
C4 agriculture 5 0.2 2 0.07 0.025 0.017 0.0025 0.0005
gas constant (=8.314 J&mol~1); Cr1 (=95000Jmotl), for isoprene and methanol emissions, depending on the four
Cr2(=230000Jmotl), Ty (314K), B (=0.09K 1), « leaf age classes given in ORCHIDEE. For methanol, we as-
(=0.0027) and &1 (=1.066) are empirical coefficients. sume that mature and old leaf emission (leaf age classes 3

Tand 4) efficiency is half that of young leaves, and as the emis-

Airtemperature is often considered as an approximation oSIon factors prescribed are tvpical of vound leaves. we thus
leaf temperature in biogenic emission models when a more P yp young '

. ; ! ._assign a leaf efficiency factor of 1 for leaf age classes 1 and 2
detailed canopy energy balance is not available. The ch0|c§nd of 0.5 for leaf age classes 3 and 4 (MacDonald and Fall,

of the temperature used to calculate emissions is critical sinc? : ; o
. . . . . o 993). For isoprene, we consider that the emission factors
temperature is a major factor governing biogenic emissions .

levels. Leaf temperature measurement is rather complex anglvenmn Guenther et al. (1995) correspond to a medium-age

published studies, analysing the difference between leaf anffeesvtzgt;ogif;nﬁr?gg f;izaﬁ:gna;iisrzugaeviat _{_ﬁg?gg:;d \(/)vls
air temperature, are quite contrasted. Loreto et al. (1996) in- : '

dicated that leaf temperature did not strictly follow changesaSSIgn a leaf efficiency of 0.5 for leaf age classes 1 and 4 and

in air temperature. Pier and McDuffie (1997) measured me_of 1.5 for leaf age classes 2 and 3 (Guenther et al., 1999a).

dian leaf-to-air temperature differences of abot€ at the
canopy top and of O°® or less within the canopy. Kirs-

tine et al. (1998) found, on a pasture site, that the differencel_he model is run with a resolution o in longitude and

between leaf and air temperature, which tends to zero unyo .| 46 and forced every 3h by the ISLSCP-II (Inter-

der freely evaporating conditions, increases under drought: __. . i . . e
stressed conditions by up to 510 Martin et al. (1999) national Satellite Land-Surface Climatology Project, Initia

. ive Il Data Archive, NASA Ili lim rchiv
measured, over a two-month period, that the leaf temperaE © ata Archive, NASA) satellite based climate archive

ture exceeded air temperature by more tha@ n 10% of (Hall et al., 2005). This forcing includes incident longwave

the daylight hours and the excess could go beyGi@ Bince and shortwave radiation at the surface, rainfall rate, ambient
. air temperature, surface pressure, near-surface wind speed,
the vegetation model ORCHIDEE does not calculate a sepa: b P P

._ambient air specific humidity and snowfall rate. These near-
rate leaf temperature, we use the surface temperature, Whlc% P y

. L . . . rf m rol r n atmospheric reanaly-
is the radiative budget temperature, including soil surface and':’u ace meteorology data are based on atmospheric reanaly

canony. However. the surface temperature can differ b tses from the NCEP/DOE (National Center for Environmen-
Py. However, u peratu : yuplQ, Predictions/Department of Energy) Reanalysis 2. For

grr(n:isc;riomn:rs\;er(r)gt?r:z;g&pev:/aeu:ﬁslinmorg; tt%;;v?rlg ?err]#g:rmost of the fields, the reanalysis data has been hybridised
: : ! o P 'MPEIGith observational data or corrected for differences in el-
ature used in our biogenic emission model cannot differ by
more than 2C from air temperature, which is the most ob-

served difference.

2.3 Simulations

evation between the reanalysis model topography and the
ISLSCP-Il initial topography. The simulations are performed
in static mode, which means that the vegetation distribu-
Several studies (MacDonald and Fall, 1993; Guenther etion is prescribed using a global map. The variability of
al., 2000) underline the impact of leaf age on the emissionclimate conditions and the atmospheric £i@crease will
rate. They highlight that young leaves have a smaller emisthus not affect the vegetation distribution, but will impact
sion capacity for isoprene, but a higher one for methanolthe vegetation growth, and especially photosynthesis activ-
than mature leaves, and that old leaves have a strongly raty and carbon allocation to leaves. For our study, we use
duced emission yield. To account for the influence of leafa present-day global map (Fig. 1) based on Loveland et
age, we assign a biogenic emission activity factp(Eq. 1) al. (2000) and corrected for crops by Ramankutty and Folley
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they do represent predicted regional land use tendencies and

Table 2. CO, atmospheric levels and temperature conditions for the ™ ™7 - - . - -
their impact on regional and global biogenic emissions.

1983-1995 interannual variability simulation.

Year CQG mixing ratio (ppm) and Global mean
increase from 1983 (%) air temperatuf€j 3 Global mean biogenic emissions for the 1983-1995 pe-

1983 342.7 13.7 riod

1984 344.5 (+0.52%) 13.3

1985 345.7 (+0.87%) 13.3 3.1 Comparison with other studies

1986 347.3 (+1.34%) 135

1987 348.9 (+1.81%) 13.6 Calculated global mean emissions for the 1983-1995 period

1988 351.5 (+2.57%) 138 are summarized and compared to previous estimates in Ta-

1389 353.1 (+3.03%) 136 ble 3. On a 13 years-mean basis, the global biogenic emis-

1990 353.9 (+3.27%) 13.9 .

1991 355.7 (+3.79%) 138 sion source calculated_ by our model totals 752 TgClyr of

1992 356.4 (+3.99%) 13.4 which 460 TgC/yr are isoprene, 117 TgC/yr monoterpenes,

1993 356.9 (+4.14%) 13.6 106 TgC/yr methanol, 42TgCl/yr acetone, 15 TgC/yr ac-

1994 358.6 (+4.63%) 13.7 etaldehyde, 10 TgC/yr formaldehyde, 1.5 TgC/yr formic acid

1995 360.3 (+5.13%) 14.1 and 0.3 TgCl/yr acetic acid. Our results are within the range
found in the literature. The slight underestimation when

Mean 351.9 13.6 compared with Guenther et al. (1995) estimate of 506 TgC/yr

for isoprene global emission results from our accounting of
the leaf age influence. In a sensitivity study, we have indeed
neglected this parameter and found a global isoprene emis-

(1999) and for anthropogenic grasses by Goldewijk (2001)sion of 506 TgClyr, identical to Guenther et al. (1995) and
(De Noblet-Ducouds and Peterschmitt, unpublished work). closer to the values reported by Wang and Shallcross (2000)
Initial conditions are taken from a 10-year equilibrated simu-and Levis et al. (2003). Monoterpenes emission calculated
lation based on 1983 climate and €6onditions. The inter- by ORCHIDEE is close to the 127 TgClyr given by Guenther
annual simulation, run for the 1983-1995 period, consider<tt al. (1995). Monoterpenes and other VOC emissions may
not only climate change but also annually varying,G@mo- also be depeqdent on the leaf age, althou'gh, to t.he best of our
spheric levels (Table 2): the G@nixing ratio increases from knowledge, this effect has only been studied for isoprene and
342.7 ppmv in 1983 up to 360.3 ppmv in 1995, a 5% increasdnethanol emissions. Global emissions calculated for alde-
over the 1983-1995 period (Keeling and Whorf 2005). Thehydes and acids are within the range given by Wiedinmyer
global and annual mean air temperature ranges fron?€3.3 €t al. (2004). Biogenic emissions of acids total 1.8 TgClyr
to 14.PC (Table 2). The impact of key parameters, such asfrom which formic acid emissions contribute to 1.5 TgClyr,
radiation extinction or temperature, on biogenic emissions is3 times less than the production of organics by ozonolysis
assessed running two sensitivity simulations, based on thEeaction, estimated to 5 TgC/yr (Baboukas et al., 2000).
1983 climate and atmospheric @@onditions. Our estimate of global isoprene emission is similar to the
In order to evaluate the impact of human activities on 454 TgC/yr reported by Naik et al. (2004). Naik et al. (2004)
ecosystems distribution and hence on biogenic emissionstonsidered a potential vegetation map with no agricultural
we perform a second set of simulations: tropical deforestal2nd, which should lead to higher emissions than ours. How-
tion and European afforestation. For the tropical deforesta£Ver. they assumed that grasses are not a major emitter of iso-
tion simulation, PFTs 2 and 3 (tropical broadleaf evergreenPre€ne (emission factor of 0) while we use emissions factors
and raingreen trees), located in large regions of South Amerof 16 and 24.gC/gdm/h for G and Q grasses, respectlv'ely.
ica, Africa and Indonesia, were replaced by 50% tropical (Guenther et al., 1995), that results in an additional emission
crops and 50% tropical grasses (PFTs 11 and 13) whil®f 90 TgC/yr into the atmosphere. o
for the European afforestation simulation, we substituted Sanderson et al. (2003) calculated global emissions of
crops (PFTs 12 and 13) with temperate broadleaf summer484 TgC/yr for isoprene, a little higher than our results,
green trees (PFT 6) in the regions betweefl#70° N and  Which can be explained again by the difference in emission
12° W-44 E. For these simulations, we have only addressedactors. Based on a sensitivity analysis, we found that adopt-
the issue of human induced land cover change and ignorethd the emission factors proposed by Sanderson et al. (2003)
the potential impacts of climate and @éhanges and of nat- would lead to a global isoprene source about 485 TgClyr.
ural vegetation redistribution. We have then run one spe- Tao and Jain (2005) estimated isoprene global biogenic
cific year using only the 1983 climate and g@onditions.  emissions to 601 TgC/yr, taking into account the leaf age
Although these simulations do not include dynamic vegeta-influence. The emission factors were not assigned on a
tion response to projected future climate and land use changdiome basis but depended on the grid cell considered and
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Table 3. Global mean biogenic emissions (TgC/yr) and contribution to total biogenic VOCs (%) over the period 1983-1995.

TgClyr Isoprene  Monoterpenes Methanol Acetone Acetaldehyde Formaldehyde Formicacid Aceticacid TOTAL

This study 460 117 106 42 15 10 1.5 0.3 752
(61%) (15%) (14%) (6%) (2%) (1.5%) (0.2%) (0.05%)

Galbally and Kirstine 375

(2002)

Guenther et al. (1995) 503 127 1150

Horowitz et al. (2003) 107

Levis et al. (2003) 507 33 692

Naik et al. (2004) (poten- 454 72

tial vegetation)

Sanderson et al. (2003) 484

Tie et al. (2003) 108

Wang and Shallcross 530

(2000)

Wiedinmyer et al. (2004) 50-250 10-50 10-50 2-10 0.4-2 0.4-2

3}

thus showed a strong variability throughout the world, which ——
is not the case in our study. T -

If the results calculated with our model compare well with T
other estimates on a global basis, they do emphasize the serz T

(ug/m

sitivity of computed biogenic emissions to the chosen emis- - IR

sion factors. Indeed, an emission factor allocation based only ¢ Y% %E % v

on PFTs may not be sufficient to take into account the large § : T}j 8l )\(\mi N

emission factor variability from one ecosystem to another y;ﬁ o }g% X%k *ﬁ::r\x“ »

and to provide a realistic regional distribution of biogenic ! .%%ﬁi ol Xx X pt 1( H i Li(‘i%)\}f\u x
compounds, which can be of great importance, especially for et Sl x X x "“27.;;“'“

atmospheric chemistry studies. Serca et al. (2001) investi-  °.o0 700 o0 1100 1500 1500 1750 1900 2100
gated isoprene emission in a forest-site of the Republic of
Congo, as part of the EXPRESSO program, and found thaFig. 3. Comparison of the ORCHIDEE results with measure-
of the 28 species from the mixed forest, only 3 were high iso-ments of the ECHO campaign (Spirig et al., 2005) for isoprene
prene emitters (emission rate over/A§C/g/h) while in the  (1g/mP/s). Monthly mean ORCHIDEE isoprene emissions for July
monospecific forest, 2 species had high emission rates (4ged squares) and variance (red bars) are _compared to the mean di-
and 62.9C/g/h), for the same conditions of temperature angurnal cycle (black squares) measured during the ECHO campaign,
PAR. Growth environmental conditions such as long-term?a"d t© the fluxes reported day-by-day (black crosses).
variation in light, temperature and water stress presumably
regulate emissions capacity as observed for isoprene (Harley
etal., 1999; Hanson and Sharkey, 2001&tyéh et al., 2001) suming a global surface methanol source of 117 TgClyr, of
and monoterpenes (Staudt et al., 2003). VOC biogenic emiswhich 92% is due to biogenic sources, that is 108 TgClyr,
sions calculation should then integrate those parameters anahich is very similar to our results.
amore complex emission factors prescription, depending not  Comparison of the ORCHIDEE monthly mean emissions
only on PFT but also on the geographical location shouldfiuxes over the 1983-1995 with a limited compilation of
then be used, as proposed by Guenther et al. (2006) in thgheasurements is given in Table 4 and show that the results
MEGAN model. of our model are broadly within the range of selected mea-
Galbally and Kirstine (2002) estimated methanol emis-surements. In the Fig. 3, the diurnal isoprene emissions cy-
sions by flowering plants to 100 Tg of methanol per year cle calculated by our model is compared to measurements of
(37.5TgClyr), based on plant structure and metabolic propthe ECHO campaign (Spirig et al., 2005), which took place
erties. This work, which leads to significantly lower emis- in North-West Germany in July 2003, and we can see that in
sions compared to ours, uses a completely different approacthis case, the diurnal variation of isoprene fluxes is quite well
based on a plant physiology model. Horowitz et al. (2003)captured by our model. It is of course difficult to evaluate a
estimated biogenic methanol emissions of 108 TgClyr, basedlobal model based only on a few comparisons with measure-
on the emission ratio to isoprene found by Guenther etments, and a more detailed validation is required. Neverthe-
al. (2000) for North America. Tie et al. (2003) studied the less, the examples shown in Table 4 and Fig. 3 underline that
impact of biogenic methanol on tropospheric oxidants as-our model is generally consistent with the measurements.
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Fig. 4. Global mean biogenic emissions over the 1983—-1995 period in k%j@lm]anuary (left column) and July (right column) for isoprene,
monoterpenes, methanol and ORVOC.
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Table 4. Comparison of the ORCHIDEE 1983-1995 mean biogenic emissions with on-site measurementsmgC/m

Sources Location Compound Period Measurement This study
Pattey et al. (1999) Canada Isoprene S e;r ;)r/nb or 10121'23 O('ffs
Westberg et al. (2001) USA Isoprene August 9-10.5 (warm period) 18
0.9-1.8 (cool period) )
Apel et al. (2002) USA Isoprene Summer 9 (max)
Isoprene Summer 6.7 (max) 2.2
Karl et al. (2003) USA Methanol Spring 0.4 (mean) 0.11
0.7 (max)
Acetone Fall 0.3 (mean) 0.1
1 (max)
Greenberg et al. (1999) Congo Isoprene November 0.6-1.3 1.9
Rinne et al. (2002) Brazil Isoprene July 1.8 2.2
May 0.32 0.25
Ciccioli et al. (2003) Italy Monoterpenes July 2.09 0.5
November 0.16 0.14
Rinne et al. (1999) Finland  Monoterpenes Summer 0.5-0.6 (max) 0.3
Spanke et al. (2001) Finland  Monoterpenes  Spring and Summer  0.063-0.3 (max) 0.2-0.3

3.2 Attribution of global emissions to PFTs and VOC com- the south of the Amazon region. In July, high monoterpenes
ponents emissions of 10-2010 11 kgC/n¥/s are found in Siberia

and Canada, whereas tropical regions contribute much less to
Three major biogenic Compounds are emitted: isopreneghe gIObal monotel’penes emission. The biogeniC emissions
which contribute to more than 61% to the global annual bio-0f other VOCs such as acetone, acids and aldehydes have
genic emissions, monoterpenes (15%) and methanol (149ghe same pattern because their emissions factors and emis-
(Table 3). However, even if other compounds such as aceSion parameterization are similar to monoterpenes. Methanol
tone (6%), acetaldehyde or formaldehyde (2% and 1.5%)€missions are particularly high in tropical regions such as In-
formic (0.2%) and acetic (0.05%) acids are emitted in smallerdia or the southern Asia, due to a high density of crops, a
individual quantities, these other species total a significanstrong methanol emitter, in those regions. In July, methanol
amount of reactive compounds emitted to the atmosphere, g¢missions range from 6 to over 200~**kgC/n/s in In-
almost 70 TgC/yr. donesia.

Figure 4 shows the geographical distribution of calculated Table 5 shows the contribution of various PFTs and re-
emissions for isoprene, monoterpenes, methanol and ORgions to the global biogenic emissions on a 1983-1995 mean
VOC (defined as other reactive VOCs with lifetime smaller basis. The contribution of tropical vegetation (PFTs 2 and
than 1 day, and calculated with a constant emission factor oB) to the global emissions are 61% for isoprene, 53% for
1.549C/gdm/h for every PFTs, Guenther et al., 1995). In monoterpenes but only 32% for methanol. Crops (PFTs 12
January, significant emissions of 2«80 1°kgC/n¥/s for and 13) are significant methanol emitters, contributing to
isoprene and 5-2010-11kgC/n?/s for monoterpenes are 44% of global methanol emissions, but are much less im-
calculated in the southern hemisphere and tropical regionsportant for isoprene and other VOCs (6—6.5% of global
Isoprene is primarily emitted in tropical regions, becauseemissions). Tropical regions are a major contributor to
tropical vegetation (PFTs 2 and 3) are characterized by botlylobal annual biogenic emissions: 83% of isoprene, 69% of
high leaf area index up to 7-8%m? (Fig. 2) and strong monoterpenes and 66% of methanol global annual emissions
emissions factors (Table 1). High isoprene emissions occupriginate from tropical regions (3G-30 N). In our study,
all year in these regions. In July, high isoprene emissiongrasses (PFTs 10 and 11) are a significant source of isoprene
by 3-10x 10 10kgC/m?/s are also calculated locally in the contributing to 20% of the global yearly emission. This result
east coast of the US and in southern Spain due to a higlis in contrast with other studies (Levis et al., 2003; Naik et
density of temperate broadleaf summergreen trees (PFT 6al., 2004), which assume that grasses do not emit isoprene at
Monoterpenes emission levels are also significant in tropicah significant level. Even if the maximum leaf area index for
regions, but do not extend as much as isoprene emissions fgrasses is only 2.5%m?, we consider quite high isoprene
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Table 5. Contribution of PFTs and various regions to global biogenic emissions in TgC/yr (and %) on a 1983-1995 mean basis. Tropical
regions are defined between-30° and @, higher latitude regions are defined betweenr3@® and +~90°.

PFT Isoprene Monoterpenes  Methanol Acetone
Tropical broadleaf evergreen tree 258 (56%) 58 (50%) 31(30%) 21 (50%)
Tropical broadleaf raingreen tree 23 (5%) 3.5 (3%) 2 (2%) 1.5 (3%)
Temperate needleleaf evergreen tree 7 (2%) 13 (11%) 7 (7%) 5 (11%)
Temperate broadleaf evergreen tree 12 (3%) 4.5 (4%) 2.5 (2%) 2 (4%)
Temperate broadleaf summergreen tree 32 (7%) 3 (2%) 1.5 (1%) 1 (2%)
Boreal needleleaf evergreen tree 5 (1%) 11 (9%) 6 (5%) 4 (9%)
Boreal broadleaf summergreen tree 1.5 (0.33%) 2 (2%) 1 (1%) 0.8 (2%)
Boreal needleleaf summergreen tree 1 (0.2%) 1 (0.9%) 1(0.6%) 0.4 (0.9%)
C3 Grass 44 (10%) 8 (7%) 4.5 (4%) 3 (7%)

C4 Grass 46 (10%) 7 (6%) 4 (4%) 3 (6%)

C3 Agriculture 15 (3%) 3 (3%) 22 (22%) 1 (3%)

C4 Agriculture 16 (3.5%) 3 (3%) 23 (22%) 1 (3%)
Tropics 381 (83%) 82 (69%) 70 (66%) 30 (70%)
Tropical South 213 (46%) 45 (38%) 33(31%) 16 (38%)
Tropical North 168 (37%) 37 (31%) 37 (35%) 13.5(31%)
Higher South 8 (2%) 2 (2%) 3 (2%) 0.8 (2%)
Higher North 71 (15%) 34 (29%) 33(31%) 12 (29%)
Europe 14 (3%) 5 (4%) 7 (6%) 2 (4%)
Global 460 117 106 42

emission factors, as given in Guenther et al. (1995) for hotother compounds (478 TgC/yr to 529 TgCl/yr for isoprene,
and cool grass/shrub, and the spatial coverage and density19 TgC/yr to 129 TgCl/yr for monoterpenes, 106 TgC/yr to
of grasses is often very high. It is thus a critical point to 116 TgC/yr for methanol and 43 TgCl/yr to 47 TgClyr for ace-
know if grasses can be considered as an isoprene emitter done) resulting in a substantial additional total emission of
not since a very different regional isoprene emissions dis-VOCs to the atmosphere of 78 TgC/yr. Considering the dif-
tribution would arise. Several studies emphasized the lowficulty in estimating leaf temperature and the canopy en-
isoprene emission level of grasses but the number of speciesrgy balance highlights the large uncertainty in calculated
of grass that emit isoprene is highly uncertain (Holzinger etbiogenic emissions. The next step for biogenic emission
al., 2002; Wiedinmyer et al., 2004). Moreover, high isoprenemodel improvement would be to calculate the leaf temper-
emission capacities have been measured for shrubs (Gueature for sunlit and shaded leaves, as suggested by measure-
ther et al., 1999b), which are included in PFTs 10 and 11.ments given by Harley et al. (1997).
Grasses are of less importance for other VOCs emissions,
for which their contribution is between 8 and 13%.

4 Interannual variability of biogenic emissions over the

3.3 Sensitivity tests to parameters choices period 1983-1995

Additional simulations were conducted for the year 1983 tolIn this section, the impact of the variability in climate con-
assess the sensitivity of biogenic emissions to key parametemitions and of increasing atmospheric £@oncentrations
such as temperature, leaf age or radiation extinction withinon biogenic emissions is investigated over the period 1983—
the canopy (Eg. 1). We estimated that the radiation extinc-1995. As shown in Table 6, the total global emission of
tion considered for isoprene emissions leads to the halvingll biogenic compounds ranges from 717 TgC/yr in 1986 to
of isoprene emission, decreasing from 983 TgC/yr without778 TgC/yr in 1995, that is a 8.5% increase between both
radiation extinction to 478 TgC/yr. Accounting for the leaf extreme values, and has a variability of-4/6 TgC/yr over
age influence leads to a decrease in global emissions of 10%he 1983-1995 period. In order to asses the impact of atmo-
for isoprene and 27% for methanol. Increasing the surfacespheric CQ mixing ratio increase on biogenic emissions, we
temperature (used as a surrogate of leaf temperature) in theerformed a second 1983-1995 simulation considering the
biogenic emissions model globally by @ leads to an in- 1983 CQ atmospheric level (342.7 ppmv) for the whole pe-
crease in the global emission of 11% for isoprene and 9% foriod (Table 6). In 1995, the emissions difference between the
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Table 6. Interannual variability of biogenic emissions over the 1983-1995 period (TgCl/yr).

Isoprene Monoterpenes Methanol Acetone Acetaldehyde Formaldehyde Formic Acetic TOTAL
1983 Increasing acid acid 1983 Increasing
Co, Co; CO, Co,
1983 478 478 118 106 43 14.8 10.2 1.48 0.295 772 772
1984 459 459 116 105 42 14.5 10.0 1.45 0.291 747 748
1985 454 454 116 105 42 14.6 10.0 1.46 0.291 743 743
1986 435 436 113 102 41 14.1 9.7 1.41 0.283 714 717
1987 465 467 118 106 42 14.7 10.1 1.47 0.293 754 759
1988 454 457 117 106 42 14.6 10.0 1.46 0.292 742 748
1989 451 453 117 106 42 14.6 10.0 1.46 0.292 738 744
1990 465 468 121 109 44 15.1 104 1.51 0.30 762 769
1991 459 463 120 107 43 14.9 10.3 1.49 0.299 752 760
1992 445 449 115 103 41 14.4 9.9 1.44 0.287 725 734
1993 451 456 117 106 42 14.6 10.0 1.46 0.291 736 747
1994 458 462 119 107 43 14.8 10.2 1.48 0.297 747 758
1995 472 476 122 109 44 15.2 10.4 1.52 0.304 768 778
“constant CQ” simulation and the “il"ICI'eaSil’]g CpSimU- Comparison between the SOI and biogenic emissions anomaly

lation reaches 4 TgCl/yr for isoprene and 10 TgCl/yr for the
total VOC, which corresponds to 0.8% and 1.3% difference, *#°
respectively, linked to an increase in foliar biomass underin- .20

creasing atmospheric G@onditions. i w WMM/\ L ) A&W&W FM A
10
An important control on climate conditions in tropical re- 20

gions is the occurrence of El Aib and La Niia events, which 1983 1985 1987 1989 1991 1993 1995

lead to major warming and cooling cycles in the eastern and

central Pacific. The Southern Oscillation Index (SOI), de-Fig. 5. Comparison between the Southern Oscillation Index SOI
fined as the pressure difference between Tahiti and Darwin(black line) and the simulated anomalies of global monthly biogenic
provides the intensity of El Nio and La Niia episodes. As isoprene emissions (grey line, TgC/month) for the 1983-1995 pe-
shown in Table 6, biogenic emissions are generally higheriod-

during El Nifo years (1983, 1987, 1990-1991 and 1994—

1995), and lower during La Ra years (1984-1985, 1988— - BvOC=s0l Ci”fs‘gsfennem: 1983-1995 -
1989). A similar finding was obtained by Naik et al. (2004) -+ -

over the period 1971-1990. However there is an exception |-
for the 1992-1993 weak El Ro event for which global bio- 2o} »
genic emissions are lower than average. For those two years
the El Nifio effect on the temperature increase in the western «|
part of South America is very small (with a maximum in- -
crease of 0.4C in northern part of South America compared 2|
to 1983-1995 mean temperature of 26228 this region), L
and does not impact significantly on biogenic emissions lev- ..
els, whereas a temperature decrease can be noted southward
of Brazil and in Central Africa, leading to a decrease in Fig. 6. Square correlation coefficient?jr between the Southern
biogenic emissions. The comparison between the SOI an@scillation Index and biogenic isoprene emissions for the 1983—
the calculated monthly global isoprene emissions anomalie4995 period.

(Fig. 5) indicates a negative correlation. The correlation co-

efficient (r) between the SOI and monthly global biogenic

emissions anomalies, calculated for the period 1983-1995are rather small but it is however interesting to note that the
is —0.28 for isoprene—0.14 for monoterpenes and0.01  correlation between biogenic emissions and SOI is some-
for methanol. These values are in qualitative agreement wittwhat higher in tropical regions compared to other regions,
Naik et al. (2004) but of smaller absolute correlatierd(54  as shown in Fig. 6 for isoprene.

for isoprene and-0.24 for monoterpenes for 1971-1990, As indicated by Fig. 6, the variability in biogenic emis-
in Naik et al., 2004). The correlation coefficients obtained sions over the 13 years of the simulation varies from one
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(upper panel) and European afforestation (lower panel) scenarios.
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region to another. To further illustrate this feature, Fig. 7 ISOPreéne 11.5%) and monoterpenes-§.1%). The am-

shows the annual emission anomaly in %, compared to 19839Iitude of the isoprene emission_anomaly is about 10% for
1995 mean emissions, calculated for isoprene, monoterpend¥Orth and South America and Africa, but smaller for Indone-
and methanol for 5 regions: North America (150 W-52 W, sia (7.5%). Variation in the emission anomaly is lowest in

12 N—=70 N), South America (85 W-34 W, 60 S-15 N), Africa Indonesia (—33% to +3%) anq North Amerlca—(42% to

(18 W-51E, 35S-37N), Europe (L0W-50E, 35N-72N) +3.1%) for monoterpenes andlln NorthZ.9% to 2.8%) and
and Indonesia (60 E-160 E, 11 S—40 N). Biogenic emissions>0Uth 3.9% to +3.3%) America for methanol.

variability is strongly affected by the evolution of environ-

_mental conditions_such as radiation, temperature or leaf areg Impacts of tropical deforestation and European af-
index. In Europe, in relation to a strong air temperature vari- ¢, actation on global biogenic emissions

ability over the period 1983-1995, the emission anomaly has

the largest variability from-11.5% to +6.8% for isoprene, 5.1 Tropical deforestation

from —8.1% to +7.2% for monoterpenes and fron.6%

to +7.2% for methanol. In 1987, biogenic emissions haveFigure 9 illustrates the change in total annual mean leaf
a strong negative anomaly in Europe, where annual mea@rea index between the tropical deforestation scenario and
air temperature differs the most from 1983-1995 mean temthe 1983 control run (1983 simulation with non-modified
perature compared to other regions studied, especially fopresent vegetation map). In the tropical regions with low
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Table 7. Global biogenic emissions (TgC/yr) and changes (%) for the tropical deforestation simulation and European afforestation simulation
compared to the control run (nc: no change).

TgClyr (%) 1983 Control Run Tropical deforestation European afforestation
Global Tropics Europe Global Tropics Global Europe
Isoprene 478 396 15 339-Q9%) 257 (35%) 497 (+4%) 33 (+126%)
Monoterpenes 118 81 5 84-29%) 48 41%) 118 (0.1%) 6 (+13%)
Methanol 106 70 7 130 (+22%) 93 (+33%)  1023.5%) 3 £51%)
Acetone 43 29 2 30429%) 17 (42%) 43 (-0.2%) 2 (+10%)
Acetaldehyde 15 10 0.64 16-29%) 6 (-42%) 15 (nc) 0.7 (+16%)
Formaldehyde 10 7 0.44 7-30%) 4 (44%) 10 (nc) 0.5 (+14%)
Formic acid 1.5 1 0.06 1429%) 0.6 (44%) 1.48 (nc) 0.07 (+14%)
Acetic acid 0.29 0.20 0.013  0.2:R7%) 0.12(40%)  0.29(nc)  0.015 (+15%)
TOTAL 772 595 30 602422%) 426 (20%) 787 (+2%) 46 (+54%)

precipitation, such as the southern part of Brazil, the LAl 5.2 European afforestation
is quite small in the control run (1-3%m?). Deforesta-
tion leads to a small increase in LAl in this region between ypger the European afforestation scenario, the total annual
1 and 1.5m/m?. In significant parts of Amazonia, Central mean LAl tends to decrease by 2im? over large regions
Africa and Indonesia, a large decrease in LAl in the rangegy Europe, and up to 2Am? in Great-Britain, where the
2-4.5nt/m? is modelled. highest LAl decrease occurs. LAl increases locally by up to
Tropical deforestation has a major impact on biogenic2-5 m?/m? in the centre of Europe, northward of the Black
emissions, as shown in Table 7. On a global basis, methancpea (Fig. 10). This result, which can seem surprising, is
emissions increase by 22%, in relation to crops coveragdinked to the fact that we turn perennial crops into a sum-
expansion, whereas isoprene and other VOC emissions dénergreen vegetation, both characterized by a maximum LAl
crease by 27-30%. If we consider tropical regions only, a0f 5mP/m?. We know that perennial crops are not realis-
33% increase in methanol emissions occurs and a 35-4494C and this is being changed in ORCHIDEE (Gervois et al.,
decrease is predicted for isoprene and other VOCs. Th004). Nevertheless, this bias in the representation of crops
isoprene emission decrease calculated for East Asia reach&§ly marginally affects the results discussed here.
26%, which is closed to the 30% decrease calculated by Globally, emissions are not significantly affected by Eu-
Steiner et al. (2002). Moreover, as illustrated in Fig. 9 by ropean afforestation: a 4% increase is calculated for iso-
the zonal mean difference of biogenic emissions between therene and a 3.5% decrease for methanol, and less than 0.2%
tropical deforestation simulation and the control run, the seafor other VOCs is computed. However, at the European
sonality of emissions is also affected by the tropical defor-scale, the impact is very significant, with a 51% decrease
estation. The decrease in isoprene zonal mean emissions) methanol emissions, an increase of 126% for isoprene and
governed by a reduction in both LAl and emission factors 10-15% for other VOCs, leading to an increase in total bio-
under tropical deforestation conditions, is significant all yeargenic emissions in Europe of 54%. The very large increase
long (—0.5x10710 to —2x10-1%kgC/n¥/s) and peaks in in the isoprene emission factor (multiplied by 9 compared to
March north of the Equator and in September south of thecrops) leads to a large overall increase in biogenic emissions,
Equator (2x10719 to —3.5x10"1%kgC/n¥/s). Methanol despite the small decrease in LAI. The combined effect of
zonal mean emissions increase by 0548 11kgC/nt/s total LAI and emission factor reduction leads to a large de-
throughout the year, and by 480 11 kgC/né/s from Jan-  crease in methanol emissions, lasting through the year since
uary to September betweeh&nd 10 S. A decrease in zonal methanol crops emissions also occur in winter in the control
mean methanol emissions is also modelled north of the equarun while there is no emission by PFT 6 (summergreen trees)
tor in March, and south of the equator in Septembdd.6to  during winter. The change in zonal mean emissions, given in
—2.5x10 1 kgC/nf/s). This reduction in methanol emis- Fig. 10, shows a 0610 19to 4.5x 10~ 19kgC/n?/s increase
sions is due to the large decrease in LAl in these regionsin zonal mean isoprene emissions from April to November.
and occurs despite the significantly larger methanol emissiorZonal mean methanol emissions decrease by D0611—
factors of crops compared to tropical trees (Table 1). Thesd.5x10-11kgC/n¥/s, between January and March and af-
results illustrate the importance of tropical regions as a majotter October, and by 1:610-11-5x 1011 kgC/n?/s, during
and very sensitive biogenic emissions source, under pressuspring and summer. For both isoprene and methanol, the
from rapid and strong land use change. maximum change in zonal mean emissions occurs in July
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%ig. 10. Impact of a European afforestation scenario on total an-
nual mean LAI (M4/m?2) (upper panel), zonal mean isoprene (mid-
dle panel) and methanol (lower panel) emissions compared to the
1983 control run.

control run.

between 42N and 52 N. Even though global biogenic emis-

sions are not significantly affected by European afforesta-

tion, its impact on regional emissions is very large and couldé Conclusion
strongly influence tropospheric chemistry mechanisms both

within and outside Europe. A biogenic emission scheme has been integrated in the global
The vegetation distribution change considered in our studyegetation model ORCHIDEE in order to calculate biogenic
is only intended to be a sensitivity experiment and probablyemissions of isoprene, monoterpenes, methanol, acetone, ac-
overestimates the future changes. Nevertheless, the resulétaldehyde, formaldehyde, as well as formic and acetic acids
obtained in the tropical deforestation and European reforestaat the global scale. In order to study the impact of climate
tion simulations underline the strong impact of vegetationand land use changes on biogenic emissions, several simula-
distribution alteration on VOC biogenic emissions as well astions are performed. Global mean emissions of 460 TgC/yr
the high dependency of emission levels to the evolution offor isoprene, 117 TgCl/yr for monoterpenes, 106 TgC/yr for
land management. methanol and 42 TgCl/yr for acetone are calculated over the
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period 1983-1995. Tropical regions are identified as the pritemperature emissions dependencies were not found to be
mary source of global biogenic VOCs, contributing to 83% sensitive to environmental growth conditions). Increasing
of isoprene, 69% of monoterpenes and 66% of methanoblobally the leaf temperature used in the biogenic emissions
global annual emissions. The interannual simulation predictsnodel by 2C leads to an increase in the global emission of
a substantial variability in biogenic emissions over the 1983-11% for isoprene and 9% for other compounds (478 TgClyr
1995 period. The total global and annual emissions of theto 529 TgCl/yr for isoprene, 119 TgC/yr to 129 TgClyr for
summed VOCs range from 718 TgC/yr (1986) to 778 TgC/yr monoterpenes, 106 TgC/yr to 116 TgC/yr for methanol and
(1995), i.e. an 8.4% variability over 1983-1995. The vari- 43 TgClyr to 47 TgClyr for acetone) resulting in a substantial
ability in emissions is markedly different from one region to additional emission of VOCs to the atmosphere of 78 TgCl/yr.
another. Among the regions studied, biogenic emissions variThe difficulty to estimate the leaf temperature and the canopy
ation compared to 1983-1995 mean emissions was found tenergy balance appears as a major uncertainty in calculating
be the highest in Europe and the smallest in Indonesia (isobiogenic emissions. A next step for biogenic emissions mod-
prene and monoterpenes) and North America (methanol). els improvement would be to calculate the leaf temperature
Two scenarios of land use change, tropical deforestatiorfor sunlit and shaded leaves, as suggested by the measure-
and European afforestation, have been considered to exanments of Harley et al. (1997).
ine the sensitivity of biogenic emissions to the vegetation The distribution, as well as the diversity, of vegetation
distribution alteration. On the global scale, our calculationsthroughout the world is under pressure from both direct
indicate that the tropical deforestation leads to a methanolnthropogenic changes, such as deforestation and agricul-
emission increase by 22%, whereas isoprene and other VOQsire expansion, driven by population growth, and indirect
emissions decrease by 27-30%. If we consider tropical reechanges, also affected partly by human activities, includ-
gions only, a 33% increase is calculated for methanol emising atmospheric C® and climate evolution. Alcamo et
sions, and a 35-44% decrease is estimated for isoprene arad. (1996) suggested that in the next 50 years, land-cover
other VOCs. Global emissions are not significantly affectedconversion may occur predominantly in the tropical and sub-
by the European afforestation, but at the european scale, thteopical regions, in response to projections of demographic
impact is much more important, with a 51% decrease forgrowth and economic activity. The consequences of such
methanol emissions and an increase of 126% for isoprenehanges not only on biogenic emissions but also on the tro-
and 10-15% for other VOCs, leading to an increase in thepospheric gas phase and particulate chemistry could be sig-
total biogenic emissions in Europe of 54%. nificant. The use of dynamic global vegetation models, for
Our results are generally consistent with previous studiesfuture scenarios, and more generally for climate and land
It should be noted that our study also takes into account feause change studies, is an essential next step. Neverthe-
tures such as the leaf age for isoprene and methanol emidess, important points, such as the pattern and dependency
sions. Based on a sensitivity test, we estimated that accountf emissions on environmental conditions for compounds
ing for the leaf age influence leads to a decrease in globabther than isoprene and monoterpenes, and the response of
emissions of 10% for isoprene and 27% for methanol. Fu-foliar density and biogenic emission factors to £ahd cli-
ture biogenic emission studies need to consider if grasses camate change, are still under debate. Rosenstiel et al. (2003)
be considered as a significant isoprene emitter or not as thishowed that under increased atmospheric, @&&el from
could greatly affect regional isoprene emissions distribution.430 ppmv to 800 and 1200 ppmyv, the isoprene production
Indeed, we calculate that grasses contribute to nearly 20% ofvas reduced by 21% and 41% while above-ground biomass
the isoprene global and annual emission whereas recent studecumulation was enhanced by 60% and 82%. We can rea-
ies such as Levis et al. (2003) and Naik et al. (2004) assumeonably consider that considering this influence in our study
that the grass isoprene emission factor is negligible. Dewould not change significantly the estimates calculated over
pending on this choice, our emission estimates for land-us¢he 1983-1995 period, characterized by a 5% increase of
change scenarios, such as European afforestation and Tropthe atmospheric C9but could however be subsequent on
cal deforestation, could be significantly different. longer time-scales. The influences of those various parame-
Air temperature above the canopy is used to calculate bioters could affect emissions levels significantly, and more in-
genic emissions when a more accurate canopy energy bafermation is needed to reduce the estimates uncertainty and
ance, estimating leaf temperature is not available. Pier anémprove our understanding of biosphere-atmosphere interac-
McDuffie (1997) observed, comparing measurements andions.
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