10

15

20

25

30

What-are-the Cehallengesinfer modelling isoprene and monoterpene
emission dynamics ofsubarctic plants: 2?2 a case study from a
subarctic tundra heath

Jing Tang? Guy Schurgefs’, Hanna Valolahti?, Patrick Faubett Paivi Tiiva, Anders Michelsel?,
Riikka Rinnar?

Terrestrial Ecology Section, Department of Biologiversity of Copenhagen, Copenhagen, Denmark

“Center for Permafrost, University of Copenhagerpé@magen, Denmark

*Department of Geosciences and Natural Resource d¢ament, University of Copenhagen, Copenhagen, Ddnma
“Chaire en éco-conseil, Département des sciencefafoentales, Université du Québec a Chicouthbsbeulevardde
FUniversité-Chicoutimj Chicoutimi, Québec, Canagd&7H-2B1

°Department of Environmental and Biological Sciendésiversity of Eastern FinlandRO-Bex—16277021Kuopio,

Finland

Correspondence to: Jing Tang (Jing. Tang@bio.ku.dk)

Abstract. The Arctic is warming at twice the global averagpeed, and the warming-induced increases in biogetatile
organic compounds (BVOC) emissions from arctic {daare expected to be drastic. The current glolmalais’ estimations
of minimal BVOC emissions from the Arctic are basstdvery few observations and have been challehgeiticreasing
field data. This study applied a dynamic ecosysteodel, LPJ-GUESS, as a platform to investigate tsieom and long-
term BVOC emission responsesdutic climate warming. Field observations in a subarkethtundraheathwith long-
term (13 years) warming treatments were extensiuslyd for parameterizing and evaluating BVOC relgteocesses

(photosynthesis, emission responses to temperande/egetation compositiaiWe propose an adjusted temperature (T)

response curve for arctic plants with much strongesensitivity than the commonly-used algorithms farge-scale
modelling. The simulated emission responses t&C2warming between the adjusted and original T respaurvesa-the
modelwere evaluated against the observed warming respdigR) at short-term scales. Moreover, the mesdekponses
to higherlevels-ofwarmingby {4 °C and 8C) were also investigated as a sensitivity test. Moelelwas-able-toshowed
reasonable agreement to the observed—reprorhgetation C@fluxesin the main growing seaseoas well as day-to-day
variability of isoprene and monoterpene emissiornse observedmeodele®VOC\WR,—especially—for relatively high
emission rates of BVOC as well s®preneWR; were better captured msingthe adjusted T response cureempareding
with-using_than byhe eriginal- commorone. A-few-days-underestimation-of-lea ed towa thederestimated-emission
rates-as-wellasand-WRuring 1999-2012, the modelled annual mean isapsrd monoterpene emissions were 20 and 8

mg C m? yr, with an increaséemissienby 55 % and 57 % for 2 °C summertime warming, respely. Warming by
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4 °C-and 8 °Cfor the same periodurther elevated isoprene emission for all yesssipared-with-2°C-warmindut the

impacts on monoterpene emissions levelled aiffthe last few years-because—of-a—decreased daurecoverage—of

At hour-day-shert-terrscale, the WR seem to be strongly impacted byTeafhile atday-yearteng-ternscale, the WR are

a combined effect of plant functional type (PFThamicsas-well-asandnstantanewous BVOC responses to warming. The
identified essentialissueschallengesseciated—withinestimating arctic BVOC emissions are: (&drrect leaf T
estimatioriextrapelation-based-on-al; (2) PFT parameterization accounting B¥OC-plantemission features as well as
PFTs’'s physiologicatesponses to warming; and (3) representatiooraf-term vegetation changes-vegetation-dynainics

the past and the future.

1 Introduction

Biogenic volatile organic compounds (BVOC) are tea&c hydrocarbons mainly emitted by plants. Emissi@f these
secondary metabolites are involved in pagmowth, plant defence against biotic and abidtiesses, plant communication
as well as reproduction (Laothawornkitkul et al002; Pefiuelas and Staudt, 2010; Possell and Lo2&b3). BVOC
synthesis is regulated by enzyme activity, and mamypounds are emitted in a temperature (T)- agitt lensity (Q)-
dependent manner (Li and Sharkey, 2013). BVOC sel¢anto the atmosphere react with hydroxyl radi¢g@lH), which
could reduce the atmospher's oxidative capacity and therefore lengthen thdifife ofthe-greerhouse-gasethane (Ch,

as a potent greenhouse (&8 Carlo et al., 2004; Pefiuelas and Staudt, 2040)increase in BVOC emission could also

elevate the tropospheric ozone)@oncentratiorwhen the ratio of BVOC to NO(BVOC/NOy) is high(Hauglustaine et al.,
2005) and increase-the—as-wellsecondary organic aerosol (SOA) formation (Paasabex., 2013)BVOC could also

limit ozone formation when the BVOC/NOratio is low, a situation in which the regeneratiof NO, can be mainly

achieved by NO reacting with;CHauglustaine et al., 2005).

Global estimates of non-methane BVOC emissionsimréhe range of 700-1000 Tg C “yrof which isoprene and
monoterpenes contribute most of the emissions ¢78nd 11 %, respectivelyindelarova et al. (2014)). The modelled
emission rates for isoprene are of similar magmitad for CH (Arneth et al., 2008). However, the current estamabf
regional emission distributions are highly uncertéor both isoprene and monoterpenes for two re;asbnthe current
emission estimates are based on field studies ynatlering tropical, temperate and boreal ecosyst@Buenther et al.,
2006), lacking observational data for the Subaretim Arctic; 2) the uncertainties in driving vatlied (vegetation

distributionand seasonalifyclimateand environmentadlatafincl. soil water availability and the spectrumtbé incoming

light}, and abiotic and biotic-emission-capacity strees) and in emission responses to these drivers (Geesthal., 2006;

Arneth et al., 2008). For instance, plants adaptethe cold environment of the Arctic appear topoesl to warming

differently than plants from low latitudes (Rinnahal., 2014). Till now, the emissions from highitlades (including the
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Arctic and the Subarctic) have been assumed toibienad due to low foliar coverage, T and plant protivity (Guenther et
al., 2006; Sindelarova et al., 2014). However, neabservations from the Arctic have indicated tleed for revising the
current assumption, as higher emissidresn both plants and soilthan anticipated in large-scale models have been
measured (Ekberg et al., 2009; Holst et al., 2PH@psnak et al., 2013; Rinnan et al., 2014; Sctiadleal., 2014; Kramshgj

et al., 2016). Furthermore, field experiments faogon the effects of climate warming on BVOC enars have found

unexpectedly high responses of BVOC release towadegrees of warming (Tiiva et al., 2008; Faubdrale 2010;
Valolahti et al., 2015; Lindwall et al., 2016a), iain has underlined the potentially significant rofearctic BVOC emissions
under changing climate. The Arctic is warming apragimately twice the global rate (IPCC, 2013) ahd warming-
induced drastic vegetation changes (AMAP, 2012)ccoupose substantial changes in BVOC emission.

Both isoprene and monoterpenes are produced thrthg2-C-methyl-D-erythritol 4-phosphate/1-deoxy«iiulose-5-
phosphate (MEP-DOXP) pathway and are reaction mtscaftheir chief precursorglyceraldehyde-3-phosphate (G3P) and
pyruvate. G3P is produced along the chloroplastitvi@ Cycleand-serves-as-the-chiefprecurddechanistic models have
often linked the biosynthesis of isoprene and memeanes with photosynthesis processes (Niinemets, €i999; Martin et
al., 2000; Zimmer et al., 2008aciico-etal—2011-Unger-etal—201@ote et al., 2014). In the short-term (hours-days)
the responses to Q and T of isoprene pad-ofmonoterpene productienare very similar to those of photosynthesis, but
with a higher T optimum for BVOC production thangpsynthesis (Guenther et al., 1995; Arneth e8l07). Furthermore,

some monoterpenes can be emitted from storage poplant organge.g. glands or resin dugt§-ranceschi et al., 2005)

Along with the short-term responses, the long-tddays or longer) BVOC dynamicsre- is affected by vegetation
composition changes (Faubert et al., 2011; Valolehtl., 2015)seasenality vegetation phenolo@taudt et al., 2000;
Hakola et al., 2006), past weather conditions (Edslet al., 2009; Guenther et al., 2012) andetatiorgrowing conditions,

e.g., soil water and nutrient availability (Possaelld Loreto, 2013), atmospheric £€@Vilkinson et al., 2009) and ozone

levels (Loreto et al., 2004; Calfapietra et al.020 In comparison with empirical models (Guentéeal., 1995; Guenther et
al., 2006; Guenther et al., 2012), process-basedystem modelsexplicitly representing BVOC synthesis activitiean

vary with species as well as-generally-capture-mbitbesdong-termgrowing environmenéffects and could thus be more
useful in terms of predicting long-term emissiosp@nses to environmental chanddonson et al.,, 2012). Usually,

estimates of BVOC responses to Q and T are basdldeoGuenther algorithm (referreéd here as G93, (Guenther et al.,
1993)) and observed emission rates are often gidimdd to emission capacity at standard conditih®f 30 °°C and
photosynthetically active radiatigiPAR) of 1000umol m? s*) using the G93 algorithm to allow for comparisoittvother

observations. Potosnak et al. (201i8kd leaf-level isoprene emission rates to T ghih a moist acidic tundra and found

the G93 algorithm characterized well with the Tp@sse, but not Q responddowever, Ekberg et al. (2009) found that the

T response of the G93 algorithm is not sensitiveugh to capture the observed high T responses ptumera sedges,
which was further supported by other studies inhtyh latitudes (Faubert et al., 2010; Holst ef 2010). Furthermore,
species-specific emission profiles (Rinnan et24l11; Rinnan et al., 2014; Schollert et al., 20d&gel-Petersen et al., 2015)
have not yet been integrated into the modellingsebarctic BVOC emissions (Arneth et al., 2011; Guentteal., 2012;
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Sindelarova et al., 2014)which-Theseneed to be included as a trait of plant functiotygles (PFTs), especially when
targeting-atstudyingthe drastic impacts of climate change on vegetationpmsition as well as BVOC emissions in the
Arctic. In addition, tundra plants with relativetiark surfaces and low growth fosnicommonly less than 5 cm tall) may
experience much higher leaf T than the air T atReight provided by weather stations (Kérner, 20&herrer and Kérner,
2010; Lindwall et al., 2016ayvhich could lead to larger emissions than antteigan current models.

The aim of this work was to integrate the obsemetission features of arctic plants into a processetl ecosystem model
in order to improve the current model estimatioharatic BVOC emissions, and to advance our undadshgs regarding
of-the-emission dynamics for arctic ecosystems in a wagnfinure. The process-based dynamic ecosystem mbEét
GUESS(Lund-Potsdam-Jena General Ecosystem Simulg&mjth et al., 2001; Smith et al., 201#as used as a platform

to distil-simulateshort-term and long-term responses of BVOC emissiorchanges in climate for arctic plants. The rhode
links isoprene and monoterpene productiovith photosynthesis (Arneth et al., 2007; Schusget al., 2009). For the
application to a subarctic heath tundra, the pmeesameterization utilized field observationgteflong-term (13 years)
warming treatment effects on vegetation compositma BVOC emissions (Tiiva et al., 2008; Faubertakt 2010;
Valolahti et al., 2015). The specific objectivestiofs study were: (1) To capture the obsereC-T response of BVOC

emissions-sensitivitfor a subarctic ecosystem; (2) To addréss importance ofhort-term and long-term impacts of

warming on ecosysteras well asBVOC emissions; (3) To diagnose key model develogm@eeded to better present

BVOC dynamics for the arctic region.

2 Materials and methods
2.1 Study area and observational data

The data used in this modelling study were colcé a dwarf shrubraminoid heath tundrasite-located in Abisko,
northern Sweden (681:N, 1849°E). The vegetation consists of a mixture of eveegr and deciduous dwarf shrubs,
graminoics and forbs. A long-term field experiment was esshigld at this site in 1999 to investigate the ¢$fed climate
warming and increasing litter fall, resulting frahe expanding tundra vegetatiam the functioning of the ecosystem. The
experiment included control (C), warming (W), littaddition (L) anda-combined warming and litter addition (WL)
treatments (Rinnan et al., 2008). In the curram\stweonly focusedonhyon the observations from the C and W treatments.
Each treatment, covering an area of 120 x 120 cas, plicated in six blocks. The W treatments uwgseh-top chambers
(OTCs), which passively increased air T by arouri€ 2and also causedcand 10 % reduction in PAR (Valolahti et al.,
2015).

During the years 2006, 2007, 2010 and 2012, BVO@Gson rates were measured for all plots by sargpéim from
transparent polycarbonate chambers into adsorlatridges using a push-pull enclosure technique amalysis by gas
chromatography-mass spectromet8c-MS) The enclosure covered a 20 x 20 cm area in eathlhe isoprene emission
datasets for 2006-2007 can be found in Tiiva ef28108) and for 2012 in Valolahti et al. (2015)r Hoe year 2010, isoprene
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emission rates were not analyzed due to technicddlgms (Valolahti et al., 2015). The monoterpemassiors datasets
have been published by Faubert et al. (2010) f@62007 and by Valolahti et al. (2015) for 2010 &@d2. Notably,
BVOC in this study only refers to isoprene and ntenmenes. Closed chamber-based @@xes were measured in the same
area during the same years (Tiiva et al., 2008pMhti et al., 2015). Species composition and cayerin the plots in the
same years were estimated by point intercept-bamgtod, in which a hit is recorded each time atpdpecies is touched
by a pin lowered through 100 holes covering the atea of 20 x 20 cm (Tiiva et al., 2008; Valoladttial., 2015). Species
composition was measured in June for 2006, 2010284@, and in June, July and August for the ye&726urthermore,

air T and PAR inside the chamber were also monidtdiging the BVOC sampling time.

2.2 LPJ-GUESS
2.2.1 LPJ-GUESS general framework

LPJ-GUESS is a climate-driven dynamic ecosystem ehadth mechanistic—precess-basadpresentations of plant
establishment, mortality, disturbance and growthwaB as soil biogeochemical processes (Smith .et2801; Sitch et al.,
2003). Vegetation in the model is defined and genupy plantfunctionaltypesRFTg, which are based on plant
phenological and physiognomic features, combinet tioclimatic limits (Sitch et al., 2003; Wolf at., 2008). The model
has been widely and successfully applied for sitimgavegetation and soil carbon fluxes as well agetation dynamics at
different spatial scales (Wolf et al., 2008; Hickiet al., 2012; Smith et al., 2014; Tang et al.1%0In the model,

individuals of each PFT in the same patch (reghiaatit in the model representative of vegetatiands$ with different

histories of disturbance and succession) can canfoetlight and soil resources. Plant establishnamt mortality are

represented as stochastic processes, but infludncéfi-history, resource status and demograpmiifset al., 2014). For

summergreen plants, an explicit phenological ciglienplemented, which is based on the accumulatedigg degree day

(GDD) sum for leaf onset and full leaf covr.LPJ-GUESS, a generalized Farquhar photosyntinesiel (Farquhar et al.,

1980; Collatz et al.,, 199@Farguhar—et—al—1980for large-scale modelling is used to simulatnopy-levelcarbon
assimilation (Collatz et al., 1991; Haxeltine amérRice, 1996b; Haxeltine and Prentice, 1996&) the generalized model

is built on the assumption of optimal nitrogen (&location in the vegetation canofflaxeltine and Prentice, 1996a;
Haxeltine and Prentice, 19968 itch-et-al;—2003)Daily net photosynthesis is estimated using adsted nonrectangular
hyperbola formulation, which gives a gradual tréiosibetween the PAR-limitedl) and the Rubisco-limited){) rates of
assimilation-(Haxeltine and Prentice, 1996b). Fos flants,Je is a function of the canopy absorbed PAR, theinsit
quantum efficiency for CQuptake ), the CQ compensation point/{) and the internal partial pressure of @)
(Collatz et al., 1991; Haxeltine and Prentice, 19984 is related to the maximum catalytic capacity obRao per unit leaf

area ¥m), I, p, and the Michaelis-Menten constant for £@c)}-and Qo). Stomatal conductance influences the

intercellular CQ, p; as well as canopy transpiration.

2.2.2 BVOC modelling
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In LPJ-GUESS, isoprene (Arneth et al., 2007) andhaterpene (Schurgers et al., 2009) emissions anelaed as a
function of the photosynthetic electron flused-forphetosynthesithe productiong)-of isoprene(E;) and monoterpenes
(Ewv) are computed as

*

p-r
6x (467p, + 933)
wherelJ is the rate of photosynthetic electron transpanida convertsfrem-photon fluxes into terpenoid unitsdC-is-the
leaf-internal- CQ-concentration—without-water-stresehe synthesis of both compounds is linked] tihe—photosynthetic
electron-transpeifNiinemets et al., 1999; Niinemets et al., 2002)d- aAfraction ¢) of the electron transport contributing
to terpenoid productien(Eqg. 2) is determined from a plant-specific frantunder standard conditions;, (usually at a T of

E=ade, wherea =

1)

30 °C and a PAR of 100@mol m? s'l) which is adjusted for leaf Beasonality-teafphenolody), and atmospheric GO
concentration:
£=f(T)f(0)f (CO,)es )

The standard fractionsis computed from the often reported standard eonissite (emission capacity) together with the

simultaneously estimated photosynthetic electrar finder these standard conditigesandard T and PARh the model.

The choice of different T and PAR as standard damth will influence the value fafs, and then the estimated emission rate

at different conditionsThe T response corrects for the T optimisem-for terpenoid synthesis, which is higher than that for

photosynthesis:
f(T)=e*"™ 3)

The parametes, represents the T sensitivity aathndard temperatur@d is often 30°°C (adjusted to 20 °C in this study)

In the model, daily mean T (model input) has bedjusied to daylight hours T based on daylengthelsag daily T range

(Arneth et al., 2007and the daytime T is used for calculating dailyssion rates-HoweveFfor the study in the Subarctic,
the often-used referencé&s of 30 °C-as-standard-conditions as well-as-thedT response§:,) were adjusted based on the
observation data and will be discussed below. Basanality functionf(c), only applies to isoprene production anthased
on a degree-day method in Sprifig,and daylength thresholds in Autumn-based-en-theiy-(Arneth et al., 2007;
Schurgers et al., 2009)hich-was-later-modified-by-Schurgers-et-al{30The atmospheric CQconcentration enhances

terpenoid synthesis when the concentration is Ialvan ambient, and vice versa, whigke isrepresented by the function

f(CO,)_(Arneth et al., 2007)The model assumes that both isoprene and monots@ea produced in the same pathway and

that they respond to G@oncentration in the same way.

For monoterpenes, a storage pon) (s assigned to represent the specific (long-testmjage of monoterpenes within a leaf
(Schurgers et al., 2009). The storage pool is amjylemented for coniferous and herbaceous PFTsTabée S1). The
emission of monoterpenes from the stor@gg) is a function of T andn with an average residence timg. ¢Zs is the

residence time at the standard T of@(Q(adjusted to 20 °C in this study, consistenhwlite modification on the T responses
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of terpenoid synthesis). The residence timie adjusted based on the standard conditigifior T responses with a ;@
relationship.
Ews =m/T
r=_1s “
(T-Tg)/10

10
In LPJ-GUESS, the BVOC response to light resideshi photosynthesis processes (light-dependenckinfEq. 1).
Additionally, considering the high sensitivity oM®C productionto leaf T,the model applies a computation of leaf T based
on air T and energy balance constra{meth et al., 2007; Schurgers et al., 2009therextended-the-computation-of-leaf
Trom-aiT-to-model BVOC-emissioMhe calculation of leaf T in the model was basadsolving leaf energy balance,
where the incoming shortwave and longwave radiaobalanced by the outgoing longwave radiation sedsible heat

fluxes as well as latent heat losghe existing leaf energy balance equations appetrashderestimate the incoming

longwave radiation under overcast conditions, whials been updated by specifically considering theadcemission of
longwave radiation relative to clear-sky conditi@®dlar and Hock, 2009). The estimated leaf T gratihan air T, was used

for both photosynthesis and BVOC synthesis. Waiss [latent heat fluxes) is requlated by stomaiaboctance and soil

water content, which is also linked to leaf T estiion in the modelk-

2.3 Simulation setup

2.3.1 Input data

The daily climate data of air T, air T range andgipitation for the period 1984-2012 (Callagharalet2013; Tang et al.,
2014) were provided by the Abisko scientific resbastation (Abisko Naturvetenskapliga Station, ANS)ur gaps in daily
radiation data from ANS (during the periods £$8401/014984-0630/06/1984 2006/0609/06-2006/0616/06/2016
2007/0213/02-2007/0215/02/2007 2011/0723/07-2011/0817/08/201) were filledby-with the Princeton reanalysis dataset
(Sheffield et al., 2006) for the grid cell near@sisko. The annual COconcentrations for the whole study period (1984-

2012) were obtained from McGuire et al. (2001) &RENDS fttp://cdiac.esd.ornl.gov/trends/co2/contents)htm

2.3.2 Plant functional types

The dominant plant species from the observatioreoehti et al., 2015) were divided into 7 PFTs{lEal). The PFT
parameters (see Table S1) were mainly derived freewious studies for the arctic region using LPJESS (Wolf et al.,
2008; Miller and Smith, 2012; Tang et al., 2015)t #rey-also-extenthe arctic PFT listsvere extendetb consider BVOC
emission characteristics. The low summergreen shfuBS) were divided into &alix-type (SLSS; high isoprene emitter)

and a norgalix-type (NSLSS; e.g.Betula nana-dominance predominantly monoterpenes rather than isoprendters)i
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(Schollert et al., 2014; Vedel-Petersen et al.,520Eurthermore, due to the abundance of prosthagef shrubs (PDS) in
the study area, distinguishing PDS (canopy heighet than 20 cm) from low shrubs (canopy heightdptthan 50 cm) was
implemented through adjusting parameters contghiegetation height. The PDS-type was further @igliéghto two PFTs
with evergreen and deciduous phenology. Moss, widppeangedin the study area, was not distinguished fromdahd
lichens, due to limited data for parameterizing snplsysiognomic features and their preferable grgwinditions.

In LPJ-GUESS, therown-canepyof each tree is divided into thin layers (originalue is 1.0 m in a forest canopy) in order
to integrate PAR received by each tree. @bpth thicknessf this layer was reduced to 10 cm in this studietier capture
the vertical profile of low and prostrate shrubs.addition, the original specific leaf area (SLA? ky C%) values in LPJ-
GUESS were estimated based on a fixed dependentdabfongevity (Reich et al., 1997). In our studyfixed SLA was
assigned to each PFT (Oberbauer and Oechel, 198®)rove the simulated leaf area index (LAI) foctee plants.
Emission capacities for the PFTs were determinewh favailable leaf-level measurement data from thigag&tic and Arctic.
The details about the data sources for parametgramission capacity at 3G (+E ss0) and 20°C (Ejsx0) can be found in
Table S2 and the averaged emission capacities @mabnliterature data in Table S2) for each PFTwadl as the
representative plant species can be found in Tabl€he emission rates from the literature are gdlyeprovided as
standardized emission capacities at@G0using G93 algorithm and these values were funtbscaled to 20C using the

adjusted T response curfrem this study(Fig. 1).

2.3.3 Model calibration and validation

The modelled C®fluxes, LAl as well as the BVOC T response werstfi calibrated before evaluating the modelled daily

BVOC emission rates. Twgrom-the-year2006-and-200G0t of four years[2006 and 2007)-clesed-chamimeasured net

ecosystem production (NEP), ecosystem respirait) @ndthe-estimated gross primary production (GPP) as weicast

intercept-based species composition were useddidrating T-and-he data for the- otherresivo yearsdata- (frem-the

year2010 and 2012) were used for validatirtge simulated carbon cycle processes. Previousestddcusing on light
responses of NEP for arctic plants (Shaver et24113; Mbufong et al., 2014) have reported relagivielw quantum
efficiencies &) caused by overall low sun angle conditions amwd leaf area. A thorough sensitivity study of partene
used in LPJ-GUESS (Pappas et al., 2013) has fdusichd; is the most influential parameter in terms of gwmulated
vegetation carbon fluxes. Also, a pre-validationtttd modelled C®fluxes with the observations in this study usihg t
defaulta; value (0.08) has found a large overestimation d¢ht®PP and ER (not shown). Therefore, a sampling.of
(using the range of 0.02 to 0.125 pmol g®nol photons, proposed by Pappas et al. (2013)) was conductidd the best
value to depict the observed GPP, ER and LAl ofyteas 2006 and 2007 for the subarctic ecosystem (Fig. Sler
calibration, the model was evaluated-Fhe-evaldadibthe—calibratedr-onwith the simulated COfluxes and vegetation
compositionwas-conductedsing the observed G@luxes and the point intercept-based plant cowedata from 2010 and

2012, respectively.



10

15

20

25

30

The daytime air T in the study area is often beR@WC (Ekberg et al., 2009), and standardizatiotegdfenoid emissions to
20°C, instead of 360C, has been suggested for modelling in borealaantic ecosystems (Holst et al., 2011, Ekberg .et al
2009) due to plast adaptation to low T environment. In the model, fi®tosynthetic electron fluxes under standardized
conditions are simulated in order to convert thmitremission capacity to the standard fractigndee Eq. 2). The choice of

the standardized Tlused in Eq. 3 as well as in estimating photossithetes at this Twill influence the estimated fraction

of electron fluxes for BVOC synthesis. In this stud data fitting to the suggested standard T di@/as conducted using
the observed ecosystem-level isoprene emissios natéuly together with measurement chamber aiom fthecentrol C
plots. The observations were mostly conducted dudisytime with relatively high PAR values, and #fere the response
of the emission rates to light was not specificalpnsidered in the current data fitting. Potenfeddbacks from the
variations in the atmospheric G@oncentratiorsf-emissiens were ignored for the three years with isoprenepdiaug (a

rough model estimation of ~3% reduction in emissibetween 2006 and 201d)he data collected from different blocks

were separated for the curve fitting and the patarsecontrolling T response.(in Eg. 3) were determined (Fig. TAn
adjustedy, value of 0.23 was chosen after fitting all theadfsom July over three years’ measurements. Apanh fthe low
R? value for block 1, the data were well capturedthg exponential shape {R> 0.8) of the T response curve. The

calibrated T responses were used for standardigafjlevel emission rates (séé o, Table 1) as well as estimating

emission rates in the model.

abundance of each PFdempesitionwas evaluated using simulated LAI against the paitercepted-based species

composition. The species were grouped into theesponding PFTs faromparcomparingisoand the point intercept-based
hits within the same PFT group were summed. Thensesnhits were divided with 100 pin hits to compai¢h the
modelled LAIl. After calibrating -evaluatinghe modelled C@fluxes and LAI, the modelled isoprene and monaeep
emission rates were compared with the observatibims.simulated emissiongepresented agaily-daytimeaverage values
(ng C m? h, daytimeily emission rates divided by day length) may notvemcurate comparisenvith the actual emission
rates which were typically conducted in the midoledhe day (betweef®0-9am —52 pm). Therefore, the emission rates at

noon (maximum hourly emissionsyere also estimated by an additional computation of the eimissapplying the leaf T

computed from the daily maximum air T for photo$ygdis and BVOC emissions. Due tie daily process used in the

model (Sitch et al., 2003)it is not possible to compute an instantaneousgsyothesis flux at noon. Therefotbe daily

average PAR was used for estimating the emissits & noonBoth daily noon and daytime average rates were show

order to present the range (instead of direct coismwa with the observed emission at each specdigrhof the modelled

daily emissions relative to the observed emissi

observations-than-the-daily-mean-emissicossidering diurnal dynamics of emissighsdwall et al., 2015).

The model’s performance in modelling BVOC emissiar@s evaluated by Willmott's index of agreement (By. 5) and

mean bias error (B) (Eq. 6). The index A descrithesagreement between the modelled flu¥gswith the observedd)
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and a value close to 1 indicates a good agreerifi@et.index B estimates the mean deviation betweenribdelled and

observed value@Villmott et al., 1985xnd values close to 0 indicates models’ good ageeéto observations.

N
leEi -0

A=1-— (Eq. 5)
> (& -0|+/0,-0)
i=1
N
Z(Ei _Oi)
B =it (Eq. 6)

N

whereO is the observed mean valiéjs total number of data records.

2.3.4Effect of wWMarming-experiment

To simulate the observed warming responses fronOih@s,a warming of 2 °C was imposed in the model for thewgng
season (the period with OTC warming) (Tiiva et 2008; Valolahti et al., 2015). The modelled wargnnesponses (WR,
emissiondifferences between C and W treatments) using the originasponsed, = 0.1, Ts= 30 °C, E 3 andEys—E, EQ.
3) and the adjusted T responsg 0.23,Ts = 20°C, E ;5 andEyy Eq. 3 and Fig. 1) were compared with the obselt&d
Furthermore apartfrom-the—settings—with Z—warming-additional simulations with a warminigyef 4 °C and &C,
reflecting the range of climatic projections insthiegion (IPCC, 2013), were also conducted to fisthe anticipated

ecosystem-scale responségo different levels of warming.

3 Results
3.1 Modelled CG fluxes and vegetation composition

The simulated ecosystem g@uxes and LAl were sensitive to the parameteueathosen forFheparametes, which
describesdetermininthe efficiency in converting solar radiationdarbencarbohydrates, and which varied between t©.02
0.125 umol CQ, pmol photong following Pappas et al. (20135howed-strong-impacts—on-the—modelled-ecosystémn C

fluxes-and-LAHorthe-growing-seasens-2006-and/ABig. S1). For CQfluxes, the lowest root mean square error (RMSE)
values occurred at 0.038nol CO, umol photons® for GPP and ER, while the lowest RMSE value forl W&s 0.05Iumol

CO, umol photons— when comparing with the observations for 2006 2807.A value of 0.04, consistent with the study
by Shaver et al. (2013) was selecteddgrto limit the RMSE values dieth-themodelled CQ fluxes and LAI. Using this
value forag calibrated-with-observation-data-from-2006-and-2®0& model captured the observed day-to-day vanistas
well as the magnitude of the chamber-based GPP, ER and NERn-for 2010 and 2012theugh-with an slight

overestimation of Cofluxes (particularly for the early growing seasofig. 2), and an underestimation of LAI (Fig. Bpr
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the year 2012, the model showed large overestimatdthe observed GPP and ER for the limited nurobeeasurements

in this growing season.

e-Eor the 5PFT groupsef-PFTs the
modelled growing season LAl values fore—year2010 and 2012 were generally lower than the paitercept-based
coverage estimations from the field observatiomggifferent left and right @ss scales in Fig. 3), except for tBalix-type
summergreen shrubs addciduous prostrate dwarf shrubs (SLSS+SPDS). Whertestdominant vegetation groups in the

C plots, forbs/lichens and evergreen shrubs, waptuced by the model. However, thegecoverage of graminoids (GRT)
and nonSalix-type deciduous shrubs (NSLSS) was largely underattd by our model.

In response to 2 warming, the modelled LAI for the shrub PFTs §8+SPDS, NSLSS, LSE+EPDS) showed an increase,

while the modelled LAI for graminoids and forbsians largely decreaseHor the two groups of shrubs (NSLSS and

LSE+EPDS), the modelleihicrease is in agreement with the observati

PD3owever, an-theobserved large
increase of the coverage of forbs/lichens as vee#l decreased coverage of graminoids in the Whtezas for the year 2010
and 2012 were not captured by the model.

3.2 Modelled BVOCemissions

321 Seasonalvariations

BVOC emissions are closely linked to leaf as weleaosystem developmesdnd-s@nulating dynamic-vegetation seasonal
variations in leaf area and vegetation composignables us to assess the madpérformance in representing short-term

emission changes in response to T and PAR, asawdting-term changes in vegetation developmentd&tdbution. The

seasonal variations of the modelled BVOC emissiasnsvell as the span of all BVOC samplings over fgears are

presented in Fig. SZ
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3.212 Daily emissions
» Emission ratest inthe control(ambient)conditions

The observed daily variations in isoprene emissioare mosthy- generallycaptured by the modeFi{g—4+-Fig. 45). The
observed isoprene emission rates (Bign) lay between the modellethily-daytimeaverage and daily noon emission rates,
with the exception of a few days with mulchver -higherebserved simulated nocamission rate&em-the-observationthan
the observedmedelled-noon-emissiq2/08/-August2006, 1007/ 342007 and 0®8/August2007). For these dates, the

observed chamber air T were higher than the matieléély noon leaf T (squares in Figsc) andwerealso higher than or

close to 20C. For 06 July 2007, when the simulated noon Teafas higher than 2T, the model captured the observed
high emissions wellNoticeablyMNetably the model used air T at 2 m height from the ANEien to extrapolate the leaf T,
while the measured T is the air T inside the mesgsant chamber. Over three growing seasons, thevauasair T inside the
chambers was on average 7@ warmer than the modelledbily-daytimeaverageleaf T and 3.4°C warmer than the
modelled daily noon leaf T. The modelledytiaeily average, daily noon and the observed daytime @misates were 9.1,
25.8 and 25.51g C m? h*, respectively (all numbers averaged for the daysvhich measurements were made) and the

modelled daily noon isoprene emission rates dematest better representatioh = 1.02 and B = -1.28pf the observed

daytime emission ratésan the daily average (A =1.37 and B = -19.05)

For monoterpenes, the modelledydiaeily average emission rates in the C plots (light dvays in Fig.56a) showed
relatively-closer values to the observatioffs= 1.07 and B = -0.36)compared to the modelled noon emission rétes
0.47 and B = 5.09(dark grey bars in Figh6a). Over four sampling growing seasqgrike modelled ddimeiy mean, daily

noon and observed daytime emission rates wer 24nd 2.5ug C m? h, respectively (all numbers averaged for the days
on which measurements were made). The modellgtingzly mean showed better agreensenith the observed low
monoterpene emissions for 2006, 2010 and 2012uMderestimated the observed high emission ratethéoyear 2007. In
2007, the highest emission rates observed on @6wiede not captured by the modelledyiimeiy average, but were of
similar magnitude as the modelled daily noon enoissates (with certain overestimations). Whereasothserved emissions
showed great variations between years (1.3, 83, @5ug C m? h?, for the four years measured, respectively), the
simulated daily noon emissions were more similawben years (2.2, 3.0, 2.1 and gtC m? h, respectively).

»  Emission responses to 2 °C warming

In response to 2 °C warming, the modelled leafdraased on average byQ@, while the observed chamber air T in the W
plots increasedly 1.8°C relative to the C plotshan-average-ofaveraged of fbar growing seasons with observations. For
isoprene, the modelled WR (Fig5h) wererelatively generallyjower than the observed WR, especially for a feysdaith
strong observed WR. Averaging over three yearsrbdelled dgtimeily average, noon and the observed WR were 5.7,
15.2 and 29.8,g C m? h, respectively and warming increased the modelkedimeily average isoprene emission rates by
63 %, the daily noon by 59 % and the observed éomssby 115 % (all nhumbers averaged for the dayswbith
measurements were made). Over three years, thevedsgtrong WR for a few dates (e.g./@2-August2006, 1007/ July
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2007, 0308/-August2007 and 146/ June2012) were underestimated by the modelled noon Wignwthe observed
chamber air T in the C was close to or higher tP@fC, but the modelled leaf noon T was below thieletdowever, for
the day when both daily leaf T and chamber air Tenmver 20C (e.g., 13 June 2006, 06 July 2007), the obseWwBdwere
relativelyhigher than the modelled daily average, but lowantthe modelled daily noon WR.

For monoterpenes, the modelleditdéme average, noon and the observed WR were 2.0, 6102ahpg C m? h,
respectively. The averaged WR from the mtakhoon emissions were much higher than the obsenatiThe modelled
daily-daytimeaverage WR showed better agreement with the oligmmgaFor one day with extremely high WR (06 July
2007), the modelled noon WR better captured thengtrresponses. Averaging over four growing seaswaasming
increased the modelled daily average monoterpernssims by 81 %, the daily noon emission by 76 % and theeoved
emissios by 98 %.

The modelled daily noon WR using the adjusted BVDI@sponsed, = 0.23,Ts= 20 °C, Eq. 3) were further compared with
the simulation using the original T responae= 0.1, Ts= 30 °C, Eq. 3). For isoprene (Fig‘a), the simulation using the
adjusted T response showed a substantial incréake modelled WR as well as a better agreemetiitd@bservationfA =
1.24, B = -11.85%han the simulation using the original T respofe= 1.47, B = -25.98)The modelled WR using the

original T responsgenerally underestimated-showed-limitation-in-capithe theobserved high WR. Averaging through
three years, the modelled isoprene WR using thggnali T response onlgave-representetil % of the observed WR, while

the modelled WR using the new T response captu2el Bf the observed WR. For monoterpenes, the riemt@VR using
the original T response showealativelycloser values to the observations for the yearh thi¢ observed low WR (2006,
2010 and 2012). For the year 2007, the observed rignoterpene WR were better captured by the stediM/R with the

new T response-or both T responses, the modelled WR wereis gdydower than the observed WR for isoprene, but

higher than the observed WR for monoterpenes.

3.23-2 Annual emissions

A comparison of the simulated annual BVOC emissiwos) the C and W treatments demonstrated tha® fiiewarming

during the growing seasons increased both isopagrke monoterpene annual emissions. Averaging oveyehss,the

warming-by-2C-during-the-growing-seasonsthis temperature assiacreased annual isoprene and monoterpene ensssion
by 55 % and 57 %, respectively (p < 0.01, Mann-Wjt test). The modelled emissions showed strorgr-amnual

variations in response to warming (Fi&B). For the warmest year (2011), the W treatmenteimged annual isoprene and
monoterpene emissions by 99 % and 94 %, respectiVek mean annual isoprene and monoterpene emssisidhe C for
1999-2012 were 20 and 8 mg C?mpr?, respectively. For the four years with BVOC samglithe modelled average WR
were 58 % and 70 % for annual isoprene and monatergmissions, respectively. The modelledualWR atthe-annual
sealewere at-of the similar magnitudeas the modelled daily average WR for the days BMOC samplings (63 % for
isoprene and 81 % for monoterpenes).
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The simulations imposing the warming by@ or 8 °C during the same period as th&C2warming increased annual
isoprene emissions by 120 % and 247 %, respect{pety0.01, Mann-Whitney test) and annual monotegpemissions by
87 % and 167 %, respectively (p < 0.01, Mann-WHhittest). For isoprene, the strongest WR of all leva warming
appeared in 2011. Highésvels of warming further elevated isoprene emissifor all years, but the impact on monoterpene
emissions levelled offer-due toa decreasged coverage of evergreen prostrate dwarf shrubs (BRIME 8°C warming.
The decrease in coverage of EPDS only occurrethotast few years with 4C warming. The different levels of warming
generally increased shrub growthbut largely decreased the coverage of forbsfishend graminoids (CLM and GRT)
(data not presentedit annual scale, the long-term vegetation changssaated with warming by € or 8 °C showed

strong impacts on BVOC emissions.

4 Discussion

4.1 Emission rates

The modded day-to-day variation®f ecosystem C©Ofluxes (Fig. 2) and BVOC emissions generally folénl the
observationswas-able-to-reproduce-vegetatiop e ool os the maln channmles cobene opclmopoioreone
emissions—{Fig—4)in spite of deficiencies in the representationtlud observed vegetation composition (Fig. 3). The
mismatch between the modelled LAI and the poinertgpted-based vegetation coverage may be causednby
underestimation of the allocation of assimilatetboa to foliage in LPJ-GUESS and/or too low SLAued (Table S1). In
LPJ-GUESS, the carbon allocation among differanndj tissues follows four allometric equatiofgee-Egs—1-4-in-Sitch et
al—(20033to control the structural development of each mledgblant individualsee Egs. 1-4 in Sitch et al. (20Q3Jhe

allometric parameters for some of the arctic PF3e-un this study were validated by Wolf et al.q&Dderived for a model

applying a quantum efficienays of 0.08 at the regional scale, which may requirgher justification after the reduction in
o that was applied here to match the observed d2@y fluxes. The reduced quantum efficiencies refléet growth
environment with low Tas-well-asandow sun angle in high latitudes (Shaver et al130but more observations are still
needed to better quantify light use efficiency waftia plants (Dietze et al., 2014). FurthermorenWslijk et al. (2005) found
a close linkage between total folistregen-N} content and LAI for arctic plants, which was fttsupported by Campioli
et al. (2009) for an arctic ecosystem dominate€#ssiope tetragona. However, the current simulations neither incl@ibl
interactions-nor consider potential impacts of N limitatian plans developmerst (Smith et al., 2014), which need to be
improved in future model simulations in this regiMichelsen et al., 2012). The subdivision of ard¥FTs into smaller
groups to specifically consider isoprene and mapetee emission featuregas -hasshownthe-impertanceto be important
for capturing the emission dynamics in this heatidta ecosystembut-{The development gbarameterizations faarctic

PFTs alsopeses—challenges- torequiresnsideing the phenological and physiognomic features of e®s&urrently
aggregated in the CLM-type PFT, Table S1), whicly hbeng additional uncertainties to the modelledlLAt-the-same

time—tThe current evaluation of the modelled LAl with theint intercept-based measurements of plant coeecagnot
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disregard uncertainties from the field method ftsgich as subjective judgement of species fronh &it¢ andthe-potential

influences from hits on stems as well asampling inclining angles (Wilson, 2011). Also, theasonal variation in leaf

development as well as the randomly selected bldok® the heterogeneous landscape may further coatel the
comparison of the simulated LAl with the local ohvagions. Capturing the start of the growing sedsatime model is also
crucial for depicting the dynamics of seasonal,@Gxes (Tang et al., 2015). The overestimated GPthe beginning of
growing seasons (Fig. 2a) suggests uncertainti@soitelling the time ofhis-its start. The current algorithm for detecting
start of growing season in large scale applicat{@ykes et al., 1996) may not be sensitive enoagpriediction of budburst
of arctic plants (Pop et al., 2000).

The modelled annual isoprene and monoterpene emiss20 and 8 mg C fryr™ for 1999-2012, correspond to less than
0.1 % of the modelled GPP. The modelled emissitesrare not only linked to the modelled photosysighéuxes, but also
to-determined byhe emission capacity assignied-to each PFT (see Taldlé andS?2). For some PFTs (e.g., tBalix-type
and prostrate summergreen shrubs, SLSS and SPESknission capacities in Table 1 are of similagmitade as
observed values that are applied in large-scaleetaddr boreal forests (see Table 2 in Rinne e(24109)). Therelatively
lew-observedelatively lowemissions in comparison with lower latitudes (Amet al., 2011; Sindelarova et al., 2054¢
mainly caused by low T and plant biomass, and gdbly emission capacities (Holst et al., 2019¢tably -t

The numbers for the estimated annual emissionstéir@ighly uncertain, considering the dissimitas to the observations

in the modelled LAI as well as early season,GlOxes. Furthermore, the T response in this st{ilg. 1) may be more

robust for isoprene than monoterpenes, which msy ebntribute to the uncertainties in annual emissi Also, there are

more_studies about GOnhibition on isoprene emissiorfArneth et al., 2007)but less on _monoterpenes. Generally, the

emission responses of monoterpene could becomelksm®r than isoprene due to potential emissioms fstorage pools

(Pefiuelas and Staudt, 2010herefore, more laboratory experiments in cofdtblconditions testing BVOC responses

(especially monoterpenes) of arctic plants to déffieé environmental variables could largely reduoe abovementioned

uncertainties. Based on the current estimationréletive magnitude of isoprene and monoterpenssaris from this site

may not contribute significantly to the global nuenbHowever, the highly reactive compounds emitigdplants could

undergo chemical reactions in the local/regionahcsphere and provide feedbacks to the climate.hEuriore, the

warming-induced strong increase of emissions coditate an increasing role of BVOC in the locahaspheric chemistry

and also global emission magnitudes for future tmrc.

Relative to isoprene emission, the magnitude ofotenpene emissions was much lower since the spictbe study area

were mostly considered to be isoprene emittersvdTet al., 2008; Faubert et al.,, 2010he observed monoterpene

emissions were generally low for the sampling dage Fig. S2), and the validation of the modellstissions with these

low rates could indicate that the modelled outpmese only validated for low emission rates, but waserally lack of

evaluation of potentially high emission rates. Qre dhand, -the model showed certain limitations in representimng

observed low monoterpene emission rates (mainlyhferyear 2010 and 2012), which could be attribtitethe prescribed

value for splitting the produced monoterpenes idit@ct emissions (50 %) and emissions from stonagels (50 %)
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(Schurgers et al.,, 2009). This split determines digribution of monoterpene emissions over theryeece -andan
allocation of the monoterpenes into storage pogdsilts in a more gradual distribution of emissiokisthe same time, the

overestimated monoterpene emissions during theiatiahng periodstmainhy-grewing-seasenshay also indicat¢hatthe
implemented storage residence time is too shmaybe larger storage size). The adjusted temperaésponse may not be

equally accurate for monoterpenaad/or the temperature dependence of monoterpeissiens from the storage pool (Eg.

4) is too strong for arctic plant$his may be due to leaf anatomy specialized éoatittic conditiongSchollert et al., 2015).

On the other hand, the push-pull enclosure teclenicged for BVOC emission measurements can alsqg hripertainties to

the measurement data: the choice of sampling timeflaw rates influences temperature and humidigide the enclosure

and this, as well as potential gas concentrati@mgas within the enclosure, may impact the plagsioiogical status. The

impacts also depend on the ecosystem emissiorfNaemets et al., 2011¥he current observations of BVOC emissions

only covered the main growing season. Sampling @édonger season (Holst et al., 2010) could helpmprove the

parameteriationing of this-the-pertioningpartitioning over direct emigsiand storageas well as the T response of emission

rates from storage pools. Furthermore, ongdiglabeling experiment focusing on arctic mesocokimdivall, -Ghirardo
et al., unpublished data) could also help to idgritie fractiors of monoterpene emissions from production or sterag
FinallyAdditionally, evaluating-the-medelled-daily-emissionrates- il field-observedemissionrateswere measuredt
certain different time points-peried$ a dayand the evaluation of daily emission with thegeetipoints observations-cannot
avoid-potential-impactsfrom-and are thus influehbgthe diurnal dynamics of BVOC emissigonghich has been found to
be strong in the Arcti(Lindwall et al., 2015).

4.2 Responses to warming

The modelled increasef shrub coverage in response to the W treatmestlynfollowed thefield-observations (Valolahti
et al.,, 2015) andhre-isconsistent with the general trefiebm—other—arctic—studies in the Arcti@Wahren et al., 2005;
Elmendorf et al., 2012). However, the observeddase of bryophytes is rather site-specifibich-wasand wasot captured
by the model. In contrast, the modelled W-inducedrdased coverage of graminoids and forbs/lichgreea well with the
large-scale trend identified by ElImendorf et aD12) who conducted a global synthesis of 61 tumgraning experiments.
The decreasing soil moisture in W treatments (eoly wet ecosystems) is one of the main constrantdryophyte
coverage (Lang et al., 2012).

Along with vegetation communityespensesalterationthe short-term T responses of the vegetation carral for
accurately depicting daily BVOEmissionresponses to thearming Wtreatment. Througkrhaneing adjustinthe BVOC
T sensitivity (froma, = 0.1,Ts= 30 °C toa, = 0.23,Ts= 20 °C in Fig. 1), the simulated BVOC WR (63 % feoprene and
81 % for monoterpenes) became comparable to thenadas responses (115 % for isoprene and 98 % faorotegpenes).
The underestimation of a few days’ strong isopréffe could be partly attributed to thewer leaf T estimations derived

from 2 m air T measured at the ANS statienjch was lowethan the observed daytime chamber air T in thedanopy

(Fig. 45¢). The low-statured plants in dry to mesic tundc@systems (Schollert et al., 2014; Lindwall et 2016b) are
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efficient in absorbing heat and thus prone to havieigh canopy T on a sunny dayhis can directly elevate BVOC

emissions as well as WR (Lindwall et al., 201.6Burthermore, for other regions with underlyingmafrost (not the case in

this study site) in the Arctic, the potentially I®@gosystem evapotranspiration can increase botindrand canopy T. Also,

plants acclimated to cold environment may drivgiéaremissions responses once they are exposedeewad (Rinnan et
al., 2014) Ton-the-other-hand-hEe observed strong WR can alsodaetly due to the potential side effects of the OTCs in

the W treatment, e.g., reduced wind speed (De Bet@h., 2012)drying of the surface soiand increased frequency of

high-temperature events (Bokhorst et al., 2013)amtual to decadal timescales, the warming in #permental plots
caused changes in total plant biomass and speoieyage which were found to contribute to the iaseein BVOC
emissions after 13 years of treatments (Valolahtale 2015). These indirect effects on BVOC enoissi were not yet

identifiedafter 7-8 years of warming-ferthe-year2006 and 200{after7-8-years-of- treatmen(Jjiiva et al., 2008; Faubert
et al., 2010), whiclpeints-oudthighlightthe importance of accurately representing the teaiplynamics of vegetation as a

driver of BVOC emissions. The modelled annual eioiss in response to different degrees of warming.(F8) have
clearly elucidated the combined effedtem-of the direct responses to summer warmasgwellas withthe indirect

responses from vegetation changefhough the model still has limitations in resgeting the observed vegetation

composition in detail (Fig. 3). Furthermore, thesenbined effects also suggest a non-linear respoifB¥OC emissions to

different levels of warming
The adjusted T response cubveterrepresents subarctic plantsbprene emissioresponsegmainly-iseprene-emissionty
warmingbetterthan the original curve which has been parametériaeglobal simulations (Figs?). It further supports the

earlier suggested stronger T sensitivity of BVOQssions from arctic plants compared to plants faiher regions (Ekberg
et al., 2009; Holst et al., 2010; Rinnan et al140 The commonly-used T response in Guenther@rign (Guenther et al.,
1993) is based on the Arrhenius—type dependeneazfme activities with an optimum T around 4Q &3d the shape of
the Guenther’s response is very close to the expg@ieurve witho, value of 0.13 (using standard T of 30 °C) whetf Tea
is lower than 30 degrees. The highvalue found in this study indicates that a slifhihcrease during summertime could
cause a large increase of isoprene and monotegmsissions from the studied cold subarctic ecosyg¢kaubert et al., 2010;

Holst et al., 2010)Furthermore, the adjusted T response is basedeotatia fitting of the observed canopy air T withuthp

isoprene _emission rates, and this response is tosedtimate daytime emissions in the model. Thenaistent temporal

resolution calls for further adjustment for this€Eponse for arctic plants.

4.3 Suggestions fopthermodels-and-potential-measurementsfurther work

For extrapolating the current model developmentdatge-scale (regional) applications, we suggestaddressig the

following issues: 1) The emission responses to @rofic plants could be further tested based oarkgbry experiments in
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controlled conditions; 2) The strong decouplindeaff T from air T andhe strong dependence of BVOC emissions on leaf
T (Lindwall et al., 2016a) point to a neédr accuratelytocaptumge leaf T aceuratelyin models. Long-term parallel
observations of both leaf and air T will be usdéulthe algorithm developmestocusing on arctic vegetation (Rinnan et al.,
2014); 3) The subdivision of the existing PFTs igtoups featuring isoprene and monoterpene emissimnencouraged for
other relevant modelling studies (Grote et al.,80theough ancadditional data may be required for characterizh@new
subgroups, such as bioclimatic limitations; 4) Pla¢ential impacts of seasonal dynamics of vegata®well as phenology
on emission capacities should be further identifigtth whole-season BVOC sampling (Staudt et alQ@®05) Arctic PFTs
Theresponses and/or acclimatioharctic PFT4o warmer climate should be better paranetized in the model tdetter

represent improve the representatiohong-term vegetation effects on BVOC emissions.

5 Conclusions

This study has demonstrated the model’s abilitgddpict the observed isoprene and monoterpene emissies as well as
daily variations in theBVYOC emission of a subarctic tundra ecosystem. The remtlelarming responses usitige-a
adjusted—T responsaurve with-adjusted fora strongeiBVOC-T response showed good agreements with the obsmrsat
especially for the days with the observed strongssion responses to warming. Short-term underestma were most
likely linked to the underestimated leaf T duririge tdaytime. In the long-term (days-years), a mismat the modelled
vegetation composition could also bring uncertaiimythe simulation of emission responses to warmifige model
estimated the mean annual isoprene and monoteggeissions to be 20 and 8 mg Cir?, with around 55 % and 57 %
increase in annual emissions in response t0°@ @arming for the period 1999-2012. For the warmgsar, the 2C
warming during the growing season resulted in 928d 94 % increase of isoprene and monoterpene iengssThese
strong warming responses of arctic BVOC emissiagitherto not been specifically described igdascale models and

are therefore suggested to be included, espeaiedigtimating regional emissions from the pan-Arxcti
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Tables and figures

Table 1 Plant functional types (PFTs) and represeative species in the study area. The emission cajisoof isoprene Es, ug C

gdw? h'Y) and monoterpenes M, pug C gaw! h'l) at 20°C (in bold and italics) using the adjusted temperatre response curve are

presented ad sy, Whilst the averaged literature values based on éhGuenther’s algorithms with 30°C as the standard temperature.

The values are based on the available growing seadeaf-level measurements from the Arctic.

PFT lsso Etso Emsso EMu  Representative species names
S20
Low Shrubs Evergreen 1.751 1.737 0.089 0.088  Empetrum hermaphroditum; Juniperus communis, Vaccinium
(LSE) vitis-idaea
Salix, Low Shrubs Summergreen 11.305 11.213 0.300 0.297  Salix phylicifolia; Salix glauca; Salix hastata; Salix myrsinites
(SLss
Non-Salix, Low Shrubs Summergreen 2.512 2492 1.208 1199  Vacciniumuliginosum; Betula nana
(NSLSS
Evergreen Prostrate Dwarf Shrubs 1411 1.400 1.312 1301  Vaccinium oxycoccus, Cassiope tetragona; Dryas octopetala;
(EPDS Saxifraga oppositifolia; Andromeda polifolia
Summergreen Prostrate Dwarf Shrubs 14.117 14.003 0.428 0425  Salix arctica, Arctostaphylos alpinus, Salix reticulata
(SPD9S
Graminoid Tundra 9.898 9.818 0.000 0.000 Calamagrostis lapponica, Carex parallela, Carex rupestris,
(GRT) Carex vaginata, Eriophorum vaginatum, Festuca ovina, Poa
alpigena
Cushion forbs, Lichens and Moss tundra ~ 1.198 1.188 0.030 0.029  Astragalus alpinus, Astragalus frigidus, Bartsa alpina,

(CLM)

Cerastium alpinum, Charmorchis alpina, Gymnadenia
conopsea, Leucorchis albida, Pedicularis lapponica, Pinguicula
vulgaris, Bistorta vivipara, Rubus chamaemorus, Saussurea
alpina, Slena acaulis, Tofieldia pusilla, Hylocomium splendens
Pleurozium  schreberi,

Tomentypnum  nitens, Sphagnum

warnstorfii, Peltigera aphtosa, Cetraria nivalis, Cladonia spp.
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Thanks for the reviewer’s constructive comments sugbestions for improving this manuscript. All coents
have been answered (with grey colour backgrounelp\ we first give general answers to the reviésver
comments and the detailed comments will be addiessgarately point by point.

Charges made in the revised manuscript have now bekirated (with green colour background). The page an
line numbers mentioned in the changes refer toties in the revised manuscript.

Major comments

The subject matter of this paper is important. Ahgtic environment is changing rapidly. Becaus®&wOC
impacts on air chemistry, it's important to havedals that can successfully predict the respon&v/aiC
emissions. This paper makes an important contdhuiy employing a model with a dynamic vegetation
component. As they warm, Arctic ecosystems are @rpeo see a shift towards woody plants, andstisild
change the capacity of the ecosystems to emit BVOKis paper has strengths, but also needs sulastanti
improvements before publication. The basic modglipproach is sound, and it's helpful that the asth
include the investigators that actually made thasueements. The paper demonstrates a good undingtaf
many of the ecosystem processes that should bereddty themodel. Overall, | thought the discussion section
was strong. Among weaknesses, the comparison ofidigel to the observations need to be improvedt,Fir
much of the discussion is qualitative. The modsshiisl to fit the observations well in many instamdait there
is no quantitative analyses: no goodness of fiticgtand no statistics. Need to formally compaceleh to
observations with statistics. More specificallyingsthe max and the daily average as a basis fapadson
doesn’t make much sense. What is the point oflg daerage, especially since the meaning of thly daierage
changes with the long diurnal cycles in the Arcii¢Ry not just use the times of day that cover e of the
observations? Also, the figures could be improweddnsolidation. The same data are presented itipieul
figures in two different instances. The figures VWoalso be easier to interpret if instead of présgrthe
max/daily average, just one metric was used forpaniaon to the observations. Also, there is vetigli
acknowledgement of potential for experimental eimavbservations (one mention at the very end)eGihe
technical challenges with experiments in the Ardtie potential for measurement error should beessed.

The employed model is touted as being a mechamigtatel, but then an empirical method is used for it
calibration to the dataset. This is not itself algpem per se, but the paper states that mechanistiels are
better than empirical models. If so, why is suclempirical calibration necessary? Also, a seriaficiéncy
with the model is that it does not account foréffect of previous weather conditions (exampleh@drs and
10 days) on the capacity to emit BVOCs. This effeqgtotentially very important in the Arctic.

Finally, the list below of minor comments and teichhcorrections is extensive.

Response: (1) We agree with the reviewer that dingparison of modelled and observed variables should
include some statistics and will add Willmott's éxdof agreement (describing models’ prediction pilirwise-
matched observations) as well as mean bias eresckithing mean deviations between modelled androbde
values) for each comparison.

Changes: The model’s performances have now bednated by Willmott's index of agreement and meaasbi
error, see the descriptions in Page 10, Equatamds. These statistics have now been added i $loits
section.



(2) The reason why we present both daytime aveaadedaily maximum values to compare with the oleeis
that the BVOC sampling on each field plot was caneld at a certain time point of a day for 30 mihjle/the
modelled processes are at daily scale. Considéragtrong diurnal cycle of BVOC emissions (foraaatic
example, please see (Lindwall et al., 2015)), eeitiaily average nor daily maximum were accurataigh to
directly compare with the observations. We reasahlby presenting both rates, so we can see tige @&rthe
modelled daily emissions.

Changes: Both rates are still included in the mamis but clarification of the abovementioned @a@shas now
been added (see Page 9, lines 26-30).

(3) There is some data repetition in Figures 4n@, separating them in different figures was aimmgxplain
different perspectives. In the revised manuscwetwill move Figure 4 to the supplementary to reddata
repetition. There will be no data repetition indig 5 and 6.

Changes: Figure 4 has been moved to the Suppleméiitpre S2, together with previous descriptiorhia
result section (see Page 11, lines 21-33 and Sugplary Page 6).

(4) We agree that the discussion about potentie¢tainties from the measurements should be addtéss
depth, mainly covering point intercept-based cogerand side effects from OTC-chambers.

Changes: The side effects of the OTC-chambers oming responses were described in Page 17, Lires 5-
The discussion about the point-intercept-based uneasnt was on Page 15, Lines 1-2. Discussion aheut
used technique for BVOC measurement has now bedadazh Page 16, Line 7-10.

(5) Regarding to the empirical method used in catibg T response, we agree with the reviewerttiere is
empirical element in the parameter estimation, tyhiwwever, reflects some processes understaneligng,
underlying enzyme activation. Even for mechanistadels in bio/geosciences fields, it sometimes caawoid
of using empirical relationships determined frons@tvations where multiple processes may anticifateur
case, the calibrated T response (empirically) édlder influencing fraction of photosynthetic elect transport
contributing to isoprene and monoterpene produgtidrich is internally linked to other processes and
potentially reflect more dynamics than other engpirmodels.

Changes: no changes have been made. Please sb®teeaesponse.

(6) The current model did not consider the pasttereconditions, rather, it emphasizes the enzymati
acclimation to short-term climate. As we do notdabserved data to support which period of pastheea
should be taken into consideration, adding emisaamimation to the past weather will bring additib
uncertainties to the modelled fluxes and complitiagecurrent comparison. Ekberg et al. (2009) heeiftheir
observational data to obtain a relationship betwssest weather conditions (48 h) and isoprene eamisginot
for monoterpene) from wetland sedges. We wouldtlikieirther address this issue in the future model
development with assistance of available climata da measurement sites (past 24-96 h temperawrelbas
leaf level BVOC sampling data).

Changes: no changes have been made. Please sb®vkaesponse.

Minor comments and technical corrections



Title: The title suggestions that the article vidtus generally on modelling subarctic plants,ibstead the
article is about one specific effort using one #dizemodel formulation. While of course some of tmanuscript
is more general, it is also uses data from justfiehe site.

Response: We can well understand the reviewer'sezarabout including only one study site and viidrefore
add a sub-title to specify it. The title will beariged to “Challenges in modelling isoprene and rteypene
emission dynamics of subarctic plants: A case straiy a tundra heath”.

Changes: New title: “Challenges in modelling isor@nd monoterpene emission dynamics of arctidslan
case study from a subarctic tundra heath”

Page 1, line 14 — page 2, line 4: The abstractcoelclearer. There are some specific recommemdzalielow,
but more generally the abstract should be condeaségust the highlights presented.

Response: Thanks for the comments. The abstrddbevddjusted to condense the length and to maikéspo
clearer.

Changes: The abstract has been condensed by deldtmw sentences, See page 1, Lines 29-30 and2Page
Lines 2-4.

Page 1, line 14: Title says “subarctic” while abstrgoes back and forth between arctic and subahdtike sure
each use is intentional. Further in the manusdspth)arctic is used. Again, make sure this is@tsistent.

Response: We will carefully consider each mentiofsebarctic” and “arctic” through the whole mantigt.
We will check and correct to use the most pre@sea in each place. The observational data origiattiee
Subarctic, but many ecosystem processes and comigdnaction similarly both in the Subarctic and thrctic,
and many of the issues handled are similar in beglons.

Changes: We have changed the title by stressingh@gaper is presenting challenges for modeBN@C in
the Arctic based on this case study in a subanatidra.

Page 1, line 23: “higher levels of warming” insteddhigher levels’ warming”.
Response: Accepted.
Changes: Changed.

Page 1, lines 24-26: The sentence should be wriiteryou mean the “measured” BVOC WR, not modeléd?
you do mean modeled, what was the standard “wetertzaptured”? Also, “compared” instead of “comipg?.

Responses: Yes, it should be “measured”. The stegyebanges will be implemented.
Changes: Statistic has now been added in the msiriRage 12, lines 14-15).

Page 1, line 26: This sentence relays an integestisult, but there is not enough context to waiirariusion in
the abstract. Please remove it.



Response: The reason behind is the underestineded is one of the main factors influencing shertn
BVOC fluxes. The sentence sounds a bit misleadingwe will clarify it.

Changes: The sentence has been changed to: A femuotederestimation of leaf T is one of the mainsezs
responsible for the underestimated emission rategeld as WR.

Page 1, lines 30-31: This sentence can be remsiremt it's a circular argument. The high WR ledhte high
adjustment T curve.

Response: The adjustment of T curve was only basdlde emission rates from the control plots umdearally
varying weather conditions within the growing segssnd no emission rates from the warming plotewsed.
So, itis not high WR, which led to the high T ceirwhe improved ability of capturing the observeR Wy the
adjusted T curve indicates a better represent&tioarctic plants.

Changes: This sentence has been deleted to corttiersiestract a bit.
Page 2, line 3: remove “extrapolation”.

Response: Changed.

Changes: changed.

Page 2, lines 3-4: How do points (2) and (3) diffan’t “PTF's responses to warming” a subset of
“representation of vegetation dynamics in the pastfuture”?

Response: we agree that these two points sounthsiidere, in point (2) “PFT’s responses to warrjivge
mainly mean plant’s physiological adaption to warienate, while in point (3) “representation ofgetation
dynamics in the past and future”, we mainly refelong-term vegetation development, e.g., compmsiti
changes, disturbances, and expansion, etc. Welaiiify the sentence.

Changes: Point 2 and 3 has been changed to: (2p&fmeterization accounting for plant emissionuies as
well as PFTs’ physiological responses to warmimgt €8) representation of long-term vegetation clearig the
past and the future.

Page 2, line 7: “plant” instead of “plants” or inde an apostrophe.
Response: Accepted.
Changes: changed

Page 2, lines 10-13: First, need to include thaOB¢ don’t solely react with OH. In particular, oeds another
important reaction partner for some BVOCs. Second,low-NOx environment, BVOC emissions can lead t
reduction in tropospheric ozone concentrations.

Response: The text will be clarified. Thanks far goints.



Changes: The description has been changed tmaedse in BVOC emission could also elevate the
tropospheric ozone (O3) concentration when the @ftBVOC to NOx (BVOC/NOX) is high (Hauglustaint e
al., 2005), and also increase secondary organisaefSOA) formation (Paasonen et al., 2013). B\@ald
also limit ozone formation when the BVOC/NOXx rasdow, a situation in which the regeneration of N€éan
be mainly achieved by NO reacting with O3 (Hauglirst et al., 2005).

Page 3, line 3: “from” instead of “along”. Also, wis G3P the “chief precursor”fyruvate is also required?

Response: We have changed the words. The desorigti®3P as the chief precursor was not accuratenh
be corrected.

Changes: The text has been changed to: both G3pyameate serve as the chief precursor.
Page 3, line 6: “part of monoterpene productiomsusd be clarified.

Response: This is not accurate. It will be chartgethonoterpene productions”.

Changes: Changed to “monoterpene productions”.

Page 3, line 8: remove the inner set of parentheses

Response: Corrected.

Changes: changed.

Page 3, lines 13-15: This is a contentious stateraed there is no reference. A more nuanced stateis
necessary, and could reference Monson, R.K., GRotd\liinemets, U., Schnitzler, J.P., 2012. Modzline
isoprene emission rate from leaves.New Phytold@st 541-559.

Response: We will add the description about prebased models can represent BVOC synthesis aesviti
chloroplasts and vary between species and leaftenmg growing environment. The suggested referaviltde
added.

Changes: process-based ecosystem models, repngsBROC synthesis activities, can vary with speaigs
well as long-term growing environment effects andld thus be more useful in terms of predictinggldarm
emission responses to environmental changes (Maetsaln 2012)

Page 3, line 16: “referred to here” instead oféredd here”
Response: Accepted.

Changes: changed.

Page 3, line 17: remove space before comma
Response: Corrected.

Changes: changed.



Page 3, lines 18-20: Should reference Potosnadk2€il8 here. While dwarf willow's T response was OK
compared to G93, the light response was more lithear expected.

Response: We will add this description. Thanks.

Changes: The suggested descriptions is added:faétes al. (2013) fitted leaf-level isoprene enupsiates to
T and Q in a moist acidic tundra and found the @g8rithm characterized well with the T responsg,rot Q
response.

Page 3, line 25: Should also include low transjgiratates. Because of permafrost, transpiratiogsrean be low,
which also leads to the high ground temperatures.

Response: Based on the observations, there isrn@frest at the studies plots. The issue is relefaarother
arctic regions.

Changes: Some discussions about other regiong@ithafrost underlying have been added on Pageirigs
2-4.

Page 3, line 30: Give what LPJ-GUESS stands for.
Reponses: the full name will be added.
Changes: The full name is: Lund-Potsdam-Jena GeeBeosystem Simulator

Page 4, lines 2-4: The objectives could be clatifieo me, (1) “capture the observed BVOC T serigjtivs the
same as part of (2) “To address short-term andHeng impacts of warming on ecosystem BVOC emission
Be more specific about your study goals, or furthiferentiate the difference between 1 and 2.

Responses: Thanks for point out this part. Thet eim will be clarified by changing it to “captuitee observed
T responses of BVOC emissions for a subarctic exteny’, to clarify that we mainly tackle questiormat
emission responses to temperature. The secondynadnlto compare short-term and long-term warming
effects on the whole ecosystem. We will clarifytbatms.

Changes: The text has been changed to: The spebjéctives of this study were: (1) To capturedbserved T
response of BVOC emissions for a subarctic ecosyqt2) To address the importance of short-termlang-
term impacts of warming on ecosystem as well as B8\émissions;

Page 4, line 8: use straight single quote for neisstymbol.

Response: corrected.

Changes: changed.

Page 5, line 1: You have already defined PFTs glsmvdon’t redefine.
Response: corrected.

Changes: changed.



Page 5, lines 2-4: Is this statement true for Arspiecific PFTs? Please indicate this.

Response: Two of the cited references were condisttelies in high latitudes. So yes, this staterisetntie for
arctic PFTs.

Changes: no changes have been made.

Page 5, line 5: What does “large-scale” mean hlecefisider the base Farquhar equations to be éwat-IDo
you mean canopy-scale?

Response: The “large-scale” here mainly referbécspatial scale. LPJ-GUESS uses the canopy-level
photosynthesis calculation based on Haxeltine aadtiee (1996a), where a set of canopy-level eqonatwere
developed from the Farquhar leave-level equatidfeswill clarify our description in the main text.

Changes: The descriptions have now changethtbPJ-GUESS, a generalized Farquhar photosynthesie|
(Farquhar et al., 1980; Collatz et al., 1991) &vge-scale modelling is used to simulate canopgtlearbon
assimilation and the generalized model is builtrenassumption of optimal nitrogen (N) allocatiorthe
vegetation canopy (Haxeltine and Prentice, 1996a&geHine and Prentice, 1996b)

Page 5, lines 4-12: | assume transpiration & stahtatnductance are also modelled to get pi? Maghbédlyalk
about this further down, but it would be importésrtunderstanding discrepancies between air arfd lea
temperature.

Response: Yes, in the model, the stomatal condeetafluences transpiration as well as intercetl@®?2
concentration. We will clarify this in the descrdpts.

Changes: See page 5, lines 30-31 and page 7 l&#&4.

Page 5, line 18: How is Ci different from pi defihen line 11. Just concentration vs. partial presziVhat
does “without water stress” really mean? This @bably tied to my comment above.

Response: Thanks for pointing out. It shoulcbb&ndp; is influenced by stomatal opening, so we will eatr
both.

Changes: changed. See page 6, Equation 1 andblifes

Page 5, line 26: “optimum from terpenoid synthestsduld be “optimum for terpenoid synthesis”
Response: corrected.

Changes: changed

Page 6, lines 1-2: Give a reference for the coRamese in the model, as you've done for the othgpaeses.
Response: corrected.

Changes: The reference of Arneth et al., (2003)uezen added.



Page 6, lines 12-15: Again, this gets back to myroents above about transpiration and conductahesuld
make more sense to move this discussion to thegeatescription of the model, before discussingybiucs.
Also, more detail on this part is necessary. Whatlae details here? This can be done by referdndes
literature, if it has been described by LPJ-GUES®1te. What is the coupling between estimating fewadp,
internal co2, transpiration and stomatal condu&ar@r is a more empirical algorithm used?

Response: Using leaf T instead of air T for phattisgsis was developed in this study, not in otHeI-GUESS
studies. The reason for putting the descriptioleaf T development after BVOC process descriptsotiat the
development of leaf T algorithm mainly considers $itrong sensitivity of BVOC to leaf T. We agre¢hithe
reviewer that the description of leaf T as welltadinkage to the transpiration and stomatal cataluce should
be extended. We will also stress the leaf T rattieen air T was used for photosynthesis in thisystud

Changes: See changes from Page 7 lines 9-13.

Page 7, line 4: Fix grammar: either “appearingtlo&ange sentence structure.”
Response: changed.

Changes: changed.

Page 7, line 4-5: | agree there is insufficienagdhtut mosses may make a large contribution to B\é@3sions
in some Arctic ecosystems. So, it's fine to incagte them into a larger PFT, but are you captuttied
emissions? That is, do the emission factors fer BT reflex the mosses?

Response: The emission factors for the CLM haveidened the observed moss emission rates. At the
ecosystem level, we cannot distinguish how muclssion was from the moss relative to the other ggeci

Changes: The measured emission rates from mosddxeba integrated into the CLM group (see Table [S@)
changes have been made.

Page 7, line 17: first, not firstly.
Response: corrected.

Changes: changed.

Page 7, line 20: “other” instead of “rest”
Response: corrected.

Changes: changed.

Page 7, lines 18-21: Given the lack of data forAhatic, it's justifiable to use two years data fmlibration and
two years for validation. But, the sensitivity fg procedure should be assessed by flopping #uesylrow
different are the results if the second two yeaesuaed for calibration, and the first two usedviaidation?



Response: We did sensitivity testing using datenfodher two years (2010 and 2012) to calibrate tHiat
resulted only in slight effects on the best valiseshe checked LAI, GPP and ER, and the trend seasistent
with that in Fig. S1. Further, it did not affecetielection of 0.04 pmol G@mol photons.

Changes: no changes have been made. Please sa@lamation in the above response.

Page 8, lines 9-11: The goodness of fit here is ddoeptive. The fit is entirely driven by theately few
points that are above 23 deg C. Since everythifmpbthat is relatively close to zero, there iddithew
information added. For example, blocks 5 and 6 tialye one observation each above 23 deg C, so the
individual fits are very good. | don't see the adidalue in the doing the individual fits for eadbdk. It seems
all that info comes out of the overall fit. Finallpou should understand the justification for usginstead of
30. Yes, this makes sense conceptually and cerfminmeasurements, but realizes that mathematjaading
your formulation, there is no difference betweeimgi0 and 30, because of the laws of exponentt. ih
you'll get the same r2 for the fits with each. Tisis't true with more complicated formulations b&tT
response; for example, the T response in isopnaiessn for G93.

Response: The reason of adding block fitting idldstrate the general fitting to the whole datessb worked
for each block (except for block 1) providing stgen evidence for the general trend. From the expttade
equations along, we agree with the reviewer therietlis no difference between using 20 or 30 degises
reference temperature. However, the referencetfieimodel is not only used as BVOC T response axuat
but also used in estimating photosynthesis eledtopnrates at this reference T to convert the trgmaission
capacity to fraction (see P7, line 35- P8, linel-Bhe photosynthesis responses to the refereéd and 30
degrees are not exponential. More explanation abheudifference causing by different reference T bé
added.

Changes: Please see the added clarification at®dige 14-15 and Page 9, line 5.

Page 8, lines 16-23: This is confusing. Your gedbicompare your measurements to the model. Spugag
daily averages isn't appropriate. But why discingstt in the first place? | think you'll use them forother
purpose, but that’s not clear. Why do you use m&MHPAR? Wouldn't an average around the measurement
time make more sense? And again, your last sent@reds obvious. Particularly in the Arctic, witlw sun
angles for much of the day, this isn’t a strondesteent.

Response: We agree that the issue indeed wasantfitsing because of our wording. We will clarifyat not all
measurements were only between 10 am- 2 pm, kutatls a few sampling between 9 am — 5 pm, andishis
the reason why we still keep the daily averagééresults. Since we don’t use hourly inputs, itds possible
to average emissions for the time period of dayh thie measurements. We used theoretical maximasitiie
input for extracting daily maximum emission rat&gnerally, it is not a very difficult problem toropute the
maximum PAR, but we cannot really compute an irtata@pous photosynthesis flux at noon (or any ofhes)t
with Haxeltine and Prentice approach. Lindwaklet{2015) has shown strong diurnal cycle of BVOC
emissions in the Arctic. This reference will be edido support our statement in the last sentence.

Changes: see changes in Page 9, lines 26-31.



Page 8, lines 27-28: Again, examine Equation 3.'l¥see that changing from 30 to 20 only introduees
constant.

Response: As explained in the previous resporseseference temperature is not only used for xpereential
equation (Eg. 3), but also used in LPJ-GUESS totlie photosynthesis rates at 20 degree.

Changes: Please see the added clarification at®dige 14-15 and Page 9, line 5.

Page 9, line 4. In Fig. S1, the figure legend stidndlicate what the dashed vertical line denoteékeatalue of
0.4 in both panels. The text explains this, butfitnere caption should too.

Response: Corrected.
Changes: changed.

Page 9, line 10: Do you expect to see a one-tazommespondence between the point intercept infatlaad. Al
values? This surely doesn’t hold as LAI gets claselr (and exceeds it), but you should share yrpe&ation
here. Do you assume that there is no overlap veitleic and therefore there should be a one-to-dagaeship?
If so, state that.

Response: From the model side, LAl is the mosteglevariable which can be used to compare withptiiet
intercept measured plant coverage. The point iefoased method does count numbers of plantpitnaits,
not only the top canopy layer. So it should notehproblem in comparing with LAl when LAI get larger
closer to 1. In this context, we did not assumeverlap with cover.

Changes: No change has been made, but pleaseesgiedhission regarding to uncertainties in pin-poin
measurement (page 14, Line 33 to Page 15, line 1-2)

Page 9, lines 18-22: You discussed the LAl resptm@earming, but not the GPP/NEP/ER response. Why?

Response: We did compare GPP response to warmingleand it showed that an underestimated vegetati
CO; fixation to warming in most cases, which can dsen seen in the evaluating LAI response to warrthey
absolute difference of total LAl between C and \Wbtgl. So we only included the LAI response to waignn
the manuscript. Although the plant €fluxes are also linked to BVOC emission, we coeasttie warming
responses of LAl more relevant as they are aggedgeftects of both photosynthesis responses aretatimn
composition changes (directly linked to the charigesmitted compounds and relative magnitudes).

Changes: no changes have been made.

Page 9, line 29 — page 10, line 1: This analysi$ &lding much to your argument. Of course youthese
because your model is driven by PAR and T. You doeéd to cover this result. It follows directlpifin your
model formation (Equations 1-3). Second, | dondenstand the relevance of relating mean daily ISD/M
production to the noontime values. What do yourldeom this?

Response: Thanks for your points. We will move ffigd in the supplementary instead. We think if ezasl
interested to see the seasonality of BVOC emissiotigs region as a general picture about tempdyahmics



of emissions, they can still reach it. As we expdal in the earlier responses, due to the strongalivariations
of BVOC emissions during a day, sampling time isc@l for determining the emission magnitudes. éiith
many samplings were conducted during the periddDam - 2 pm, there were also samplings conducgdrial
this period. Through presenting both daily averaigg maximum values, we can conduct an approximate
evaluation of how the model performs by checkintipéf measured rates were in the modelled range.

Changes: Figure 4 has been moved to Figure S2cl@hications about why we present both daily naoil
maximum values have been added in Page 9, lin@4 26-

Page 10, lines 3-4: For “the observed average (hhes squares) were well captured by the modeltexh
emissions” you need to present some statistica¢k bp this statement. You should do an xy plahisf data
and see what the fit looks like. Even if you dgarésent the plot as a figure, you should reporstatistics of
the fit.

Response: Thanks for pointing this out. We will &didimott’s index of agreement (A) as well as mdxas
error (B) to describe the model’s performance.

Changes: See the added statistics on Page 1214r&S.

Page 10, line 10: As mentioned below, the sameigigta@sented in Figs 4 and 5a. And now you've niade
same statement about fit as above. This shouldisotidated, and again there needs to be a statiatialysis
of the goodness of fit.

Response: We will move Figure 4 and relevant desoris into the Supplementary. So in this casewillenot
have much data overlap in the figures. We will atidistics to the remaining figures.

Change: Figure4 has been removed and statistiesbiesan added to text and Figure 6.

Page 10, lines 13-18: Yes, the temperature drhvesetemissions, but this is a bit complicated sabithe
chamber observations. There are two issues: oaendiel’'s ability to predict leaf T; second, thergase in air
T because of the chamber used to measure BVOCg.tknfirst is important for extrapolating your ués.

Response: very good point. In this context, weardn discuss what we have considered in termsatff le
temperature estimation. However, the side effeciseasurement chambers on leaf temperature were
considered to be minor. As tested by De Boeck.€R@ll2), the main side effects from chambers ah le
temperature is related to reduced wind speed. icase, the measuring chamber has a fan to mdusing
sampling time, in which we do not expect large iotpan the observed leaf temperature, but could Bame
impacts on chamber air temperature. However, mtrming treatment where the OTCs were instafied t
passively increase surrounding temperature, the-@alted reduction of wind speed may elevate Teaiore
than the expected on air temperature warming anldid® considered as one reason for why the mat@éiie
was generally lower than the observed (Please eet@8 4.2, first paragraph).

Changes: no changes have been made. Please sapldration above.

Page 10, lines 25-27: Again, need statistics t& b@cdhese contentions.



Response: We will add Willmott's index of agreem@itas well as mean bias error (B).
Changes: added. See changes on Page 13, lines 13-14

Page 11, line 30: After not using any statisticsparing the model to observations, why would yoel ais
statistic in this case, when you are comparingrbdel to itself?

Response: When we evaluated the modelled emissies at daily scale, we focused on presentingtibelate
differences from the observed. But as the reviesuggested, we will add statistics for the mode&kdat
comparison. For the modelled annual emissions,omé Have the observed data and to illustrate vwagmi
effects on the emissions, the Mann-Whitney testaygsied.

Changes: The added statistics have been indicafg@vious answers.

Page 13, lines 23-25: This is an interesting cditenBut, the emissions for the storage pool amregally
regarded as being due to the physical processapioeation of the MTs. Why would this change for thrc
plants?

Response: Parameterization of Eq. 4 is based dralgdoale study by Schurgers et al. (2009). It beathe case
that for arctic plants, there is larger storagelpémr MTs or different leaf anatomy which couldlirence
release from storage pools. We are lacking of kadge to quantify these effects on MTs emissionwauill
clarify our discussion here.

Changes: see changes on Page 16, lines 2-6.

Page 13, lines 28-29: Yes, and that is why restggtour modelling to the times of day when measuaets
occurred would help.

Response: Please see the previous response regardiaily processes in the model.

Changes: No changes have been made due to theledopieicess at daily scale, but a change has bada m
about the measured time range (see Page 9, line 24)

Page 14, lines 2-3: Do you mean the bryophyte dserdue to drying is an artifact of the experimemtaming
and shouldn’t be captured by the model? Pleasewith

Response: The observations found an increase opbyye coverage, but our model predicted a decrafabe
coverage. The decreasing trend in response to wgnsiconsistent with the study by EImendorf e{(2012)
where they summarized 61 tundra warming experimé&tsendorf et al. (2012) elaborated that dryingaif
moisture is one of the reasons of declining of phyde coverage, which was captured by our model.

Changes: no changes have been made. Please sapldration above.
Page 14, lines 5-7: Yes, because you used thevalokdata to fit your model. Remind readers of tuit.

Response: As mentioned in the earlier reply, wg aoeed the emission rate and T at control plotgetahe
response curve, but compared the modelled WR Wélobserved, which has shown the improvement.



Changes: no changes have been made. Please sgpldrmation above.

Page 14, lines 11-13: Could also mention the driliag) was noted above for species responses (bytem)h
Response: changed.

Changes: added on Page 17, line 6.

Page 14, lines 18-19: Need some more analysis Yiese the two responses are very important. But,sfmuld
re-emphasize that your dynamic vegetation modél dming a great job of getting the vegetation ajem
correct. Therefore, the results in Fig 8 are itatste of the impact, but the details are not derta

Response: Thanks for the good points. We agreethétiheviewer that we only illustrate a potentiapact, but
that there are still uncertainties in capturing\bgetation dynamics in detail.

Changes: The uncertainties about capturing vegetdinamics have now been added in page 17, LifdS1
We also emphasized the uncertainties from the @émisssponses to environmental variables (Pagetitibs
16-21)

Page 14, lines 25-30: | agree with most of thisdogut since this particular study is looking dtoke system
measurements, there is potentially an interacteween the true T response of the plants and shie isf
canopy temperature described earlier. You shoukebat discuss the possibility that some of thieSponse is
not at the enzymatic level, as suggested herdslolute to a non-linear increase in leaf T with @asing air T
due to canopy warming. Perhaps some of the refesetited are leaf-level measurements which coaldfyl
this point?

Response: The decoupling of leaf T from air T at Beight may partly contribute the observed stnoagming
responses. It may also relate to arctic plant gge€liscussion about the strong decoupling of Telabm air T
as well as its linkage to potential T response beélladded.

Changes: Discussion about leaf T decoupling franT dias been added on Page 16, Lines, 4-5. Aleo, th
discussion about the potential effects of diffeténe resolution in the measured data and obseatatdhas
been added on Page 16, Lines 15-15 and Page E& 25i27.

Page 15, lines 1-3: Yes, this is important, batsb brings in the issue of drought stress. Drosghkss can
occur frequently in some Arctic ecosystems duelatively shallow soils above the permafrost. Tdenstand
canopy heating, it will be necessary to understambpy water dynamics.

Response: Thanks for the reviewer for pointing ¢his In LPJ-GUESS, leaf energy balance has been
considered and the evapotranspiration is a functf@aoil water content. For this particular siteere is no
permafrost and the soil is relatively moist. As tbeeiewer correctly pointed out, drought stresssfame other
arctic regions are possible, which may lead tchiurincrease in canopy surface temperature.

Changes: discussion about potential drying in thieécapermafrost region has been added on Paga&g,2-4.



Page 15, lines 15-16: Great this is stated clearlye conclusion, but this point should also belenia the
discussion.

Response: changed.
Changes: see discussions on Page 17, lines 14dliage 15, line 16-17.

Figures 2, 4, 5 and 6: For Figs 2, 5 and 6, useDBIMM on the time axis, but day of year for FigBe
consistent, and | prefer day of year.

Response: We will change to DD/MM for Fig. 4
Changes: see Figure S2.

Figures 5, 6: The top panels (a) of each figurdlmesame data presented in Figure 4. These ratdltddn’t be
presented twice.

Response: We will only keep Figure 5 in the mait. te
Changes: Figure 4 has been removed from the mxin te

Figure 7: There is also a lot overlap with Figusesand 6b: two of the three sets of data have drbaen
shown. In addition, why is there a break in thexizawhen mostly the same data have been presenkidures
5b and 6b without a break?

Response: | guess you mean Figure 6b and 7b. Bkemdor adding a break in y axis in Fig. 7 isniadelled
WR from the simulation with the original T respoliseeally low, which is only presented here. la thvised
version, we will use scatter plot to compare thitedinces between two T responses curves.

Changes: A new scatter plot has been added taceetita original Figure 7.

Figure 9: Why include the higher-T scenarios? larsthnd they are (unfortunately) realistic duehoPCC
estimates of climate change. But, you don't distbesn much, and there are obviously some weirdythin
happening with the vegetation change (for exanlpiger +8 compared to +2 for MTs in 2012). Since the
vegetation changes predicted by the model are stjghe results of the +4 and +8 runs are highgcsiative.

Response: The purpose of having Fig. 8 (Not fi@)rie the manuscript is to illustrate factors iefhicing
BVOC emissions at long-term scale, highlightingt tregetation changes can affect the response atldec
timescales, and also illustrating that this cad keea change in the response over time, or ainea# response
to the level of warming. We agree that these eséisnare uncertain, also given the fact that theandaoes not
capture all observed vegetation trends. We willbexpthe description of the results and discussitiglerlying
response.

Changes: The purpose of having higher-T scenaddsken described in Section 2.3.4 (Page 10, liRes3).
Discussion regarding to the annual emission estisnaas been added on Page 15, Lines 16-21. leshbés
section, we have addressed that vegetation isme#pe for very different emission responses @@ 4r 8 °C
warming.
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This is a nicely written manuscript which addressesmportant question in BVOC estimation — nantleéy
representation of cold environments in global eatés and the uncertainties of modelling in thipees It is
also well timed since a lot of new information hasently been published about this topic and the
implementation of this knowledge into a model igi@ue. However, | feel like | have to urge the atgho be
more careful in what they regard as ‘good agreenbemiveen measurement and simulation or at whi¢htpo
they conclude that the model’s suitability has beéemonstrated’. Overall, | see a lot of model diefncies and
uncertainties in this study which should probalstiee prime focus of the investigation. In thigoex, | would
welcome figures or statistics that show the aatelation between measurements and simulationsrrétae
column- or point diagrams. Apart from this, | thitiiat the model description part needs some eléibora

Response: Thanks for the reviewer's suggestiomfgrnere, we will address the model’'s agreemett wi
observations using a Willmott's index of agreemasntvell as mean bias error. Apart from BVOC related
processes, a description of general photosynthestesses will be added to Section 2.2.

Changes: Statistics have been added in the resdt®n (see Page 12, lines, 14-15 and lines 1&id}he
model description has been extended in the se2tibh (see Page 5, lines 16-21).

Specific comments:

P1, L22: ‘Short time scales’ not only need to bfingel, mentioning them here is also irritatingfdct, the
guestion about simulations and observations refgto different time periods is troubling me thrbogt the
manuscript.

Response: The term refers to a period of hourdewalays versus long-term scale of months to y&drs
clarification will be added in the main text. Sirtbe simulated results from the model were at daible and
the measured fluxes could be at any time pointadya presenting the modelled daily average andrmar
values aimed to bridge the differences in the fr@eods.

Changes: The definition of different scales hastderified in the abstract as well as in the niait. The
reason why we present both daily maximum and aeehag been clarified on Page 9, Lines 28-30.

P1, L24: The model ‘was able’ to reproduce carbioxels for the majority of the vegetation period babowed
considerable weakness in representing the seasomeaibably due to mismatch of phenological pha$as
should be recognized.

Response: The modelled gfluxes do show some uncertainties in represerilings at the beginning of
growing reason, which is discussed (see P13, ld@i8)related to phenological phases (the startafigg
season). We agreed with the reviewer and will &éditne period when the model did captured thervbsion.
Also, we will change the term “was able to” to “sfeml reasonable agreement to”.

Changes: The abovementioned changes have beeniadtiedabstract. See Page 1, Line 26.

P1, L26: The difference of effective temperatureniodel and observation is certainly one reasom fmismatch
in emission simulations which has been correctihawledged here. However, giving this as the oabson
for a possible deviation is misleading at this poin



Response: Thanks for point out. The sentence witllarified by stressing that leaf T is one potdntiain cause,
but not the only reason for mismatches between hardkobservations.

Changes: The sentence has been deleted to corttieradastract.

P2, L17ff: Major uncertainties are also other drgzfactors for emissions that are usually not aersid in
models, namely air chemistry, soil water availépilUV light and biological stress impacts. Alseth
representation of seasonality (which is composgzhehology and enzymatic activity changes) is atpworth
mentioning here. The authors are mentioning motiede points at a later stage but | feel thadétds
mentioning here.

Response: Thanks for the great point. More detdilde added in the introduction, paragraph 2.
Change: The suggested uncertainties have been addeage 2, Lines 29-30.

P3, L5: I think that in the Pacifico and Unger pap¢he Niinemets approach is used. So this isttwesdegree a
repetition here.

Response: Agreed, we have reduced the referencesgioe implementations.
Changes: Two references: Pacifico et al., 2011Uger et al., 2013 have been removed.

P3, L10: seasonality and/or past weather conditidmgact this is the same problem. You might défgiate
into effects of phenology and enzymatic activitiftsithough.

Response: We will change “seasonality” to “vegetatphenology” to differentiate relatively shortster
acclimation (past weather condition) with vegetagitenological phases.

Changes: “Seasonality” has been changed to “végetahenology”.

P4, L15: From the later remarks | take it thatBMOC emissions were not taken round the clock sedithe or
time period during the day when the measurements made should be mentioned.

Response: A detailed description about measuning till be added into the Section 2.3.3.
Changes: The update on the measuring time hasdoleled on Page 9, line 24.

P5, L7ff: | am a bit irritated here. The Haxeltiswed Prentice photosynthesis approach is for sebspaanual
photosynthesis estimation, assuming a kind of agltadjustment to average environmental conditions.
Nevertheless, the model seems to work on dailydiepes here. The description given about the masksdf i
looks very much like the Collatz approach — so vil&aken from Haxeltine here? Regarding the dpsori,
many abbreviations are introduced here that see¢nor® used later on —please check.

Response: Thanks for pointing this out. We agragttte description (mainly references) of the paytithesis
processes was unclear. Though Haxeltine and Peemiiclel use monthly data as input, but it stillheaily
time step photosynthesis processes, which is WRatGQUESS is based on. The original simplified Faagu
model used in Haxeltine and Prentice is develoge@dilatz et al. (1991) approach which works at-dably



scale. The model upscaling of leaf-level calculatio canopy scale is based on the Haxeltine’s aubr.ol he
abbreviations which are not used later on will bietkd.

Changes: The descriptions have now changethtbPJ-GUESS, a generalized Farquhar photosynthesie|
(Farquhar et al., 1980; Collatz et al., 1991) lémge-scale modelling is used to simulate canopgtlearbon
assimilation and the generalized model is builtrenassumption of optimal nitrogen (N) allocatiorthe
vegetation canopy (Haxeltine and Prentice, 1996&geHine and Prentice, 1996b)

P5, L14ff: Since emissions depend on temperatuaehiighly non-linear fashion, | think it is gendyal
acknowledged that calculating them with daily agergalues is necessarily not capturing the dynamics
Regarding the Niinemets model, for example Ungeid.aised a 15 minutes time steps. From the déwerip
sounds like LPJ feeds daily photosynthesis refutitsdaily emissions. Can you elaborate on the lpraB Also,
| think that the reference temperature used intBou& and/or the parameter in the response fumctéeds to
be adjusted because the model is not using them esmediate response value anymore but as panafoete
daily average emission. (30 degrees as an aveedge throughout the day would probably exhausethission
apparatus so that the response curve would naalistanyway.)

Response: Thanks for the good points. The simulgtiio this manuscript used daily climate inputs trestefore
the model works on daily scale, resulting in deilgissions. To overcome (the largest part of) tledlpm
rightly raised by the reviewer, we compute a dagtimean (rather than daily mean) temperature tolateu
BVOC emissions (details in (Arneth et al., 200T)is will be stressed in the revised manuscripll, Ste
reviewer is correct that an average daytime tentperanay still yield an underestimation of the esitias with
the convex shape of the temperature responseintgiifahe temperature variations during daytinre krge.
We will add discussion on this problem. To make autputs comparable to a few time points measuré&men
during a day, we came up this idea of presentiriy Baytime average and also daily maximum emissits

About the fitted curve with reference temperatur@®degree, we are now aware of potential unceiés
caused by different time resolutions. In an ideele; if we have more frequent BVOC samplings inyaab
well as in the main growing season, we could avedsytime T and emission rates before do the dittire.
However, the current dataset is too few to supp®itb implement this parameter adjusting. The westas
correct and we will address this issue in the dismn at well. Thanks!

Changes: As explained above, the mismatches betofaame resolution between the modelled and the
measured cannot be completely solved due to the stzile applied in the model. So no changes haea n
this part. However, the daytime temperature, instdalaily average temperature was used in the lhadéd
further clarified in the revised manuscript (searales in Page 6, Line 19-20).

As above-mentioned reasons, we cannot adjust oyesature curve based on daily averaged dataodihe t
limited data availability. But we are aware of gratial uncertainties caused by different tempagablution, and
related discussion has therefore been added, asegehion Page 16, lines 15-18.

P5, L15: Instead of using | for isoprene as welrmmoterpenes shouldn’'t you use Ei and Em or sifhildois
can further be modified for storage (e.g. Ems)gunagion 4.

Response: The equations will be modified basedherstiggestions.



Changes: The suggested symbol has been used, satoid. and 4 on Pages 6-7.

P5, L22: Here, the influence is named ‘phenologyilevlater the same function refers to ‘seasondlitg0).
Since these are two different things — is thismagad index? Specific or specifically parametericgdPFTs?
Empirical or dependent on weather or climate?

Response: The use of “phenology” here is indeeadmwect, f6) represents the seasonality of the emissions
caused by variations in enzyme activity. The eftdqthenology (represented in the model as the ddmoe of
leaves) is captured separately by affecting theusntnof absorbed radiation. We will correct the sene.

Changes: Please see the corrections on Page 6, dine line 16. The model description regardingléamt
phenology has been added on Page 6, line 9 arddai@3.

P5, L271f: see also comment from L14ff. It seenw the reduction of reference temperature is rather
necessity from applying the model on a daily tirethan a particular feature of arctic plants.

Response: Applying the reference temperature 6228 of relevance for arctic plants since in mosesathe
daytime T is close to or below 20 °C. We used tleasnred hourly BVOC fluxes with temperature in lalget
the fitted temperature curve (see Fig. 1). Theditesponse has been directly used in the model.

Changes: The clarification of using 20 °C for atemputing photosynthesis fluxes has been addedge €,
Lines 14-15, Page 8, Line 5. Potential uncertasrtimught by different temporal resolution haverbadded on
Page 16, line 15-18.

P5, L29: it is stated that the reference tempeeatichanged. This is to 20 oC as elaborated en ledrrect?
Response: yes, we used the reference temperatRe°@r. This will be clarified in the text.
Changes: See page 9, thigparagraph under Section 2.3.3.

P6, L2: fCO2 according to? Since it seems thatdei CO2 air concentrations are used, it wouldedpftl to
know to which degree CO2 might be responsible fiberdnces between the years (probably small, byhaw).

Response: Yes, the changes are small indeed, @2¥{&ries with the inverse of the CO2 concentratichis
gives a reduction of ~3% between 2006 and 2012.

Changes: see changes on Page 9, Line 11.

P6, L14: If the energy balance calculation was fiiedlispecifically for this study and is not pubkshelsewhere,
this modification should be explained.

Response: The development we had in this manuseaipessentially based on the work by Sedlar arak Ho
(2009) and therefore we did not include more dethihn just citing the original paper. But we waifld more
details about what are the main effects of adjgdtie longwave radiation calculation.

Changes: The details have been added on Page B-8n“The existing leaf energy balance equatappeared
to underestimate the incoming longwave radiatiotlenrovercast conditions, which has been updated by



specifically considering the cloud emission of lerage radiation relative to clear-sky condition (Becnd
Hock, 2009) The estimated leaf T, rather than aiwds used for both photosynthesis and BVOC syislies

P8, L15: | don't get how this can give you LAl vaki Could you elaborate a bit? Looking at figuthe3e
seems to be a difference between Lai and what &suned but the measurements are neverthelessansed f
evaluation. So how are the two related?

Response: The point intercept-based measuremest gidescription of plant coverage (Finzel e2i1,2).
During the growing season, the chances that thetpiron leaves are generally higher and therefaréink
these measured data with LAI which describes leatiage per ground area. It is not one-to-oneiogiship to
compare (influenced by sampling inclining anglesnpling time, hits on stems etc., see discussi@edtion
4.1), but we think the modelled LAI is the closestiable we can compare with the measurement.

Changes: See the above explanation. No changesbasniade.

P8, L21: | agree that model results in daily resolumight not be comparable to measurements doneca.
This seems to be a general problem as mentioneaabalso agree that you can calculate noon teayer
from average temperature to get a representativue wd noon emission — but why don'’t you do the samith
PAR? Instead of using the average value whichfigitedy wrong you can estimate maximum PAR from
average PAR (e.g. Berninger F (1994) Simulatediiarzce and temperature estimates as a possiblessoiur
bias in the simulation of photosynthesis. Agricrdsd Meteorol. 71:19-32)? Have you estimated theiteity
of this error on the results?

Response: Thanks for the great point. Generalig,ribt a very difficult problem to compute the rimaxm PAR,
but we cannot really compute an instantaneous phintbesis flux at noon (or any other time) with Eléixe
and Prentice approach, because it describes datpgynthesis. It also becomes difficult to estenatential
sensitivity from different PAR values.

Changes: Please see the explanation above. Citiofichas been made on Page 9, lines 26-27.

P9, L3: Check wording. | think it should be the ratbeld co2 fluxes that are sensitive to a changeacdmeter.
This should also be indicated in some kind of megsie. the degree to which the parameter wagdari

Response: The wording will be altered to clarifg txt. The range for the parameigrwas based on a

previous study by Pappas et al. (2013) and thegdsaaf modelled C&fluxes as well as LA, responding to the
parameten.; were illustrated in Figure S1. From Fig. S1, we ckearly see how the modelled CO2 and LAl
varied with the parametets. Before running sensitivity testing af; we have selected several parameters to do
sensitivity testing and then estimate Sobol seiitsitindex to quantify the explained ability of deparameter to
the modelled Cofluxes as well as LAl

Changes: Please see the changed wording on Pagmd 1,6-18. The pre-test/measure of varied degfeach
parameter was tested but not presented.

P9, LOff: In fact, the deviations are considerablet only GPP and thus emission is considerablyastanated
in both years early seasons — which should be digghtnd considered in annual estimates — buticAbtally
wrong in all PFTs except LSE+EPDS and CLM underentrclimate where the overestimation is a mer&3.0-



percent. In L15/16 it is stated that these ararhst important PFTs but in the next sentence ther®FTs are
described to have a ‘large coverage’. Are thereramgbers that | have missed that give an objeglictire
about the abundances?

Response: Since the G@uxes are not continuously measured, quantificatf the overestimated G®uxes
of early season in annual estimates is unfortupaiet possible. Considering that the modelled LAd éhe
point intercept-based may be not one-to-one reiskiip, the relative abundance of different PFTscage was
evaluated. The measured coverage can be infludnckiis on non-leaf parts, pin size, subjectiveggmient of
species and sampling inclining angles (see Disongkil). We agree with the reviewer that the waydims at
times confusing, e.g. the words “dominated” andd$acoverage” and we will correct it.

Changes: No changes have been made in terms roidisig the overestimated GPP & emissions in annual
emission due to limited observations. The pointafusing sentence has been changed to “The two most
dominant vegetation groups in the C plots, forbe#ins and evergreen shrubs, were captured by ttelmo
However, the coverage of graminoids (GRT) and nalixSype deciduous shrubs (NSLSS) was underestithat
by our model. ” Since we mainly look at comparerdlative abundance of the modelled PFT LAI wita th
observed, no absolute numbers were compared betiveenodelled and the observed.

P10, L5: Monoterpene emissions seem to be metpkatly because measurements occurred mostly an day
with low emissions (according to figure 4). Thisiproblem because the high simulated emissiorcsiqaty
lack evaluation that should be addressed. | caaiobrimagine other ways of representation oristiagl
analysis that can be used to elaborate on the.point

Response: Thanks for pointing this out. We will @éktussion on the potential lacking evaluatiohigh
monoterpene emission rates. We will also add thigstits for the comparisons and Figure 7 has cihig
scatter plot to illustrate the modelled and thesolsd WR.

Changes: Please see the added discussion on Pdgeel39-32.

P10, L10: Similarly, | have large difficulties agieg that figure 5 supports the statement thatr&mpemissions
were mostly captured by the model.

Response: This sentence actually pointed out thdeirs doing fairly good job on describing dayday
variations of isoprene emission, though still hagme discrepancies in capturing absolute magnitisdeome
days. We will change our wording here and addssi@to support our description.

Changes: The sentence has been changed to: Theeaxbdaily variations in isoprene emissions weneegally
captured by the model (Fig. 4). The statistic hesnbadded on Page 12, Lines 14-15.

P11, L26ff: The simulated annual emissions inclindelargely wrong response of LAl as well as theng
response in early season emission, right? Carrtbesamehow be estimated? | have the feelingtteste
calculations might be too far off to be considenede.

Response: As mentioned in an earlier responselased-chamber based CO2 fluxes were not continuous
measurements. The concluded overestimategfid&es during the early seasons were based onfgery
measured data points. To further consider theluémice on the annual estimate is difficult withoahtinuous



data support. The simulated annual estimate isrtaiceconsidering the mismatch in LAl and earlyssaCQ
fluxes, and we will clearly point out the uncertgiim the revised manuscript. However, presentimgual
emissions in this manuscript is to look at longimescales despite the discrepancies found in thkiations.

Changes: As we mentioned, it may not be one-torelationship between the modelled LAl and the point
intercept-based coverage. Instead of comparinghkelute values between these two, we mainly fatasdhe
the modelled and the observed relative abundanaelaas their response to warming. In this wag, tiodel
did fairly good job. So no changes have been maatesome wordings. About uncertainties of annuadksions,
we have added more discussions on Page 15, lin28.16

P12, L14ff: The discussion seems to be overall celmamsive. Still, as for example in the first lihdhink the
authors are overenthusiastic about their resultis dlso applies for the conclusions.

Response: we will adjust the wording.

Changes: The sentence has been changed to: Trelledodhy-to-day variations of ecosystem CO2 flukeg.
2) and BVOC emissions generally followed the obatons. See page 14, lines 12-13.

P14, L23ff: The comparison with common paramet¢inzmashould not only be concentrated on the arctic
environment but also on the problem with the tiesofution (see above).

Response: The time resolution could be a posséisec As mentioned in an earlier reply, the modslused
daytime temperature, instead of daily temperatuhiéch could reduce potential differences causetilmytime
scales. We will add discussion about potentialiriices of time resolution on emission T responSeation

4.2.

Changes: The clarification of daytime temperatigedun the model has been added on Page 6, lin28. Ithe
discussion about uncertainties from different terapesolutions has been added on Page 16, Lind8.15
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This paper presents a very valuable and interestorg, focusing on isoprene and monoterpene emmsdi@m
subarctic plants, a topic that has not been ingat&d or published much so far. | really apprediaeoriginality
of this study, which helps to improve our underdiag regarding emission estimates. However, asralsed
by the two other referees, | think that this manipsevould really benefit from a deeper and mortaiied
presentation, of the result analysis and discussspecially, which would help to appreciate moeadly the
validity of the conclusions of this work. Here a@me feedbacks and corrections that would need to b
considered before publication in BG, that | warmilypport.

Thanks for the reviewer’s valuable comments. Weehaow added the responses to each comment (shdtvn wi
grey colour background).

Charges made in the revised manuscript have now bekirated (with green colour background). The page an
line numbers mentioned in the changes refer toties in the revised manuscript.

Abstract: in “evaluating BVOC related processedijol processes for instance do you refer to, plyotbgsis?

Response: Here, we referred to photosynthesis, Biédiperature responses and vegetation composttimn.
clarification in the abstract will be added.

Changes: the abovementioned processes have besth & Page 1, Lines 21.

Generally in the manuscript, the analysis is ratjualitative than quantitative and should be mataited and
specified. Some elements giving more precise indbion on the context could also be added. Formestawhat
is the estimated contribution of subarctic plantglbbal isoprene and monoterpene emissions? ohid be
specified for both the present-day case and tHierdiit warming scenarios, giving more perspectivéngé work
carried out, and is important to be discussed,aalbein section 4.

Response: Thanks for these good points. A statlsditalysis of the model performance will be added.
Regarding the contribution of subarctic plants’tcdtions to the global emissions, we would likeaddress in
a coming manuscript where we will integrate mudtipites BVOC emission in the Arctic. We think itidit

risk to estimate the contribution to global emissitbased on one site study. We think the contobut local
atmospheric chemistry is potentially more import#ain the contribution to global emission (reactive
compounds) and the warming-induced strong increeenissions in this region is very important taleebs at
global perspectives. We will add these two pointthe Section 4.

Changes: The added discussions related to thelmatitin to global number as well as local atmospher
chemistry are on Page 15, lines 23-27.

Page 5, section 2.2.2 BVOC modelling: Could yowapéedetail what the seasonality function usedoprene
production calculation stands for?

Response: The seasonality of isoprene productitecte observed changes in the availability ofeheyme for
terpenoid synthesis, and is calculated based @gied-day method in spring and a decrease in aubased on
temperature and day length. The details will besddd



Changes: Please see the added details on Pages28-24.

Page 6, section 2.2.2 BVOC modelling: Works puldisko far agree on the CO2 inhibition effect reigard
isoprene emissions, but not regarding other BVOGgons. Is the f(CO2) function considered in theded
only for isoprene or for every BVOCs? On which wiglt based and is the same parameterization deiresi
for every compounds?

Response: In the model, we used the samer€ponse function for both isoprene and monot&apénd we

do not use other BVOCs than those two) and the f{@3ponse is based on the work by Arneth et @D{R

We assume in the model that isoprene and monotes@ae produced in the same pathway and assume both
responses to COn the same way. We agree with the reviewer thaemvork agreed on the G@hibition on
isoprene. In the work by Pefiuelas and Staudt (204€y listed some studies (in the supplementaity) GO,
inhibition effects on monoterpenes. We will extenol discussion on this topic and indicate this oesp is

more robust for isoprene than monoterpenes.

Changes: The Arneth et al., (2007) paper has baédeda The discussion about potential higher unicgytéor
the modelled monoterpene than isoprene emissianbd®en added on Page 15, lines 16-23.

Page 9, line 25: What do you mean exactly with &t vegetation” in “simulating dynamic vegetation
enables us to assess the model performance”? Bdgytwariability? Higher frequency? Indeed the tedfm
dynamic vegetation can also refer in vegetationeting to long-term changes in vegetation distribaitiiue to
climate and CO2 changes.

Response: With the term "dynamic vegetation”, wet@d to stress the model’s ability to capture sealso
variations in leaf area as well as annual-decauahges in vegetation composition. The sentencebwill
adjusted to clarify this in the revised manuscript.

Changes: The sentence has been changed to: BVGSiens are closely linked to leaf as well as edesys
developments. Simulating vegetation seasonal vamsin leaf area as well as vegetation compogsitamables
us to assess the model performance in represesttort-term emission changes in response to T arkl B
well as long-term changes in vegetation developrardtdistribution.

The model/data comparison would also really beffiefih a deeper analysis. If isoprene and monoterpen
emission estimates fall into the data values, lioiever difficult to come to a clear conclusios data are not
that numerous, and as model estimates are giveer it daily average or for noon. At what time wargssion
data collected and how are they compiled for maoldé# comparison?

Response: Thanks for the great points. Model-dat@parison will be further analysed by adding stigks For
each data point, it is an average of six replicatdke field which were measured at different tipeints of a
day (between 9 - 17). Since the model is runntripdy time step, it is not possible to average ritodelled
emission rates at sampling time. We saw this litimiteand therefore used the daily average and maxims an
indication about the model’'s performance.



Changes: Please see the added statistic equatar&on Page 10 and the numbers in the restibs€Page
12, lines 14-15 and Page 13, lines13-14). Thefidation about why we use both daily average anshrttave
been added on Page 9, Lines 28-30.

The parameterization is calibrated and adjustentder to better represent BVOC emission from Arptants.
This is a crucial and one major contribution osthiork and yet it is only very quickly mentionedsiection 4.2.
It is important to add a more detailed and quatitigaanalysis of the emission improvement, botthresults
section and in the discussion part.

Response: Thanks for point out. We agreed withiakiwer that we should discuss the derived new
temperature curve in a more detail. We will add emtiscussion regarding to parameterizing T respfarse
arctic plants.

Changes: In the result section, the comparisondssivthe original T curve and the new one has beentifjed
by using scatter plot (see Figure 6). In the disiussection, we have added some explanation aedssion of
this strong T response (using the adjusted T c{R&je 17, Lines 2-7). The associated high T dwgimmy
days was explained in the one sentence before, &klsauncertainties associated the data as wellesisod we
used for deriving the T curve have been added ge P@, Lines 25-27.

Specific comments:

Page 1, line 23: change “the model's response¥htomodel responses”
Response: changed.

Page 1, line 23: change “higher levels’ warming"Himher warming levels”
Response: changed to higher levels of warming.

Page 2, line 4: change “A’IPFT’s reponses” to “RE3ponses”

Response: changed to “physiological responses b§'PF

Page 2, line 6: change “Biogenic volatile orgammmpounds (BVOC)” to “Biogenic volatile organic cooynds
(BVOCs)”

Response: Through the manuscript, we use BVOQoagal term.
Page 2, line 11: change “atmosphere’s oxidativacigy to “atmosphere oxidative capacity”
Response: Changed.

Page 2, line 15: change ‘(. . . respectively (Siardea et al., 2014))" to “(. . . respectively; 8elarova et al.,
2014)”

Response: Changed.

Page 3; line 29: change “and to advance our uratetstgs of the” to “and our understanding regarting



Response: changed.

Page 3, line 30: remove comma in “ecosystem mafl;GUESS”

Response: we will remove comma and add full naméfomodel.

Changes: the full name has been added: Lund-PotddamnGeneral Ecosystem Simulator

Page 7, line 28: please change “LAl of the yeai628@d 2007” to “LAI of the years 2006 and 2007"
Response: changed.

Page 7, line 33, change “due to plants’ adaptatioritiue to plant adaptation”

Response: changed.

Page 8, line 20-21: change “Due to lacking of @dtaut the daily maximum” to “Due to the lack ofalat
regarding the daily maximum”

Response: changed.

Page 9, line 26: change “to assess the model'snmaghce” to “to assess the model performance”
Response: changed.

Page 15, line 11: change “the model’s ability” the' model ability”

Response: changed.

Figures:

It is hard to distinguish the observations fromhngission estimates. Could you please trying uaimaher
color?

Response: We will modify the figures colors to mélentrast.

Changes: Figure 4 and 5 have changed colours gudeFb has changed from bar plot to scatter plot.
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