Journal Pre-proof

The importance of accounting for enhanced emissions of monoterpenes from new
Scots pine foliage in models - A Finnish case study

Ditte Taipale, Juho Aalto, Pauliina Schiestl-Aalto, Markku Kulmala, Jaana Back

PII: S2590-1621(20)30037-X
DOI: https://doi.org/10.1016/j.aea0a.2020.100097
Reference: AEAOA 100097

To appearin:  Atmospheric Environment: X

Received Date: 11 August 2020
Revised Date: 11 November 2020
Accepted Date: 23 November 2020

ATMOSPHERIC
ENVIRONMENT: 3

Please cite this article as: Taipale, D., Aalto, J., Schiestl-Aalto, P., Kulmala, M., Back, J., The
importance of accounting for enhanced emissions of monoterpenes from new Scots pine foliage in
models - A Finnish case study, Atmospheric Environment: X (2021), doi: https://doi.org/10.1016/

j-aea0a.2020.100097.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal

disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.aeaoa.2020.100097
https://doi.org/10.1016/j.aeaoa.2020.100097
https://doi.org/10.1016/j.aeaoa.2020.100097

Credit Author Statement

Juho Aalto developed and calculated the yearly needle mass growth, Pauliina Schiestl-Aalto calculated the seasonal
needle mass development and wrote the corresponding method section, while Ditte Taipale conducted the
remaining calculations. Ditte Taipale prepared the paper, with contributions from all co-authors.



©O©oo~NO O b~

10

12

13
14

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

35

36
37

The importance of accounting for enhanced emissionsof
monoterpenes from new Scots pine foliage in modelsa Finnish case

study

Ditte Taipalé'*® Juho Aalté®, Pauliina Schiestl-Aalfe®* Markku Kulmald, Jaana Back

Ynstitute for Atmospheric and Earth System Researehysics, Faculty of Science, University of Heksj P.O. Box 64,
00014 Helsinki, Finland

’Hyytiala Forestry Field Station, Hyytidlantie 188500 Korkeakoski, Finland

3Institute for Atmospheric and Earth System Reseafébrest Sciences, Faculty of Agriculture and Boge University of
Helsinki, PO Box 27, 00014 Helsinki, Finland

“Department of Forest Ecology and Management, Slided) Sweden

Correspondence to: Ditte Taipale (ditte.taipale @helsinki.fi)

Abstract. Models to predict the emissions of biogenic védatrganic compounds (BVOCs) from terrestrial vateh

largely use standardised emission potentials derfirem shoot enclosure measurements of maturegfalibn these models,
the potential of new foliage to emit BVOCs is assdnto be similar, or up to twice as high, as tHanature foliage, and
thus new conifers foliage is predicted to have gligible to minor contribution to canopy BVOC eni@ss during spring

time due to the small foliage mass of emerging gralving needles. Extensive observations have, heweecently

demonstrated that the potential of new Scots paerlies to emit several different BVOCs can be upliout 500 times
higher than that of the corresponding mature faialghus, we build on these discoveries and invaithe potential impact
of considering these enhanced emissions from nestsSune foliage on estimates of monoterpene earissand new
atmospheric aerosol particle formation and thebrseguent growth. We show that the importance ah¢athe enhanced
monoterpene emission potential of new Scots pitiadge into account decreases as a function of sedsge age and
latitude, and that new foliage could be responsibiethe majority of the whole tree’s foliage eniss of monoterpenes
during spring time, independently of tree age amdtion. Our results suggest that annual monoterpemission estimates
from Finland would increase with up to ~25 % if #ighanced emissions from new Scots pine foliage a0 considered,
with the majority being emitted during spring timdnere also new particle formation has been obsetvesccur most

frequently. We estimate that our findings can leathcreases in predictions of the formation rate2 nm particles during
spring time by ~75-280 % in northern Finland and-i$30-870 % in southern Finland. Likewise, simuageowth rates of
2-3 nm patrticles would increase by ~65-180 % irthen Finland and by ~110-520 % in southern Finldride enhanced
emissions of monoterpenes from new Scots pinedeliaere explicitly considered. Since only one measent study

(Aalto et al., 2014), on which our work builds, hss far found highly pronounced emissions of morpaees from new
Scots pine foliage compared to those of maturesanelude that more spring time measurements ofawifers foliage are

required for improving emission algorithms in biogeemission models.
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Biogenic volatile organic compounds (BVOCSs) fornaege, heterogeneous group of organic atmosphere tgases with
wide varieties in chemical and physical propertiesey are produced and emitted by vegetation dueaay different
reasons (Holopainen, 2004; Yuan et al., 2009; Halmn et al., 2013; Tumlinson 2014), for exampleadsy-product of
plant growth (e.g. Hive et al., 2007; Aalto et aD14; Dorokhov et al., 2018) or in response topkiress (Niinemets,
2010; Holopainen and Gershenzon, 2010; Faiola aipkle, 2020). Emissions of monoterpenegHés), an important class
of terpenes, account for approximately 15 % ofttital global BVOC emissions from vegetation (Guentat al., 2012).
The fraction of assimilated carbon which is transfeé back to the atmosphere in the form of a valétBVOCs is usually
around a few percent (Guenther et al., 1995; BatBiewn et al., 2012), but can at times be morethd % (Harley et al.,
1996; Llusia and Péelas, 2000). Thus, BVOCs compose an important faittoconsider in terrestrial plants’ carbon
balance. In the atmosphere, BVOCs influence themaded composition (Mogensen et al.,, 2011; 2015)] ampact
formation (Donahue et al., 2013; Kulmala et al.120Riccobono et al., 2014; Schobesberger et @.3Rand growth (Ehn
et al., 2014; Riipinen et al., 2012) processestmioapheric aerosol particles. Since aerosol pesgiale known to influence
our climate both directly and indirectly (Twomeg717; Albrecht, 1989; Charlson et al., 1992), rdbadstimates of BVOC
emissions into the atmosphere are crucial for ptids of climate change.

There exists several models to predict the conistittemissions of BVOCs from terrestrial ecosystenis the
atmosphere (e.g. MEGAN; Guenther et al. (2006, ROORCHIDEE; Lathiere et al. (2006), Messina et(aD16), LPJ-
GUESS; Smith et al., (2001), Sitch et al., (2008)jh MEGAN being the most popular one. Traditidpathese types of
models have utilised emission potentials derivasmfrshoot enclosure measurements of mature foliAgeemission
potential, or emission factor, represents the donismte of a compound at standard conditionshignwork at a temperature
of 30 °C). As an increasing amount of studies heh@wvn that the emissions of BVOCs depend on phgpdi@uenther et
al., 1991; Monson et al., 1994; Goldstein et #98; Hakola et al., 2001; Petron et al., 2001; karl., 2003; Raisanen et
al., 2009; Aalto et al., 2014), attempts have bmeade to include this response in models. For exaniplthe ORCHIDEE
model, leaf age now impacts emissions of isopremkeraethanol (Messina et al., 2016). Though leafiaget explicitly
simulated in LPJ-GUESS, the emissions of isoprenen fdeciduous plant functional types are modellediépend on
seasonality (Arneth et al., 2007; Schurgers et2d11). In MEGAN v2.0 (Guenther et al., 2006), #mission rate of
isoprene is modulated by the leaf developmentagestaf deciduous land cover types. This has beghefuexpanded in
MEGAN v2.1 (Guenther et al., 2012), where the emissates of more compounds (i.e. isoprene, meth&methyl-3-
buten-2-ol, mono- and sesquiterpenes) from all tpkpecies are assumed to be regulated by planttigravinough it is
assumed that leaf age impacts the emission rateslisfdual BVOCs differently, this dependency et been treated to be
tree species, or plant functional type, specifiaé@her et al., 2012). Since the majority of stadiestigating the impact
of leaf age on BVOCs emission rates have been at@dwn deciduous isoprene emitting species, tightereate a bias.
For example, in MEGAN v2.1, the potentials of growifoliage to emit methanol, 2-methyl-3-buten-2antl monoterpenes
are 3, 0.6, and 1.8 times that of mature foliagspectively. However, measurements of Scots pili@gt® have recently
shown that the potential of new foliage to emitstn@®VOCs can be orders of magnitude higher thanotfhanature foliage
(Aalto et al., 2014). This conclusion was drawndaasn continuous enclosure measurements of thi@egiggy seasons
(Aalto et al., 2014). Aalto et al. (2014) showedttthe emission potentials of new foliage peakrduspring and decrease
significantly throughout the season, and hence i fer more on the time of year than that of mafaliege. Thus, it might
also not be representative to use a fixed emigsadantial of new foliage in models. These findings have substantial
impacts on simulations of global BVOC emissionagsiScots pine is the most widely distributed @ipecies in the world;
it is found across large parts of Europe, Canadaabd northern Asia, and within the Eurasian taiga, one of the most

dominant evergreen tree species (e.g. Houston Buetaal., 2016). For example, in Finland, Scoteglominates ~65 % of
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that also other evergreen species exhibit a simphanological emission trait as found for ScotepmAalto et al. (2014).

Micrometeorological measurements of ecosystem dhates are able to capture the contribution of BMOC
sources in the ecosystem, though without quantifyuhat those sources are. Unfortunately, such meamnts are scarce,
rarely continuous, and usually conducted duringratéd period, which is most often in the summehew the very high
emission potentials of new Scots pine needles bhiready significantly decreased (Aalto et al., 20Rinne et al. (2000)
measured the ecosystem scale flux of monoterpemas Scots pine dominated forests during two growsegisons,
including May, but only for a few days in totalughthey reported the emission potential as a sehawrrage. Raisanen et
al. (2009) measured the ecosystem scale flux ofoteopenes from a Scots pine forest, in additiotheoemissions from
new and mature needles individually. Measuremehthe ecosystem flux and chamber emissions of raduliage were
conducted from the end of June, while the deteaifcthe emissions from new foliage was only stagethe end of July. As
the measurements were performed sporadically, sedgonally averaged potentials have been providesauthors found
that new needles have a higher potential to emitatepenes than mature needles by a factor ofwhah is comparable
to what is used in Guenther et al. (2012). Howetlerse measurements did not cover the vital sm@agon. Taipale et al.
(2011) and Rantala et al. (2015) measured the stargyscale flux of monoterpenes continuously starfrom April or
May until September, during four years. In bottdgts, the micrometeorological measurements werdwziad on the same
~50 year old Scots pine forest at the SMEAR llistafStation for Measuring Ecosystem-Atmosphereaiahs). The
canopy, within an area with a radius of 200 m, edmup by Scots pine (~75 %), Norway spruce (~13A4) deciduous
species (~10 %), mainly silver birch (Maki et &019). The potential of the forest to emit monotegs per ground area
was in both cases shown to significantly decreasen fspring and over the summer (Taipale et al. 12®antala et al.,
2015). Since the pines in that region carry abodt Reedle age classe$upek et al., 2015), the foliage mass is
approximately 40 % less in the spring than lateh@anseason (i.e. about August onwards). Hencezhelusion by Taipale
et al. (2011) and Rantala et al. (2015) is furtmaplified if the potential to emit is considered fiiage mass.

If a model assumes that the emission potentialesi needles is only slightly higher than that of unatfoliage,
then the influence of new coniferous foliage toa@nBVOC emissions is predicted to be very minarce the mass of
emerging and growing needles is small during sptimg (Guenther et al. 2012). However, though tlessof new foliage
is very small in the beginning of the growing seasmrrespondingly larger emission potentials of figliage during spring
time would change the conclusion of the contributid new Scots pine foliage to Scots pine canopyOBVemissions. In
order to obtain a better understanding of the foiomaof new aerosol particles, it is especiallyaial to investigate this
importance of new Scots pine foliage to ecosyst&f®8 emissions during spring time, since that istthme of year where
new particle formation has been found to be masgufent (Vehkamaki et al., 2004; Dal Maso et alQ52®007, 2008;
Manninen et al., 2010; Vana et al., 2016).

The motivation of this study arises from the féwettAalto et al. (2014) have shown that emergirdyraature Scots
pine foliage can have very different potentialsetnit BVOCs. Such evidence naturally calls for argifigation of its
potential atmospheric impacts. Thus, by making &mpssumptions based on the existing data, andidesitgy the
contribution of the enhanced constitutive emisgiotential of new Scots pine foliage, we investidaee potential effects
on the whole tree's emission potential. We examthedas a function of season, stand age and tocatiFinland, utilising
published emission rates by Aalto et al. (2014) models to predict the seasonal and yearly grofvBcots pine foliage. In
order to analyse the potential underestimatioregfanal emissions when these enhanced emissiomsrfesv foliage is not
accounted for, we upscaled our results to answer tmany Gg of carbon could be underestimated inptteglictions of
constitutive monoterpene emissions from Finlanchaly, we estimated how this potential underestiomatould impact
forecasts of formation and growth of new small ighe$s. Our ultimate objectives were to demonsttia¢epotential effects of

monoterpenes from growing Scots pine needles oremaedictions, question the current treatmenthef émissions of
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of other evergreen species is also a very stroniegrof monoterpenes and other BVOCs.

2 Materials and methods
2.1 Yearly development of Scots pine needle mass

The yearly development of Scots pine needle masscadgulated for southern and northern Finland;dnsidering the total
amount of needle age classes present in the stahthe maximum stand needle biomass. Hence, weatkthat the stands
carry 2.5 and 5.5 needle age classes in southermanthern Finland, respectively, which is basedobgrervations from
Finland (Korhonen et al., 2013; Wang et al., 200@pek et al., 2015). A maximum stand needle bions&&000 kg ha,
which is representative for southern and middlddrid (Ilvesniemi and Liu, 2001), was used for seuthFinland, while
3500 kg h&, which is representative for a relatively pooesit Lapland (Kulmala et al., 2019), was used fortmern
Finland. We utilised this foliage mass value forthern Finland, as the calculation results of nemthFinland should serve
as a lower estimate of the potential impact oféh@ssion of monoterpenes from new foliage to thal tstand emission.
Finally, it is assumed that needle mass developifiedioivs a sigmoidal form (e.g. Makel&, 1997). Siricee foliage growth
models usually omit simulating the growth of vepung trees (e.g. Hari et al., 2008; Minunno et2019), because of their
low relevance with respect to e.g. biomass prodactive likewise only modelled the growth of treged>10 years. The
maximum stand needle mass in southern Finlandashesl at the same time as the observed canopyelasthe SMEAR
Il station, Hyytiala, southern Finland (e.g. HamdaKulmala, 2005; Kulmala et al., 2001). It is assdl that the maximum is
reached in northern Finland 15 years later, duddaer forest growth in the north (Fig. 1a). Sitice stand foliage mass is
higher in southern than northern Finland, and sieweer needle age classes prevail in the south) thet mass of new
needles and the mass of senescing needles arécsigtty higher in southern than northern Finlaf(1b, Fig. 1c). The
mass of new needles is calculated as:

Gl'=m —ml, +S @)
whereG/is the growth of new needles during year i (kg@y, is the maximum needle mass during year i (kgC) #hds

senescence during year i. After canopy closurfé= mY ; and thus:

N
Gl =S =5 @

wherel; is needle longevity in the two locations. Since tbliage production rate is high in young stardtsigative of Fig.

1a), the fraction of new needles to the total staeedle mass is also higher in young than mature forest stands (Fig.
1d).
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Figure 1. Yearly Scots pine needle mass development. Valugegieen for the end of the growing season, assyithiat the
stand carries 2.5 (southern Finland) or 5.5 (nonttiénland) needle year classes, respecti@ytotal stand needle mass
before senescing needles fall dff) mass of senescing needlés, mass of new needle]) proportion of new needles to
the total stand needle mass. Note the differeriésam the y-axis.

2.2 Seasonal development of Scots pine needle mass

The seasonal development of Scots pine needle wassnodelled with the CASSIA growth model (Schidsdlto et al.,
2015), where the daily growth of tree organs isehiby environmental variables, mainly temperat@eots pine needles
start elongating in spring simultaneously with 8f@ot, but shoot length growth is completed appnakély one month
before the growth of needles finishes. The modebitters two parameters, which need to be estinfatetthe location of
interest. Those are: time of growth onset and tifhgrowth cessation. CASSIA has previously beerapgterized using
growth data measured in 2008 at the SMEAR Il statéamd the model has been shown to successfultiigbhe growth of
needles (Schiestl-Aalto et al., 2015). We usedphimmeterization of time of growth onset and tohgrowth cessation to
predict the seasonal development of Scots pinelegéd southern Finland, while the correspondingwgh in northern
Finland was predicted utilising needle growth measients conducted at the SMEAR | station in VarFiénish Lapland,
during the 2017 growing season. Furthermore, thdemnoonsiders needle length by the end of the grgvseason as a

yearly varying parameter. This parameter can beeltedl if needed, but as the final needle length massured at both

5
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needles inside the bud) was set to 1 mm, and itasasmed that needle length is proportional to Ieegidmass (Aalto et
al., 2014, Schiestl-Aalto et al., 2015, 2019). Télative needle mass per day was then calculatéfl /48,s whereLY is the
needle length on day and LY, is needle length by the end of the growing seaBmwironmental data measured at the
SMEAR Il and SMEAR 1 station, respectively, durin§09-2011, were furthermore used as input to CASShe resulting
seasonal development of new Scots pine needlesuihern and northern Finland is illustrated in FAg. Variations in the
growth between the three investigated growing seaswe generally very small, but greater in north€inland, due to
larger interannual fluctuations in ambient tempaed. The seasonal development of the total neadkes for Scots pine
stands of different ages growing in southern andheon Finland is presented in Fig. 2b. This hasnbealculated by
combining the behaviour shown in Fig. 2a with tat@nd needle mass values from Fig. 1a. The sddsenaviour is also
in accordance with observations (Rautiainen et24l1,2) before needles fall off. The fraction of neeedles out of total
stand needle mass for Scots pine stands of differg@es growing in southern and northern Finlangrévided in Fig. 2c.

This has been calculated by combining the behawbawn in Fig. 2a with new stand needle mass vdtoes Fig. 1c.
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Figure 2. Seasonal Scots pine needle mass developri@ntevelopment of new needle mass in southern antheror
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illustrate the variation between the model preditdi for the three yearf) total needle mass development for a Scots pine



189  sf age

190 classes) Finlandc) proportion of new needles to the total stand reeattiss throughout the season for different stapd ag
191 in southern (S.F.) and northern (N.F.) Finland. Tdgend shown iifc) is also valid for(b). Note the different scales on the
192  y-axis.

193

194 2.3 Emissions of monoterpenes
195 2.3.1 Emissions of monoterpenes from new and matufxots pine foliage based on Aalto et al. (2014)

196  We utilised measured emission rates of monoterpandschamber temperatures described and publishéalto et al.
197  (2014), hence we refer to Aalto et al. (2014) fatails on the measurement set-up. In brief, theotslkeachange of
198 monoterpenes was measured with an automated gharge enclosure system and analysed by PTR-QM$o(Pfoansfer
199 Reaction - Quadrupole Mass Spectrometer) from d&feyear old Scots pine tree located at the SMEA&dtion during
200 2009-2011. Within one season, one mature shootomedcurrent year bud/shoot were measured, but gluhia next
201  growing season, different shoots were chosen ®mtleasurements. The shoot enclosures included gfattie shoots, i.e.
202  both needles and the stem (see Fig. 1 in Aaltd. €2@14)). The reported emissions of VOCs from rfeliage originated
203 from buds in the beginning of the measurement getiman elongating bud of Scots pine the stemldegdirst and growth
204  of needles is very slow during the first ca. 5 weekthe growth period (in southern Finland comdlig, see e.g. Fig. 4 in
205 Aalto et al., 2014). Thus, during the first weekss likely that the reported emissions originfitem the elongating (green)
206  stem rather than from the needle primordia. Itdditonally possible that some part of the emissiohich is measured
207  before the bud starts elongating, could originatenf resin, which can be exudated even from heatdws (Eller et al.,
208 2013).

209 Only periods with data from both new and maturediesewere considered. Since our analysis focuseshagsion
210 potentials, we did not include exactly the same @at Aalto et al. (2014), because we were limiteddrasional breaks in
211 the measurements of chamber temperature. Thoughar@bi et al. (2010) and Taipale et al. (2011) haeelier
212 demonstrated that a significant fraction of thaltemissions of monoterpenes from Scots pine wagmates directly from
213  denovo synthesis, the understanding of light-dependemcgnissions from conifers trees is still very pé@g. Taipale et
214  al, 2011), and thus the emission rates were stdiséia by Eq. (5) in Guenther et al. (1993) €T30 °C,$ = 0.09 °C") in
215 order to also compare to literature values. Weanefd from utilising varying values (e.g. Hellén et al., 2018), since the
216 temperature dependency is very sensitive to a lomber of data points and any noise in the emissite measurements.
217  We consider our standardisation practice to beorestse, since the ratio of the emission rates of ard mature foliage
218 (Aalto et al., 2014) follows the same pattern & tf the emission potentials (Fig. 3).

219 The ratios of the emission potential of new neetibethe emission potential of mature needles fer dhowing
220 seasons in 2009-2011 are presented in Fig. 3. Olifggsres in Fig. 3 have been cut due to clarity, the excluded outliers
221  are compiled in Table Al together with informataimout the total amount of data points consideredbpe week average.
222  As seen from the figure and also concluded by Aettal. (2014), new Scots pine needles can havech mreater potential
223  to emit monoterpenes than mature needles. Theeiifte in the potential to emit decreases througti@useason, but lasts
224 until the lignification of the shoot is finaliseHence, young shoots continue to have a higher patéo emit monoterpenes
225 than mature needles until the end of August / be@gm of September (Fig. 3f). Figure 3 also illussawhy continuous
226  measurements of VOC emissions are needed for pngvisbund emission potentials; (1) there is a lssgeead in the
227  emission rates, even when standardised, thus hawiyga few measurement points might lead to biaseidsion potentials,
228 and (2) emission rates, and hence potentials,easosally dependant, which has been shown alremtigrefor Scots pine,
229  but also for other tree species (e.g. Hakola ¢2801, 2006; Wang et al., 2017; Karl et al., 2008menda and Koppmann,
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Figure 3. Boxplot displaying the ratio of the emission pdtainof new needles to the emission potential ofureneedles
for years 2009a, d), 2010(b, e, f)and 2011(c). The date marks on the x axis indicate the migdiats of the averaged
periods. The subfigures have been cut due to glariit a list of the excluded outliers is foundTiable Al. Note the
different scales on the y-axis. The emission patnare calculated based on the measurementsnpedsiey Aalto et al.
(2014). Emission rates were obtained from one €0 pld Scots pine tree at the SMEAR |l stationthidione season, one
mature shoot and one current year bud/shoot weresumned, but during the next growing season, diffeshoots were
chosen for the measurements. The emission potemiite standardised by Eq. (5) in Guenther etl80%) (Ts = 30 °Cj
=0.09 °C). See Sec. 2.3.1 for more details.

2.3.2 Findings by Aalto et al. (2014) vs conclusisrirom other studies

In our analysis, we have only utilised data fromitéat al. (2014) because there exists no othetimaous long-term
measurements of monoterpene emissions from differeedle age classes simultaneously. However, merasat efforts
have repeatedly demonstrated that there exist atggespecies variations in BVOC emission resper(geg. Staudt et al.,
2001; Béck et al., 2012), and thus it is not carthat a similar seasonal pattern, as shown byoAall. (2014), would be
observed from other Scots pine individuals. Thosyrider to put findings by Aalto et al. (2014) irgerspective and avoid
drawing exaggerated conclusions in our study, theaterpene emission potentials of new and matuotsSine needles,

calculated based on Aalto et al. (2014), are ptedetogether with literature values, in Fig. 4. Titerature values, which
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measurement techniques (see Table A2). The regemefor including a study was that either the emisshad been
standardised to 30 °C or it was possible to (rapktedise it using the information provided in ttaper. If the emission was
not already standardised, a valuelof 0.09 °C" was used as this is the most commonly used valukei literature for
monoterpenes. The emission potentials used in ME@aenther et al., 2012) are not included in Fihetause they have
been standardised in a different way, and hengedhenot be directly compared to the potentialssshim the figure. For
example, Langford et al. (2017) showed that therisoe emission potential of oak might differ with 1o a factor of four
depending on which algorithm is used when standengli Additionally, MEGAN provides emission poteis$ for plant
functional types and not for individual tree spsciédccording to Guenther (2013), the emission p@tnof needle
evergreen trees in MEGAN are partly based on liteeavalues included in Fig. 4. Be aware that @enp@ints in Fig. 4
represent only one measurement point, while m@sesent an average or median value based on a éasurement points,
or e.g. in the case of Aalto et al. (2014), moenth00 or 200 data points.

The emission potentials of new foliage during sgrand early summer, based on Aalto et al. (2044),much
greater than any other reported monoterpene emigsitentials from Scots pine needles. The emigsidentials, calculated
from Aalto et al. (2014), of new needles decredseughout the season, while the corresponding fiaterof mature
needles stay largely the same, when they have almiaafter the initial short peak (Figs. 4, 5, dalt al. (2015)). Tarvainen
et al. (2005) and Komenda and Koppmann (2002) atserved significantly higher monoterpene emisgiotentials from
buds and new foliage, respectively, during spritgugh not as large as Aalto et al. (2014). Howesach a seasonal
pattern is not detected in all studies (e.g. natanson, 1993 and Hakola et al., 2006). Raisdnah €009), who measured
the emissions from new and mature needles, indiiuand without contributions from the woody gadf the branches,
showed that the potential of new needles to emioterpenes is twice as high as that of mature eseshen calculated
based on the dry mass of the needles. This is basedeasurements from August-September, and isdardance with
findings by Aalto et al. (2014), who show that tlifference in the potentials of the two needle aelgsses is about a factor
of two in August (Fig. 3f). However, when Raisaretnal. (2009) determined their emission potenti@sed on needle
surface, instead of needle dry mass, the authdrsatifind a significant difference in the emissjmstentials.

By far most literature values, which are basedrmoicsure measurements, are reported to be withth~P.377g g
! This also includes the entirety of emission ptiéds of mature needles based on Aalto et al. (R0A4ew points range
up to ~6g g* h*, while only one measurement point results in @piial of ~157g g* h* when data based on Aalto et al.
(2014) is not considered. These few high potentiesdsbased on measurements during spring and autaroranches where
both new and mature foliage were present, or inaase, only mature needles (Ruuskanen et al., 2008) exceptionally
high value of ~151g g* h™ originates from one measurement point of a matho®t carrying buds (Tarvainen et al., 2005).
The smallest reported potentials (~0.f g* h™) are of new needles in the end of the growing @eaand based on
measurements by Aalto et al. (2014). The repornteidston potentials of Scots pine seedlings areddarthe lower end of
the range (~0.2-0.9g g* h™), even though up to half of their needles areaniryear generation. However, the emissions
from the seedlings were measured in the laboradorin a research garden, and thus it is possikdé tthe plants emit
differently than plants growing in the field (Niimets, 2010; Faiola and Taipale, 2020).

One reason for the discrepancy between the findiyg&alto et al. (2014) and previous chamber stdie Scots
pines might be that other investigators, exceps®&in et al. (2009), have not measured the emssfiom buds/growing
needles and mature needles separately. And it nightery challenging to determine emissions frordsbar growing
needles, if the majority of needles inside the d@mnare mature. Another reason might be that tiseaelarger uncertainty
connected to the quantification of the biomass twhies measured by Aalto et al. (2014), since dfifficult to quantify the
biomass of the stem and needles very accurateynyagiven point of time, when the elongating bratips are measured
continuously. Accurate biomass measurements wagdire the branch to be cut. As mentioned abovs, pbssible that

the enhanced emissions observed by Aalto et al4(2?@o to some extent originate from the elongafgrgen) stem rather
9
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closure is similar in other studies, since moseptranch scale measurements have also includestehe tissue in the
enclosures and also provide the emission rate gestle mass.

Five papers report ecosystem scale fluxes of Suioks forests. Rinne et al. (2000) provide an edesysscale
emission potential that is within the range repiftem enclosure measurements (1§ g* h), while Rinne et al. (2007)
and Réaisanen et al. (2009) report values thatlayletly higher than the general range (2.5 and2g9g* h%). The potential
by Raisanen et al. (2009) is reported as a seasopahge (July - mid September) and is notablyéiighan the potentials
based on Aalto et al. (2014) during the same timgod. Canopy scale emission potentials by Taigalal. (2011) and
Rantala et al. (2015), which both measured in SMHARuring separate years, are in a very good agee¢ with each
other, though the micrometeorological method wdfemint. Both studies observe a clear diminishmanthe forest's
potential to emit throughout the summer. The padéauring April was, however, found to be lessrtlturing the summer
months (Rantala et al., 2015), which can partly,drabably not fully, be attributed to the fact thiae potential represents

the entire month of April, while buds and new fgksare only contributing from mid April onwards.
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Figure 4. The monoterpene emission potentials of Scots péeelles standardised to 30 < 0.09 °CY. (b) is a zoom of
(a), hence be aware of the different scales on theig/-tncluded in the figure are potentials calcethbased on Aalto et al.
(2014) together with other literature values (sedbl& A2). Literature values, which have been reddedised to 30 °C,
represent different years and locations (see TaBJe“New”, “mature”, “bud”, “seedling” and “ecosyam” indicate that the
emissions were measured from either new or mateeellas, from buds or seedlings or as an ecosystala ffux. A “?”
indicates that no information was provided aboatabe of the measured needles, but it does neidacheasurements from
seedlings nor the entire ecosystem. The added karsrto literature values are those that the mispeauthors reported.
Sometimes error bars were not provided in the paerd hence none are shown in the figure. Err &i@ not added to
the potentials calculated based on Aalto et all42@ue to clarity (see instead Fig. 3 for the atéoh). When the authors
have only provided a seasonal emission potentialvalue is indicated in the figure as a line #dns the period during
which the authors measured the emissions. The imip®tential reported by Ruuskanen et al. (20083 weported as a
range for the measured period, which is illustrdigdhe box in the figure. We refer to Table A2 forther details about the

literature values used.
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2.3.3 Monoterpene emission potentials used in oualculations

We calculated the potential importance of new Spaie foliage on total canopy monoterpene emispimential using the
means of the weekly medians of the monoterpenes@mipotentials from 2009-2011, based on Aaltol.e2914). In our
investigations, we also considered the minima aadima of the weekly medians of the monoterpene &ornispotentials
from the three measurement years (Fig. 5). In ai@eonduct our analysis, we have to assume tistshepresentative for
southern Finland. In order to approximate the irfice of new Scots pine needles in northern Finlaedassumed that the
potentials of needles to emit monoterpenes ardaginm southern and northern Finland, but that tdegend on timing of
foliage growth. Since the foliage growth onsethat EMEAR | station is delayed by two weeks of gedn at the SMEAR |l
station, also the monoterpene emission values k-footmature and new foliage — were delayed acogidi(Fig. 5). Since
needle growth has been observed to end about 1 eedikr in northern than southern Finland (Fig. tAg seasonally
dependent emission potentials of northern Finlaamgehbeen modulated likewise, thus, the emissioantials have been
adjusted to fit the more intensive, but (~ threeks} shorter period of growth in the north (Fig. B)e presumption that the
potential of the foliage to emit monoterpenes imilsir in southern and northern Finland is naturalyinected with some
degree of uncertainty, since observations from needles in the north are limited, but neverthesegsported by previous
investigations on Scots pine (Tarvainen et al. 52@Mhd silver birch (Maja et al., 2015) in Finlafdhally, we assumed that
all mature needles have the same potential to exmitoterpenes independent of their needle age dassigh Scots pine
foliage preserves its ability to emit monoterpeatter a completed growing season (Vanhatalo eR@ll8), we only focus
on the period of growth, as our interest lies i difference that new and mature foliage preséis. difference diminishes
by the end of the growing season, as the potertiaéamit are then similar for all needle age clas&bservations from

SMEAR | and Il were utilised due to data availghiind in order to provide estimates across ailditial gradient.
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Figure 5. The monoterpene emission potential§afnew, andc) mature Scots pine foliage as a function of thes@ean
southern and northern Finlar(®) is a zoom ofa). Note the different scales on the y-axis. Blackves are calculated as the
means of the weekly medians from 2009-2011 (basedaito et al. (2014)). The grey areas illustrdte tange of the
emission potential. The lower and upper bordershefareas are calculated as the minima and maxfntheoweekly

medians of the three measurement years.

2.3.4 Traditional approach: canopy emission potergil with Megan algorithm

In our analysis, we compared the canopy emissidanpial resulting from Aalto et al. (2014) with aropy emission
potential that assumes that the emission poteafialirrent year needles is enhanced in a similarm@aas in Guenther et
al. (2012). This “MEGAN style” canopy emission patiel has been calculated as:

€canopy,MEGAN style = €mature X Fmature + €growingmecan X Frew + €new mecan X Foua (3)

where Jpnewmecan @nd Fyq are the emission potential and fraction of neviafy# before needle elongation properly starts,
respectively, whilel groning mecan @Nd Fey are the emission potential and fraction of neviafge during the period with a
significant needle elongation rate, respectivélyare mecan 8Nd Frawre are the emission potential of mature foliage and
fraction of mature foliage, respectively. Using tleefficients from Guenther et al. (2012, Tableh&t describe the relative
emission rates of buds, growing and mature foligge,(3) can be reformulated to:

€canopy, MEGAN style = €mature X Fmature + 1.8 X €mature X Frew + 2 X €mature X Fpua 4)

which can be shortened to:

ECanopy,MEGAN style = €mature X (1 + 0.8 x Fnew + Fbud) (5)
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from Fig. 2c. kg is the fraction of new foliage until ~13th of May southern Finland (Fig. 2c and Aalto et al., 20Hi).

3b) and until ~27th of May in northern Finland (F&t). Ry is then the fraction of new foliage during 13/522fh southern
Finland (Fig. 2c and Aalto et al., 2014, Fig. 3bjlauring 27/5-26/7 in northern Finland (Fig. 2c).

2.4 Scots pine forest stand coverage in Finland

We utilised the coverage of Scots pine forestsiimaRd of different tree age classes (Fig. 6) friti@ Finnish Statistical
Yearbook of Forestry 2014 (page 59, Table 1.13, M/loountry, National Forest Inventory 11 (years 2@013), Pine
dominated). The presented total area (12.931kaponly includes Scots pine trees present orsféaed, hence Scots pines
growing on poorly productive forest land (~12 %fofest land in Finland, Finnish Statistical Yearkad Forestry 2014)
are not accounted for, since no data is availabie. coverage of Scots pine on forest land is 6.06%ka in southern
Finland and 6.867xf0ha in northern Finland (Finnish Statistical Yeakaf Forestry 2014). In our calculations, we
assumed that there is an even distribution of toéedl ages within each tree age class (Fig. @&nd¢, within the first tree

age class (1-20 years), we excluded 45 % of tmelsieea, as it is assumed to be covered by tregs1a§ years.
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Figure 6. Scots pine forest stand area in Finland expreasedfunction of tree age. Data from Finnish SieéisYearbook

of Forestry 2014 (page 59, Table 1.13, Whole cquiNational Forest Inventory 11 (years 2009-20P¥)¢e dominated).

3 Results and discussion
3.1 The emission potentials of new and mature Scqténe foliage as a function of season

Though the emission potential of new foliage ishhithe corresponding biomass is low. Hence, in otaénvestigate the
potential importance of new foliage to the wholeets foliage emission potential, the products efeémission potentials of
new (Jnew) and mature [ nawrd foliage, respectively (Fig. 5), and the fractidhat new (k.,) and mature (f..9 foliage
make of the total foliage, respectively (Fig. 2aje compared{(hew X Frew VS Dmature X Fmawrd @S @ function of season, for
trees of different ages and locations (Fig. 7). High emission potential of new foliage counters #mall mass of
developing buds and needles in spring, and consélgugew Scots pine foliage can be responsibletiermajority of the
whole tree’s foliage emissions of monoterpenes ndurspring time, independently of tree age and ionatin our

estimations, new Scots pine foliage then genewradyounts for ~80 - 90 % of the total monoterpenésion potential of
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Finland, though at times it could be even highdrodgh the new foliage biomass increases as thersgaegresses, the
very high new foliage emission potential collapgeshe beginning of the summer (Fig. 5), and th@antance of the
emissions from new Scots pine foliage thereforeeheses as a function of the season (Fig. 7). Theibation of new Scots
pine foliage to the whole tree’s emissions decreasth tree age (Fig. 7), because the proportiomea¥ foliage of the total
stand foliage mass decreases with an increasedrage (Fig. 2c). Likewise, new foliage accountsaftarger fraction of the
total Scots pine monoterpene emissions in soutttean in northern Finland (Fig. 7), where needles greserved for a
longer time (Fig. 2c). We appreciate that the gdtation of the emission potentials based on Aattal. (2014) to trees of
different ages and for making estimates of treemwignrg in northern Finland can be very uncertain doelack of

observations.
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Figure 7. The emission potentials of monoterpenes multipbgdhe fraction of either new (black stars) or unat(black

diamonds) needles for Scots pines of different dged: 10 yearsh+e: 25 yearsc+f: 250 years) and locations (a-c.

southern Finlandj-f: northern Finland). The grey areas illustraterdmges caused by interannual variations in the somis
potentials (Fig. 5). Dark grey areas representénge for new needles, while light grey areas mgiche range for mature

needles. Be aware that the y-axis changes betweatifterent subplots.

3.2 The potential importance of new foliage to thevhole Scots pine tree’s foliage emission potential

The canopy emission potentialS tw X Frew * Umature X Fmawrd, @S @ function of season for trees of varioussaayed
locations, are compared, in Fig. 8, to (1) the siois potentials of mature foliagel {awre Fig. 5¢), as several widely used
models (e.g. LPJ-GUESS and ORCHIDEE) assume tleainibnoterpene emission potential is independeneeflle age,
and (2) canopy emission potentials that assumethieagmission potentials of current year needlesahanced in a similar

manner as in Guenther et al. (2012) (see Sec. faBHow this was calculated). We did not direattynpare our canopy
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tree species specific, but instead plant functidyyé specific emission potentials, and often thegume some dependency
on light. It is possible that models will greatlpderpredict canopy emissions during the first ~adnths of the growing
season in southern Finland if they assume thainiieoterpene emission potential is independent eflleeage or that the
emission potential of new foliage is enhanced isirailar manner as in Guenther et al. (2012) (Fig. The estimated
underestimation will be less severe for predictiohemissions from northern than from southernafidl (e.g. up to a factor
of ~7 vs ~29 for 10 year old forest), and more sever younger than older stands (e.g. up to afaut ~29 vs ~19 for 10
vs >50 year old forest in southern Finland, Fig. 8)teAf~1st of July, the estimated underestimatiothencanopy emission
potential of Scots pine growing in southern andthremn Finland is less than a factor of 2.5 andegpectively. Assuming
that the emission potential of new needles is ecddias in Guenther et al. (2012) will only leagtoeglectable increase in
the Scots pine canopy monoterpene emission poltéRita 8).

Canopy scale emission potentials by Taipale e(2411) and Rantala et al. (2015), derived from icoious
micrometeorological flux measurements of a ~50 y#drmpine forest in SMEAR II, are included in FRr for comparison.
We appreciate that the measured canopy, withinrea with a radius of 200 m, is only covered by 4%%cots pine (and
~25 % other tree species). Thus our results camndirectly compared to Taipale et al. (2011) aadtRla et al. (2015), but
these two studies provide the most suitable obfiensfor validation of our results. Be also awénat data from April
from Rantala et al. (2015) represents the meadilugdduring the entire month, also before buds atahgating needles
contribute to the emission. We refer to Table A2hia Appendix for details on how these potentipkr (@round area) have
been converted (to per foliage mass). The repartewbpy scale emission potentials agree very weh wur suggested
whole tree foliage emission potentials and the eigent is much better than that between Taipalé €@l1) or Rantala et
al. (2015) and assuming that the emission potergi#thdependent of needle age or that the potenfialew foliage is
enhanced as in Guenther et al. (2012). Our endederved canopy emission potential overestimates d¢anopy
micrometeorological-derived potential by a factdr~d.6 during May, and then slightly underestimatesiuring the
summer. The overestimation can partly be due teramnual variations in emission rates and seasffiage mass
development, and partly due to plant-to-plant ame (as rates by Aalto et al. (2014) were conellicin one tree). An
underestimation during summertime is expected,esthe emission potentials by Taipale et al. (20drid Rantala et al.
(2015) consider all sources of monoterpenes inettesystem, and not only Scots pine foliage. Thekktianal sources
include at least Scots pine stems, forest floodeustory vegetation, Norway spruce (15 % of thexdjteand deciduous
species (~10 %) (Back et al., 2010; Aaltonen et24l11, 2012; Vanhatalo et al., 2015; Maki et 2019; Rissanen et al.,
2020).
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Figure 8. (a-f) The monoterpene emission potential of Scots pamopies of various ages and locations. The canopy

emission potentials are illustrated for Scots ptends aged 1(a+d), 25 (b+e) and =50 (c+f) years old, growing in

southern(a-c) or northern(d-f) Finland. “MEGAN style” assumes that the emissioteptials of buds and growing needles
are 2 and 1.8 times that of mature needles, respbc{see Sec. 2.3.4), while “Mature needles” pras that the emission
potential is independent of needle age. Canopy somspotentials for a ~50 year old Scots pine foerived from
micrometeorological flux measurements by Taipalale2011) and Rantala et al. (2015) are incluidedomparison irc.
Ranges of the whole foliage emission potentialrareincluded in this figure due to clarity, instead refer the reader to

Fig. 7 for an idea about the range. Please pagtatteto changing scales on the axes.

3.3 Effects of stand age and season on the estinthitnderestimation of the whole Scots pine tree’s flage emission
potential

The estimated underestimation of the whole Scote piee’'s needle emission potential caused by apsidering the
enhanced potential of new foliage, is presentedrign 9 as a function of tree age, for southern andhern Finland
separately. The ranges in the estimated underdgiimare provided in Table A3. The estimated unstémeation has been
calculated individually for the spring and for thel season, since new particle formation eventgehaeen shown to occur
more frequently during March - May in both southard northern Finland (Vehkamaki et al., 2004; Mako et al., 2005,
2007; Manninen et al., 2010; Nieminen et al., 20Z4dna et al., 2016). Hence, in our calculationsingpstarts at the same
time as emissions from new foliage is observedlasts until the end of May, while the full seasatunally includes the
entire measurement period. Trees aged less thamed® are excluded from our analysis, as it migithe reasonable to
extrapolate conclusions extracted from emissioa ntasurements of a ~50 year old tree to very ytneeg. For example,
Komenda and Koppmann (2002) showed that the emigsitential of a 40 year old Scots pine tree wamutlfive times
higher than that of 3-4 year old seedlings. It &thobowever, be mentioned that measurements ofisgedvere conducted

in laboratory conditions, thus the difference inigsion potential between seedlings and mature tragist be less.
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entire growing season in southern Finland is simtdanot accounting for the greater emissions fr@w needles during the

spring in northern Finland, especially in the casegounger Scots pine tree stands. An additiomgdartant conclusion

from Fig. 9 is that it seems that neglecting the afjthe stand only leads to a minor error if inegevity of needles is short
(max ~8 %), but to a larger error if more needle aljsses prevail (max ~20 %). This is becauseelhdgive proportion of

new needles in stands that carry more needle agsed varies more between individual stands oéréift ages (Fig. 2c).
Tree age is not usually considered specificallBMOC models, instead only the biomass and/or |leaé andex is/are

included.

The spring time differences in emission potentials lead to uncertainties in predictions of mommee emissions
that are much greater than what has been estirbgtéédmb et al. (1987) and Guenther et al. (201RgsE investigators
have estimated that the uncertainty on annual ¢kaéssions of monoterpenes into the atmospherk dmiaround a factor
of three in total, with about 15-25 % of that uraaty attributed to emission potentials (Lamb let E987; Guenther et al.,
2012). Guenther et al. (2012) emphasis that themertainties are estimated fannual global emissions, thus the
uncertainty can be much greater for specific timed locations. Though the emissions from Scots ppeeies have been
extensively measured, emissions during spring timmee only relatively recently received more appiatprattention, thus it
is reasonable to assume that model estimates infgsipme Scots pine BVOC emissions are connecteld avilarger-than-

average uncertainty.

-40 MEGAN style, growing, N.F.
Mature needles, growing, N.F.

. 45r MEGAN style, spring, N.F.
B Mature needles, spring, N.F.
o -50 m— MEGAN style, growing. S.F.
. == =Mature needles, growing. S.F.
2 e S (TTTE MEGAN style, spring, S.F.
o === Mature needles, spring. S.F.
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Figure 9. The estimated underestimation of the whole Sciiis pee’s needle emission potential caused byoosidering
the enhanced potential of new foliage, presentexdfasction of tree age. The estimated underestiméias been calculated
as: (the integral of “other study” - the integrél“®his study”) / the integral of “This study”, whe “other study” is either
“MEGAN style” or “Mature needles” and the integralse the areas under the curves presented in Fighe8 estimated
underestimation has been calculated for the s for the growing season separately and for bottthern (S.F.) and
northern (N.F.) Finland. Ranges in the estimatedemgstimation are not indicated in the figure duelarity, but they are
provided in Table A3.

3.4 Potential national level impacts caused by ontilhg the enhanced emissions from new Scots pineitade

About 12.931110° ha in Finland, i.e. ~43 % of the total land areaFinland, is covered by Scots pine forests (Fimnis
Statistical Yearbook of Forestry 2014). Hence, ¢sémated underestimation of not considering thésgon potential of

new Scots pine foliage (Fig. 9) is upscaled todndlin Fig. 10. This has been estimated by (1)utaing the mean of the
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product of the mean foliage biomass (Fig. 1a) witch tree age class (Fig. 6) and the stand atieia wach tree age class
(Fig. 6). For this calculation, we have assumedlttiiere is an even distribution of trees of allsagéthin each tree age class,
and we have excluded the fraction of trees youtiggn 10 years old. Hence, it is assumed that tiseme underestimation
connected with the emission potential of Scots imest aged less than 10 years. The results gegbanFig. 10 only refer
to potential underestimations in the emission piiénof Scots pine dominated areas and not tanargéemission potential
that would be representative for the entire Finlamdl hence also consider e.g. Norway Spruce andugadeciduous
species. In our estimate, the national scale usiogytis controlled by the uncertainty connectedre®s aged50 years,
because the majority of trees in Finland are otdan 50 years and their foliage mass is larger thahof younger trees.
Thus, it seems largely unnecessary to include @ &ige dependent emission potential for regionaglobal annual
calculations of BVOC emissions. However, an exdaswill lead to an error of up to 20 % in simulatsoof specific

locations.

Estimated underestimation of ¢ (%)

[ southern Finland
[—IMorthern Finland

Figure 10.The estimated underestimation of the whole Sciois fpee’s needle emission potential caused byowesidering
the enhanced potential of new foliage, upscaldeintand. The estimated underestimation has beeuleatd for the spring
and full growing season separately, and for southed northern Finland, separately. Errorbars ased on the interannual

variations in the emission potentials (Figs. 5, 7).

4 Implications
4.1 Emission potentials used in models

We emphasize that, in this study, we have not inyat®ed how much MEGAN, LPJ-GUESS, ORCHIDEE or anliyer
model could be underestimating the potential oftSgine canopies to emit monoterpenes. This wdidst, of all, be
inappropriate considering the fact that our estiomegt are based on a single measurement study. @gcdrwould largely
be impossible, as it is not entirely transparent noodels attain the emission potentials of thedmplfunctional types. The

sources of literature are provided in the modelcdpson, but often it is unclear if the plant fuimmal type emission
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distributions. Such information is vital, since &pine was the sole focus of our study. Additibnat is also unclear how

literature values, which are most often standaddiseeither 25 or 30 °C, are re-standardised to dépend on light, when
no information about light is provided in the l&¢ure sources. Instead, we have explored how seeltintents of the

emission potential, which are used in models, ead ko a potential underestimation. As ecosysteate $ltix measurements
become increasingly available, such data is pregrely being incorporated into biogenic VOC emissionodels. This is

fortunate, since such measurements capture the emtiissions from the ecosystem. Unfortunatelyh sneasurements are
most often conducted in summer. Thus, if the p@énthey produce are not modulated by the seasomedels, a similar

underestimation persists.

According to Guenther (2013), the emission poténtid Needleleaf Evergreen Boreal Trees in MEGANLvare
based on enclosure and canopy micrometeorologieaburements and landscape inverse modelling ajusbioreal forest
species. However, almost all measurements of Szots utilised for compiling the monoterpene emisspotential are
enclosure measurements (Guenther, 2013). Resulisipgle et al. (2011) and Rantala et al. (201B)raat considered in
MEGAN v2.1, at least in the latter case due to(iit®re) recent publication date. Micrometeorologic@asurements by
Rinne et al. (2000, 2007) and Raisanen et al. (2869 considered (Guenther, 2013), but these memsunts were mainly
conducted during summer time. The monoterpene @niggotential of the boreal needleleaf evergreae ttype in
ORCHIDEE is extracted from the corresponding eroisgiotentials used in Guenther et al. (2006, 204y, otherwise
exclusively from literature on enclosure measureésamen Scots pine is concerned (Messina et al6R0PJ-GUESS by
far mostly considers enclosure measurements fostagriion of their emission potentials, but ashia tase of MEGAN,
also ecosystem scale fluxes from Rinne et al. (p@@®used (Schurgers et al., 2009).

Monoterpenes are not the only atmospherically sele¥WOCs that have been shown to be emitted intantially
greater quantities from new than mature Scots pagglles (Aalto et al., 2014). For example, Aaltalef2014) showed that
the emissions of methanol, acetone and 2-methili82n-2-ol from developing needles can contributh wp to about 50,
35, and 75 %, respectively, of the whole tree g@i@missions in case of a ~50 year old Scots parelslt is also possible
that emerging foliage of other evergreen, conifeze species would have a similarly much higheepidl to emit VOCs
than its corresponding mature foliage, as foundaito et al. (2014). If that is in fact the cadeg impact of new needle
emissions might be even larger than for Scots furests, because many evergreen trees, espedcidtiygical regions, have
several needle cohorts flushing annually. Sincegreen trees are dominating in many ecosystemsdrthe world, more
measurements are required in order to improvedapeesentation of the emissions of atmosphericallyoirtant VOCs from

new evergreen conifers foliage in models.

4.2 Potential impacts on monoterpene emission prexdions from Finland

The potential error of not accounting for new fgkamonoterpene emissions in the canopy’s emissiteénpal translates
directly into the predicted emission rates, as simis potentials are multiplied with various actvitactors in models in
order to produce the emission rates (e.g. Guemthal., 2006, 2012). Thus, under the same enviroteheonditions and
foliage mass or leaf area index, a change in thestom potential leads to a proportional changthepredicted emission
rate (F):
AF 0 AT
(6)
We investigated how many Gg of monoterpenes thesaris from Finland could be underestimated, igbioc emission

models only consider the emissions from maturexdai For this analysis, we utilised Eq. (5) in Ghenet al. (1993) and
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stand area (A, Fig. 6):
AF = Z (Enew+mature,i,j - Emature,j) X exp (.B X (T] - Ts)) X Mi,j X Ai (7)

together with weekly averaged air temperature @nd) 2014-2018 at the SMEAR 1l (16.8 m, Aalto ¢t 2019a) and
SMEAR | (9 m, Aalto et al., 2019b) stations. In @alculations, it is assumed that the temperattiedl meedles equals the
ambient temperature, which is a reasonable assomfuf low density canopies (Pier and McDuffie 1897; Martin et al.,
1999; Zweifel et al., 2002; Leuzinger and Kérned0?). T; andp are the same as in Sec. 2.3.1. Eq. (7) considars o
suggested canopy scale emission potentials (Figin8)our emission potential of mature needles (8jg.Our estimate
suggests that about 27 Gg of monoterpenes coulddd#&ionally emitted from Finnish Scots pine fosegearly, if the
enhanced emissions from new foliage are explicitigsidered. The majority of these additional eroissj namely ~23 Gg,
originate from southern Finland. This is partly daénigher temperatures in the south (the diffeeeindhe weekly averaged
temperature between SMEAR | and Il was 3.1°C dutireginvestigated period), but mostly caused bgnaller production
of new foliage in the north. The areas covered tgt$Spine are almost identical in southern andheort Finland (Finnish
Statistical Yearbook of Forestry 2014, Table 1.12).

The estimate of how many Gg of monoterpenes thesams from Finland could be underestimated, ispayed
to several studies that have predicted the emissidrmonoterpenes for Finland using different medeid methods, in
Table 1. Please be aware that these estimategleomsnissions from all terrestrial land coversimand, and not only from
Scots pine forests, except in the case of Kelloreikil. (2001). Though Scots pine is the dominargst species in Finland
(~65 % coverage of forest land), Norway spruce krwhdleaved species make up significant fractidnhe forest land
(~25 % and ~10 %, respectively, Finnish Statistiéedhrbook of Forestry 2014).

Our estimate of emitted monoterpenes from new Spits foliage is comparable to Kelloméki et al. 2Ps
estimate of monoterpenes emitted from the com@@etits pine foliage in Finland. Other studies ednthat the emissions
of monoterpenes from all forest types in Finlanchaip to 105-230 Gglyr, with all except one studygiag the emission to
105-160 Ggl/yr. Though our estimate of additionaltyitted monoterpenes is within the range coverettiénliterature, the
addition is still very significant and in some casmrresponds to about 25 % of the total monoterganission estimate

from Finland.

Table 1. Other studies that have estimated the emissiomsoobterpenes for Finland using different modeld erethods.
Be aware that these values do not only cover thestans from Scots pine, but all terrestrial lamdar, unless otherwise

specified.

Study Monoterpene emission (Gg/yfr) Notes

Kelloméaki et al. (2001) 30.3 (southern Finland:915. | These values are only for Scots pine and calculaséad)
northern Finland: 14.4) the total annual monoterpene emissions given in
Kellomaki et al. (2001) Table 4 and multiplied et
Scots pine land cover in southern and northerraRih|
respectively (Finnish Statistical Yearbook of Fongs
2014, Table 1.12).

Lindfors and Laurila 150

(2000)

Lindfors et al. (2000) 160

Oderbolz et al. (2013) 105, 145, 230 The threedsffit values listed correspond to three
different vegetation inventories used for model
simulations.

Simpson et al. (1999) 160
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4.3 Potential impacts on predictions of new parti@ formation and growth

BVOCs, and especially monoterpenes, have been stoparticipate in the formation (Kulmala et a998, 2014; Donahue
et al., 2013; Riccobono et al., 2014; Schobesbeegjaal., 2013) and growth (Ehn et al., 2014; Rigpiret al., 2012)
processes of the climatically important secondaganic aerosol particles in the atmosphere. Thdugieal forests are
globally a small emitter of BVOCs when comparedetg. the tropics (e.g. Guenther et al., 2012; Gwnt2013), the
ambient blend of BVOCs in boreal forests is, intcast to e.g. the Amazonian rainforest, favorableproduction of new
particles (e.g. Lee et al., 2016). Previous stuftm® sites in the boreal forest indicate for exéarthat 12-50 % of aerosol
mass and 50 % of the climatically relevant clouddansation nuclei originate from forests (Tunvedlgt2008; Sihto et al.,
2011). In the specific case of Finland, it has bestimated that particle formation causes a logdiative perturbation of
between -5 and —-1#m~2 (global mean -0.03 to —-1.Wm™2) (Kurtén et al., 2003). As already stated earltbe
frequency of new particle formation events in bbrfeaests have been observed to be highest dummiggs time. We,
therefore, extrapolate our results in order to ssdbe potential impact that an exclusion of theaesed emissions of
monoterpenes from new Scots pine foliage duringnggime can have on predictions of formation anaiwgh of small new
particles in locations without measurements, odjste®ns of future climate.

As stated in Sec. 4.2, a change in the emissioenfiat is proportional to a change in the (prediftemissions
under the same environmental conditions. Under séime boundary layer conditions, a change in thessams of
monoterpenes is largely proportional to a changiénatmospheric concentration of monoterpenes (M hence in the
concentration of oxidised organics (org), if these in the concentrations is not extreme (seeSenglander et al., 2014):
AF [ ~A[MT] [0 ~A[org] (8)

The calculated canopy scale emissions of monotegpdaring spring time increase with 180 % in naribénland and by
560 % in southern Finland, when the emission p@knof both new and mature foliage are considesiad,compared to the
situation when only the emission potential of matneedles is included. This has been calculatefthasintegral of “This
study” - the integral of “Mature needles”) / thadgral of “Mature needles”, where the integrals toe areas under the
curves presented in Fig. 8 during the spring tirmgqal. The values are therefore also differentitp EO, since those have
been calculated as: (the integral of “Mature neg€diehe integral of “This study”) / the integral ‘@ his study”.

The formation of neutral 2 nm sized clustegsfrdm sulfuric acid (HSQ,) and oxidised organic compounds can be
expressed as follows (Paasonen et al., 2010):

J» = Ky X [H;50,]% + K, X [H,S0,] X [org] + Kg5 X [org]? (9)
where K3 are kinetic coefficients. The condensational grovate, GR, of 2-3 nm particles can be calculatedodows
(Nieminen et al., 2010):

GR=05nm-h"1xCCx1077 cm? (10)
where CC is the concentration of condensable vapauhnich we assume to be the sum of sulfuric anil @ganics. We
assume that the molar mass of organics is fourstimgher than that of sulfuric acid (Ehn et al.12Dand hence we can
write:

GR = 0.5nm - k™1 x ([H,S0,] + [org] x 4*/3) x 1077 cm? (11)
Changes in the formation and growth rate dependhenmabsolute concentrations of sulfuric acid anilie®d organics.
Hence, we have calculated the impact on formatioth growth rates utilising sulfuric acid concentwas of1 — 10 -
10° cm™2 and concentrations of organic condensabled ef5 - 107 cm™3, which are reasonable ranges according to
measurements of sulfuric acid and estimates basetservations of growth rates, respectively (Paaset al., 2010). The

increase in the formation and growth rates areutatied in a similar manner as in the case of théssams: (Y1-
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needles, and Y2 = emission, formation or growtle rdnsidering only the emission potential of matueedles. In our
calculations, we assume that simulations includirggemission potential of both new and mature Sgiis foliage would
lead to concentrations of organic condensableberrange ofl — 5 - 107 cm™3. Thus, [org] is decreased by a factor of 2.8
(northern Finland) and 6.6 (southern Finland) ie tlalculations of the formation and growth rateisgi®nly the mature
foliage emission potential. The resulting changethée formation and growth rate are presented lera and illustrated in
Fig. 11.

Models would predict significantly higher formatiamd growth rates of small new particles duringr&ptime, if
they considered the enhanced emissions from nets $ate foliage. Since the increase in emissiomaafoterpenes would
be highest in southern Finland, also the inductiothe simulated new particle formation and growtbuld be greatest
there. The scale of the enlargement largely dependke ratios of concentrations of sulfuric aaml @rganics originating
from monoterpene oxidation. Hence, the increaseshén predicted formation and growth rates are nodéshigh
[H2SOy)/[org], but still greater than the uncertainty cected to the instrumentation used to obtain thesr@Manninen et
al., 2016; Wagner et al., 2016; Kangasluoma andtk&en, 2017) and the uncertainty related to theutzion of these
rates (Yli-Juuti et al., 2011). At low B$Q,)/[org] (e.g.% [ 10" cm®), L would be predicted to be ~10 times larger in
southern Finland, when also considering the enltheceissions from new foliage, while the correspogdgrowth rate
would be ~6 times greater. Such increases in thdigions of new particle formation and growth wbsgkverely impact
climate change predictions.

We emphasise that we are here not claiming thatlideepancy between field observations and mobzligtions
of new patrticle formation can solemnly be explaifgdan exclusion of BVOC emissions from new foliaget instead
estimate how much aerosol processes would be peedic increase if the enhanced emissions from ®eots pine foliage
were included in models. Accounting for emissiormf stems (Rissanen et al., 2020) and emissiortsofnam mature
foliage earlier in the season (Aalto et al., 200®uld additionally work towards a closure of thepg&®ronounced early
spring time emission bursts from mature shootsahg partly included in our estimates (Fig. 5chca such bursts have so
far been shown to mainly take place before growthety and thus before the period that our studyetar(Aalto et al.,
2015). We accentuate that the influence of BVOCserosol processes is far from simple and the fiomaf aerosol
particles e.g. also depends on the absolute camtient of individual compounds and blend of VOCg(d.ee et al., 2016;
Faiola et al., 2018, 2019; McFiggans et al., 204i&irni6 et al., 2020). The results presentedhis section are connected
with a large degree of uncertainty, since no odwgrations than those given in this section werd fizethese calculations
and because our estimated underestimations of rifiesien potential in themselves are uncertain. ©aese of this
uncertainty is the assumption that emissions oaigirfrom storage pools only, and that a fixed valfif can be used to
describe the emissions throughout the season. #&s rakntioned earlier, previous studies have, horesreown that a
significant part of the emissions of monoterpenesnf Scots pine can originate from de novo synth@Stsrardo et al.,
2010; Taipale et al., 2011, Aalto et al., 2015; taknet al., 2015). Also, it is in reality knownattp can vary during the
season and can be different for individual mona@eepisomers (Hakola et al., 2006; Hellén et al180and hence can
cause significant seasonal variations in the catedl emission potential which are not necessatily (Hellén et al., 2018).
Thus, a different handling of the emission potdatimould impact the findings of this study, thouigls unsure to which

direction.

Table 2. Observed ranges in the concentrations of suliaecid (HSO,) and condensable organics (org) together with the
differences in the formation rate of 2 nm clusi@sy and growth rate of 2-3 nm particles (GR) whenititzeased emission
potential of new Scots pine foliage is considemdddition to the emission potential of maturedgé, and compared to
situations where only the emission potential ofuraffoliage is included. All values are for spriinge, while the resulting

differences A, andAGR) are provided for northern and southern Finlandividually. The concentrations of condensable
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assumed to be 2.8 times (northern Finland) andi®ds (southern Finland) less than the observedesdrations.

[H,SO) | [org] | [org] (cm®), [org] (cm®), AJ,, northern| AJ,, southern| AGR, northern| AGR, southern
(cm?®) (cm® | northern southern Finland} Finland (%) | Finland (%) [ Finland (%) Finland (%)
Finland, only | only mature
mature foliage | foliage is
is considered | considered

10 107 3.6-10° 1.5-10° 180 470 150 400

107 107 3.6-10° 1.5-10° 73 130 65 110

107 5 1.8 - 107 7.6 -10° 150 350 130 310
-107

106 5 1.8 - 107 7.6 -10° 280 860 170 520
=107

2

[X(L.7..62) G R

Figure 11. The potential impact of considering the enhanceéson potential of new Scots pine foliage duripgirsy.

“MT” refers to both emissions and concentrationsnoinoterpenes. The factors are provided as a mmimaximum range
considering trees growing in northern and soutl&nfand and different concentrations of sulfuriégdaand organics. The
increases in the emission, formation) (dnd growth (GR) rates are calculated as: (Y1-Y2¥100 %, where Y1 =
emission, formation or growth rate considering ¢ngission potential of both new and mature needied,Y2 = emission,

formation or growth rate considering only the emispotential of mature needles.

5 Conclusions

We have investigated the potential effects of abersing the enhanced monoterpene emission potaftiaéw Scots pine

foliage on the whole tree’s emission potential dasrection of season, stand age and location. Ahaouks, we used several

years of continuous measurements of the emissi@s 1@ monoterpenes from new and mature Scots foliege, and

growth models to predict the seasonal and yeanldpment of Scots pine needles. We found thairtiportance of the

emissions from new Scots pine foliage decreasasfasction of the season, tree age and latitudéritand. During spring
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independently of tree age and location. Our catimria suggest that neglecting the specific age fbtibiomass or leaf area
index) of the stand at most leads to an error &f %2in simulations of specific locations. We dentoate a good agreement
between our whole tree foliage emission potentialbjch account for the emissions from developindjafge, and
monoterpene emission potentials derived from measacosystem scale fluxes of a Scots pine domirfatedt. We also
show that the ecosystem scale-derived emissiomiiale of monoterpenes are in better agreement withwhole tree
foliage emission potentials than with the emisgotential of mature Scots pine foliage or the whode potential when it is
assumed that the emission from new foliage is esdgthim a similar manner as in MEGAN v2.1.

Our results suggest that the emissions of monategppdrom Finland could be underestimated by ~27 Gg
monoterpenes / year, which corresponds to a vemjifsiant fraction of the total monoterpene emissigredicted from
Finnish forests. The estimated underestimatiorspeeially severe during spring months where newigkarformation is
most frequent. Thus, the implications of our firglircan lead to increases in the predictions of &ion and growth rates of
small particles during spring time in northern Bimdl by ~75-280 % and ~65-180 %, respectively, angbuthern Finland
by ~130-870 % and ~110-520 %, respectively.

We speculate that the emission trait observed HtoAs al. (2014), on which our study is basedprisbably not
specific to Finnish Scots pine trees, nor is iedhat all Finnish Scots pines exhibit such tigit thus our findings could be
of importance in simulations of all places wher®tSg@ines make up a major fraction of the land coSece the certainty
of our conclusions are strongly limited by the #adaility of BVOC emission observations from new diss, we call for
additional spring time measurements of new foli&gech could either be conducted by separate enelaseasurements of
new and mature foliage or by measuring the ecosystale flux with micrometeorological techniquemcs it is possible
that other conifers species than Scots pine exhibimilar emission behaviour, measurements ofatiser evergreen needle

species are vital for improving emission algorithms
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In models, emission potentials of new and mature foliage are assumed to be similar.
VOCs emissions from new vs mature pine foliage can differ by 2-3 orders of magnitude.
Accounting for new foliage emissions significantly impacts annual emission estimates.

Enhanced springtime emissions can lead to enhanced aerosol formation and growth.
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