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Abstract. The global emissions of isoprene are calculated atdistributions retrieved from space provides useful insights on

0.5° resolution for each year between 1995 and 2006, basettopical isoprene emissions. For example, the relatively low

on the MEGAN (Model of Emissions of Gases and Aerosolsemissions calculated over Western Amazonia (compared to
from Nature) version 2 model (Guenther et al., 2006) and athe corresponding estimates in the inventory of Guenther et
detailed multi-layer canopy environment model for the cal- al., 1995) are validated by the excellent agreement found be-
culation of leaf temperature and visible radiation fluxes. Thetween the CTM and HCHO data over this region. The pa-

calculation is driven by meteorological fields — air temper- rameterized impact of the soil moisture stress on isoprene
ature, cloud cover, downward solar irradiance, windspeedemissions is found to reduce the model/data bias over Aus-
volumetric soil moisture in 4 soil layers — provided by anal- tralia, but it leads to underestimated emissions near the end
yses of the European Centre for Medium-Range Weathebof the dry season over subtropical Africa.

Forecasts (ECMWEF). The estimated annual global isoprene
emission ranges between 374 Tg (in 1996) and 449 Tg (in
1998 and 2005), for an average of ca. 410 Tg/year over th(=1
whole period, i.e. about 30% less than the standard MEGAN

estimate (Guenther et al., 2006). This difference is due, t0 &rhe emissions of biogenic volatile organic compounds

large extent, to the impact of the soil moisture stress faCtor(BVOCs) have multiple impacts on the atmospheric com-

which is found here to decrease the global emissions by morgsition, including enhanced ozone formation rates in pol-

than 20%. In qualitative agreement with past studies, highyted areas, decreased oxidizing capacity of the global tropo-
annual emissions are found to be generally associated witQphere and substantial contribution to tropospheric aerosol
El Nifio events. The emission inventory is evaluated againsg,ndances in continental regions (Seinfeld and Pandis,
flux measurement campaigns at Harvard forest (Massachusrggg). Among the BVOCs, isoprene is the most largely emit-

sets) and Tapap in Amazonia, showing that the model can eq compound, with global annual emissions on the order of
capture quite well the short-term variability of emissions, but g Tglyear (Guenther et al., 2006). Whereas fixed emission
that it fails to reproduce the observed seasonal variation at thg,entories have been widely used by global atmospheric
tropical rainforest site, with largely overestimated wet SeasOnhemistry and transport models (CTMs) in the last decade
fluxes. The comparison of the HCHO vertical columns calcu-(e.g' Dentener et al., 2006), the importance of meteorology
lated by a chemistry and transport model (CTM) with HCHO a5 source of spatiotemporal variability in BVOC emissions

has led to the implementation of interactive emission models
in CTMs, which make use of the CTM meteorology for es-

Correspondence to: J.-F. Muller timating the emissions (e.g. Pfister et al., 2008). It has also
BY

(ifm@aeronomie.be) been shown that climate change can potentially induce large
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long-term term changes in global emissions (Sanderson etal2 Model description
2003; Guenther et al., 2006) and that meteorological vari-
ability, and in particular El Nio events, induce a significant 2.1 MEGAN

interannual variability of global emissions (La&hé et al., ) o ) )
20086). The isoprene emission algorithm is based on the MEGAN

Since the first global emission models {Ner, 1992; model (Guenther et al., 2006). The emission rate of a volatile

Guenther et al., 1995), which parameterized the emission€r9anic compound is expressed in MEGAN as
as functions of the instantaneous temperature and radiation, ' 1)
levels, the influence of meteorology on the emissions has v-e

been seen from measurements to be more complex. Amongares is the standard emission factor (mghh1), ie.

other factors, the past environmental conditions (temperage emission rate at standardized conditions defined in Guen-
ture, light) experienced by the leaves, the soil moisture streSsher et al. (2006), and’, the activity factor, represents

and the age of leaves have well-identified impacts on thgpe regponse to deviations from these standard conditions.

emissions, even though their quantitative influence remainsp, which represents the influence of production and losses

uncertain (see Guenther et al., 20_06, a_nd references therein);iihin the canopy, is taken equal to one in this study. We use
These effects are now parameterized in the MEGAN model MEGAN EFv2.0 dataset (also used in Guenther et al.,
(Model of Emissions of Gases and Aerosols from Nature),qg), which provides the geographical distribution of both
version 2 (Guenther et al., 2006). This model incorporateshe fractional cover and the standard emission factor of six
the rgsults of numerous flelld and laboratory |nve§tlg§1t|onsp|ant functional types (PFTs): needleleaf evergreen trees,
and includes a high resolution database for the distributiorygeqjeleaf deciduous trees, broadleaf trees, shrubs, grass and
of plant functional types (PFTs) and of their basal emissiongqns Here a further distinction between evergreen and de-
factor (i.e. their emission rates in standard conditions), as degjquous broadleaf trees is made (since these plant types have

scribed in Sect. 2.1. Although the leaf-level radiation fluxes yiterent canopy features), based on the global ecosystem
and temperatures are the most important parameters driyatabase of Olson et al. (1985). The emission flux at any

ing the emissions, their parameterizations are generally Crudg,-4tion is therefore a sum of contributions from all PFTs

and/or poorly described in past studies of isoprene emissions asent at this location. The activity factpfis given by
and their impact on the atmosphere (Guenther et al., 1995;

Sanderspn et al., 2003; La¢he et al., 2006; Palmer et a!., y = Cck - ypr - LAl - Yage: Vsu, (2)
2006; Pfister et al., 2008). The effects of such shortcomings
on the estimated sensitivity of emissions to meteorologicalwhereC¢£=0.52 is an adjustment factor so that1 at stan-
variability and climate change are not well quantified. dard conditionsypr is the weighted average (for all leaves)
A first purpose of this article is to provide a com- of the product of the activity factors for leaf temperature and
plete description of a multi-layer canopy environment PPFD (photosynthetic photon flux density), LAl is the leaf
model, MOHYCAN (MOdel for Hydrocarbon emissions area density (m?m—2), vage@ndysy are the leaf age and
by the CANopy), including the treatment used for ra- soil moisture activity factors, respectively. Since leaf tem-
diative transfer in the canopy and the calculation of perature and PPFD vary with height due to light attenuation
leaf temperature (see Sect. 2.2 and the supplemerty leaves, the canopy is divided intolayers in the canopy
to this article at http://www.atmos-chem-phys.net/8/1329/environment model which further distinguishes between sun-
2008/acp-8-1329-2008-supplement.pdf).  Secondly, thidit and shade leaves, so that
model is coupled with MEGAN to calculate the global emis-

— J J J
sions of isoprene at (°%0.5° resolution, and to investi- YP7 LAl = Z [((7p)sun- (¥7)sun- fsun+ ®)
gate their interannual variability between 1995 and 2006, I , ,
based on meteorological fields provided by ECMWF analy- (y,{,)shade- ()/%)shade fsjhadé - ALA ],

ses (Sect. 3). The inventory is available in NetCDF format at . )
http://www.oma.be/TROPO/inventory.html. Thirdly, this in- Where the indexj runs over all layersALAI ; is the par-
ventory is evaluated against two types of measurements: Iotial LAl in layer j, y} andy; are the PPFD and leaf tem-
cal isoprene flux measurements at selected sites (Sect. 4), afgrature activity factors at layér (for either shade or sun-
spaceborne measurements of the integrated vertical columrii leaves), andfd, and fsfhadezl— fdun are the fractional
of formaldehyde (HCHO), a known by-product of isoprene sunlit and shaded area in this layer. The number of lay-
degradation in the atmosphere (Sect. 5). ers is set to eight in this study in order to minimize the
numerical error associated with vertical discretization. The
leaf area index is evenly distributed between thday-
ers, i.e. ALAI j=LAl/n. Note thatypr has to be calcu-
lated separately for each PFT, because of differences in their
canopy characteristics (see Table 1 in the supplement to
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this article: http://www.atmos-chem-phys.net/8/1329/2008/6,, is the wilting point. The distribution of roots is estimated
acp-8-1329-2008-supplement.pdf). following Zeng (2001). Although this distribution is PFT-
The light dependence is given by dependent, the use of a unique profile (26%, 39%, 29% and
C»-o-PPED 6% at the 4 layers of the ECMWF numerical weather predic-
yp = P—’ (4) tion model: 0.07m, 0.21 m, 0.72m and 1.89 m, respectively)
V1+a?. PPFIF is found to cause negligible errors on the estimationyaf

in most situations.
where PPFD is calculated at leaf leveiniolm—2s71). «

andCp depend on the past history of light intensity accord- ]
ing to 2.2 The canopy environment model

o = 0.004-0.0005- In(P240) G A canopy environmental model (MOHYCAN, for MOdel for

Hydrocarbon emissions by the CANopy) (Wallens, 2004) is

used to determine leaf temperature and the radiation fluxes
Cp = 0.0468- exp(0.0005- [Pos — Pol) - (P249®®,  (6)  as functions of height inside the canopy. Radiative transfer

is based on the framework of Goudriaan and van Laar (1994)
where P»4 and P24 are the PPFD averages over the past 24(see also Leuning et al., 1995). Solar radiation is attenuated
and 240 h, respectively, arRb is equal to 20@molm=2s! v foliage according to an exponential law, as described in
for sunlit leaves and 50mol m~2s~* for shaded leaves. The more detail in the supplement. Distinct values of the extinc-

temperature dependence is expressed as tion coefficientc are used for direct and for diffuse light, as
(Ti—Top) well as for visible and NIR (Near Infrared Radiation). The
Eopt- Cr2- exD(CTl " “RTTopt ) Ko leaves are characterized by diffusion and transmission coef-
yr = ; fici
(Ti—Topt) icients.
cra—(cn-[i-ew(cr- 5]

The direct and diffuse fractions of solar radiation depend
where C7r1=95000J mot! and C7,=230000J motl, T; on .solar zenith angle and cloud optical depth. The latter is
(K) is leaf temperatureR (=8.31J KX mol~1) is the univer- gstlmated from the PPFD at canopy top,. baseq on tabulated
sal gas constantop is the maximum normalized emission irradiances calqulated by an atmospheric radiative transfer
capacity, andlop is the temperature at whicHop occurs. model (Madronich and Flocke, 1998). Leaf temperature in

These coefficients are estimated as a function of the averagg?Cch canopy layer is determined from the_ energy balance
leaf temperature over the past 247h4) and 240 h [240): iggg;lon (Goudriaan and van Laar, 1994; Leuning et al.,
Eopt = 2.034 - exp(0.05- [T24 — 297)) (8)
-exp(0.05- [T240 — 297) Osw+Qrw—0su—0rLH = Ostorage W m_z], (12)
with
where Qgw is the absorbed solar (shortwave) irradiation,
Topt = 313+ 0.6 - (T240 — 297). (9  Q.w is the net longwave radiation emitted/absorbed by the
leaf, Qs is the sensible heat fluxQ; y is the latent heat
flux of evaporation, an@storageiS the energy storage change.
OstorageiS much smaller than the other terms, and can be ne-
Yage= Fnew Anew Fgro- Agro+ Fmat- Amat+ Fold- Aold, (10) glected. The determi_nation of the leaf energy budget terms
OLw, Osy and Qg involves parameterizations of the re-
where Anew=0.05, Agro=0.6, Ama=1.125, Aqy=1, and sistances for the exchange of heat and water vapor, and is
Frew, Fgro, Fmat and Foiq are the fractions of new, growing, described in the Supplement.
mature and old leaves, respectively. These fractions are pa- |, summary, the input variables of the model are values at

rameterized from LAl changes between the current and preganopy top of solar radiation (PPFD+NIR), including their
vious time steps and from the average temperature over thgise and direct components, air temperature, relative hu-

The leaf age activity factopage is estimated for deciduous
canopies as

past 15 days, as describedGuenther et al. (2006). midity and windspeed. Air temperature and water vapor
_ Finally, the emission response to soil moisture s'gs§.  pressure are assumed to be constant in the canopy. Attenua-
is estimated as tion of windspeed by foliage is parameterized, as described

in the Supplement. Based on these assumptions, the model
calculates PPFD and NIR for sunlit and shaded leaves at
each level. Leaf temperature is determined iteratively using
where £ is the fraction of roots within the soil layér6’ is Eqg. (12). The number of required iterations is in general less
the volumetric soil water content in this layerim=3), and  than 4.

ysm = Y _[fioor MaxO, min(1, (¢' —6,)/0.06))], (11)
[
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Fig. 2. Soil moisture activity factorysy,) in January (left) and in July (right) 2003, calculated in this study.

2.3 Meteorology and LAI dataset sumed to account for the remainder of solar radiation, i.e. UV
is neglected (Goudriaan and van Laar, 1994). Since we use
ECMWEF soil moisture data, the ECMWF model values for
the wilting point (0.171 Am~3) and the soil moisture at ca-
pacity (0.323 m~2) are used in the parameterizations for

We drive the canopy environment model with ECMWF fields
for the downward solar radiation flux, the cloud cover frac-

tion, the soil moisture content in 4 soil layers, and the air . . L
. . ; the soil moisture dependence of the emissions and the stom-
temperature, dewpoint temperature, and windspeed dlrectlydtal resistance

above the canopy. Reanalysed ERAAQ fields are used un- Monthly LAl values at 0.5 0.5 degree resolution from the

till 2001, whereas operational analyses are used beyond thiﬁlODlS dataset (February 2000-December 2006) are used

date. The data are provided every 6h on a N80 spectra : .

. . . . : Zhang et al., 2004). Monthly climatological LAl values de-
grid (approxmately 1.125 degree in Iongltu_de an_d lat'.tu.de)’iived f?om the sam)e datasetyare used gefore this period. As
and are re-gridded at 0®.5 degree. A sinusoidal fit is in Guenther et al. (2006), the LAI of vegetated areas is esti-

applied to air and dewpoint temperature in order to derive o .
hourly values of air temperature and relative humidity. The (r;a::]eedgt;?/ddlwdlng the MODIS LAl by the vegetated fraction
Q .

atmospheric radiative transfer model is used to determine th
cloud optical depth from the cloud cover fraction and the
solar radiation flux. Hourly values for the diffuse and di- 3 Gjgpal isoprene emission inventory 1995-2006

rect solar radiation fluxes in both clear and cloudy conditions

are derived from the assumption of constant cloud cover an@.1  Inventory for year 2003

cloud optical depth in each 6-h interval. The ratio of PPFD

to total solar radiation is taken from the ISCCP D2 datasetThe monthly averaged isoprene fluxes for January and July
(Rossow et al., 1996, http://isccp.giss.nasa.gov/). NIR is as2003 are illustrated on Fig. 1. The global annual isoprene

Atmos. Chem. Phys., 8, 1329-1341, 2008 www.atmos-chem-phys.net/8/1329/2008/
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Fig. 3. Calculated difference between leaf temperature (weighted average) and air temperature, for the months of January (left panel) and
July (right) in 2003.

source is estimated to 412 Tg/year in 2003, or about 30%Dudhia (2001) in Guenther et al. (2006) led to a compar-
less than in the estimations by Guenther et al. (1995) (thatively smaller impact of this activity factor on the emis-
GEIA 1995 evaluation) and Guenther et al. (2006). The lattersions (7% globally). Although the high-resolution database
evaluation was based on the MEGAN algorithm and NCEPof Chen and Dudhia (2001) is probably more realistic than
meteorological data. The datasets used for Leaf Area Indexthe fixed values used by ECMWF and NCEP/NCAR, it is
the distributions of the plant functional types and their asso-not appropriate for use in calculations using the soil mois-
ciated basal emission factors were identical in this study andure fields from these analyses, given the importance of the
in Guenther et al. (2006). Besides the use of NCEP, other difwilting point in the determination of soil moisture in climate
ferences with the present work included the radiative transfemodels (Maurer et al., 2002; Li and Robock, 2005). As seen
model, the calculation of leaf temperature, and the wilting on Fig. 2, the emission reduction calculated in this work is
point database. largest in subtropical Africa and Australia during the dry
season and reaches one order of magnitude in desert areas.
Comparison of our Fig. 1 with the corresponding distri- Annual North American isoprene emissions are reduced by
butions of Fig. 10 in Guenther et al. (2006) shows a excel-ca. 10%, mostly due to decreases in the Western U.S. The
lent agreement regarding the spatial patterns of the emissionsalculated impact of soil moisture stress should be consid-
in most regions, with the noticeable exception of Australia ered with caution, since its parameterization is unfortunately
and other arid areas. The annual emissions over Northerbased on measurements from only one study (Pegoraro et al.,
America calculated in this work are also in excellent agree-2004), and because soil moisture is not directly constrained
ment with the estimation by Palmer et al. (2006) based orby measurements in meteorological analyses.
MEGAN and NCEP data, i.e. they are about 10% lower
than in the GEIA evaluation (boundaries are as in Fig. 2 Other causes might contribute to the lower global emis-
in Palmer et al., 2006) when the soil moisture stress effecsions estimated in this work, compared to previous estima-
is neglected, in accordance with Palmer et al. (2006). Thdions. Wallens (2004) estimated that the treatment of light
largest source of difference between Guenther et al. (2006attenuation in the canopy used in the MOHYCAN model
or Palmer et al. (2006) and the present evaluation lies preleads to lower emissions (10% globally) than the parameteri-
cisely in the soil moisture activity factog;sy;. The use of  zation used in Guenther et al. (1995). As discussed by Guen-
ECMWF soil moisture data together with the wilting point ther et al. (2006), the LAl values from the MODIS dataset
of the ECMWF model (=0.171#m~3) leads to an impor-  are considerably lower than in previous estimations and con-
tant reduction of the emissions, illustrated on Fig. 2. Ontribute to lower the global emissions by20%. The diur-
the global scale, the reduction reaches 21%, i.e. the globatal cycle of temperature, not accounted for in Guenther et al.
emission would amount to 518 Tg/yr if this factor were taken (1995), contributes to enhance the emissions, but this is com-
equal to 1. An even larger reduction would be obtained by uspensated by the lower PPFD values from the meteorological
ing the NCEP/NCAR reanalysis fields for soil moisture (data analyses, compared with the PPFD fluxes used in Guenther
obtained from www.cdc.noaa.gov/cdc/data.ncep.reanalysiset al. (1995). The use of leaf temperature instead of air tem-
html) (Kalnay et al., 1996), together with the wilting point perature in the emission algorithm contributes to increase the
used in this reanalysis (=0.1%m~2). In contrast with these  global (or the North American) annual emission estimate by
results, the use of the wilting point database of Chen andL8% according to our calculations. The difference between
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Fig. 4. Zonally and monthly averaged isoprene emissiugrti=2 h—1) between 1995 and 2006, as calculated in this study, and compared
with the zonally averaged emissions of the G95 inventory (Guenther et al., 1995). The global yearly emission is also given for each year and
for the G95 inventory.

leaf temperature (average weighted by the emissions) and aonly a weak El Niio. Lathire et al. (2006) showed that the
temperature is illustrated in Fig. 3. Leaves are found to bemonthly Southern Oscillation Index (SOI, i.e. the pressure
about 1-2 K warmer than their environment over most forestdifference between Tahiti and Darwin) shows a negative cor-
areas, resulting in emission enhancements of ca. 10%. Oveelation with the calculated isoprene emissions over South
savannas and desert areas, generally characterized by littemerica, Indonesia and other tropical locations. Correla-
cloud cover and high PPFD fluxes, the difference often ex-tions were found to be negligible at temperate and boreal lati-
ceeds 2 K, and leads to emission increases which can excedddes. We compare in Fig. 5 the monthly OceanigdNindex

30%. (ONI) with the annual tropical isoprene emissions*(33
23N) between 1995 and 2006. Large positive ONI values
3.2 Interannual variability, 1995-2006 correspond to El Nio events. The tropical emissions appear

to be positively correlated with the ONI time-shifted by about
Figure 4 shows the evolution of the zonally averaged iso- 6 months. A qualitatively similar result can be obtained with

prene emissions between 1995 and 2006, and a compaﬂhe global annual isoprene emissions. The observed corre-

son with the corresponding values for the emissions of thdation probably explains the apparent positive trend in the
Guenther et al. (1995) (G95) inventory. The largest dif- global emissions between 1999 and 2005 (Fig. 5), a period

ferences are seen near the Equator and arouhtll 5&ith of gradual increase of the ONI. The 6-month delay reflects
zonally averaged emissions about a factor of 2 lower in thetN€ complex influence of EI Ko (or La Nha) on different
present study, compared to GEIA. The annual global totald®gions of the world, as illustrated by the geographical dis-
are also given on the figure. The annual emissions range pdribution of the correlation coefficient between ONI and the
tween 374 Tglyear (in 1996) and 449 Tglyear (in 1998 and_mont_hly emission anomalies (Fig. _6). Note that_ essentially
2005). The maximum interannual variability in the 1995— identical results, but of opposite sign, are obtained for the
2006 period amounts to 20%, i.e. about twice more than incorrelation of the emissions with the SOl index. The emis-
the study of Lathére et al. (2006) covering the period 1983— sions are positively correlated with ONI over many regions
1995. As already noted by Naik et al. (2004) and Léxtéi in South America, Africa, Siberia and Alaska, but they are
et al. (2006), high emissions are often associated to EbNi negatively corrglated with ONI over the US Australig qnd
years (e.g. 1997/1998), and low emissions to Lad\jears =~ Many other regions. As a re;ult, global isoprene emissions
(e.g. 1995/1996). There are exceptions to this rule, though@'® Not strongly correlated with the ONI (or SOI) index. The
since 1994/1995 was an El i year, and 2004/2005 was correlation coefficient between ONI (SOI) and the monthly

Atmos. Chem. Phys., 8, 1329-1341, 2008 www.atmos-chem-phys.net/8/1329/2008/
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global emissions is 0.12+0.07), i.e. much less than in the 3¢ , , , — , 3
studies of Lathére et al. (2006) and Naik et al. (2004). How- o 8;?2,'3;:;‘2;"; :‘o(nc::;)
ever, isoprene emissions are found to be positively correlatedc‘és 2* S - Iso;;rene flux anomaly 3
with the ONI delayed by 6 months in almost all regions, as ¢ [ A

seen on the right panel of Fig. 6. The correlation coeffi- g 1

cient between the lagged ONI (SOI) and the monthly global g ¢

emissions reaches 0.380.32). Note that essentially simi- £ °¢

lar results are obtained when the climatological LAl dataset £ ¢

is used for calculating the emissions during the whole period © 3

(1995-2006), i.e., the interannual variability of LAl is found _zé ‘ e ‘ ‘

to have a only a small impact on the variability of isoprene 1994 1996 1998 2000 2002 2004 2006
emissions.
Fig. 5. Evolution of the Oceanic Nio Index (3-month running
mean of Sea Surface Temperature anomalies in the regidbh-5

4 Comparison with campaign measurements 5°S, 120-170 W) between 1994 and 2005 (dotted and solid
lines), and annual tropical isoprene emission anomaly between
The inventory is tested against campaign measurements at 2> and 2006 (symbols).

mid-latitudes (Harvard forest) and in Amazonia (Tdj
In both cases, model results are shown for the year in whic

) % LAl variations and the past weather conditions might be
observations were conduced.

possibly underestimated.

4.1 Harvard Forest, 1995 4.2 Tapaps

Isoprene fluxes have been measured at Harvard Forest igoprene fluxes from a primary tropical rainforest in Brazil
Massachusetts (432 N, 72°11'W) between June and Oc- were measured during three separate field campaigns: April
tober 1995 (Goldstein et al., 1998). The fluxes have beerpp01 during the wet season, July 2000 at the end of the wet
determined using the similarity gradient technique by mul-season, and October—November 2003 during the dry season.
tiplying the flux of CG (eddy covariance method) with the The technique used to collect these datasets was the eddy
vertical gradient of isoprene concentration, then dividing by covariance-fast isoprene system (EC-FIS) technique (Guen-
the vertical gradient of C®concentration. Measurements ther and Hills, 1998). All the measurements were conducted
were performed on a 30m tower extending 7 m above thegt the Floresta Nacional do Tapajsite (251’ S, 5458 W)
canopy. The uncertainty of the measurements is about 30%n the state of Par run by S. Wofsy’s group from Harvard
(Goldstein et al., 1998). University. This long-term C®flux tower was sponsored by
The forest is composed of red oak (a strong isoprene emitthe Large-scale Biosphere-atmosphere experiment in Ama-
ter) and other species. Needleleaf evergreen and broadleabnia (LBA). The July 2000 dataset has been previously re-
deciduous trees represent 35% and 64% of the site area, rgorted (Rinne et al., 2002). The uncertainty of the measured
spectively (Goldstein et al., 1998), in good agreement withfluxes is estimated to be about 30%.
the PFT distribution used in MEGAN (63% and 67% of  The April 2001 dataset was collected with the instrument
broadleaf trees at the two nearest gridcells). mounted in-situ on a 60 m walk-up tower. A dedicated sonic
Our model calculations are compared with the measureanenometer collected wind data simultaneously.
ments in Figs. 7 and 8. Although the observed diurnal cy- The 2001 wet season and 2003 dry season measurements
cle is relatively well reproduced by the model, an underes-were also collected at the Tapajsite, but were performed
timation is noted (35% on average), which probably reflectson the 70 m tower in conjunction with the existing €0
an underestimation of the standard emission factors in thélux measurements. Air for the ground-based FIS system
model. The underestimation is highest around noon (40%)was drawn through 70-75m of 6.4 mm OD teflon tubing
and lowest at high solar zenith angles. (111min~t in 2003). The tubing inlet was within 1 m of
When corrected for the 35% bias, the model results re-the existing sonic anemometer installed at a height of 65m
produce remarkably well the seasonal as well as the dayduring 2003. In 2001, a dedicated sonic anemometer was
to-day variations of isoprene fluxes between June and midmounted at 70 m during the experiment. The FIS instru-
September (Fig. 8), with a correlation coefficient of about ment was located in a building near the base of the tower and
0.90. Before day 160 and after day 260, however, the modetirew off 2.8-3.2 Imin? of air from the main flow. The FIS
largely overestimates the fluxes. The leaf age fagiggcal- ~ was manually zeroed each day by passing inlet air through
culated according to Eqg. (10) lowers the emissions in springa heated plantium catalyst. Due to importation difficulties,
and fall (as compared to summertime), but this reduction apho isoprene standard was available on-site in 2003, but the
pears to be much too weak, or the response of the emissiorislS was calibrated both before departure and upon return
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Correlation with ONI Correlation with ONI shifted by 6 months

-0.5

Fig. 6. Calculated coefficient for correlation between the monthly isoprene emission anomalies and the O¢ealmdeéy (ONI) between
1995 and 2006.
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Fig. 7. Average diurnal variation of measured (diamonds) and mod-_. . .
S Fig. 8. Seasonal evolution of measured (diamonds) and modelled
elled (solid line) isoprene fluxes (June—October) at Harvard Forest, ~. . : .
. olid line) isoprene fluxes (averages over daytime hours) at Har-
The measurements are averaged over one-hour intervals. The mod
. vard forest.
values have been calculated at the measurement times and average

over the same intervals.

the steep decrease (factor of 3) in the emission rates in the
) ) ) ] course of the measurement period, between day 300 and day
to the laboratory in the United States. Calibrations werezng This decrease is due to rapid changes in meteorolog-
performed by dilluting a high-concentration gas standard injca| conditions during that period. The modelled emissions
2001. Standard eddy covariance methodology was used tgring the wet season (February-July) are almost a factor
compute half-hour fluxes, but no corrections (e.g. the Weblbys 5 |ower than during the dry season, due to lower LAl
correction) were applied to the data except for a 2-D Wi”d(Huete et al., 2006), lower PPFD fluxes and lower temper-
rotation to ensure a zero vertical velocity. The teflon tube g4 res during that time period. Although this seasonality
introduced a 5-6 s delay between the datasets which was d&s much more pronounced than in the inventory of Guen-
tgrmined by examing the lag correlation for the half-hour pe-ther et al. (1995) (with only 15% difference between April
riods. and September emissions at that site), the flux measure-
The daily averaged emission fluxes are shown on Fig. 9ments at Tap#js indicate a even much stronger seasonality
The model results agree well with the dry season measureef isoprene fluxes. This result reinforces conclusions already
ments (red diamonds) when the standard emission factor idrawn by e.g. Kuhn et al. (2004), based on isoprene emis-
reduced by a factor 1.7. The model succeds in reproducingion capacity measurements at another Amazonian site, and
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Trostdorf et al. (2004), based on ambient isoprene measure- T

ments at Tapajs in 2001. For example, the measured fluxes 1.5/ 2000 1

in April 2001 are almost an order of magnitude lower than L 2001 | %&

the dry season fluxes. In other terms, the standard emission - 2003 /‘ “‘ J\‘ N‘ W \ L

factor should be a factor of 2-5 lower during the wet season, - i I | . W1

compared to the dry season. This probably cannot be ex- 5~ 4 of w “\r\\/“ ‘w\‘ ﬂ Iy

plained by soil moisture effects, since the soil moisture stress L \ A“ \\‘ \‘ [ W‘\ M \‘ (I

factor (s, is found to be always equal to one at this loca- ) VL My w

tion, although it cannot be excluded that this parameteriza- rﬁ{r‘\‘ Il ‘\ “

tion is inappropriate for tropical rain forests. Trostdorf et al. I . N

(2004) have proposed to introduce a precipitation-based ac- ‘

tivity factor for isoprene emissions in order to better match

the observations:

e S

Ep—2-15. 13 (13) 0.0 ‘ ‘ ‘ ‘

" Ps max. 100 150 200 250 300
’ Julian day

where P3 is the average precipitation rate during the past 3

months, P3 max is the maximum value of this average. Us- Fig. 9. Daily averaged isoprene fluxes at TapmjAmazonia) in

ing precipitation rates from the ECMWF/ERAA40 dataset, this 2000 (blue), 2001 (green) and 2003 (red). The diamonds are the

factor is found to reduce wet season fluxes by a factor of 1.5measurements, the solid lines are the model values downscaled by

compared to the dry season fluxes, and is therefore not suf factor 1.7.

ficient to reconcile the model with observations. Alternative

models relating the emissions not only to environmental pa-

rameters, but also to physiological parameters like stomatabptimization, which however failed to provide a satisfactory

conductance, assimilation and intercellular £&ncentra-  match between the modelled and observed HCHO distribu-

tion are more likely to help improving the prediction of iso- tions over Africa.

prene emissions in tropical rainforests (Simon et al., 2005).  We use here formaldehyde columns retrieved from GOME

at IASB-BIRA (De Smedt et al., 2007). They differ from pre-

vious HCHO retrievals (e.g. Chance et al., 2000; Wittrock

et al., 2000) by the choice of the wavelength interval used

Isoprene being a major precursor of formaldehyde in thefor DOAS (Differential Optical Absorption Spectroscopy)

atmosphere, the vertical column distributions of this com-fitting, taken to be 328.5-346 nm. This choice improves the

pound obtained from satellite instruments provide the op-Slant columns and decreases the fitting residuals in tropical

portunity to test and possibly improve the emission inven-régions, compared with retrievals obtained with the usual fit-

tories. The GEOS-CHEM tropospheric chemical/transportiind window (337.5-359nm). Slant columns are converted

model (CTM) has been used in several studies by the HarFo vertical colgmns frqm detailed radiative transfer calcula-

vard group to provide improved estimates of isoprene emislions and vertical profile shapes o_f formaldehyde concentra-

sions based on HCHO columns retrieved from the GOMELONs taken from an updated version of the IMAGES model

(Global Ozone Monitoring Experiment) instrument, in par- (Muller an_d Stavrakou, 2005). A more d.etailed description

ticular over the United States (Palmer et al., 2003; AbhottOf the retrieval methodology is provided in De Smedt et al.

et al., 2003; Palmer et al., 2006), over China and Southeadf007, 2008) .

Asia (Fu et al., 2007), and on the global scale (Shim et al., The meteorological fields in IMAGES are obtained from

2005). In regions where isoprene is the dominant precurECMWF analyses for the winds, convective fluxes, tem-

sor of formaldehyde, like the Eastern U.S. during summer-perature, and water vapour. The chemical mechanism for

time, the estimated uncertainty on these emissions3i8%  isoprene degradation is adapted from the MIM mechanism

(Palmer et al., 2006), and is mainly related to uncertainties(Poschl et al., 2000), with a HCHO yield at high N@bout

in the isoprene chemical mechanism. In tropical regions, the20% higher than the corresonding GEOS-Chem yield, which

derivation of emissions from GOME data is made more dif- was found to be consistent with aircraft observations over

ficult. This is to a large extent caused by the strong con-the United States (Millet et al., 2006). The biomass burn-

tribution of biomass burning to the observed HCHO signal, ing emissions are based on the GFED v1 inventory for burnt

difficult to separate from the biogenic VOC contribution,

due to its large uncertainty and spatiotemporal variability.  1pe smedit, I, Van Roozendael, M. iMer, J.-F., Stavrakou, T.,

In the global inverse modeling study of Shim et al. (2005), Eskes, H., and Van der A., R.: Ten years of tropospheric formalde-

for example, the biomass burning source of non-methane othyde retrieval from GOME and SCIAMACHY, Atmos. Chem.

ganic compounds was increased by a factor of 2—4 in thePhys. Discuss., submitted, 2008.

)

M“ l ]
W N | 1
il ‘
|\ L\

Flux (mg m?h

5 Evaluation against formaldehyde data from satellite
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Fig. 10. Monthly averaged HCHO vertical columns in 5 regions between 1997 and 2001, retrieved from GOME data (diamonds with error
bars) and calculated using the IMAGES CTM using either the GEIA 1995 inventory of Guenther et al. (1995) (blue line) or the MEGAN-
based inventory presented in this work (red lines). The dashed red line denotes the model results obtained using MEGAN but neglecting the
soil moisture stress factor.

biomass (van der Werf et al., 2003) with emission factors ofblue and red lines correspond to simulations using either
Andreae and Merlet (2001). GEIA or MEGAN, respectively. In all regions except South-

The modelled HCHO columns between 1997 and 2001€rn Africa, the MEGAN-based inventory brings the seasonal
are compared with the GOME retrievals on Fig. 10. The variation of the modelled columns closer to the observations.
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Over Northern Australia, the MEGAN emissions appear toemissions through the stomatal resistances and the leaf tem-
be overestimated, although the excellent agreement regargberatures. We calculate that the use of leaf (instead of air)
ing the seasonal variation might indicate a systematic bias inemperature in the emission algorithm increases the global
the model and/or the data, since biogenic emissions have annual emission by almost 20%. Neglecting the soil moisture
strong seasonality in this region (Fig. 1). The overestimationeffect on the stomatal resistance calculation would not imply
of HCHO columns is worsened when the soil moisture stressa large change, because the low relative humidities generally
activity factor is not considered in the determination of the associated with drought conditions already lead to a large re-
emissions (dashed red line in Fig. 10). Over Northern Africa,sistance increase.
the strongly reduced wet season (May—November) emissions The interannual variability of isoprene emissions is found
from MEGAN compared to GEIA appear to be supported to be higher than in a previous study (Latté et al., 2006),
by the HCHO comparison. The wintertime discrepancieswith up to 20% difference between the global annual emis-
for this region are probably related to biomass burning, butsions of different years. This larger influence of meteorol-
the model appears to provide a better match with the datagy on the emissions might be due to the ECMWF mete-
at the end of the dry season (February—April) when the soilorological analyses adopted in our calculations and also to
moisture activity factor is taken equal to one. Over Southernthe dependence on past temperatures and radiation levels of
Africa, the use of MEGAN emissions leads to a general un-the emissions in MEGAN. The highest annual global emis-
derestimation of HCHO columns by the model, except at thesions are estimated for years following an EfiNievent (e.g.
peak of the dry season, when fires are the dominant sourc&998 and 2005). More precisely, the emissions are positively
of reactive hydrocarbons. Over Western Amazonia, wherecorrelated with the Oceanic fb Index lagged by 6 months
biomass burning emissions are generally low, the lower iso{correlation coefficient of 0.38). The influence of Elfidiis
prene emissions of the MEGAN-based inventory lead to asignificant in both the Tropics and the higher latitudes.
spectacular reduction of the model/data discrepancies, anim- Comparisons with tower flux measurements at a mid-
provement found at most locations in South America. At thelatitude forest site and in the Amazonian rain forest show the
model grid cells closest to the Tapajforest site in the Par  ability of the model to reproduce the short-term variations in
province of Brazil, the model matches very well a the HCHO jsoprene emissions. Long-term variations are not so well re-
data, except in August-November 1997 when forest fireproduced, as illustrated by the strong overestimation of the
were mostintense. This good agreement contradicts the anaodelled fluxes during the wet season (in April and July)
ysis of the surface flux measurements discussed in Sect. 4.2t Tapaps. The average model/data biases at Harvard for-
which suggested a large overestimation of isoprene fluxes aést during the summer (underestimation by factor 1.35) and
this location, in particular during the wet season. Possibleat Tapaps in the dry season (overestimation by factor 1.7)
explanations include the spatial variability of the emissions,might be indications that the standard emission rates used in
and a poor representativity of the Tapsjsite; the oxidation MEGAN are inappropriate at these locations; however, the
of other biogenic organic compounds not accounted for in therepresentativity of these sites for larger-scale flux estimations
model; and the possible existence of large biases in the budmight be limited (e.g. Karl et al., 2007). Further measure-
get of oxidants, most importantly OH, as indicated by recentments are obviously needed to better ascertain the spatiotem-
findings from field campaigns in the Amazonian rainforest poral variability of the emissions, especially over tropical
(Kubistin et al., 2007; Kuhn et al., 2007; Karl et al., 2007).  rainforests. Satellite measurements of formaldehyde, a ma-
jor isoprene degradation by-product, might prove to be very
useful for constraining the emissions and their variability, as
6 Conclusions illustrated by comparisons of GOME vertical columns with
global models over the United States (Palmer et al., 2006),
We have presented a global isoprene emission inventory covever Southeast Asia (Fu et al., 2007), or over other regions
ering the period 1995-2006, based on the MEGAN modellike Africa, South America and Australia (Fig. 10). Further
The general features of the emission distribution for the yeaivork will be essential in order to improve the CTMs, e.g. re-
2003 are very consistent with the corresponding distributiongarding the chemical mechanism in low-N@onditions, the
calculated by Guenther et al. (2006), a logical result since themissions and chemistry of other biogenic NMVOCs, and
emission algorithm, but also the distributions used for LAl the emissions and chemistry of compounds released by veg-
and the standard emission factors are adopted from this worketation fires, which also contribute to the total HCHO signal
However, the global annual emission calculated for 2003 ispbserved from the satellites. Synergies should be also devel-
about 30% lower than in Guenther et al. (2006), to a great exoped for a better integration of surface (or aircraft) campaign

tent because of a stronger emission limitation due to droughineasurements in conjunction with analyses using satellite
calculated in our work in arid areas like Australia, subtrop- data.

ical Africa and the Western United States. Besides the di-
rect impact of soil water stress on the emissions (through thexcknowledgements. This work was partly supported by a contract
yspm activity factor of Eq. 11), drought also influences the in the framework of the Belgian Research programme on Global

www.atmos-chem-phys.net/8/1329/2008/ Atmos. Chem. Phys., 8, 1329-1341, 2008



1340 J.-F. Miller et al.: Global isoprene emissions

Change and Sustainable Development, and by PRODEX proKalnay, E., Kanamitsu, M., Kistler, R., et al.: The NCEP/NCAR

gramme of ESA, both funded by the Belgian Science Policy Office. 40-year reanalysis project, B. Am. Meteorol. Soc., 77, 437-470,
1996.

Edited by: A. Hofzumahaus Karl, T. G., Guenther, A., Yokelson, R. J., Greenberg, J., Poto-
snak, M. J., Blake, D. R., and Artaxo, P.: The tropical for-
est and fire emissions experiment: Emission, chemistry, and
transport of biogenic volatile organic compounds in the lower

References atmosphere over Amazonia, J. Geophys. Res., 112, D18302,
doi:10.1029/2007JD008539, 2007.

Abbott, D. S., Palmer, P. |, Martin, R. V., Chance, K. V., Jacob, Kubistin, D., Harder, H., Martinez, M., et al.: Hydroxyl radicals
D. J., and Guenther, A.: Seasonal and interannual variability of in the Tropical troposphere during GABRIEL: Comparison of
North American isoprene emissions as determined by formalde- measurements with the box model MECCA (2007), Geophys.
hyde column measurements from space, Geophys. Res. Lett., 30, Res. Abs., 9, 07065, 2007.

1886, d0i:10.1029/2003GL017336, 2003. Kuhn, U., Rottenberger, S., Biesenthal, T., Wolf, A., Schebeske,

Andreae, M. O. and Merlet, P.: Emission of trace gases and aerosols G., Ciccioli, P., Brancaleoni, E., Frattoni, M., Tavares, T. M.,
from biomass burning, Global Biogeochem. Cycles, 15, 955— and Kesselmeier, J.: Seasonal differences in isoprene and light-
966, 2001. dependent monoterpene emission by Amazonian tree species,

Chance, K., Palmer, P. I, Spurr, R. J. D., Martin, R. V., Kurosu,  Global Change Biol., 10, 663—-682, 2004.

T. P., and Jacob, D. J.: Satellite observations of formalde-Kuhn, U., Andreae, M. O., Ammann, C., et al.. Isoprene and
hyde over North America from GOME, Geophys. Res. Lett., 27, monoterpene fluxes from Central Amazonian rainforest inferred
3461-3464, 2000. from tower-based and airborne measurements, and implications

Chen, F. and Dudhia, J.: Coupling an Advanced Land Surface — on the atmospheric chemistry and the local carbon budget, At-
Hydrology Model with the Penn State — NCAR MM5 Model- mos. Chem. Phys., 7, 2855-2879, 2007,
ing System. Part I: Model Implementation and Sensitivity, Mon.  http://www.atmos-chem-phys.net/7/2855/2007/.

Weather Rev., 129(4), 569-585, 2001. Lathiere, J., Hauglustaine, D.A., Friend, A., De Noblet-Ducoudr,

Dentener, F., Stevenson, D., Ellingsen, K., et al.. The global atmo- N., Viovy, N., and Folberth, G.: Impact of climate variability and
spheric environment for the next generation, Environ. Sci. Tech- land use changes on global biogenic volatile organic compound
nol., 40, 3586-3594, 2006. emissions, Atmos. Chem. Phys., 6, 2129-2146, 2006,

De Smedt, I., Van Roozendael, M., Stavrakou, Tullgtr, J.-F., Van http://www.atmos-chem-phys.net/6/2129/2006/.
der A, R., and Eskes, H.: Global observations of formaldehyde inLeuning, R., Kelliher, F., De Purry, D., and Schulze, E.-D.: Leaf
the troposphere by satellites; GOME and SCIAMACHY results,  nitrogen, photosynthesis, conductance and transpiration: scaling
Proc. ENVISAT Conference 2007, Montreux, 2007. from leaves to canopies, Plant Cell Environ., 1195, 18, 1183—

Fu, T.-M., Jacob, D. J., Palmer, P. I, Chance, K., Wang, 1200, 1995.

Y. X., Barletta, B., Blake, D. R., Stanton, J. C., and Pilling, Li, H. and Robock, A.: Evaluation of reanalysis soil moisture simu-

M. J.: Space-based formaldehyde measurements as constraints lations using updated Chinese soil moisture observations, J. Hy-
on volatile organic compound emissions in east and south Asia drometeorol., 6, 180—193, 2005.

and implications for ozone, J. Geophys. Res., 112, D06312Madronich, S. and Flocke, S.: The role of solar radiation in atmo-

doi:10.29/2006JG007853, 2007. spheric chemistry, in: Handbook of Environmental Chemistry,

Goldstein, A., Goulden, M., Munge, W., Wofsy, S., and Geron, C.:  edited by: Boule, P., Springer Verlag, Heidelberg, 1-26, 1998.
Seasonal course of isoprene emissions from a midlatitude decidMmaurer, E. P., Wood, A. W., Adam, J. C., and Lettenmaier, D. P.: A
uous forest, J. Geophys. Res., 103, 31045-31 056, 1998. long-term hydrologically based dataset of land surface fluxes and

Goudriaan, J. and van Laar, H.: Modelling Potential Crop Growth  states for the conterminous United States, J. Climate, 15, 3237—
Processes. Textbook with Exercises. Kluwer Academic Publish- 3251, 2002.
ers, Dordrecht, The Netherlands, 1994. Milller, J.-F.: Geographical distribution and seasonal variation of

Guenther, A., Hewitt, C. N., Erickson, D., Fall, R., Geron, C.,  surface emissions and deposition velocities of atmospheric trace
Graedel, T., Harley, P., Klinger, L., Lerdau, M., McKay, W. A, gases, J. Geophys. Res., 97, 3787-3804, 1992.

Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Taylor,Miiller, J.-F. and Stavrakou, T.: Inversion of CO and NOx emissions
J. and Zimmerman, P.: A global model of natural volatile organic  using the adjoint of the IMAGES model, Atmos. Chem. Phys., 5,
compound emissions, J. Geophys. Res., 100, 8873-8892, 1995. 1157-1186, 2005,

Guenther, A. and Hills, A.: Eddy covariance measurement of iso-  http://www.atmos-chem-phys.net/5/1157/2005/.
prene fluxes, J. Geophys. Res., 103(D11), 13145-13152, 1998Naik, V., Delire, C., and Wuebbles, D. J.. Sensitivity of

Guenther, A., Karl T., Harley P., Wiedinmyer, C., Palmer P., and global biogenic isoprenoid emissions to climate variability
Geron, C.: Estimates of global terrestrial isoprene emissions us- and atmospheric CO2, J. Geophys. Res., 109(D6), D06301,
ing MEGAN (Model of Emissions of Gases and Aerosols from  doi:10.1029/2003JD004236, 2004.

Nature), Atmos. Chem. Phys., 6, 3181-3210, 2006, Millet, D. B., Jacob, D. J., Turquety, S., Hudman, R. C., Wu, S.,
http://www.atmos-chem-phys.net/6/3181/2006/. Fried, A., Walega, J., Heikes, B. G., Blake, D. R., Singh, H. B.,

Huete, A., Didan, K., Shimabukuro, Y., Ratana, P., Saleska, S., Anderson, B. E., and Clarke, A. D.: Formaldehyde distribu-
Hutyra, L., Nemani, R., and Myneni, R.: Amazon rainforests  tion over North America: Implications for satellite retrievals of
green-up with sunlight in dry season, Geophys. Res. Lett., 33, formaldehyde columns and isoprene emission, J. Geophys. Res.,
L06405, doi:10.1029/2005GL025583, 2006.

Atmos. Chem. Phys., 8, 1329-1341, 2008 www.atmos-chem-phys.net/8/1329/2008/


http://www.atmos-chem-phys.net/6/3181/2006/
http://www.atmos-chem-phys.net/7/2855/2007/
http://www.atmos-chem-phys.net/6/2129/2006/
http://www.atmos-chem-phys.net/5/1157/2005/

J.-F. Miller et al.: Global isoprene emissions 1341

111, D24S02, doi:10.1029/2005JD006853, 2006. Seinfeld, J. and Pandis, S. N.: Atmos. Chem. Phys., John Wiley and
Olson, J. S., Watts, J. A, and Allison, L. J.: Major world ecosys- Sons, New York, 1998.
tem complexes ranked by carbon in live vegetation, A data baseSellers, P.: Canopy reflectance, photosynthesis and transpiration, J.
ORNL-5862, 164 pp., Oak Ridge National Laboratory, Oak  Atmos. Sci., 43(6), 505-531, 1985.
Ridge, Tenn., 1985. Sellers, P., Mintz, Y., Sud, Y., and Dalcher, A.: A Simple Biosphere
Palmer, P. I., Jacob, D. J., Fiore, A. M., Martin, R. MV., Chance, Model (SiB) for Use within General Circulation Models, J. At-
K., and Kurosu, T. P.: Mapping isoprene emissions over North mos. Sci., 43(6), 505-531, 1986.
America using formaldehyde column observations from space, Shim, C., Wang, Y., Choi, Y., Palmer, P. I., Abbot, D. S,
J. Geophys. Res., 108(D6), 4180, doi:10.129/2002JD002153, and Chance, K.: Constraining global isoprene emissions
2003. with Global Ozone Monitoring Experiment (GOME) formalde-
Palmer, P. I, Abbott, D. S., Fu, T.-M., Jacob, D. J., Chance, hyde column measurements, J. Geophys. Res., 110, D24301,
K., Kurosu, T. P.,, Guenther, A., Wiedinmyer, C., Stanton, doi:1029/2004JD005629, 2005.
J. C., Pilling, M. J., Pressley, S. N., Lamb, B., and Sumner, Simon, E., Kuhn, U., Rottenberger, S., Meixner, F. X., and
A. L.: Quantifying the seasonal and interannual variability of  Kesselmeier, J.: Coupling isoprene and monoterpene emissions
North American isoprene emissions using satellite observations from Amazonian tree species with physiological and environ-
of the formaldehyde column, J. Geophys. Res., 111, D12315, mental parameters using a neural network approach, Plant Cell
doi:1029/2005JD006689, 2006. Environ., 28, 287-301, 2005.

Pegoraro, E., Rey, A., Murthey, R., Bobich, E., Barron-Gafford, Trostdorf, C., Gatti, L., Yamazaki, A., Potosnak, M., Guenther, A.,
G., Grieve, K., and Malhi, Y.: Effect of CO2 concentration and Martins, W., and Munger, J.: Seasonal cycles of isoprene concen-

vapour pressure deficit on isoprene emission from leavesmf trations in the Amazonian rainforest, Atmos. Chem. Phys. Dis-
ulus deltoides during drought, Functional Plant Biology, 31(12), cuss., 4, 1291-1310, 2004,
456-463, 2004. http://www.atmos-chem-phys-discuss.net/4/1291/2004/.

Pfister, G., Emmons, L. K., Hess, P. G., Lamarque, J.-F., Waltersyan der Werf, G., Randerson, J. T., Collatz, G. J., and Giglio, L.:
S., Guenther, A. , Palmer, P. I, Lawrence, P. J.: Contribution Carbon emissions from fires in tropical and subtropical ecosys-
of isoprene to chemical budgets: A model tracer study with the tems, Global Change Biol., 9, 547-562, 2003.

NCAR CTM MOZART-4, J. Geophys. Res., in press, 2008. Wallens, S.: Moélisation de€missions de compés organiques

Poschl, U., von Kuhlmann, R., Poisson, N., and Crutzen, P. J.: De- volatils par la egetation, PhD Thesis, UnivergiLibre de Brux-
velopment and intercomparison of condensed isoprene oxidation elles, Brussels, 2004.
mechanisms for global atmospheric modeling, J. Atmos. Chem. Wittrock, F., Richter, A., Ladstiter-Weissenmayer, A., and Bur-
37, 29-52, 2000. rows, J. P.: Global observations of formaldehyde, Proc. ERS-

Rinne, J., Guenther, A., Greenberg, J., and Harley, P.: Isoprene and ENVISAT Symposium, ESA-Publ. SP-461, 2000.
monoterpene fluxes measured above Amazonian rainforest andeng, X.: Global Vegetation Root Distribution for Land Modeling,
their dependence on light and temperature, Atmos. Environ., 36, J. Hydrometeorol., 2(5), 525-530, 2001.

2421-2426, 2002. Zhang, P., Anderson, B., Barlow, M., Tan, B., and Myneni,
Rossow, W. and Schiffer, R.: ISCCP Cloud Data Products, B. Am. R.: Climate related vegetation charasteristics derived from
Meteorol. Soc., 72(1), 2—-20, 1991. MODIS LAl and NDVI, J. Geophys. Res., 109, D20105,

Rossow, W. B., Walker, A. W., Beuschel, D. E., and Roiter, M. D.:  d0i:10129/2004JD004720, 2004.
International Satellite Cloud Climatology Project (ISCCP) Doc-
umentation of New Cloud Datasets: Report WMO/TD-No. 737,
World Meteorological Organization, Geneva, 1996.
Sanderson, M. G., Jones, C. D., Collins, W. J., Johnson, C. E.,
and Derwent, R. G.: Effect of climate change on isoprene emis-
sions and surface ozone levels, Geophys. Res. Lett.,, 30, 18,
doi:10.1029/2003GL017642, 2003.

www.atmos-chem-phys.net/8/1329/2008/ Atmos. Chem. Phys., 8, 1329-1341, 2008


http://www.atmos-chem-phys-discuss.net/4/1291/2004/

