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Dear Editor,

In the current version of the manuscript we have addressed the comments and technical cor-
rections suggested by the reviewers. Please find hereafter the list of main changes, the replies to
the reviewers’ comments and a marked-up manuscript version with all the changes.

I hope that you will find the present version of the paper suitable for publication in Biogeo-
sciences. We would like to thank you again for your consideration.

Yours sincerely,

Dr. Maite Bauwens

Department of Sources and Sinks of Atmospheric Constituents
Tropospheric Modelling Unit
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List of main changes

To address Reviewer#1 comments, a new Figure (Figure S1) has been included in the revised
supplement, displaying the spatial distribution of the basal emission factors obtained from
MEGANv2.1. The figure is discussed in Section 2.1. The text has been modified accordingly.

We followed the very good suggestion of Reviewer#1 and splitted Section 2.2 into two sub-
sections : 2.2 “Input data and simulations” and 2.3 on “Leaf area index”.

Following the suggestion of Reviewer#2 and provided variability ranges for the end-of-century
isoprene emissions according to the RCP scenarios in the Conclusions.

To address Reviewer#2 comments, we have corrected the formula (6) and adapted the text,
cf. Section 2.2. In addition, the spatial and temporal resolution for all simulations is now
mentioned in the beginning of Section 2.2. Furthermore, we inserted a short paragraph on
dynamical vegetation models in Section 2.4 and added three references (Krinner et al. 2006,
Scheiter et al. 2013, Messina et al. 2016).

We folllowed the suggestion of Reviewer#2 and inserted a concluding paragraph on the
limitation and future perspectives of this work in the Conclusions.

All technical corrections were adopted in the revised manuscript.



Reply to Referee#1, Dr. Alexandra-Jane Henrot

We would like to thank the reviewer for the positive evaluation of the manuscript and for the
useful comments and suggestions. Below we address the raised concerns. The reviewer’s
comments are italicized.

This paper presents a series of present-day and future high-resolution simulations of isoprene
fluxes over Europe. Isoprene emissions from vegetation are calculated using the MEGAN-
MOHYCAN model forced with meteorological fields derived from ECMWF ERA-Interim
reanalysis for the recent period, and from future ALARO regional climate model simulations
following several representative concentration pathways (RCPs) scenarios. The effects of
changing climate (mainly temperature and solar radiation), CO, fertilization, and CO, inhibition
on the distribution and variability of isoprene emissions are tested and discussed. Isoprene
emission estimates for the recent period are evaluated against field campaign measurements at
several European sites, showing the reliability of the model to reproduce the observations.

The manuscript is well written and clearly structured. The methodology and results are described
very comprehensively. The overall results appear reasonable and are well discussed. | therefore
warmly recommend the publication of the present manuscript in Biogeosciences after addressing
minor comments listed below.

Specific comments

Section 2, lines 26 — 30: Could you please give the SEFs attributed to each of the seven PFTs
used here (maybe in a table in the main text or in the supplement material) and explicit how they
have been obtained. | think it is relevant to mention them here, as you discuss the SEF values in
section 4.2. | suppose you worked with the SEFs of the 7 PFTs used in MEGANv2.0 (Guenther et
al., 2006). Why didn’t you use the more recent MEGANv2.1 (Guenther et al., 2012) 15 PFTs
distribution and corresponding SEFs, which give you more details than the 7 PFTs of the
previous version?

As indicated in the manuscript, the distribution of the basal emission factor is obtained from
MEGANV2.1. This distribution is now displayed as Fig. S1 in the Supplement. The PFT
distribution (here from Ke et al., 2012) is an input dataset required by the canopy environment
model (MOHYCAN), as canopy structure and leaf properties are PFT-dependent. The manuscript
has been clarified to avoid possible confusion:

"The MEGAN emission model (Eg. 1) includes the specification of a standard emission factor
epsilon (mg m? h™), representing the emission under standard conditions as defined in Guenther
et al. (2012). The distribution of the standard emission factor ¢ (Fig. S1) is obtained from
MEGANV2.1. It is based on species distribution and species-specific emission factors (Guenther
et al., 2012). The MOHYCAN canopy environment model requires also the specification of the
plan functional type (PFT). The PFTs are defined ..."

Section 2.2: I suggest to split the subsection into two subsections: first “2.2 Input data and
assimilation” regrouping the lines 6 to 34 of page 5 and 1 to 8 of page 6, and to describe the



meteorological forcings, and “2.3 Leaf area index” regrouping the lines 22 to 25 of page 4 and 1
to 5 of page 5, to describe the leaf area index.

Thank you for the suggestion. We modified the manuscript accordingly.

Section 2.3, lines 15 — 19: Could you please give explicitly the CO, concentration for which yco2
is equal to 1 with the WI parameterization, as it is slightly higher than with the PH
parameterization.

Done (402.6 ppm).

Section 3, line 10: How is it possible to distinguish between the contributions of Oak species in
the isoprene emission you obtain, as you work at the PFT level? The broadleaf deciduous
tree PFT regroups several Oak species, including the low and high Oak emitters, and a mean
SEF is used for this PFT. Aren’t the temperature and radiation effects mainly responsible for
the higher isoprene emissions in the Mediterranean regions?

As explained above, our SEF distribution is based on species-specific emission factors and
distributions. Besides temperature and solar radiation, the calculated isoprene emission is also
clearly driven by the standard isoprene emission factors, as shown by the comparison between the
MEGAN emission factor map (Supplementary Figure 1), and the isoprene flux distribution (Fig.
2). The elevated emission factor patterns in Croatia, Bosnia-Herzegovina, Spain, Algeria are also
present in the emission maps. Oak, pine and beech is the dominant vegetation in these regions.

Section 4.1, lines 11 — 20: Could you please discuss why you have significantly lower isoprene
emissions with MEGAN-MOHYCAN in comparison to previous MEGAN and satellite-based
estimates? What are the factors that can explain the differences between your results and
previous estimates?

The difference with respect to MEGAN-MACC over Europe (22%) is apparently mostly due to
differences in above-canopy temperature and solar radiation between ECMWF ERA-Interim
(used in our study) and MERRAZ2 (used in MEGAN-MACC) (Katerina Sindelarova, personal
communication). The difference with respect to top-down estimates is small (~20%), considering
the large uncertainties in both top-down and bottom-up estimates.

Section 4.2, Line 16, Page 9: Could you please make explicit the unit mentioned here (ug g-1DW
h-1) ?

We added that DW denotes dry weight of leaf biomass.

Section 4.3, lines 15 — 34, page 10: Why did you choose to validate the model using the
Stordalen site, as the MEGAN algorithms are not correctly adapted to the type of vegetation
found in the site? Isn’t it another site (forest site) with available isoprene flux measurements to
validate the model, without strong bias induced by the vegetation type?



As shown in Fig. 5, comparisons were performed at 9 sites, most of which are dominated by
forests (Fig. S5). We don’t understand the objection, the comparison is meant to test MEGAN in
different environments.

Section 4.3, lines 26 — 28, page 10: You argue that the value of SEF used in the model for C3
arctic grasses can be underestimated and lead to lower calculated emissions. However, the basal
emission rates of the dominant vegetation types of the site (given in line 20 of Section 4.3) are
lower than the SEF used in the model. How do you explain this?

The basal emission rate reported by Eckberg et al. (2009) is an emission rate per unit leaf area at
a temperature of 20°C, and therefore cannot be directly compared with the MEGAN SEF. To
avoid confusion, we deleted the mention of the Eckberg et al. emission rate, which was not
useful for the discussion.

Section 5.2, lines 11 — 22, page 13: Including the impact of land-use change in your simulation
set (e.g. using the ALARM scenarios (Settele et al., 2005)), with additional simulations
accounting only for land-use change would have been very interesting. | understand that
implementing the land-use change scenarios to obtain vegetation maps is a hard work to do.
As you discuss this effect here, could you also add some perspectives in the conclusions

about land-use impact on isoprene emissions with MEGAN-MOHYCAN?
Settele, J., Hammen, V., Hulme, P. et al., ALARM: assessing LArge-scale environmental risks for biodiversity with tested
methods. Gaia - Ecological Perspectives for Science and Society, 14, 69-72, 2005.

We added a sentence at the end of Section 5.2 : "'The application of land use change scenarios
(e.g. those of the ALARM project, Settele et al. 2005) to future isoprene emission estimates with
MEGAN-MOHY CAN will be carried out in future work'.

Conclusions, line5, page 14: Where does the 65% of increase come from. Could you explain
how, from which simulation you obtain it?

We followed the suggestion of referee#2 and provided variability ranges. The sentence now reads
.« “...the end-of-century isoprene emissions are calculated to increase by 0-11%, 9-35% and 17-
65%, according to the RCP2.6, RCP4.5 and RCPS8.5 scenarios, respectively (Table 1).’

Figure S2: How do you explain the strong negative trend in July LAI for southeastern Europe
(Ukraine, Romania,...)?

The decreasing LAI trends in these regions are likely driven by the decreasing water availability,
as reported in Zhu et al. (2017) based on long-term LAI data records. To test this hypothesis, we
used monthly PSI data (Palmer Drought Severity Index) over 2003-2014 openly available at

https://www.esrl.noaa.gov/psd/data/gridded/data.pdsi.html. This index represents the severity of
dry and wet spells based on monthly temperature and precipitation data as well as the soil-water
holding capacity. The calculated PSI trends for all months between May and September
illustrated in the figure below (left panels) confirm the negative trend in PSI value in South
Russia and Eastern Europe, corresponding to the increased drought severity over this period.

Zhu, Z., Piao, S., Lian, X., Myneni, R. B., Peng, S. and Yang, H. Attribution of seasonal leaf area index trends in the northern
latitudes with "optimally" integrated ecosystem models, Global Change Biology, 23, 4798-4813, doi:10.1111/gvh.13723, 2017.
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Technical comments:
Abstract, line 2: Replace “aerosol” by “aerosols”™

Corrected.

‘ i3]

Abstract, line 3: Replace “...solar radiation: in addition...

addition..”

by “...solar radiation. In

Corrected.




Abstract, line 5: Delete “also”

Removed.

Abstract, lines 11-12: “as a result of climate change” could be deleted

Removed.

Line 28, Page 3: Replace “and consider” by . Seven PFTs are considered: ..."”

Replaced.

Line 26, Page 4, EQ. (6): The equation is split into two lines, maybe an error in the latex code
Corrected.

Line 1, Page 7: Rephrase “ecosystem models, a widespread increase in LAL.” by “ecosystem
models, Zhu et al. (2016) obtained a widespread increase in LAI ...”, and delete the reference at
the end of the sentence.

Done.

Line 7, Page 9: Replace “In other to” by “In order to”

Corrected.

Line 32, Page 9: Replace “trees species” by “tree species”

Corrected.



Reply to Referee#2, Dr. Palmira Messina

We would like to thank the reviewer for the positive evaluation of the manuscript, the careful
reading and for the useful comments and suggestions. Below we address the raised concerns. The
reviewer’s comments are italicized.

The paper presents a critical overview of the isoprene emission estimates at European
scale for present and end-of-century period, considering many of the most important factors
that can drive isoprene emission changes such as CO2 inhibition effect, CO, fertilizing effect
and climate changes. It is remarkable the analysis on the different meteorological fields (ALARO
and ERA-Interim), that greatly enriches the discussion. The paper is, in general, well written and
organized. The results are clearly presented and discussed. | therefore recommend the
publication of the present manuscript in Biogeosciences after having clarified the following
points:

1) In section 2.2, the approximation used to derive the LAl before2003 seems to me
quite crude. Where does equation (6) come from? Could you please detail more the
scientific basis of this formula? Please explain why you do not directly use other LAl
databases that better cover the period of your analysis like GLASS Leaf Area Index
product (http://glcf.umd.edu/data/lai/) or GIMMS (Zhu et al. 2009). | would suggest to compare
the LAI that you calculate with at least one of these databases to discuss the quality of your
formula.

Zhu, Z.; Bi, J.; Pan, Y.; Ganguly, S.; Anav, A.; Xu, L.; Samanta, A.; Piao, S.; Nemani, R.R.; Myneni, R.B. Global Data Sets
of Vegetation Leaf Area Index (LAI)3g and Fraction of Photosynthetically Active Radiation (FPAR)3g Derived from
Global Inventory Modeling and Mapping Studies (GIMMS) Normalized Difference Vegetation Index (NDVI3g) for the Period
1981 to 2011. Remote Sens. 2013, 5, 927-948

Note that we could have used the MODIS climatological average LAI over 2003-2014; however,
the relationship expressed by Equation (7) of the revised manuscript has the merit of capturing
(part of) the LAI interannual variability associated with temperature variations. As indicated in
the text, the relationship is not used when the correlation between LAl and T is low, which occurs
only in a minority of cases. The coefficient B(x,m) is found to be almost always positive,
reflecting the positive influence of warm conditions on vegetation growth. That being said, we
thank the reviewer for the suggestion to evaluate our LAI dataset against other LAI datasets
covering a longer time period than MODIS. Note first that neither GLASS nor the GIMMS
dataset cover the entire target period of our study (1979-2014) and that therefore, extrapolation
would have been required in any case. The comparison between the leaf area index from the
GLASS dataset and from our study over Europe (see figure below) indicates a good agreement
for both seasonal variation and the average LAI, especially before 2000. Interannual variability
differs, however, as seen for example in the positive trend between 1981 and 2000 (1.5%/yr) in
the GLASS dataset, as well as in the sudden increase in GLASS LAl after 2000, most likely due
to the use of a different reflectance product. A recent intercomparison of 4 global LAI products
has shown large inconsistencies regarding the interannual variability and trends, with for example
the GLASS LAl trend being found to be 4.5 times higher than those of the GLOBMAP LAl
dataset (Jiang et al. 2017).



Jiang, C., Ryu, Y. Fang, H. Myneni, R., Cleverie, M. Zhu, Z. Inconcistencies of interannual
variability and trends in long-term satellite leaf area index products. Glob. Change Biol. 23 (10);
4133-4146 (2017).
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2) In section 2.2, | am not sure to have understood the formula (7). Ifis a monthly
correction factor for each site, where is the information about the month as in right part
of the formula there are only annual averaged variables?

We have been sloppy with formula 7 (Eq. 6 in the revised manuscript), thanks for pointing this
out. The text now reads :

"To account for observed solar radiation changes over Europe we performed a second simulation
(H2) where the ERA-Interim downward solar radiation fields are adjusted based on homogenized
composite time series of ground-based observations from 56 European sites (Sanchez et al.
2015). The sites are grouped in five large European regions (central, northern, eastern, southern
and northwestern Europe, Fig.S2). We calculated the seasonally averaged solar radiation
according to ERA-Interim at the locations of the observation sites over 1979-2014 and computed
their averages <SSRecmwe <> over each large region i and each season k. The same procedure is
applied for the ground-based observations, <SSRgss">. We calculate correction factors

fik= 1+ ASSRops"/<SSRobs >~ ASSRecmwr " /<SSRecvwe >
where ASSRqps™ is the seasonal mean anomaly of solar radiation observed in region i, and
ASSRecmwe X is the corresponding anomaly of the ERA-Interim data. The correction factors f;

are then applied to the solar radiation fields P of Eq.3.

3) I suggest to clearly indicate the spatial and temporal resolution for all simulations in Table 1
or in Section 2.2 where simulations are presented.

The first sentence of Section 2.2 now reads : 'The MEGAN-MOHYCAN model is run at hourly
resolution on a 0.1° x 0.1° grid.'

4) As you said at the end of Section 2.3, the increase of 15% of LAI per 100ppm of CO is a quite



crude parameterization. It is most likely that the various types of plants respond differently to CO
2 variation and the present parameterization do not take into account the dependency on
Plant Functional Type (PFT). More generally the best way to model the future vegetation carbon
balance (and so the LAI variation too) due to climate is to use dynamical vegetation models. The
employ of this kind of models is beyond the scope of this paper, but I think that it's worth to
discuss a little bit more this important point at the end of 2.3 section and insert a sentence in

the perspective(see next point).

We inserted the following text at the end of Section 2.3 (now Section 2.4):

Dynamical vegetation models, e.g. ORCHIDEE (Krinner et al. 2005, Messina et al. 2016), would
be required in order to provide a more mechanistic simulation of the LAI variations and of the
distribution and structure of the natural vegetation but this lies beyond the scope of the present
study. Note however, that dynamical vegetation models have identified weaknesses related to the
use of a limited number of static plant functional types, and to the poor representation of species
competition (Scheiter et al. 2013).

5) 1 would conclude with a short paragraph underlining the limits of this work, the
possible evolution and future perspectives.

We inserted the following text at the end of the Conclusions :

The estimates provided in this study could be improved in future work by using e.g.
meteorological output from more than one climate model, alternative long-term leaf area index
datasets and especially, through the coupling with a dynamical vegetation model, in order to
better evaluate model uncertainties related to climate and vegetation changes, and to better
represent the complex and numerous biosphere-climate interactions. Moreover, the effects of soil
moisture stress on isoprene emissions should also be considered, as climate scenarios frequently
predict a higher occurrence of droughts in the future.

Technical corrections :

1) Page 2, line 20 : there many more global annual emission estimates, please look to
Fig. 1 in Messina et al (2016) or Fig. 10 in Sinderalova et al. (2014).

Messina, P., Lathiére, J., Sindelarova, K., Vuichard, N., Granier, C., Ghattas, J., Cozic, A., and Hauglustaine, D. A.:
Global biogenic volatile organic compound emissions in the ORCHIDEE and MEGAN models and sensitivity to key
parameters, Atmos. Chem. Phys., 16, 14169-14202, https://doi.org/10.5194/acp-16-14169-2016, 2016.

Sindelarova, K., Granier, C., Bouarar, l|., Guenther, A., Tilmes, S., Stavrakou, T., Miller, J.-F., Kuhn, U., Stefani, P.,
and Knorr, W.: Global data set of biogenic VOC emissions calculated by the MEGAN model over the last 30
years, Atmos. Chem. Phys., 14, 9317-9341, doi:10.5194/acp-14-9317-2014, 2014.

We changed the sentence to ‘Isoprene is the dominant biogenic hydrocarbon emitted into the
atmosphere, with global annual emissions estimated between 250 Tg and 1000 Tg (Guenther et
al. 2006, Miiller et al. 2008, Lathiere et al. 2010, Arneth et al. 2011, Guenther et al. 2012,
Sindelarova et al. 2014, Bauwens et al. 2016, Messina et al. 2016)’.



2) Page 4, line 26: the equation (6) is not well formatted, I see one part of the formula on the
right and another par t completely on the left side of the page.

Corrected.

3) Page 8, lines 26: how is the H3 simulation estimated at the field campaign locations? Is it
simply a spatial interpolation?

We modified the text as : ‘Figure 5 shows the monthly averaged mid-day fluxes estimated in the
H3 simulation at the model grid corresponding to the location of 9 field campaigns.’

4) Page 10, lines 13-14: could you please detail more the sentence “An equally likely
explanation is uncertainties associated with the activity factors representing the impact of
past temperature and solar radiation in the MEGAN model (Eq. 2, 4)”? For example clarifying
in which way the activity factors 1 and y»» set in MEGAN can explain the differences
between modeled and observed seasonal pattern of isoprene.

We replaced the sentence by ‘It should be reminded that the activity factors yt and yp have their
own uncertainties which might also impact the modeled seasonal variation.’.

5) Page 12, lines 9-13 and 28-33 the two sentences “Precipitation plays only...particular
over southern Europe” and “As the present study neglects... regions (Bauwens et al., 2016)”

are both centered on soil moisture, | suggest to move the first sentence merging it with the
second one.

We adopted the suggestion.

6) Page 12, lines 15-16: you say that the effect of CO2 fertilization increases by +15%for
RCP4.5 and +32% for RCP8.5 compared to the simulation accounting only for climate effects,
but is not rather equal to 19% (that is 52-33=19) forRCP4.5 and 58% (141-83=58) for RCP8.5?

In the case of RCP8.5, the flux is equal to the standard (S) multiplied by (1+1.41) when
fertilization is considered, and it is equal to S multiplied by 1+0.83 without fertilization. The
effect of fertilization is therefore the ratio (1+1.41)/(1+0.83)=1.32.

7) Page 2, line25: the plots related to “climate+CO; fert+inh (WH)” configuration are not
present in Fig. 9, so after the sentence “..between 11% and 65% (using Wilkinson et al.
(2009))”, I would put “(not shown)” or I would add the concerning plots in the Fig. 9.

We adopted the suggestion and added ‘not shown’ in the parentheses after ‘(using Wilkinson et
al. (2009), not shown)’

8) Page 13, line 3: in the sentence “The large dispersion of the different estimates of Fig. 9...”
, do you mean Fig. 10?

Corrected.



9) Page 14, line 5:instead of “...to increase by up to 65% ", I suggest to put the variability range.
The sentence now reads : ‘...the end-of-century isoprene emissions are calculated to increase by

0-11%, 9-35% and 17-65%, according to the RCP2.6, RCP4.5 and RCP8.5 scenarios respectively
(Table 1).

10) Page 18, line 24 : to respect the alphabetical order I would put “van der Schrier...” further.

Thanks for spotting this.
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Abstract. Isoprene is a highly reactive volatile organic compoundediby vegetation, known to be a precursor of secondary
organicaereselaerosolsand to enhance tropospheric ozone formation under poligaditions. Isoprene emissions respond
strongly to changes in meteorological parameters suchrapei@ture and solar radiatiei-, In_addition, the increasing
CO; concentration has a dual effect, as it causes both a diréssiem inhibition as well as an increase in biomass through
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fertilization. In this study we used the MEGAN (Model of Emiisns of Gases and Aerosols from Nature) emission model
coupled with the MOHYCAN (Model of HYdrocarbon emissions twe CANopy) canopy model to calculate the isoprene
fluxes emitted by vegetation in the recent past (1979-20td)ia the future (2070-2099) over Europe at a resolution of
0.1° x 0.1°. As a result of the changing climate, modeled isoprene flixeased by 1.1% yr on average in Europe
over 1979-2014, with the strongest trends found over eagiarope and European Russia, whereas accouatiggor the

CO, inhibition effect led to reduced emission trends (0.76%!'yr Comparisons with field campaign measurements at seven
European sites suggest that the MEGAN-MOHYCAN model presid reliable representation of the temporal variability of
the isoprene fluxes over time scales between 1 hour to sewenaths. For the 1979-2014 period the model was driven by
the ECMWF ERA-Interim reanalysis fields, whereas for the parison of current with projected future emissions, we used
meteorology simulated with the ALARO regional climate mbd&epending on the representative concentration pathways
(RCPs) scenarios for greenhouse gas concentration wagsdriving the climate projections, isoprene emissiware found

to increaseasaresuitofclimatechangeby +7% (RCP2.6), +33% (RCP4.5) and +83% (RCP8.5), compardiet control
simulation, and even stronger increases were found whesidening the potential impact of GQertilization, +15% (RCP2.6),
+52% (RCP4.5) and +141% (RCP8.5). However, the inhibitddy Effect goes a long way in cancelling these increases. Based
on two distinct parameterizations, representing strongaderate inhibition, the projected emissions accountngll effects
were estimated to be 0-17% (strong inhibition) and 11-65%denate inhibition) higher than in the control simulatidine
difference obtained using the two GQarameterizations underscores the large uncertaintgiassd to this effect.

1 Introduction

Isoprene is the dominant biogenic hydrocarbon emitted tidoatmosphere, with global annual emissions estimated-.
400-600Fg{Guentheretal;2006-201Bktweer?50Tg and1000Tg (Guenther et al., 2006; Miiller et al., 2008; Lathiére et2010; A
It plays a key role in the atmospheric composition becausts affluence on tropospheric ozone formation in polluted en
vironments and its contribution to particulate matter @itorth et al., 2012; Ashworth et al., 2015; Churkina et 201 2.
Since biogenic emissions are modulated by meteorologaralmpeters such as temperature and downward solar radlidiéon
changing climate is expected to influence the biogenic fluxed consequently the atmospheric composition close tsute
face (Arneth et al., 2007; Andersson and Engardt, 2010).h@rother hand, the isoprene emission flux also responds to the
increasing atmospheric G@oncentrations (Heald et al., 2009; Wilkinson et al., 20@&ssell and Hewitt, 2011).

There was a significant change in climate over Europe in gtellecades, with a warming in particular over the Iberiarifiren
sula, central and north-eastern Europe in summer, and @agrdtavia in winter (Haylock et al., 2008; van der Schrieale
2013). In line with the meteorological observations, cliengeconstructions showed that summer temperatures irpEwanger
the past 30 years have been unusually high and found no edadémny 30-year period in the last two millenia being as warm
(Luterbacher et al., 2016). In addition, observed solaiataxh data showed an increase by at least 2 W per decade since
the eighties over Europe (Sanchez-Lorenzo et al., 2013%)20he question of how biogenic emissions will evolve iruhat
climate has been addressed in several studies. Most stiatiekide that global warming will lead to stronger globalisene



10

15

20

25

30

emissions (Squire et al., 2014; Tai et al., 2013; Wiedinnegel., 2006) but that the inhibitory effect of increasingLfncen-
trations on isoprene production is likely to counteract gffect (Arneth et al., 2007; Young et al., 2009). Moreorising CO;
levels are identified as the main cause of the greening treséreed in long records of leaf area index data (Zhu et alL6R20
This biomass increase due to ¢€rtilization should lead to stronger biogenic emissioAméth et al., 2007), even though
human-induced land use changes such as cropland expangionpartly 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 $ecbgaas much as 90% by the end of the century (Young et al.,
2009). A similar range is also found over Europe, betweeo-Brneth et al., 2007) and +85% (Andersson and Engardt,
2010).

Here we investigate European isoprene emissions over thedpE979 to 2014 and over the future period from 2070 to
2099, to assess how recent and future changes in climat@atchospheric composition might influence the isoprene fuxe
To this purpose, we used the MEGAN-MOHYCAN model at high heon (0.1°) to perform simulations over the time
periods 1979-2014 and 2070-2099 over Europe (Sect. 2).sbipeane flux estimates over 1979-2014, their distributi@emds
and interannual variability at country level as well as cangpns with field observations and previous estimatesiaceissed
in Sect. 3. Section 4 is dedicated to the evaluation of th@tiigl emission estimates against isoprene field measrenat
European sites, with focus on the Vielsalm (Belgium) anddgtten (Sweden) sites. In Section 5 we compare the climgitcad
ECMWF ERA-Interim fields to the respective fields obtaineahirsimulations with the regional climate model ALARO-0
(hereafter referred as ALARO), and discuss the predicteshigbs 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 ugMEGAN-MOHYCAN model (Mller et al., 2008; Stavrakou et,al.
2014), based on the widely used MEGAN model for biogenic simiss (Guenther et al., 2006, 2012), coupled with the MO-
HYCAN multi-layer canopy environment model (Miller et &008).

Flur =¢-v=¢€-Caog - vyp1 - LAL Yage - YsM - YCO, - )

The MEGAN emission model (Eq. 1) includes the specificatiba standard emission factemg m~2 h—1), representing
the biogenic emission under standard conditisreachasdefinedin Guenther et al. (2012)Thedistributionof thestandard
emissiorfactore (Fig. S1)is obtainedoy MEGANv2.1.1t is basedn specieglistributionandspecies-specifiemissiorfactors
Guenther et al. (2012)The MOHYCAN canopyenironmenmodelrequiresalsothe specificatiorof the plant functional type
(PFT). The PFTs are defined by the vegetation map of Ke et@l22in 0.1° x 0.1° resolutiorrd-ecensiderseven. Seven
plant functional typesreconsideredbroadleaf evergreen/deciduous trees, needleleaf eaigteciduous trees, shrub, grass,

andcrop Thedi butionof-thebasalemissiornfacto - isobtainedrom MEGANY
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The multiplicative factoiC'cg(=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 ipasature (T), solar radiation (P),
leaf age, soil moisture (SM), and the leaf area index (LAReRctivity factorypr is the weighted average for all leaves of the
product of the activity factors for leaf temperatusg] and photosynthetic photon flux density PPFR ). The MOHYCAN
model calculates the temperature of both sunlit and shade$eand the attenuation of light as a function of canopyrigig
using visible and near-infrared solar radiation valuebattp of the canopy, together with air temperature, redatwmidity,
wind speed and cloud cover (Mdller et al., 2008).

The response of the emission flux to leaf temperature is peteained as
yr = Eopt - Cra 'GCTl'AA A= Ty —Topt 7

Cro — (Cry - (1 — eCr2-4)) R-Tp-Topt
whereCr; =95-10% 3 mol!, Cry =23-10* J mol!, R is the universal gas constafii; is the leaf temperature obtained
from the MOHYCAN modelT,. is the optimal temperature defined &5, = 313 — 0.6 - (T240 — 297) and £, is defined
by the average leaf temperature (in K) over the last 24 anchddies (54, To40):

&)

Eopt =2.034- 60‘05(T24_297) . eo~05(T240—297) (3)

The response to light is expressed as:
vpp=Cp-a-P-(1+a? - P?)71/2 (4)

with Cp = 0.0468 - exp(0.0005 - (P24 — Pg)) - (P240)%¢ anda = 0.004 — 0.0005 - In(P2y40 ). P is calculated at leaf level arith
is set to 200 or 5Q:,g mol m—2 s~! for sunlit or shaded leaves, respectively, ang fP,4,) are the averages of light intensity
over the last 24 (240) hours.

The emission response to leaf age is defined as

’Yage:0~05'F1 +0.6-F5+1.125-F3+ Fy (5)

whereF1, F», F3, F, represent the fractions of new, growing, mature, and semézaves, respectively (Guenther et al., 2006).

The impact of soil moisture stress on isoprene fluxes is fightertain, and therefore we assumeg; = 1 in this study.

2.2 Input data and simulations

LAI(x,m) = A(x,m)+ B(x,m)-

(0.65'T(x,m) + 0.35-T(z,m — 1)),



TheMEGAN-MOHYCAN modelisrunathourlyresolutiorona0.1° x 0.1° grid. Inits current setup, thlEEGAN-MOHY-CAN
model requires the following meteorological input dataaiffy resolution : downward solar radiation, cloud coveuction, air

temperature above the surface, dew-point temperaturel@ive humidity), and wind speed directly above the canbjiffer-
ent climatological input data were used depending on thalsition. Table 1 summarizes all simulations and the comedjmg
meteorological input. The isoprene emissions for 1979420dre obtained by using ERA-Interim ECMWF (European Center
for Medium range Weather Forecasts) meteorological fidd#g (et al., 2011) over the above period.

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

56 European sites (Sanchez-Lorenzo et al., ZMMM
easternsouthermandnorthwesterrEurope Fig. S2). We calculated thernnuallyseasonallyaveraged solar radmtuﬁ%l%m
according to ERA-Interim at the locations of the observasdesi-over 1979-2014 andefinedmonthlycorrectionfactors
WMMQ&%WWMMWWMWWW
ground-basedbservationsiSR.,... We calculatecorrectionfactors

A(SSRgh) _ A(SSRgoywr)

nlod1+A(SSR1nod) — ik
SSRobs SSR‘E)CMWF

(6)

In-this expressionA{SSRL}-istheannualwhereA(SSR'Y ) is theseasonamean anomaly of solar radiatiertacbserved
atthestationobservedn regioni, andA{SSRL_--A SSRLF is the corresponding anomaly of the ERA-Interim data.
The correction factorg—f; ;,_are then applied to the solar radiation fieldsof Eq. 4. The ERA-Interim seasonal surface

solar radiation anomalies show a fairly good agreement thighcorresponding observed anomalies averaged over fiye lar
European regions (central, northern, eastern, southetmarthwestern Europe, Fig1S2) and the calculated correlation
coefficientis generally higher than 0.8, exceptin northemsEurope (0.75). The ERA-Interim data are found to urstarate

the observed decadal trends in all regions and seasons, dsta bf 2-3 in spring and summer. The use of the adjusted
observation-based solar radiation fields in the MEGAN-MQEAN simulations leads to slightly higher trends in the estied
isoprene fluxes over Europe (cf. Sect. 3), in particular oegthwestern Europe.
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In order to estimate the impact of climate change, simulatiosing the regional climate model ALARO were performed.
ALARQO is the limited-area model version of the ARPEGE-IF3®efmast model developed within the ALADIN consortium
(Bubnova et al., 1995; ALADIN international team, 1997).€6k runs were performed following the prescriptions of the i
ternational COordinated Regional climate Downscaling Ezpent (CORDEX). Therefore the target domain is the EURO-
CORDEX domain (34-7tN, 25°W-50°E, http://www.eurocordex.net) with a horizontal resaduatiof 12.5 km. As lateral
boundary conditions over the European domain, ALARO usedgtbbal 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 Troch gP@13; Giot et al., 2016), and the model was shown to perfor
in line with other regional climate models (RCMs) of the ELH®ORDEX ensemble over Europe (Giot et al., 2016).

With ALARO we assessed the impact of a changing climate ¥otig three RCP scenarios, RCP2.6, RCP4.5 and RCP8.5
(Van Vuuren et al., 2011), which span a range of potentiahgbka in future anthropogenic emissions. The RCP2.6 seenari
assumes a peak in radiative forcing at 3.1 W2n490 ppm CQ) by mid-century followed by a decline to 2.6 WTh by
2100. In RCP4.5 a moderate increase in radiative forcinggoM 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 n2 (1370 ppm CQ®) by 2100 (Van Vuuren et al., 2011). The performed simulatiosing ALARO meteorology are
summarized in Table 1 for 2070-2099 and the results are cadga the control (CTRL) simulation covering 1976-2005.

Additional simulations, accounting for the effects of £i@hibition and fertilization are discussed in Sect. 2.4.

2.3 Leaf areaindex

Leafareaindexis obtainedrom theMODIS 8-dayMOD15A2 (collection5) compositeproductgeneratedby usingdaily Aqua
andTerraobservationsit 1 km? resolutionbetweer?003and2014(Shabanov et al., 2005Before2003,the monthly LAl at

everygrid cell () andmonth(m) is estimatedasedn thelocal temperaturef the currentandpreviousmonths:

Lal(@m) = A@m) + Ble,m): (065 Tam) £ 085 (em 1), ™

with A(z,m) andB(x,m) determinedrom a linearregressiorbetweerthe monthly MODIS LAl dataandthe ERA-Interim
near-surfacéemperaturepetween2003and2014.Note that the slope B(x,m) is setto zerowhenthe correlationbetween
LAl andtemperatures poor (r<0.3), andin that casethe climatologicalaverage_Al over 2003-2014is used.We usethe

climatologicalaverageof the LAl in our standarduture (2070-2099kimulations.Theincreasdan LAl associatedvith C

fertilization is accountedor in separatsimulationg Table1). Changesn vegetatiorcompositionrarenotconsidered.

2.4 COs inhibition and fertilization

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

YCO, = smax/(]- + (Ci/c*)h)v (8)

where I = 1.344, C; is the leaf internal C@ concentration at non-water-stressed conditions, whigyisal to 70% of
the atmospheric COconcentrationC, = 585 ppm andh = 1.4614. is equalto 1 atthe atmospheri€€O, concentration
of 402.6ppm. This parameterization was determined empirically basedrowth experiments with two aspen tree species
(Populus deltoideandP. tremuloidesgrown at four different C@concentrations (400, 600, 800, 1200 ppm), and was used to
determine the impact of COnhibition in future atmosphere (Heald et al., 2009).

The parameterization of Possell and Hewitt (2011) is olethloy an empirical nonlinear least-squares regressioadaasa
combination of laboratory and field observations obtaimethf10 different studies on various plant species includtiogical
and temperataeestreespecies as well as herbaceous plant species

1c0, =af(1+a-b-0O), ©)

where( 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 parameterizaiihrces a relatively stronger inhibition (1 to 0.3) as
compared to the WI parameterization (1 to 0.4) (Fig. 1). Teemeterizations result in simila,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 behanesfly 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 G@nhibition effect in the projected emission estimates.

Lastly, we estimated the effect of G@ertilization on the projected emissions through the exg@enhancement in leaf
biomass densities and LAl based on a recent study (Zhu &l6). Using long-term (1982-2009) satellite LAl recordslia
ecosytermedels,ecosystenmodels,Zhu et al. (2016) obtainea widespread increase in LAl over the majority of vegetated
areas on the global scale and attributed the major part afliBerved greening trends to ¢@srtilizationZhu-etal-2016)
This is crudely parameterized here as a linear LAl incre&d&® per 100 ppm of C@concentration (Table 1pynamical

vegetatiormodels,e.g.ORCHIDEE(Krinner et al., 2005; Messina et al., 2016)quld berequiredin orderto provideamore

mechanisticimulationof the LAl variationsandof thedistributionandstructureof the naturalvegetatiorbutthislies beyond

thescopeof thepresenstudy.Notehoweverthatdynamicalvegetatiormodelshaveidentifiedweaknesselatedio theuseof
alimited numberof staticplantfunctionaltypes,andto the poorrepresentationf speciesompetition(Scheiter et al., 2013) .

3 Historical isoprene estimates (1979-2014)

Figure 2 illustrates the mean distribution of isoprene siaiss for the simulation H3 over 1979-2014 (Table 1). Thisdation

incorporates the effect of climate on the emissions basé&lR#x Interim fields, but with adjusted solar radiation fieldsed on
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observations, as described in Sect. 2.2, and accountsf@@hinhibition based on Possell and Hewitt (2011). The map shows
higher isoprene emissions in the Mediterranean countridsger European Russia. The relatively high isoprene éoniss

the Mediterranean countries is mainly associated with veatemperatures and stronger radiation fluxes, as well dstinat
high isoprene emission capacity from the vegetation as eoedpto the rest of Europe : e.g. some o&kiércug species
common in the Mediterranean regions have a strong emissipacity (Karl et al., 2009). On the other hand, in European
Russia the densely forested regions are characterized lighal Al during summertime (FigS2S3), resulting in higher
simulated isoprene emissions. The distribution of isopemissions is very similar in both the H1 and H2 simulatidiab(e 1)

and is not shown here.

Also, in terms of interannual variability the three histadi simulations result in very similar estimates (Fig. 3)da
relatively uniform increase of isoprene emissions ovel9t2@14. The simulation H2 exhibits a slightly higher enossirend
(1.34% yr') as compared to H1 (1.09% yt). Indeed, as can be seen in Fig. S1 the interannual variafitimee observed
downward solar radiation fields is very similar to the vaoatof the ERA-Interim fields, with correlations higher th@u7 for
all regions and seasons, but the observed solar radiattond® exhibit slightly stronger positive trends than theAHRterim
data. This is the case for all seasons and regions, and icydartfor central Europe where observed solar radiatiends are
much stronger than the respective trends modeled by ECM\Aifalgses (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 modirat
increased until 1990 in the H3 simulation, and thereforecthleulated trend (0.76% yt) is lower than in the H1 and H2
simulations. The trends are stronger (up to 2%'Yyiin eastern and central Europe, and weaker or close to zerdlo United
Kingdom, the Scandinavian countries and Spain. The interalnvariability of temperature and solar radiation expainost
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 @46
Gg), Turkey (645-944 Gg), Spain (569-856 Gg), France (312-Gg) and Italy (354-621 Gg) are among the most emitting
regions. The interannual variability in the isoprene emissgenerally reflects the variability in temperature asldrradiation
(Fig. S354), therefore isoprene maxima are typically observed duyiesys with particularly hot summers. The exceptional
heat wave in central Europe in summer 2003 induced a promalisoprene emission peak in France and Germany, with
emissions about twice as high as in normal years. The emiggiak modeled over European Russia and Belarus in 2010 is
associated with a summer heat wave (Barriopedro et al.,)2@iil the other hand, cold summers with weak solar radiation
result in reduced isoprene emissions. For instance, tliescwhmer of 1987 in Scandinavia and the cold summer of 1993 ove
entire Europe (FigS3S4) lead to low isoprene emission in these regions (Fig. 4 agd3ji Overall, the strong interannual
variability in northern European countries, and the venakveariability in Mediterranean countries reflect the iatarual
variations in summer temperature and solar radiation §&3§4).

The calculated emission trends are strongest in centrabastérn Europe, reflecting the strongest trends in temperat
and radiation (Fig. 3 and Fig354). For most central and eastern European countries isopraissions increase, with trends
higher than 1% yr!, whereas the trend is often lower than 1% Yifor most northern and Mediterranean countries. The

strongest isoprene trend is simulated over Ukraine (1.5%)yr
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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 domaingstimates amount to 7.3 Tgyr, 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 yr!, Arneth et al. (2007a); Niinemets et al. (1999)). Similasigtellite-based isoprene emission estimates,
obtained using observations of formaldehyde, a high-yiggdgdrene oxidation product, indicate slightly higher issape emis-
sions with respect to our estimates. For instance, an ilrestudy 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 safire, 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 estithbyethe H3 simulation (Table 1) are compared directly to isop
flux measurements in Europe. Section 4.2 presents a coraparisnodelled isoprene emissions with campaign-averaged
isoprene fluxes measured at seven different locations. @ttea 4.3 investigates the ability of the model to repradtie
temporal variations as observed in Vielsalm (Belgium) an8tordalen (Sweden).

4.2 Campaign-averaged isoprene fluxes

Figure 5 shows the monthly averaged mid-day fluxes estimatdte H3 simulation at thenodelgrid cells correspondingo
the location of 9 field campaigns (Acton et al., 2016; Baghi et20.12; Brilli et al., 2014, Davison et al., 2009; Holst et al.
2010; Kalogridis et al., 2014; Laffineur et al., 2011, 201Birig et al., 2005), using either the MEGAN emission factors
using local emission factors (see further below).

Differences between field measurements and modeled dageeweected, since the local vegetation around the measoteme
site differs from the heterogeneous vegetation mix of thelehgrid cell (in addition, the effect of the footprint on tHax
measurements is also not taken into account by the moded)PHT fractional areas of the local vegetation are compared t
the model PFT fractions of the corresponding grid cell inpdamentary FigS4S5 Many field campaigns were conducted
in forests whereas the corresponding model grid cells sbfisi a large part (15% to 91%) in low isoprene-emitting PFTs
such as crops, grass and bare soil. At these sites (ECHOyiktichlaute Provence and Bosco Fontana), this discrepancy
explains the large underestimation of model estimateggUdIBEGAN emission factors. At Castelporziano, on the otherdha
the relatively open local landscape is not well represebtethe0.1° x 0.1° vegetation map which suggests a substantial
fraction of needleleaf forest, partly explaining the entisoverestimation at this location.

In etherorderto correct for this effect, we re-calculated the model isogr fluxes using local emission factors. These
emission factors are based on the local PFT fractions @485 combined with the standard emission factors (SEF) given
for the different PFTs in Guenther et al. (2012): 10 mg’nn—! for the broadleaf deciduous sites (ECHO, Lochristi, Haute
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Provence, Bosco Fontana), 5.3 mghh—! at Vielsalm, 1.8 mg m? h—! at Castelporziano, and 1.6 mgh~! in Stordalen.
Overall, the use of local emission factors improves sigaiftty the model performance and reduces the average biadl for
sites from -70% to +5% (Fig. 5).

Note however, that local emission factor estimates base8E#s defined for broad PFTs (Guenther et al., 2012) are still
crude approximations for the local SEFs. For instance, Efe& the ECHO site is likely too high since it is dominated byh
isoprene emitters such &agus sylvaticaand Betula pendulgKarl et al., 2009). Similarly, the vegetation at Castelpano
is a mixture of low-isoprene emitting species liReiercus ilexandArbutus unedd0.1 ;g gpy h™, whereDW denotegry
weightof leaf biomas$ and non-isoprene emitters suchiasca multiflora, Rosmarinus officinaliandPhillyrea angustifolia
and therefore the SEF calculated assuming a large fractisinangly emitting shrubs is likely too high. For Vielsala]ocal
SEF of 2.88 mg m? h~! is used, adjusted to minimize the average bias between tdelrand the observations in 2010 (cf.
next section).

The model overestimation at the poplar plantation in Lath(Figure 5) is unexpected, given tHadpulus 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., 2RJgbssibly explaining the difference between the modetetithe
measured isoprene fluxes at that site (S856).

At Bosco Fontana, where a mixture of strong emitt€eaércus robuandQuercus rubraand low emittersQuercus cerris
andCarpinus betulukgis present, a good agreement between modeled and measéddbtained, suggesting that the SEF
of 10 mg nT2 h™! is representative for this landscape. At the site in Haubeéhce, dominated by a strong isoprene emitter
(Quercus pubescepsn excellent agreement is obtained for the field campaidgamne 2012 (Kalogridis et al., 2014), whereas
the model is somewhat too low in August 2010 (Baghi et al. 2201

4.3 Evaluation of temporal variations

The model potential to capture temporal flux variations &leated against flux measurements at the Vielsalm sitedddat

a temperate mixed forest in the Belgian Ardennes (SIN3®.99°E). The site consists in a mixture of evergreen needleleaf
trees (mainlyPseudotsuga menzigdticea abiesandAbies alba and deciduous broadle&estreespecies (mainly the non-
isoprene emitteFagus sylvatica Those tree species are generally weak isoprene emigbgquigining the low local SEF of
2.88 mg nT2 h—!'. The main isoprene emitters are likely green needleleabirespecially thébies alba(Pokorska et al.,
2012).

The flux measurements used were obtained by disjunct ed@dyieoce by mass scanning technique during two field cam-
paigns at the Vielsalm site: July-October 2009 (Laffinewalet2011), and May-September 2010 (Laffineur et al., 2013
isoprene measurements were performed with an hs-PTR-M&ofPiTransfer Reaction Mass Spectrometer, lonicon, Inns-
bruck, Austria). Ambient air was continuously sampled atttp of a tower at a height of 52 m a.g.l. The instrument perfor
one measurement of isoprene fluxes every two seconds, drldchaly averages are used for comparison with the model.

Figure 6 displays the evolution of the daily averaged mesband modeled fluxes (top panels) as well as their monthly av-
eraged diurnal cycles (bottom panel). The model averagesadeulated with the same temporal sampling as the obsamgat

10
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Both the day-to-day and the diurnal variability are wellnegented by the model for this site, as reflected by the higieledion
coefficients of 0.92 for 2009 and 0.91 for 2010. Whereas tlegalvbias is small for both field campaigns, -8.3% (2009) and
-0.8% (2010), the modeled seasonal pattern differs fronoktserved fluxes. The model is biased highly in May (+33%) and
June (+10%), but it is biased low in September (-18%) and @at(-63%). A possible explanation for this discrepancyhhig
be that the leaf age factor described in Eq. 5, i.e. the eamnigsdbm new and growing leaves might be overestimated, véesere

the emission from senescent leaves might be underestirfates

shouldbe remindedthatthe activity factorsepresentingheim
and~r havetheir own uncertaintiesvhich mightalsoimpactthe modeledseasonabariation.

A second model validation is performed for a sub-arctic aredl ecosystem at Stordalen in Northern Sweden (68133
1%°E, 351 m a.s.l.), 200 km north of the arctic circle (Ekberglet2009; Holst et al., 2010). The region is characterized by
a short but intensive growing season (from mid-May to migt8mber) and is influenced Bis-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 suEtiaghorum ssp.Carex sspandSphagnum sspall known to be low
issi ~L (Ekberg et al., 2009, 2011).
Isoprene was measured using a hs-PTR-MS (Proton Trans&atiBe Mass Spectrometer, lonicon, Innsbruck, Austria),

isoprene emitters#

which was combined with a sonic anemometer to estimate stargyscale fluxes using disjunct eddy covariance. Measure-
ments were taken at a height of 2.95 m a.g.l. (vegetatiorhibhegy 50 cm) and fluxes from May to September 2006 reported
at a temporal resolution of 30 minutes (Ekberg et al., 200dst£t al., 2010). For isoprene fluxes, the mean estimated er
(20) was found to be 0.03 mgn? h—!.

The daily averaged observed and modeled fluxes as well asutreatcycles of fluxes are shown in Fig. 7. The model is
biased low by ca. 40% on average over the campaign, possidiesting an underestimation of the SEF used in the caionlat
(1.6 mg nT2 h—1) for arctic G grass (Guenther et al., 2012). However, the model is ablagtuce the day-to-day variability
(correlation coefficient of 0.84) in spite of the low fluxedtt site, frequently of the order of (or even lower than)dhgmated
error on the fluxes. The low bias of the model might be partlg thua low bias in the LAI values from MODIS used in the
model, equal to ca. 0.88 at that site, to be compared witHjoagasured LAI reaching up to 3.5 at the most dense spots of
the wetland sedges. In addition, the MEGAN algorithm miggttlve optimal for this subarctic vegetation type. As projpdse
Ekberg et al. (2009), vegetation in this area is especiadlly adapted to survive under conditions of short active aeasThe
subarctic sedges start photosynthesizing in early spmgustill cool temperatures, possibly resulting in isogremission
induction occurring sooner than in other extratropicalsystems. This hypothesis is supported by the stronger inednas

in June (-68%) compared to July and August (ca -35%).

11
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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 inughgleament (FigS6S7). The use of the ALARO control fields
results in lower mean isoprene fluxes by 37% over the domaihléTl), caused by a negative bias of the ALARO surface
temperature fields compared to the ECMWF reanalysis. TheLGiERIs are, however, not used here for emission estimation,
but as a reference with respect to which the projected isgpeenissions (2070-2099) will be compared. Surface termyrera
precipitation and surface shortwave radiation for theetléiht RCP scenarios are compared to the CTRL fields inS§8.

The absolute difference between the projected (2070-29®}he control (1976-2005) mean temperature, solar radiat
and precipitation over the European domain, as simulatddtive ALARO model for the climate scenarios (Table 1) are dis
played in Fig. 8. An average temperature increase of 0.91202¢ C is found for RCP2.6, RCP4.5 and RCP8.5, respectively,
with respect to the control simulation. The change in terajee presents a similar geographic distribution for thiedlsce-
narios, with the strongest temperature increases preldiver European Russia and Scandinavia. The simulatedmpatevell
as the range of temperature changes are consistent witlsrésm other EURO-CORDEX model simulations (Jacaob et al.,
2014) and projections from the Coupled Model IntercomperBroject (CMIP5; Cattiaux et al. (2013)). The interconigam
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 theidphyaup to -4 W nt? for the RCP8.5 simulation compared
to the control simulation. This average decrease is duegt@dimbination of higher radiation in southern European trgem
and France (up to +8 W 1?) and decreases elsewhere (up to -10 WAn The amplitude of the expected changes in solar
radiation and the simulated pattern are in line with resutis the EURO-CORDEX ensemble (Jerez et al., 2015; Bartak et
2016). Note, however, that the different climate simulagiin the EURO-CORDEX ensemble show large discrepancies ove
France, central Europe and the coastal areas of Italy, &re@d Turkey underlining a higher uncertainty in projetsiof
solar radiation in these regions (Jerez et al., 2015).

Finally, the model predictions suggest a drier Meditereanand wetter northern and eastern Europe (Fig. 8). Thismpatt
agrees reasonably well with previous studies (Frei et @D62Lacressonniére et al., 2014) and with the EURO-CORDIEX e
semble (Jacob et al., 2014). The latter suggests a robuetisein precipitation in central and northern Europe (W58b), as
well as a drop in precipitation in southern Europe (by up t&25Note that according to the EURO-CORDEX ensemble, fu-
ture precipitation projections show strong variability@ss different simulations at the 49 latitude band, including southern
France, northern Italy, and central Romania (Jacob et@l4R

5.2 Effects of climate, CQ inhibition and fertilization on isoprene flux estimates

The impact of climate change on annual isoprene emissiawsdiag to the different RCP scenarios, upon neglectingibe
inhibition effect, is shown in the first column of Fig. 9. Wies the RCP2.6 simulation suggests very weak changes nersop
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emissions (lower than 20%), RCP4.5 and RCP8.5 indicatesemnigncreases reaching locally 40% and 110%, respectively
all simulations the strongest increase is found in soutkemope, European Russia, and Finland. This pattern, densisith
independent simulations (Lacressonniere et al., 201#¢cte the patterns of changes in temperature and solatiadidhe
higher isoprene emissions in northeastern Europe are yraanglsult of the strongly increased temperatures, and anewsbat
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 desr Fobed

When considering the effect of G@ertilization, we obtained a significant enhancement oftiméssions, by +15% (RCP2.6),
+52% (RCP4.5) and +141% (RCP8.5), as compared to the casitmllation, and an increase by +8% (RCP2.6), +15%
(RCP4.5) and +32% (RCP8.5) compared to the simulation axtz@only for climate effects (Fig. 9, Table 1). The comlane
effect of climate change and GGOnhibition is also shown in Fig. 9. Since both are of similaagnitude, but of opposite
sign, considering both effects leads to isoprene fluxeslairno the control emissions. The strength of the,G@hibition
however, is different for the two parameterization schetesged here (Wilkinson et al., 2009; Possell and Hewitt,120Mh
comparison to the control simulation, total projected reoje fluxes are 11% lower and 26% higher in the RCP8.5 scelio&rio
lowing Possell and Hewitt (2011) or Wilkinson et al. (200@spectively. For the other RCP scenarios, the simulatadgds
in isoprene emission range between -7% and 17%. Note thapiigal pattern of the emission change is not influenced by
introducing the CQ inhibition effect since C@is uniformly distributed. When incorporating all the ab@ftects, the end-of-
century modeled isoprene fluxes are found to range eithexesi 0% (RCP2.6) and +17% (RCP8.5) (using Possell and Hewitt
(2011)) or between 11% and 65% (using Wilkinson et al. (208&showr), with respect to the control fluxes. Note, however,
that recent studies suggest that the,Ghibition of isoprene is reduced at high temperatures hedefore it may not have a
large influence in the warmer Europe predicted in future atarscenarios (Sun et al., 2013; Potosnak, 2014).

Precipitationplays only a minor role in most regions,althoughthe drier future summerssimulatedfor Mediterranean
regionsshouldleadto enhancedoil moisturestresswhichis believedo inhibit isopreneemissionGuenther et al., 2006}and

thereforetendto decreasehefluxes.As the present study neglects the effect of soil moisturesopriene fluxes, thestimated
present and future fluxes are likely to be somewhat overagtih in particular over southern Europe. In this regionithe
creasing temperatures and the decreasing precipitagodgr(Haren et al. (2013); Vicente-Serrano et al. (2014)Fagd8)
should result in enhanced soil moisture stress, possihigicg a decline of isoprene fluxes over time. However, theémite
of soil moisture stress on isoprene fluxes is still highly entain; for example, the MEGAN parameterization implenaent
with soil moisture fields from ECMWF reanalyses has been ddormoverestimate this effect over arid and semi-arid region
(Bauwens et al., 2016).

Our simulations predictisoprene emission changes falliitigin the range of previous studies, i.e. between +90% (et al.,
2009) and -55% (Squire et al., 2014) on the global scale, atvaden +85% (Andersson and Engardt, 2010) and -30% (Arneth e
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2007) over Europe (Fig. 10). The large dispersion of theediffit estimates of Fig-10is, to a large extent, explained by the
diversity of model setups, namely the climate scenariosth@y period, and most importantly, the choice of drivinggpaeters
which are allowed to vary (i.e. the climate fields, the £&@tivity factor, and/or the vegetation distribution). Tiherease in
isoprene emission as a result of climate change of +70%f{€aeti al., 2012) globally, and of +85% (Andersson and Engard
2010) over Europe are very close to the predicted emissiangshin 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-daysenis 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 depending o
the simulation setup. The use of a dynamical vegetation hgeteerally leads to higher isoprene flux estimates due to the
increasing biomass as result of rising temperatures, tadiand CQ fertilization (Arneth et al., 2007; Heald et al., 2009).
Overall, most studies using a dynamical vegetation modedeagn a relatively strong flux increase in the wide range of
27% (Lathiere et al., 2005) to 360% (Heald et al., 2009). Hovimaluced land use changes generally cause less draste 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;284&rdacre et al., 2013; Lin et al., 2016; Squire et al., 2014
Wiedinmyer et al., 2006). On the other hand, a recent stupgrted that, globally, human-induced land cover change-s e
pected to have a more significant impact than natural vegetelianges, leading to a relative decrease of future isemEais-
sions up to 33% (Hantson et al., 2017). Note however, thategtation is expected to be the dominant land use change ove
Europe, and therefore the combination of natural and huimawmeed vegetation changes could induce a significant aisere
in isoprene emission of up to 40% (Beltman et al., 2013; Higsdt al., 2016)The applicationof land usechangescenarios
e.g.thoseof the ALARM project,Settele et al. (2005)tp projectedsopreneemissionestimatesvith MEGAN-MOHYCAN

6 Conclusions

In this study we simulated high-resolution (0, hourly) isoprene emission estimates above Europe oveé3-2014 using the
MEGAN-MOHYCAN model and ERA-Interim reanalysis fields. Tiiean isoprene flux over the entire period is estimated to
7.3 Tgyr'. As aresult of the climate change, a positive trend of c&olyt! 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 increéls8&o)
when the input solar radiation reanalysis fields are adjustenatch observed solar radiation over Europe, due to ag#ro
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 estichat 0.76% yr' over Europe. Comparison with flux campaign
measurements performed at seven European sites showlsalsatnulated fluxes reproduce reliably the day-to-day tdita

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 ALARQ@eorelogy suggest higher temperatures over the entire
domain and stronger irradiance in southwestern Europgebiy the changing climate only, isoprene emissions adigiesl
to increase by 7%, 33% and 83%, in the RCP2.6, RCP4.5 and RGe8narios, respectively, with respect to the control
simulations covering the period 1976-2005. The,@éxtilization and CQ inhibition effects are of opposite sign, and taken
together, the end-of-century European isoprene emissianesalculated to increase byp-te-65%0-11%,9-35%and17-65%
accordingto the RCP2.6 RCP4.5andRCP8.5scenariosrespectivelyTable1). The impact of these processes is still 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 shatibaiythe long-term emission response to environmentaigés
bears large uncertainties. These uncertainties are agsdavith the model components, and likely with other unaoted

control factors, and their assessment is currently handpeyehe lack of long-term isoprene measurements estimates

Data availability. The isoprene emission datasets over 1979-2014 and 20™¢&erated in this study are available at
http://emissions.aeronomie.be. Emissions are provitlad.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 Tl annual emission estimates for all years between 1979
and 2014 are provided as well as a monthly climatology. Foh e 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& wan be requested frooor dex @ret eo. be.
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Table 1. Overview of performed simulation$. : the letter F denotes that the LAI response to.Gfbanges is accounted for based on
Zhu et al. (2016) (see text),*: account for CQ inhibition following the Wilkinson et al. (2009) (W!) and Bsell and Hewitt (2011) (PH)
parameterization. Mean isoprene flux over the given peii®dgpressed 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 53
RCP2.6-Wh 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-Wh 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 111
RCP8.5-Wk 5.8
RCP8.5-PH 2070-2099 4.1
RCP8.5-WI-F° 7.6
RCP8.5-PH-F° 54
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Figure 2. Isoprene emission map from the H3 simulation (Table 1), $hgwhe distribution of isoprene emissions (in mgth~!) using
the ERA-Interim reanalyses for 1979-2014.
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Figure 3. Annual isoprene emission and emission trends between 1972@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)radmddfrom

ERA-Interim (ECMWF) reanalyses over the same period are/sho the middle and lower panels, respectively.
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Figure 4. Annual isoprene emissions normalized to the emission i® 8716 European countries. In the upper left corner of epenyel
the total isoprene emission for every country in 1979 aremgias well as the emission trend over 1979-2014. The emsssi@nobtained

from the H3 simulation (Table 1).
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Figure 5. Modeled and measured isoprene mid-day fluxes from nine fealapaigns over Europe. The circles indicate the monthly mean
emissions modeled in th@1° x 0.1° cell including the measurement site using the emissiormfaaif MEGAN-MOHYCAN. The stars
denote the modeled fluxes using local emission factors ésaddr 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 isopraneslin 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 mgThh~!). The lower panel shows the

monthly diurnal cycle for the modeled (red) and measureac{@lisoprene fluxes, as well as the monthly bias.
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Figure 7. Modeled (red) and measured (black and gray) daily isoprenedlin Stordalen in 2006 (Holst et al., 2010). The model (H3

simulation) uses the local emission factor (SEF=1.6 mg tm!). The lower panel shows the monthly diurnal cycle for the eled (red)

Daily isoprene fluxes in 2006 at Stordalen (68.33°N 19.05°E)

0.8 T T T I
Mean model bias = -40.6% All measurements
Correlation= 0.84 '@ Observed daily mean
0.6 Modeled daily mean H
®
0.4} : s
I
L J 2y o’
0.2 - - . Z—_ _
L 8 cop ®
T " °
LX) e e Ol “e M Mm -
01/05 01/06 01/07 01/08 01/09
Monthly diurnal cycle at Stordalen (68.33°N 19.05°E)
0471 e T T T T e T
Monthly bias:
May:  -1.6% Jun: -67.6% Jul: -33.9% Aug: -35.9% Sep:  -7.8%
0_3 — N B B N . -
¢ L)
02l @ Observed hourly mean = ‘e 1
. Modeled hourly mean o -® .
ook L
Y -
0.1 =% . .
e
%ee

0
1 5 9 13 17 21 1

5 9 131

and measured (black) isoprene fluxes.

|
721 1

5 9 1317 21 1

28

5 9 13 17 21 1

5 9 13 17 21




Temperature (°C) Solar radiation (W m'z) Precipitation (mm day'1)

N )
H 05
ol
o -
=
L
%] 0 0
o
o _—
Q
o
-0.5
-5 -1
5 1
05
—
[
= i
[&]
¥ 0 0
=
o |
Q
o
.,5 l,.|
=5 1
I I0.5
=
|5
=
£
o JO 0
©
o N
(@]
ol
-0.5

a

Figure 8. Absolute difference between the projected future and ocbetmulations for temperature, surface shortwave raatieaind precipi-
tation averaged over 2070-2099 following different RCPhscm®s. The mean values for each variable over the domaigieea inside each
panel.

29



climate B8 climate+CO, fert.

[ RCP2.6-F

c t:limfntczq-co2 inh. (WI) D clim ateh-co2 inh. (PH) E climate+C02 fert.+inh. (PH)

[ RCP2.6-WI [ RCP2.6-F-PH g I’ r

>

RCP2.6-PH

(Simulation - CTRL) / CTRL

(Simulation - CTRL) / CTRL

(Simulation = CTRL) / CTRL

-15

Figure 9. Relative differences in isoprene emissions between the@ohLARO simulation (CTRL) and the three RCP scenariossidn
ering the effect of : (A) climate (first column), (B) climata@CQO; 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 oy,
and (E) climate, fertilization and inhibition based on (Selkand Hewitt, 2011) (last column). The names of the sitiaia are given in
the upper corner of each panel (cf. Table 1), in the lower@oisigiven the relative change for the whole domain comptrede control
simulation (CTRL), for which the mean isoprene flux is estiedsat 4.6 Tg yr' (Table 1).
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Figure 10. Comparison of our results to European (left) and globah@lighanges in projected isoprene emissions predicted figreatit
studies. The different colors indicate the driving pararetonsidered in the various simulations. Note that ofexersl simulations are
shown for the same study, to represent the impact of diffggarameters or climate scenarios assumed. The periods@dvef-€entury for
all studies except otherwise stated.
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