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Abstract. Isoprene is a highly reactive volatile organic compound&diby vegetation, known to be a precursor of secondary
organic aerosol and to enhance tropospheric ozone formatider polluted conditions. Isoprene emissions respandgiy

to changes in meteorological parameters such as tempegatdrsolar radiation; in addition, the increasing,@@ncentration
has a dual effect, as it causes both a direct emission iidnbés well as an increase in biomass through fertilization.
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this study we used the MEGAN (Model of Emissions of Gases aarb#ols from Nature) emission model coupled with
the MOHYCAN (Model of HYdrocarbon emissions by the CANop@nopy model to calculate the isoprene fluxes emitted
by vegetation in the recent past (1979-2014) and in the éu@®70-2099) over Europe at a resolution0of® x 0.1°. As

a result of the changing climate, modeled isoprene fluxesased by 1.1% yr' on average in Europe over 1979-2014,
with the strongest trends found over eastern Europe andpEaroRussia, whereas accounting also for the @@ibition
effect led to reduced emission trends (0.76%"yr Comparisons with field campaign measurements at sevespEan sites
suggest that the MEGAN-MOHYCAN model provides a reliablpresentation of the temporal variability of the isoprene
fluxes over time scales between 1 hour to several monthshEat979-2014 period the model was driven by the ECMWF
ERA-Interim reanalysis fields, whereas for the comparisocuorent with projected future emissions, we used metegnpl
simulated with the ALARO regional climate model. Dependimghe representative concentration pathways (RCPs) sosna
for greenhouse gas concentration trajectories drivinglingate projections, isoprene emissions were found tceiage as a
result of climate change by +7% (RCP2.6), +33% (RCP4.5) &334 (RCP8.5), compared to the control simulation, and even
stronger increases were found when considering the patemipact of CQ fertilization, +15% (RCP2.6), +52% (RCP4.5)
and +141% (RCP8.5). However, the inhibitory £€ffect goes a long way in cancelling these increases. Basesladistinct
parameterizations, representing strong or moderateitidribthe projected emissions accounting for all effectsevestimated

to be 0-17% (strong inhibition) and 11-65% (moderate irtfoh)) higher than in the control simulation. The differet@ained
using the two CQ parameterizations underscores the large uncertaintgiassd to this effect.

1 Introduction

Isoprene is the dominant biogenic hydrocarbon emittedtht@tmosphere, with global annual emissions estimateal 400-
600 Tg (Guenther et al., 2006, 2012). It plays a key role iratheospheric composition because of its influence on trdpersp
ozone formation in polluted environments and its contidouto particulate matter (Ainsworth et al., 2012; Ashwaettal.,
2015; Churkina et al., 2017). Since biogenic emissions aréutated by meteorological parameters such as tempeiatdre
downward solar radiation, the changing climate is expetdethfluence the biogenic fluxes, and consequently the atmo-
spheric composition close to the surface (Arneth et al.,728ddersson and Engardt, 2010). On the other hand, thedrepr
emission flux also responds to the increasing atmospheric €@centrations (Heald et al., 2009; Wilkinson et al., 2009;
Possell and Hewitt, 2011).

There was a significant change in climate over Europe in Stelkcades, with a warming in particular over the IberianiRen
sula, central and north-eastern Europe in summer, and eagrdiavia in winter (Haylock et al., 2008; van der Schriaale
2013). In line with the meteorological observations, cliengeconstructions showed that summer temperatures irpEuner
the past 30 years have been unusually high and found no edadmany 30-year period in the last two millenia being as warm
(Luterbacher et al., 2016). In addition, observed solaiatamh data showed an increase by at least 2 W per decade since
the eighties over Europe (Sanchez-Lorenzo et al., 201%)20he question of how biogenic emissions will evolve irufiet
climate has been addressed in several studies. Most sttatiekide that global warming will lead to stronger globajisene
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emissions (Squire et al., 2014; Tai et al., 2013; Wiedinnggel., 2006) but that the inhibitory effect of increasing£Lfncen-
trations on isoprene productionis likely to counteract gffect (Arneth et al., 2007; Young et al., 2009). Moreorising CO,
levels are identified as the main cause of the greening tresereed in long records of leaf area index data (Zhu et al6R0
This biomass increase due to €€rtilization should lead to stronger biogenic emissiofméth et al., 2007), even though
human-induced land use changes such as cropland expangioinpartly counteract this effect (Heald et al., 2009; Walet
2012). Overall, the uncertainty on projected future isapremissions is large, and the estimated global isopremgelaange
between a decrease by -55% (Squire et al., 2014) and an secbgaas much as 90% by the end of the century (Young et al.,
2009). A similar range is also found over Europe, betweefdo3Brneth et al.,, 2007) and +85% (Andersson and Engardt,
2010).

Here we investigate European isoprene emissions over tiedpE979 to 2014 and over the future period from 2070 to
2099, to assess how recent and future changes in climateatchospheric composition might influence the isoprene fuxe
To this purpose, we used the MEGAN-MOHYCAN model at high heson (0.1°) to perform simulations over the time
periods 1979-2014 and 2070-2099 over Europe (Sect. 2).sbpeene flux estimates over 1979-2014, their distributremds
and interannual variability at country level as well as canigons with field observations and previous estimatesiaceissed
in Sect. 3. Section 4 is dedicated to the evaluation of th@tii®l emission estimates against isoprene field measmenat
European sites, with focus on the Vielsalm (Belgium) andd&tten (Sweden) sites. In Section 5 we compare the climgitdb
ECMWEF ERA-Interim fields to the respective fields obtaineahirsimulations with the regional climate model ALARO-0
(hereafter referred as ALARO), and discuss the predicteshgbs in isoprene fluxes and comparisons of our results to pas
studies.

2 Methodology
2.1 The MEGAN-MOHYCAN model

Isoprene emissions over Europe are calculated here usgMEGAN-MOHYCAN model (Miller et al., 2008; Stavrakou et,al.
2014), based on the widely used MEGAN model for biogenic simis (Guenther et al., 2006, 2012), coupled with the MO-
HYCAN multi-layer canopy environment model (Muller et &Q08).

Flur=¢-v=¢-Ccr-vpr - LAL Yage - YsM - YCO, - (1)

The MEGAN emission model (Eqg. 1) includes the specificatiba standard emission facte(mg m—2 h—!), representing
the biogenic emission under standard conditions for eaat flinctional type (PFT). The PFTs are defined by the veigetat
map of Ke etal. (2012) i).1° x 0.1° resolution and consider seven plant functional types, dle@d evergreen/deciduous
trees, needleleaf evergreen/deciduous trees, shruls, grascrops. The distribution of the basal emission fact@®btained
from MEGANv2.1.

The multiplicative factoiCcg(=0.52) is adjusted so as= 1 at standard conditions defined in Guenther et al. (2006). The
model uses activity factorg) to account for the response of the emission to changes ipaeature (T), solar radiation (P),
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leaf age, soil moisture (SM), and the leaf area index (LARe&ctivity factorypr is the weighted average for all leaves of the
product of the activity factors for leaf temperatusg-] and photosynthetic photon flux density PPFR)X. The MOHYCAN
model calculates the temperature of both sunlit and shadedeand the attenuation of light as a function of canopylitieig
using visible and near-infrared solar radiation valuetatop of the canopy, together with air temperature, reddtivmidity,
wind speed and cloud cover (Mller et al., 2008).

The response of the emission flux to leaf temperature is peteined as

Eopt : CTZ : ech.A

_ T@ _Topt
T O = (Crr - (L= T )y’

A:
R-Ty Top’

(2)

whereCri = 95-10% I mot~!, Cre = 23-10* J mol!, R is the universal gas constaf; is the leaf temperature obtained
from the MOHYCAN model T, is the optimal temperature defined &5;; = 313 — 0.6 - (T240 — 297) and E, is defined
by the average leaf temperature (in K) over the last 24 anch2d@s (54, T540):

Eopt =2.034- 60'05(T247297) . €0~05(T240*297) (3)
The response to light is expressed as:
v =Cp-a-P-(1+a?-P%)~1/2 (4)

with Cp = 0.0468 - exp(0.0005 - (P24 — Pg)) - (P240)°-% anda = 0.004 — 0.0005 - In(P2y40). P is calculated at leaf level arit)
is set to 200 or 5Qu,g mol m—2 s~! for sunlit or shaded leaves, respectively, angd fP.40) are the averages of light intensity
over the last 24 (240) hours.

The emission response to leaf age is defined as
=0.05-F1+0.6-F,+1.125- F3+ F} (5)

’Yage

wherely, Fs, F3, F, represent the fractions of new, growing, mature, and seméieaves, respectively (Guenther et al., 2006).
The impact of soil moisture stress on isoprene fluxes is fightertain, and therefore we assumg; = 1 in this study.

2.2 Input data and simulations

Leaf area index is obtained from the MODIS 8-day MOD15A2 l@ttion 5) composite product generated by using daily Aqua

and Terra observations at 1 Rmesolution and can be accessed via the MODIS site (ftptlfg4ér. usgs.gov/IMOTA/MCD15A2.005)

for all years between 2003 and 2014. Before 2003, the mohthlat every grid cell ) and month {u) is estimated based on
the local temperature of the current and previous months:

LAI(z,m) = A(z,m)+ B(xz,m)-
(0.65- T(z,m)+0.35-T(z,m—1)), (6)
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with A(z,m) and B(xz,m) determined from a linear regression between the monthly MDAl data and the ERA-Interim
near-surface temperatures between 2003 and 2014. NotthéhalopeB(z,m) is set to zero when the correlation between
LAl and temperature is poor <£0.3), and in that case the climatological average LAl oved320014 is used. We use the
climatological average of the LAl in our standard future {Qe2099) simulations. The increase in LAI associated with, C
fertilization is accounted for in separate simulationsh{&dl). Changes in vegetation composition are not considere

In its current setup, the MEGAN-MOHYCAN model requires thdwing meteorological input data at hourly resolution :
downward solar radiation, cloud cover fraction, air tengpere above the surface, dew-point temperature (or relatimidity),
and wind speed directly above the canopy. Different clinogfical input data were used depending on the simulatiobleTa
summarizes all simulations and the corresponding metegical input. The isoprene emissions for 1979-2014 wereinbd
by using ERA-Interim ECMWF (European Center for Medium ranyeather Forecasts) meteorological fields (Dee et al.,
2011) over the above period.

To account for observed solar radiation changes over Ewepeerformed a second simulation (H2) where the ERA-Interim
downward solar radiation fields are adjusted based on honegcomposite time series of ground-based observations f

%

56 European sites (Sanchez-Lorenzo et al., 2015). We etdclithe annually averaged solar radiatt®R, ., according to

mo

ERA-Interim at the locations of the observation siteser 1979-2014 and defined monthly correction faciopras

- SSanod + A(SSRéb%)
SSRyp0q + A(SSRY0q)

(7)

9

In this expressionA(SSRY,.) is the annual mean anomaly of solar radiation data obsenve atationi, andA(SSR’,4)
is the corresponding anomaly of the ERA-Interim data. Theemtion factorsf; are then applied to the solar radiation fields
P of Eq. 4. The ERA-Interim seasonal surface solar radiatimmnaalies show a fairly good agreement with the correspandin
observed anomalies averaged over five large European s(ientral, northern, eastern, southern and northwesteopE,
Fig. S1) and the calculated correlation coefficient is galehigher than 0.8, except in northwestern Europe (0.75¢. ERA-
Interim data are found to underestimate the observed detradds in all regions and seasons, by a factor of 2-3 in gprin
and summer. The use of the adjusted observation-basedadiation fields in the MEGAN-MOHYCAN simulations leads to
slightly higher trends in the estimated isoprene fluxes &wppe (cf. Sect. 3), in particular over northwestern Earop

In order to estimate the impact of climate change, simulatiosing the regional climate model ALARO were performed.
ALARO is the limited-area model version of the ARPEGE-IF$eftast model developed within the ALADIN consortium
(Bubnové et al., 1995; ALADIN international team, 1997).e6k runs were performed following the prescriptions of the i
ternational COordinated Regional climate Downscaling Epent (CORDEX). Therefore the target domain is the EURO-
CORDEX domain (34-70N, 25°W-50°E, http://www.eurocordex.net) with a horizontal resadatiof 12.5 km. As lateral
boundary conditions over the European domain, ALARO usedgthbal climate simulations from the CNRM-CM5 model
following the guidelines of the fifth Coupled Model Intercparison Project (CMIP5; Taylor et al. (2011)). Validatioh o
ALARO was conducted by comparing observations with modesriorced by realistic boundary conditions from the ERA-
Interim reanalysis dataset (Hamdi et al., 2012; De Trocl.e2@13; Giot et al., 2016), and the model was shown to perfor
in line with other regional climate models (RCMs) of the ELM®ORDEX ensemble over Europe (Giot et al., 2016).
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With ALARO we assessed the impact of a changing climate ¥atig three RCP scenarios, RCP2.6, RCP4.5 and RCP8.5
(Van Vuuren et al., 2011), which span a range of potentiahgka in future anthropogenic emissions. The RCP2.6 scenari
assumes a peak in radiative forcing at 3.1 W490 ppm CQ) by mid-century followed by a decline to 2.6 WTh by
2100. In RCP4.5 a moderate increase in radiative forcinggdM m=2 is assumed until 2050 with a stabilization thereafter
(650 ppm CQ). In RCP8.5, emissions continue to rise throughout the 2dstury with rising radiative forcing leading to
8.5 W n12 (1370 ppm C@®) by 2100 (Van Vuuren et al., 2011). The performed simulatiosing ALARO meteorology are
summarized in Table 1 for 2070-2099 and the results are caedpa the control (CTRL) simulation covering 1976-2005.
Additional simulations, accounting for the effects of £i@hibition and fertilization are discussed in Sect. 2.3.

2.3 CO, inhibition and fertilization

We account for the direct effect of atmospheric£&ncentration changes on isoprene emissions through tivéyatactor
~Yco, in Eg. 1. This factor is applied to the historical simulati$#) and to the ALARO simulations, as shown in Table 1.
Two different parameterizations were tested, Wilkinsoalef2009) (WI) and Possell and Hewitt (2011) (PH). The eioplr
parameterization by Wilkinson et al. (2009) is given by Eq. 8

YCO, = smax/(l + (Ci/c*)h)7 (8)

wherelimax = 1.344, C; is the leaf internal C@concentration at non-water-stressed conditions, whielgigl to 70% of the
atmospheric C@concentration(”, = 585 ppm andh = 1.4614. This parameterization was determined empirically based o
growth experiments with two aspen tree specip{ilus deltoideandP. tremuloidesgrown at four different C@ concentra-
tions (400, 600, 800, 1200 ppm), and was used to determinieniheect of CQ inhibition in future atmosphere (Heald et al.,
2009).

The parameterization of Possell and Hewitt (2011) is oletélny an empirical nonlinear least-squares regressioadasa
combination of laboratory and field observations obtaimethf10 different studies on various plant species includiagical
and temperate trees species as well as herbaceous plaiesspec

7@02:a/(1+&'b'0), (9)

whereC is the atmospheric CQOconcentrationg = 8.9406 andb = 0.0024 ppm~! are fitting parameters,co, is equal to 1
at the CQ concentration of 370 ppm.

For CO, concentrations higher than 380 ppm the PH parameterizatthutes a relatively stronger inhibition (1 to 0.3) as
compared to the WI parameterization (1 to 0.4) (Fig. 1). Taeymeterizations result in similat.o, values at concentrations
corresponding to the historical simulations and to RCP2dhario, but differ by around 20% for the RCP4.5 and RCP8.5
scenarios. In both schemes the inhibition factor behavesltly at very high C@levels. Here we use the more recent PH
parameterization in the historical H3 simulation (TableBgth parameterizations are tested in the case of ALARO Isitions,
providing thus a range of the GGnhibition effect in the projected emission estimates.

Lastly, we estimated the effect of GQertilization on the projected emissions through the eiggenhancement in leaf
biomass densities and LAl based on a recent study (Zhu &(l6). Using long-term (1982-2009) satellite LAl recordsla



10

15

20

25

30

Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-532
Manuscript under review for journal Biogeosciences
Discussion started: 15 December 2017

(© Author(s) 2017. CC BY 4.0 License.

ecosytem models, a widespread increase in LAl over the majofr vegetated areas on the global scale and attributed the
major part of the observed greening trends to,@tilization (Zhu et al., 2016). This is crudely paraméted here as a linear
LAl increase of 15% per 100 ppm of G@oncentration (Table 1).

3 Historical isoprene estimates (1979-2014)

Figure 2 illustrates the mean distribution of isoprene sioiss for the simulation H3 over 1979-2014 (Table 1). Thistdation
incorporates the effect of climate on the emissions bas&R#Interim fields, but with adjusted solar radiation fiehdsed on
observations, as described in Sect. 2.2, and accountef@@hinhibition based on Possell and Hewitt (2011). The map shows
higher isoprene emissions in the Mediterranean countridger European Russia. The relatively high isoprene éoniss

the Mediterranean countries is mainly associated with veatemperatures and stronger radiation fluxes, as well dstigt
high isoprene emission capacity from the vegetation as eoeapto the rest of Europe : e.g. some ogkiércu3 species
common in the Mediterranean regions have a strong emissipacty (Karl et al., 2009). On the other hand, in European
Russia the densely forested regions are characterizedigp &Al during summertime (Fig. S2), resulting in higher silated
isoprene emissions. The distribution of isoprene emissi®nery similar in both the H1 and H2 simulations (Table 1d &n

not shown here.

Also, in terms of interannual variability the three histali simulations result in very similar estimates (Fig. 3)da
relatively uniform increase of isoprene emissions ove9t2@14. The simulation H2 exhibits a slightly higher enassirend
(1.34% yr ') as compared to H1 (1.09% V¥). Indeed, as can be seen in Fig. S1 the interannual variafitime observed
downward solar radiation fields is very similar to the vaoatof the ERA-Interim fields, with correlations higher th@u for
all regions and seasons, but the observed solar radiatond®exhibit slightly stronger positive trends than theAERterim
data. This is the case for all seasons and regions, and ioydartfor central Europe where observed solar radiatiends are
much stronger than the respective trends modeled by ECM\Affrafgses (e.g. 2.9 vs. 0.9%/decade in summer). Due to the
higher-than-oneco, in the PH parameterization for GQevels lower than 380 ppm (Fig. 1), the emissions are moekrat
increased until 1990 in the H3 simulation, and thereforecleulated trend (0.76% yt) is lower than in the H1 and H2
simulations. The trends are stronger (up to 2%'yiin eastern and central Europe, and weaker or close to zerdh United
Kingdom, the Scandinavian countries and Spain. The interalnvariability of temperature and solar radiation exptainost
of the flux variability and increasing isoprene trend.

As shown in Fig. 4, the interannual variability of emissi@as strongly differ among countries. European Russia @465
Gg), Turkey (645-944 Gg), Spain (569-856 Gg), France (3122g) and lItaly (354-621 Gg) are among the most emitting
regions. The interannual variability in the isoprene emissgenerally reflects the variability in temperature avldrsradiation
(Fig. S3), therefore isoprene maxima are typically obsgduring years with particularly hot summers. The exceideat
wave in central Europe in summer 2003 induced a pronounogddse emission peak in France and Germany, with emissions
about twice as high as in normal years. The emission peak leghdeer European Russia and Belarus in 2010 is associated
with a summer heat wave (Barriopedro et al., 2011). On therdtland, cold summers with weak solar radiation result in



10

15

20

25

30

Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-532
Manuscript under review for journal Biogeosciences
Discussion started: 15 December 2017

(© Author(s) 2017. CC BY 4.0 License.

reduced isoprene emissions. For instance, the cold sumi&83@ in Scandinavia and the cold summer of 1993 over entire
Europe (Fig. S3) lead to low isoprene emission in these negiBig. 4 and Fig. 3). Overall, the strong interannual \mlitgt

in northern European countries, and the very weak vartghiliMediterranean countries reflect the interannual Vs in
summer temperature and solar radiation (Fig. S3).

The calculated emission trends are strongest in centradasteérn Europe, reflecting the strongest trends in temperand
radiation (Fig. 3 and Fig. S3). For most central and eastarofean countries isoprene emissions increase, withgieigtier
than 1% yr!, whereas the trend is often lower than 1% Yfor most northern and Mediterranean countries. The strsinge
isoprene trend is simulated over Ukraine (1.5%*)r

4 Evaluation of MEGAN-MOHYCAN flux estimates
4.1 Comparison to bottom-up inventories and top-down estirates

In comparison to other bottom-up isoprene inventories MIEESAN-MOHYCAN estimated emissions are generally lower.
Averaged over 1980-2009 in the same EURO-CORDEX domainestimates amount to 7.3 Tgy, and are by 22% lower
than in the MEGAN-MACC inventory (9.4 Tg yr, Sindelarova et al. (2014)), and about 3 times lower thahénGUESS-
ES model (20.1 Tg yt*, Arneth et al. (2007a); Niinemets et al. (1999)). Similasigtellite-based isoprene emission estimates,
obtained using observations of formaldehyde, a high-y&gdrene oxidation product, indicate slightly higher isape emis-
sions with respect to our estimates. For instance, an imrestudy constrained by OMI formaldehyde observations ave
decade (2005-2014) suggested top-down isoprene emissinasnting to 8.4 Tg yr!, i.e. 20% higher than in the a priori
MEGAN-MOHYCAN inventory (Bauwens et al., 2016). In the safive, an independent study using OMI formaldehyde
observations from 2005 inferred an average increase ofésepemissions by 11% over Europe and emission decreases of
20-40% in southern Europe with regards to their a priori MBG&stimate (Curci et al., 2010).

In the following sections, the isoprene emissions estichayethe H3 simulation (Table 1) are compared directly toisop
flux measurements in Europe. Section 4.2 presents a coraparismodelled isoprene emissions with campaign-averaged
isoprene fluxes measured at seven different locations. @tteoa 4.3 investigates the ability of the model to repratie
temporal variations as observed in Vielsalm (Belgium) an8tordalen (Sweden).

4.2 Campaign-averaged isoprene fluxes

Figure 5 shows the monthly averaged mid-day fluxes estimatelde H3 simulation at the location of 9 field campaigns
(Acton et al., 2016; Baghi et al., 2012; Brilli et al., 2014aWson et al., 2009; Holst et al., 2010; Kalogridis et al120 affineur et al.,
2011, 2013; Spirig et al., 2005), using either the MEGAN esiois factors or using local emission factors (see furthénbe
Differences between field measurements and modeled datseweected, since the local vegetation around the measnteme
site differs from the heterogeneous vegetation mix of thel@hgrid cell (in addition, the effect of the footprint on tHax
measurements is also not taken into account by the mode)PFh fractional areas of the local vegetation are compartbt
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model PFT fractions of the corresponding grid cell in supm@etary Fig. S4. Many field campaigns were conducted in feres
whereas the corresponding model grid cells consist forgelpart (15% to 91%) in low isoprene-emitting PFTs such ags;ro
grass and bare soil. At these sites (ECHO, Lochristi, Hattgdhce and Bosco Fontana), this discrepancy explaingtbe |
underestimation of model estimates using MEGAN emissiotofa. At Castelporziano, on the other hand, the relatiopbn
local landscape is not well represented by @hi® x 0.1° vegetation map which suggests a substantial fraction adlaksaf
forest, partly explaining the emission overestimatiorhé focation.

In other to correct for this effect, we re-calculated the gldgoprene fluxes using local emission factors. These @miss
factors are based on the local PFT fractions (Fig. S4) coathivith the standard emission factors (SEF) given for tHewint
PFTs in Guenther et al. (2012): 10 mg fh~! for the broadleaf deciduous sites (ECHO, Lochristi, Hautv&nce, Bosco
Fontana), 5.3 mg m? h—! at Vielsalm, 1.8 mg m? h—! at Castelporziano, and 1.6 mgth~! in Stordalen. Overall, the use
of local emission factors improves significantly the modatfprmance and reduces the average bias for all sites frof t@
+5% (Fig. 5).

Note however, that local emission factor estimates baseslkifs defined for broad PFTs (Guenther et al., 2012) are still
crude approximations for the local SEFs. For instance, BEie& the ECHO site is likely too high since it is dominated byn
isoprene emitters such &agus sylvaticandBetula penduldKarl et al., 2009). Similarly, the vegetation at Casteffi@ano is
a mixture of low-isoprene emitting species liQeiercus ilexandArbutus unedd¢0.1 g glg\l,v h—1) and non-isoprene emitters
such agtrica multiflora, Rosmarinus officinaliandPhillyrea angustifoliaand therefore the SEF calculated assuming a large
fraction of strongly emitting shrubs is likely too high. Pdielsalm, a local SEF of 2.88 mg n? h—! is used, adjusted to
minimize the average bias between the model and the obesrsdat 2010 (cf. next section).

The model overestimation at the poplar plantation in Lasth(Figure 5) is unexpected, given tHdpulus spis a strong
isoprene emitter (Karl et al., 2009). However, the plaotativas coppiced six months before the measurements, and new
shoots started to sprout only in May 2012 (Brilli et al., 2DJgbssibly explaining the difference between the modefetithe
measured isoprene fluxes at that site (Fig. S5).

At Bosco Fontana, where a mixture of strong emitt€adrcus robuandQuercus rubraand low emittersQuercus cerris
andCarpinus betulusis present, a good agreement between modeled and measwréidbtained, suggesting that the SEF
of 10 mg nT 2 h~! is representative for this landscape. At the site in Hautedhce, dominated by a strong isoprene emitter
(Quercus pubescepsan excellent agreement is obtained for the field campaidgame 2012 (Kalogridis et al., 2014), whereas
the model is somewhat too low in August 2010 (Baghi et al.. 201

4.3 Evaluation of temporal variations

The model potential to capture temporal flux variations Ewated against flux measurements at the Vielsalm siteddéata
temperate mixed forest in the Belgian Ardennes (5tN3®.99E). The site consists in a mixture of evergreen needleleabtr
(mainly Pseudotsuga menziedicea abiesandAbies albd and deciduous broadleaf trees species (mainly the nqmese
emitter Fagus sylvatica Those tree species are generally weak isoprene emigdguigining the low local SEF of 2.88 mg
m~2 h~!. The main isoprene emitters are likely green needlelea$trespecially thAbies alba(Pokorska et al., 2012).
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The flux measurements used were obtained by disjunct eddyieoce by mass scanning technique during two field cam-
paigns at the Vielsalm site: July-October 2009 (Laffinewalgt2011), and May-September 2010 (Laffineur et al., 2013
isoprene measurements were performed with an hs-PTR-M&ofPiransfer Reaction Mass Spectrometer, lonicon, Inns-
bruck, Austria). Ambient air was continuously sampled attdp of a tower at a height of 52 m a.g.l. The instrument perfor
one measurement of isoprene fluxes every two seconds, daHrldcaly averages are used for comparison with the model.

Figure 6 displays the evolution of the daily averaged messand modeled fluxes (top panels) as well as their monthly av-
eraged diurnal cycles (bottom panel). The model averagesadeculated with the same temporal sampling as the obgamsat
Both the day-to-day and the diurnal variability are wellnegented by the model for this site, as reflected by the higteleo
tion coefficients of 0.92 for 2009 and 0.91 for 2010. Wheréasaverall bias is small for both field campaigns, -8.3% (3009
and -0.8% (2010), the modeled seasonal pattern differs fhenobserved fluxes. The model is biased highly in May (+33%)
and June (+10%), but it is biased low in September (-18%) actdlier (-63%). A possible explanation for this discrepancy
might be that the leaf age factor described in Eqg. 5, i.e. thisgon from new and growing leaves might be overestimated,
whereas the emission from senescent leaves might be utidexesl. An equally likely explanation is uncertainties@sated
with the activity factors representing the impact of pastgerature and solar radiation in the MEGAN model (Eq. 2, 4).

A second model validation is performed for a sub-arctic aredl ecosystem at Stordalen in Northern Sweden (68133
19°E, 351 m a.s.l.), 200 km north of the arctic circle (Ekberglgt2009; Holst et al., 2010). The region is characterized by
a short but intensive growing season (from mid-May to migitSmber) and is influenced by its discontinuous permafrost
conditions affecting surface hydrology and, thus, the ghavenditions of the vegetation. The vegetation in the vigiof the
measurement tower was dominated by species suéhieghorum ssp.Carex sspand Sphagnum sspall known to be low
isoprene emitters with basal emission rates (&28nd 100Q:mol m~2s~1) of 1.1 mg nT2 h—! (Ekberg et al., 2009, 2011).

Isoprene was measured using a hs-PTR-MS (Proton TranséatiBe Mass Spectrometer, lonicon, Innsbruck, Austria),
which was combined with a sonic anemometer to estimate stasyscale fluxes using disjunct eddy covariance. Measure-
ments were taken at a height of 2.95 m a.g.l. (vegetatiorhbhe 50 cm) and fluxes from May to September 2006 reported
at a temporal resolution of 30 minutes (Ekberg et al., 2008stkt al., 2010). For isoprene fluxes, the mean estimated er
(20) was found to be 0.03mgn? h™!.

The daily averaged observed and modeled fluxes as well asuteabtcycles of fluxes are shown in Fig. 7. The model is
biased low by ca. 40% on average over the campaign, possipgesting an underestimation of the SEF used in the cailcalat
(1.6 mg nT2 h™!) for arctic G grass (Guenther et al., 2012). However, the model is ablaptuce the day-to-day variability
(correlation coefficient of 0.84) in spite of the low fluxedlat site, frequently of the order of (or even lower than)akmated
error on the fluxes. The low bias of the model might be partlg ttua low bias in the LAl values from MODIS used in the
model, equal to ca. 0.88 at that site, to be compared witHjoceeasured LAI reaching up to 3.5 at the most dense spots of
the wetland sedges. In addition, the MEGAN algorithm migsttlre optimal for this subarctic vegetation type. As projpldse
Ekberg et al. (2009), vegetation in this area is especiadly adapted to survive under conditions of short active @easThe
subarctic sedges start photosynthesizing in early sprirgustill cool temperatures, possibly resulting in isoygremission
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induction occurring sooner than in other extratropicalsystems. This hypothesis is supported by the stronger imedaas
in June (-68%) compared to July and August (ca -35%).

5 Projected isoprene fluxes (2070-2099)
5.1 Future climate simulated with ALARO

A comparison between the control ALARO (CTRL, 1976-2009)I&€4l) and the historical ERA-Interim surface temperature

and solar radiation fields is presented and discussed inufigesment (Fig. S6). The use of the ALARO control fields resul

in lower mean isoprene fluxes by 37% over the domain (Tableal)sed by a negative bias of the ALARO surface temperature
fields compared to the ECMWEF reanalysis. The CTRL fields aneglver, not used here for emission estimation, but as arefer
ence with respect to which the projected isoprene emis$Rii&-2099) will be compared. Surface temperature, pitatigpn

and surface shortwave radiation for the different RCP stesmiare compared to the CTRL fields in Fig. S7.

The absolute difference between the projected (2070-2899}he control (1976-2005) mean temperature, solar fadiat
and precipitation over the European domain, as simulatédtive ALARO model for the climate scenarios (Table 1) are dis
played in Fig. 8. An average temperature increase of 0.9ar2d2¢ C is found for RCP2.6, RCP4.5 and RCP8.5, respectively,
with respect to the control simulation. The change in terapee presents a similar geographic distribution for theelsce-
narios, with the strongest temperature increases preldieer European Russia and Scandinavia. The simulatedmpatevell
as the range of temperature changes are consistent witlsrérsun other EURO-CORDEX model simulations (Jacob et al.,
2014) and projections from the Coupled Model IntercomperBroject (CMIP5; Cattiaux et al. (2013)). The interconigxzan
shows that the largest model disagreements in summer at€uance and in the Balkans, suggesting a higher uncertainty
temperature projections in these regions.

The mean downward solar radiation is decreased over theidpbyaup to -4 W n1? for the RCP8.5 simulation compared
to the control simulation. This average decrease is duestadimbination of higher radiation in southern European tries
and France (up to +8 W n?) and decreases elsewhere (up to -10 Wn The amplitude of the expected changes in solar
radiation and the simulated pattern are in line with redutis the EURO-CORDEX ensemble (Jerez et al., 2015; Bartak et
2016). Note, however, that the different climate simulasiicn the EURO-CORDEX ensemble show large discrepancieas ove
France, central Europe and the coastal areas of Italy, €re@c Turkey underlining a higher uncertainty in projausiof
solar radiation in these regions (Jerez et al., 2015).

Finally, the model predictions suggest a drier Meditereemand wetter northern and eastern Europe (Fig. 8). Thisrpatt
agrees reasonably well with previous studies (Frei et @Dp2Lacressonniére et al., 2014) and with the EURO-CORDIEX e
semble (Jacob et al., 2014). The latter suggests a robustsein precipitation in central and northern Europe (\&b&b), as
well as a drop in precipitation in southern Europe (by up t&23Note that according to the EURO-CORDEX ensemble, fu-
ture precipitation projections show strong variability@ss different simulations at the 48 latitude band, including southern
France, northern Italy, and central Romania (Jacob et@l4R
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5.2 Effects of climate, CG, inhibition and fertilization on isoprene flux estimates

The impact of climate change on annual isoprene emissiamsdiag to the different RCP scenarios, upon neglectin@be
inhibition effect, is shown in the first column of Fig. 9. Wieas the RCP2.6 simulation suggests very weak changes nersop
emissions (lower than 20%), RCP4.5 and RCP8.5 indicatesgmnigncreases reaching locally 40% and 110%, respectively
all simulations the strongest increase is found in soutBemope, European Russia, and Finland. This pattern, densisith
independent simulations (Lacressonniére et al., 201#¢cte the patterns of changes in temperature and solatiadidhe
higher isoprene emissions in northeastern Europe are yreanglsult of the strongly increased temperatures, and anewbat
counteracted by the decreasing solar radiation. In sowgtene Europe the higher emissions are due to the combinect eff
of moderate temperature increases and cloud cover desréaseipitation plays only a minor role in most regionshailtgh
the drier future summers simulated for Mediterranean regghould lead to enhanced soil moisture stress, which isvieel
to inhibit isoprene emission (Guenther et al., 2006), ardefore tend to decrease the fluxes. Note that the influenseilof
moisture stress on isoprene fluxes is, however, still highigertain. As the present study neglects the effect of soisture,
the calculated present and projected fluxes might be owerastd, in particular over southern Europe.

When considering the effect of GQertilization, we obtained a significant enhancement oftiméssions, by +15% (RCP2.6),
+52% (RCP4.5) and +141% (RCP8.5), as compared to the cagitmallation, and an increase by +8% (RCP2.6), +15%
(RCP4.5) and +32% (RCP8.5) compared to the simulation adizaponly for climate effects (Fig. 9, Table 1). The comlne
effect of climate change and GQOnhibition is also shown in Fig. 9. Since both are of similaagnitude, but of opposite
sign, considering both effects leads to isoprene fluxeslaino the control emissions. The strength of the-G@hibition
however, is different for the two parameterization schetested here (Wilkinson et al., 2009; Possell and Hewitt,120th
comparison to the control simulation, total projected reoje fluxes are 11% lower and 26% higher in the RCP8.5 scefio&rio
lowing Possell and Hewitt (2011) or Wilkinson et al. (200@spectively. For the other RCP scenarios, the simulatedgds
in isoprene emission range between -7% and 17%. Note thaipiiéal pattern of the emission change is not influenced by
introducing the C@ inhibition effect since C@is uniformly distributed. When incorporating all the ab@&ftects, the end-of-
century modeled isoprene fluxes are found to range eithesteet 0% (RCP2.6) and +17% (RCP8.5) (using Possell and Hewitt
(2011)) or between 11% and 65% (using Wilkinson et al. (2)Q@ih respect to the control fluxes. Note, however, that re-
cent studies suggest that the £i@hibition of isoprene is reduced at high temperatures aedefore it may not have a large
influence in the warmer Europe predicted in future climatnscios (Sun et al., 2013; Potosnak, 2014).

As the present study neglects the effect of soil moisturesoprene fluxes, the estimated present and future fluxes are
likely to be somewhat overestimated, in particular overtisern Europe. In this region the increasing temperaturdstiaa
decreasing precipitation trends (Haren et al. (2013); MieeSerrano et al. (2014) and Fig. 8) should result in enddusoil
moisture stress, possibly causing a decline of isoprenedlaxer time. However, the influence of soil moisture stress o
isoprene fluxes is still highly uncertain; for example, th&GIAN parameterization implemented with soil moisture feld
from ECMWEF reanalyses has been found to overestimate ttastafver arid and semi-arid regions (Bauwens et al., 2016).
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Our simulations predictisoprene emission changes fallitigin the range of previous studies, i.e. between +90% (\goet al.,
2009) and -55% (Squire et al., 2014) on the global scale, atvdden +85% (Andersson and Engardt, 2010) and -30% (Arneth e
2007) over Europe (Fig. 10). The large dispersion of the=difiit estimates of Fig. 9 is, to a large extent, explainedhéei-
versity of model setups, namely the climate scenario, tindysperiod, and most importantly, the choice of driving paeters
which are allowed to vary (i.e. the climate fields, the Lagtivity factor, and/or the vegetation distribution). Tiherease in
isoprene emission as a result of climate change of +70%f{@aet al., 2012) globally, and of +85% (Andersson and Engard
2010) over Europe are very close to the predicted emissiangghin our study when only climate changes are considered. O
the other hand, weaker emission changes are induced whaparating the C@inhibition effect, between -10% (Heald et al.,
2009) and +25% (Wu et al., 2012) compared to present-daysems in good consistency with the emission changes simu-
lated in the present study.

Considering future changes in vegetation induces an additidecrease or increase in isoprene emissions depenaing o
the simulation setup. The use of a dynamical vegetation hrgeteerally leads to higher isoprene flux estimates due to the
increasing biomass as result of rising temperatures, tradiand CQ fertilization (Arneth et al., 2007; Heald et al., 2009).
Overall, most studies using a dynamical vegetation modeteagn a relatively strong flux increase in the wide range of
27% (Lathiére et al., 2005) to 360% (Heald et al., 2009). Howimaluced land use changes generally cause less drasge emi
sion changes (Zhu et al., 2016). Significant cropland exparis likely to result in lower isoprene fluxes globally, abst
41% lower than present-day emissions (Ganzeveld et alQ;20&rdacre et al., 2013; Lin et al., 2016; Squire et al., 2014
Wiedinmyer et al., 2006). On the other hand, a recent stuplgrted that, globally, human-induced land cover change-s e
pected to have a more significant impact than natural vegetahanges, leading to a relative decrease of future isepre
emissions up to 33% (Hantson et al., 2017). Note howeveraff@restation is expected to be the dominant land use &ang
over Europe, and therefore the combination of natural amdamiinduced vegetation changes could induce a significant i
crease in isoprene emission of up to 40% (Beltman et al.,;28&8driks et al., 2016).

6 Conclusions

In this study we simulated high-resolution (0. hourly) isoprene emission estimates above Europe oved-2074 using the
MEGAN-MOHYCAN model and ERA-Interim reanalysis fields. Timean isoprene flux over the entire period is estimated to
7.3 Tgyr!. As aresult of the climate change, a positive trend of c&olyf! is simulated over Europe, with strongest trends
over eastern and northeastern Europe (up to 2-3%)yiThe warming temperatures and the changing solar radiatie the
main drivers, determining the interannual variability drehds in isoprene fluxes. The trend is moderately increélk8d6)
when the input solar radiation reanalysis fields are adjutstenatch observed solar radiation over Europe, due to aggro
solar brightening trend in the observations than in theabais fields. Further, when the effect of @@hibition is considered

in the model simulations, the trend is reduced and is estitchat 0.76% yr' over Europe. Comparison with flux campaign
measurements performed at seven European sites showlsdlsamniulated fluxes reproduce reliably the day-to-day bdita

and the diurnal cycle of the observations, lending stromdidence to the MEGAN-MOHYCAN model and its input variables.
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The projected (2070-2099) simulations based on the ALAR@arelogy suggest higher temperatures over the entire do-
main and stronger irradiance in southwestern Europe. Bliyehe changing climate only, isoprene emissions are gtedito
increase by 7%, 33% and 83%, in the RCP2.6, RCP4.5 and RC&&harons, respectively, with respect to the control simula
tions covering the period 1976-2005. The C@rtilization and CQ inhibition effects are of opposite sign, and taken together
the end-of-century European isoprene emissions are esdclio increase by up to 65%. The impact of these processel is
largely uncertain.

Finally, although the use of the MEGAN model to simulate thersterm isoprene emission response has been robustly
tested against numerous campaign measurements of shatibaiithe long-term emission response to environmentaigés
bears large uncertainties. These uncertainties are assdavith the model components, and likely with other unaoted
control factors, and their assessment is currently handd®réhe lack of long-term isoprene measurements.

Data availability. The isoprene emission datasets over 1979-2014 and 20®¢bferated in this study are available at
http://emissions.aeronomie.be. Emissions are provitdad.a° x 0.1° resolution over the EURO-CORDEX domain (34 N-70
N and 25 W-50 E) in NetCdf format. For the H3 simulation of Eall annual emission estimates for all years between 1979
and 2014 are provided as well as a monthly climatology. Fohed the other simulations one dataset with the averageadnnu
emissions is provided. The climate model data from ALARG-partly publicly available on the Earth System Grid Fedenat
(ESGF). The high-resolution temporal data as used in thi& w@n be requested froonor dex @ret eo. be.
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Table 1. Overview of performed simulation$. : the letter F denotes that the LAl response to.Gfbanges is accounted for based on
Zhu et al. (2016) (see text),°: account for C@ inhibition following the Wilkinson et al. (2009) (WI1) and Bsell and Hewitt (2011) (PH)

parameterization. Mean isoprene flux over the given pelimdgpressed in Tg of isoprene per year.

Historical ERA-Interim simulations ~ Period Mean flux
H1 1979-2014 7.2
H2

(as H1, adjusted using observed | 1979-2014 7.3
solar radiation data)

H3 1979-2014 7.3
(as H2, uses PH CQnhibition)

ALARO simulations Period Mean flux
CTRL 1976-2005 4.6
RCP2.6 4.9
RCP2.6-F 5.3
RCP2.6-W¢ 4.8
RCP2.6-PH 2070-2099 4.3
RCP2.6-WI-F-* 5.1
RCP2.6-PH-F* 4.6
RCP4.5 6.1
RCP4.5-F 7.0
RCP4.5-W¢ 5.4
RCP4.5-PH 2070-2099 4.4
RCP4.5-WI-F-° 6.2
RCP4.5-PH-F° 5.0
RCP8.5 8.4
RCP8.5-F 11.1
RCP8.5-W¢ 5.8
RCP8.5-PH 2070-2099 4.1
RCP8.5-WI-F-° 7.6
RCP8.5-PH-F* 54

20



Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-532
Manuscript under review for journal Biogeosciences
Discussion started: 15 December 2017

(© Author(s) 2017. CC BY 4.0 License.

N
o
1979-2014 |

2070-2099, RCP2.6
2070-2099, RCP4.5
2070-2099, RCP8.5

0.8

CO2 inhibition factor

0.6

04

Possell and Hewitt (2011)
= Wilkinson et al. (2009)
T I

0.2 i i
200 400 600 800 1000 1200 1400

[CO,] (ppm)

Figure 1. Dependence of the GOQinhibition factor on ambient C® concentrations following the Wilkinson etal. (2009) and
Possell and Hewitt (2011) parameterizations. The verbealds show the ranges of @@oncentrations for the historical simulations and
following the different RCP scenarios.
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Figure 2. Isoprene emission map from the H3 simulation (Table 1), $hgwhe distribution of isoprene emissions (in mgth~1) using
the ERA-Interim reanalyses for 1979-2014.
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Annual Isoprene emission over Europe (Tg yr'")
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Figure 3. Annual isoprene emission and emission trends between 1872@14 (in % per year) over the European domain (34N70

25°W-50°E), obtained from the historical simulations (Table 1). Meanual summer temperature and solar radiation (PAR)rodaddrom

ERA-Interim (ECMWF) reanalyses over the same period are/shin the middle and lower panels, respectively.
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Figure 5. Modeled and measured isoprene mid-day fluxes from nine fegiapaigns over Europe. The circles indicate the monthly mean
emissions modeled in tHe1° x 0.1° cell including the measurement site using the emissiorofaatf MEGAN-MOHYCAN. The stars
denote the modeled fluxes using local emission factors éseddr details). The gray bands show the range of measurdelay fluxes

observed during the field campaigns. The average mid-daysflstxown in white.
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Daily isoprene fluxes in 2009 at Vielsalm (50.30°N 5.99°E)
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Figure 6. Modeled (red) and measured (black and gray) daily isopraneglin Vielsalm in 2009 (Laffineur et al., 2011) and in 2010
(Laffineur et al., 2013). The model (H3 simulation) uses theal emission factor (SEF=2.88 mgmh~1). The lower panel shows the

monthly diurnal cycle for the modeled (red) and measureaclf)lisoprene fluxes, as well as the monthly bias.
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Daily isoprene fluxes in 2006 at Stordalen (68.33°N 19.05°E)
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Figure 7. Modeled (red) and measured (black and gray) daily isopran@dlin Stordalen in 2006 (Holst et al., 2010). The model (H3
simulation) uses the local emission factor (SEF=1.6 mg im'). The lower panel shows the monthly diurnal cycle for the eled (red)
and measured (black) isoprene fluxes.
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Figure 8. Absolute difference between the projected future and obstmulations for temperature, surface shortwave raaticgind precipi-
tation averaged over 2070-2099 following different RCPsems. The mean values for each variable over the domaigiees inside each

panel.
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Figure 9. Relative differences in isoprene emissions between the#a@ohLARO simulation (CTRL) and the three RCP scenariossidn
ering the effect of : (A) climate (first column), (B) climatac&CQG:; fertilization (second column), (C) climate and moderate,@@ibition

based on Wilkinson et al. (2009) (third column), (D) climatel strong C@inhibition based on (Possell and Hewitt, 2011) (fourth cwmfy,

and (E) climate, fertilization and inhibition based on (&&kand Hewitt, 2011) (last column). The names of the sitiarda are given in
the upper corner of each panel (cf. Table 1), in the lower@oismigiven the relative change for the whole domain comptrete control
simulation (CTRL), for which the mean isoprene flux is estiedsat 4.6 Tg yr! (Table 1).

28



Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-532
Manuscript under review for journal Biogeosciences
Discussion started: 15 December 2017

(© Author(s) 2017. CC BY 4.0 License.

Change in isoprene emissions over Europe

This study (h,"*)

Andersson and Engardt, 2010 (b)

This study (h)

Hendriks et al., 2016 (i,*,°) : :
Katragkou et al., 2011 (e)

Beltman et al., 2013 (*) ]

Arneth et al., 2007 (b,") | |

Katragkou et al., 2011 (e)

Arneth et al., 2007 (c,”)

Hendriks et al., 2016 (i,°)

This study (h,?)

This study (f,A%)

This study (f)

This study (f,A")

\

\

This study (f) ‘
This study (h) } |
—

|

Arneth et al., 2007 (c,?)
Arneth et al., 2007 (b,)

-35 -10 15 40 65 90 115 140

Change in global isoprene emissions

Pacifico et al., 2012 (h)

Tai et al., 2013 (e,°,"")
Sutton et al., 2015 (g,")
Wiedinmyer et al., 2006 (b,»,*)
Heald et al., 2009 (e)

Szogs et al., 2017 (f,A,*,**)
Tai et al., 2013 (e,°,"")

Wu et al., 2012 (e)

Hantson et al., 2017 (g,")
Lin et al., 2016 (h)

Squire et al., 2014 (e)

Lin et al., 2016 (h,*,**)

Wu et al., 2012 (e,”,*,**)
Tai et al., 2013 (e,°,"")
Hardacre et al., 2013 (a,*,*)
Pacifico et al., 2012 (f,”)
Pacifico et al., 2012 (h,*)
Hardacre et al., 2013 (a,*°)
Sutton et al., 2015 (g,")

Driving parameters Other period Climate scenario Szogs et al., 2017 (f,A,**)
climate only °. 2050 a: SRES A1 Tai et al., 2013 (e,°,A%) [ |
L] \@getaﬂon only . 0. 2030 b: SRES A2 Heald et al., 2009 (e) .
cllmate and vegétatlon ¢ SRESB1 Wiedinmyer et al., 2006 (b,A,**) ‘
climate, vegetation and CO2 Ganzeveld et al., 2010 (b,°,A%,*,**) .
M climate and CO2 d: SRES B2 ’ S A
Vegetation e IPCC A1B Hantson et al., 2017 (g,)
A:  Dynamic vegetation model £ RCP2.6 Young etal., 2009 (b.")
. . . . . . Hantson et al., 2017 (h,?)
AM: Fixed vegetation with changing LAI g: RCP4.5 squire et al., 2014 (d,**) —
- - quire et al., y
*:  Human induced afforestation scenario h: RCP8.5 Squire et al., 2014 (d,”,**) ‘
**. Human induced urbanization scenario i 2003 meteo. -60 4‘;0 72‘0 (; 20 40 60 80 100

Figure 10. Comparison of our results to European (left) and globahf)ighanges in projected isoprene emissions predictedfigrefit
studies. The different colors indicate the driving parargetonsidered in the various simulations. Note that ofeseral simulations are
shown for the same study, to represent the impact of diffggarameters or climate scenarios assumed. The periodsdef-€entury for
all studies except otherwise stated.
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