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Abstract. Long-term flux measurements of volatile organic compouf3X) over boreal forests
are rare, although the forests are known to emit consideghbunts of VOCs into the atmosphere.
Thus, we measured fluxes of several VOCs and oxygenated V@Tsdcots pine dominated bo-
real forest semi-continuously between May 2010 and Dece2®E3. The VOC profiles were ob-
tained with a proton-transfer-reaction mass-spectromeird the fluxes were calculated using ver-
tical concentration profiles and the surface layer profil¢home connected to the Monin-Obukhov
similarity theory. In total fluxes that differed significhfrom zero on a monthly basis were ob-
served for 13 out 27 measured masses. Monoterpenes hadytteshinet emission in all seasons
and statistically significant positive fluxes were detedtedh March until October. Other impor-
tant compounds emitted were methanol, ethanol+formic, acietone and isoprene+methylbutenol.
Oxygenated VOCs showed also deposition fluxes that wersstgtatly different from zero. Iso-
prene+methylbutenol and monoterpene fluxes followed vkellttaditional isoprene algorithm and
the hybrid algorithm, respectively. Emission potentidisnmnoterpenes were largest in late spring
and fall which was possibly driven by growth processes armhylag of soil litter, respectively.
Conversely, largest emission potentials of isoprene-+yfimitenol were found in July. Thus, we
concluded that most of the emissionsaf z 69 at the site consisted of isoprene that originated
from broadleaved trees. Methanol had deposition fluxescéshebefore sunrise. This can be con-
nected to water films on surfaces. Based on this assumptierweave able to build an empirical
algorithm for bi-directional methanol exchange that diesat both emission term and deposition
term. Methanol emissions were highest in May and June anokitem level increased towards fall,
probably as a result of increasing relative humidity levetgling to predominance of deposition.
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1 Introduction

Knowledge on biogenic emissions of volatile organic compts(VOCs) has been continuously in-

creased as a result of a development of modelling methodsxedded measurement network com-

munity @MMIL@MMMMM) VOCs, such as monoterpenes

and isoprene, make a major contribution to the atmosphkemcstry, including tropospheric ozone

formation, control of atmospheric radical levels, and aefarticle formation and growth. There-
fore, these compounds affect both local and regional aiitgj@end the global climatel (Atkinson and A;ley,
ML&M@&AIL@M@.& La.lJCD_&_KazmleI?ﬁlld))

In addition to terpenoids, vegetation also emits copiouswats of oxygenated volatile organic

compounds (OVOCSs). Their contribution to the total bioge¥iOC budget has been estimated to
be ca. 10-20% in carbon bamm&mmm.h

reactivity, OVOCs have only a minor role in the boundary fagieemistry but they can be trans-

4). Due to their lower

ported to the upper troposphere where for example methamopossibly have a major effect on

oxidant formationl(Tie et gLI‘ . ZQHS_:_J_@_O_b_eII MOOS).MeUI emissions have been widely stud-
ied in recent years (e.b_cmgmhadt[atjmz and refeseheeein). However, it has been recently
observed that methanol has also significant depositioma¢ szosystems. This deposition could be

related to the night-time dew on surfacmkm;wmmm_ej al.,
) but removal mechanisms of methanol from the surfagesti#l unknown (e.I.,

). In global estimates, methanol deposition is usukbgrmined with a deposition velocity that

is tuned to fit concentration observations, leading pogs$dlncertainties in methanol budget esti-
mates|(Wohlfahrt et $I., 2(2115). Other OVOCs than methareksen more poorly described in the

global scaIeIO).

Generally, boreal forests are important emitters of fomgxa monoterpenes, even though their

contribution to global total VOC emission is surpassed bpiisne emission from tropical rainforest
(e.gJ Guenther et LL;dlZ). However, the negative temyeranonoterpene emission-aerosol feed-
back on the regional climate is estimated to be significgmtqu-0.6 Wn2K 1, se al.,
m, and alst)_anmklﬂn_ej Ja.L,_ZbOS).
In order to describe the VOC exchange processes in modaisnaous Igj:erm ecosystem,
al.

used to study the dependencies of these fluxes on enviroameamtables. Also, even when the

or canopy, scale flux measurements play an important role 6). They can be
process understanding has been obtained by for exampleatabpexperiments, the evaluation of
model in ecosystem scale is a crucial step towards relidbleay exchange estimates. Unfortu-
nately, the ecosystem scale flux measurements are rare. &eaanple, even though branch scale

monoterpene emissions from Scots pine are Well-stulii_e_di&n_en_el_gilLZleizlaﬂLamﬂu_elt al.,
EQQ%LHQKQIQEI_AILZQIJ&_A&ILO_QJ LJMA._Z{OlS), ecasysscale emissions from Scots pine
dominated forests have been mainly explored in short cagnpahBiun_e_e_[_aLl.L_ZQ_leEl lg,_2§|)07;

Ghirardo et AIJ ZQiO). Longer time series have also catsdtmeasurements from May to Septem-
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ber only kRaisanen et ul., 26&9; Taipale At al., 12011). Tasstad a direct effect on the capability of

models to predict monoterpene concentrati g ).

Thus, we have measured ecosystem scale fluxes of VOCs usngraton transfer reaction

guadrupole mass spectrometer (PTR—LAS, Lindinger ell_&é)lﬁbove a Scots pine dominated for-
estin Hyytiala at SMEAR II (Station for Measuring Forest Bgstem—Atmosphere Relations) since

2010. In this study, we quantify the ecosystem scale VOC somis and deposition at a boreal for-
est site throughout the seasonal cycle. The most importa#ystem scale VOCs emitted at the
site are monoterpenes and metha@ 200@ wiklconcentrate on these compounds
separately. Isoprene is also analysed more precisely beamspite to its importance in the global
scale, ecosystem scale emissions have remained unstodedts pine dominated forests.

In the case of monoterpenes and isoprene, we will examingsénis with algorithms suggested

by@mner_ej_eltll_(ﬁba aljd Ghirardo At|a|_.(i010). Ourgseps to study how well the algorithms

are able to predict ecosystem scale fluxes, and how much iheeasonal variation in emission

potentials. As the last aim, we examine the importance ofitbthanol deposition, and develop a
simple empirical algorithm describing the bi-directioeaichange needed to achieve more precise
methanol flux budgets. This algorithm is evaluated agaireshteasurements.

2 Methods and measurements
2.1 Measurement site and VOC concentration calculations

All measurements were conducted in Hyytiala, Finland, aE3R Il (Station for Measuring For-
est Ecosystem—Atmosphere Relations;®1N, 24°17 E, 180 ma.m.s.l., UTC+2). Hyytidla is lo-
cated in the boreal region and the dominant tree speciesifiutk footprint is Scots pineRinus
sylvestris). In addition to Scots pine, there are some Norway spruageéPabies) and broadleaved
trees such as European aspen (Populus tremula) and birtigBp.). The forest is about 50 years

old and the canopy height is currently ca. 14 m. Hari and K!An&mgbj Haapanala et eJI._(&J)O?)

and iemi l. 9) have given a detailed desoripéibout the station infrastructure and

surrounding nature.

The proton transfer reaction quadrupole mass spectror{fet€&-MS, manufactured by lonicon
Analytik GmbH, Innsbruck, Austria) was measuring 27 diier masses (see Table 1) using a 2.0 s
sampling time from six different measurement levels at aetowhich was mounted on a protrud-
ing bedrock, ca. 2 m above the average forest floor. Two of thasurement levels (4.2 and 8.4 m)
were below the canopy and four of them (16.8, 33.6, 50.4 an2iry above it. VOC fluxes were
derived from the profile measurements with the surface Ipy@&file method. The temperature was
also measured at the VOC sampling levels with ventilatedshrelded Pt-100 sensors. A 3-D acous-
tic anemometer (Gill Instruments Ltd., Solent 1012R2) westdlled at height of 23 m and it was
used for determining turbulence parameters, includinguient exchange coefficients. The photo-
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synthetic photon flux density (PPFD, Sunshine sensor BFBafJeDevices Ltd., Cambridge, UK)
was measured at the height of 18 m. The relative humidityr@®at AG, MP102H RH sensor) was
measured at the height of 16 m.

The PTR-MS was located inside the measurement cabin andesmpre drawn down to the
instrument using heated 14mm i.d. PTFE tubing of equal tergtall levels. The sample lines
were 100 m long until the end of 2013 and 157 m from 2013 onwadrlds change was due to the
extension of the tower from 73 to 127 m length. A continuouslaiv was maintained in the tubes
(43 Lmin~'). From these lines a side flow of 0.1 L mihwas transferred to PTR-MS viaa 4 m PTFE
tube with 1.6 mm i.d. During the measurements, the instrunvas calibrated roughly every second

week using two VOC standards (Apel-Riemer). The calibretizvere performed with manually

operated flow measurements until 7 July 2011 (Taipale
flow levels were obtained with a mass flow control
were calculated using the procedure described in detaildiyale et al. (2008). The primary ion

. From that date onwards, the

). The volume mixing ratios

signalm/z 19 (measured atvz 21) had some variations over the years being approximatelynd
10 — 30 x 10° cps. SEM was always optimized before a calibration, and ved same SEM-model
(MasCom MC-217) over all years.

The instrumental background was determined every thirad hgumeasuring VOC free air, pro-
duced with a zero air generator (Parker ChromGas, model)360addition, the estimated oxygen
isotope OO was subtracted fromvz 33 to avoid contamination of methanol signal. The isotope
signal was estimated by multiplying the measured signahiaf32 by a constant §0/0, ratio

(0.00076, se i 08). Samples for the zergemierator were taken outside of the
measurement cabin close to the ground, and the stabilityeaéro air generator was followed con-
tinuously. We found that the generator had some problemsz®3 but this did not affect on the

flux calculations as the same zero air signal was subtramteddach concentration level.
2.2 Flux calculation procedure

The flux of a compound can be written as

F=w'c = —c,uy, (1)

wherec, = —w'c’ /u, andu, = [(—u'w’)? 4 (—v'w’)?]'/* is the friction velocity.
In this study, fluxes were quantified using the surface layefilp method. Detailed description of

the flux calculation is given lJ;LRa.nla.Ia_e_l é.L(ZIOM), whothseterm profile method of this variant
of gradient method. Below we give only a brief outline of thethod.

According to the Monin-Obukhov theory, a concentration;) can be calculated at any height
in the surface layer using the formula

Cx

elz) = x(e) + X, @
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X(z) &Iz —d) = Un(Cu) = > ! ] [ln (Zi+1 — d) = Un(Git1) + ‘I’h(Ci):| 3)

= Y(zi, zit1 zi—d

and

Cx

X = () - 1n(z0) = Wa(zo/L)]- (4)

In here,k = 0.4 is the von Karman constant (e.g. Kaimal and Findiban, 1994j() is the integral

form of the dimensionless universal stability function Faat,z, is the roughness length, a%d:
(z —d)/L is the dimensionless stability parameter whéris the Obukhov Iengtm 71)

andd the zero displacement height.has been derived using dimensional analysis and it has the

following form
-

b= _kg%)s’ ©)
whered, is the potential virtual temperaturg the acceleration caused by gravity= 9.81 ms2)
and (w'd!), the turbulent heat transfer above the surface (in our cag8 at). 2, is the surface
roughness length,; the highest measurement level, and variab[jé% refer to the average values
between heights; andz; ;. Using the equations above, the surface layer paramgtand the flux,
can be derived using the least square estimate (a linear fit).

For the flux calculation procedure, we selected 13 m and~ = 1.5 between the two lowest
levels kRanla.La_el_iaL_ZdM). Between other measuremesis|ehe roughness sublayer correction

factory was assumed to be 1, i.e. no corrections were applied. Owstoand highest measurement

levels werez; = 16.8m andzy = 67.2m, respectively. The concentratior#$z; ), were computed
as 45 min averages. From 2010 until the end of 2012, the aeefagm each level were consisted of
eight data points. From 2013 onwards, two new measuremgjiite¢101 and 125 m) were included
in the cycle which reduced the amount of data points (per 49 from eight to three at 50.4 m.
Rantala et AI.L(;O_M) compared the profile method againgdiiienct eddy covariance method.
Based on those results, we decided to use the profile methdohfipterm measurements at the site

as the DEC-method was often found to have problems in detérgiow VOC fluxes. For example,
the lag-time determination was turned out to be difficultanditions where values are usually close
to flux detection limit. Moreover, the high frequency losaescurrently unknown for many VOCs as
the response time of the PTR-MS has been studied for wateuvamly kBa.nla.La_e_t_iIalL_ZQh). On
the other hand, the profile method has also several systearatr sources because it is an undirect

method to measure fluxes, and is based on the parameteamnipétive surface layer turbulence.
2.3 Flux filtering criteria, a gap-filling and other data processing tools

Periods when the anemometer or the PTR-MS was working ingplppvere removed from the time
series (FigdJl arld 2). The fluxes during whickt —2, ¢ > 1 oru, < 0.2m s~ ! were also rejected
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from further analysis. Finally, we disregarded 2.5% of tbedst and highest values from every
month as outliers.

The filtering criteria applied were strongly turbulence eegent, which implies that night-time
values had higher probability to be rejected. Thereforentimyg means, later introduced, were de-
rived from gap-filled fluxes. In the gap-filling procedureg timissing flux values were replaced by a
corresponding value from median diurnal cycle, calculétech the measurements made within 16-

day-window around a missing vaILI_e_(ﬁamb_eLger_H al., 2Mdyvever, there had to be at least one

measured value on both sides of a missing value in the gapgfilindow, otherwise that missing

value was not gap-filled
In this study, we have often used a relative ertoR, that is defined as

| —ql
[

AR = (6)

where h corresponds to measured flux values antb values given by an algorithm. Pearson’s
correlation coefficienty, was used widely through the study as well, and it is hereadferred as
correlation.

Algorithm optimization is applied many times, and all fitsreéased on, if not stated other-
wise, least squares minimization and trust-region-reflechethod that is provided as an option in
MATLAB (function fit).

2.4 Emission algorithms of isoprene and monoterpenes
The well-known algorithm for isoprene emissiorgg() is written as

Eiso - Esynth = Eo,synthCT CL7 (7)

whereFEq synth , Cr @andC', are same as in the traditional isoprene algori&m@@mﬂ,ﬁ%ﬁ,
). The shape of this algorithm is based on the light respourve of electron transport activity
and the temperature dependence of the protein activityil&ibehaviour for methylbutenol (MBO)

emissions from Ponderosa pine has been suggested by fole.@ 5).
The algorithm we used for monoterpene emissions is the thybgiorithm

B = Esynth+ Epool = EO,hybrid[fsynthCTCL + (1 - fsymh)FL (8)

where fsynin € [0 1] is the ratioEy synin/ Eo,hybrid (iGhirardo et aIII._ZD_M Taipale et| ELL_ZblE)pom
is the traditional monoterpene algorithm M@ﬁﬂeﬂeﬁﬂ_ﬂ) and Guenther etlal. (1&93) and

I = e#(T=Th) the temperature activity factor, whefe= 0.09 K~ andT, = 303.15 K. The hybrid
algorithm is based on the observation that part of the mopete emission even from conifer-

ous trees originates directly from synthesis. Therefdream be calculated using algorithm similar
to isoprene emission algorithm while the rest originategagporation from large storage pools

l. 0). The latter can be calculated uskpprentially temperature dependent al-
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gorithm, as the temperature dependence of the monoterpémation vapour pressure is approxi-

mately exponentiaL(Q_u&nlhﬂLejl Ja.l.,_lblal,_i993). The féamu

Epool = EO,pooIF7 (9)
is hereafter referred as the pool algorithm.
2.5 Net exchange algorithm of methanol

The total exchange of methanol consists of both emission, tBf.e, and deposition term) et
Therefore, an algorithm for the methanol flyen, has the form of

Fmeth = Emeth - Dmeth- (10)

According to observations, biogenic methanol producte®mainly temperature dependent, with

photosynthesis having no direct rJLeJQiJsm&a.M.aLJZOMB)ead of that, the emissions are poten-
tially controlled by stomatal opening, as methanol has higlker solubility, i.e. low Henry’s con-

stant (e.g[ Niinemets and Reighsk dQS; Filella H@_@) Therefore, we assumed that a part

of the emissions could be represented by the traditiongbéeature activity factol" multiplied by

a light dependent scaling factor of stomatal conductamcaddtlition, methanol is also produced by

non-stomatal sources, such as decaying plant mEner_(_s_amgmleL;Qbh Harley e]l %I., 2&)07;
|7). Moreov 14) observeat shamber studies that at least part of

the methanol emissions is independent of light during gpirime. Hence, we estimated that the total

methanol emissionE et IS determined as

Emeth = EO,meth[fstomatﬁlight + (1 - fstomata)]ra (ll)

where Ey meth @and fsiomata€ [0 1] are an emission potential and a fraction of stomatal cdettol
emissions, respectively. The light dependent scalingfasftstomatal conductancé;gn;, was esti-
mated as

Glight = 1 — e~ *PPFD (12)

wherea = 0.005 pmol~'m?2s is the same as used|by Altimir el MIOM) for pine needles stom-
atal conductance is also dependent on for example the tatopernd vapour pressure deficit but
their effect is much weaker than the effect of light at the g$altimi ,[ZD_QLl). For the tem-
perature activity factor, we used a parametet 0.09. In principle, 5 should be determined from

measurements but we wanted to have as few experimental pemanas possible. Therefore, we
used the same value as for monoterpenes.

We assumed that methanol is deposited on wet surfaces, soctdaw, in a way that the methanol
concentration at the absorbing surface is zero. Thus, astt@poterm,Dpetn, Was estimated to be

Dmeth= f(RH)Vd * Pmethano) (13)



where pmethanol IS @ Mass mixing ratio measured:zat 33.6 m andVy a deposition velocity. The
function f(RH) defines a filter of relative humidity (RH) in a such way that

0, ifRH <RH,
f(RH) = (14)
1, ifRH >RH
where RH was determined from the measurements. The depositionityelacwas determined by
230 aresistance analogy:

1
| — 15
4 R+ Ry+ Ry’ (15)

whereR, is the aerodynamic resistand®, the laminar boundary-layer resistance, @hgda surface

resistance. The aerodynamic resistance is written as:

R, = V(Zh;) — [In (ZZ_Od) - \Ph(C)} 7 (16)

235 where the correction factoy(z1,22) = 1.5 as with the flux calculationsk, was determined by a

commonly used formulé (Wesely and H||cl§4;|977)

2/3
Ry = 2(usk) ™! (;) , 17)

wheren is a diffusivity of methanol and: a thermal diffusivity of air. The factoR,, was assumed
to be constant and it was determined from the measuremantslity, R, might be also consisting
240 of stomatal uptake due to oxidation of methanol into forrealtle on leave 00).
Consequently, the assumption of a constant value is a velghrestimate. However, in order to
simplify the algorithm as much as possible, the parametdriieposition velocity consisted only of
the factorsR,, Ry, and a constank,,. We used the constant values of 1 m d8d 10~ m2s~! for
the surface roughness lengthy X and for the diffusivity of methanoly), respectiv @h? diffusiv-

ér, 1907).

Generally, the diffusion coefficient, and thus the depositielocity, would be larger at higher tem-

245 ity of methanol was approximated at 273.15 K using Chapmaskég theory (e.

peratures. However, using the constant value causes oniya grror. We assumed also a constant
value for the thermal diffusivity of air{{ =19 -10=¢ m?s~1!).

3 Results and discussion

250 3.1 Statistical significance of fluxes

For the analysis of seasonal cycle the fluxes were dividedtimeélve monthly bins, each containing
data from a specific month of all years. To study whether thasued fluxes from each month
differed significantly from zero or not, numbers of positaed negative fluxes were counted. The
null hypothesis was that there is no flux, thus the counts eitpe and negative values are equal.
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Finally, it was determined from the binomial distributioitiva confidence level of 99.9937 % ¢4,
Clopper-Pearson method) whether a fraction of positivereeghtive values could be generated by
a random process (the null hypothesis), or if there was ap@sitive or negative flux, i.e. the null
hypothesis was rejected. We made the test for both nigh8 g2w.) and day-time (11a.m.—5p.m.)
fluxes separately. Measurements from January and Febrwas excluded from the analysis due
to the lack of data points. Measurements at higher mashdgge ratio {:/z) than 137 were also
left out from the analysis due to a very low sensitivity of tAER-MS at those masses. In addition,
identification of the heavier masses was proven to be extyedifécult.

Altogether, 13 masses (excluding monoterpene fragments/ aB1) had statistically significant
fluxes on a monthly scale (Tall& 2). One should note that tresesafor which no significant flux
was found (n/z71,m/z79,m/z85,m/299,m/z101,m/z 103, andm/z 113) may have fluxes.
This result of the analysis only indicates that with theectiteria, the fluxes of these masses were
non-significantly different from zero on a monthly scale.

Monoterpenesiy/z 137) had the highest net emissions in every month analysezbein De-
cember and November, whereas methanol and aceterie 33 andm/z59) showed generally
the strongest net deposition. Other important compoundteshor deposited were acetaldehyde
(m/z45), ethanol+formic acidi/z 47), acetic acidif./z 61) and isoprene+methylbutenab( z 69).
(Tablel2)

Surprisingly, statistically significant formaldehyde faswere also observed. However, formalde-
hyde is poorly detected and quantified with the PTR-MS dutstlmiv proton affinity. Thus, the ob-

served fluxes may be related for example to the behaviour terwapour ke,
). We tried to minimize the interference of water vapesing a normalization method which

takes into account changes in water cluster ibﬂs_(laip_aflhg_o_é). There were also other contro-

versial discoveries such as net emissionsngk 93. A compound atn/z 93 is usually connected

with toluene but it might be a fragmentation productpetymene as welll (Ciccioli et Jall. 1£2|99;
IHeiden et al |, 1099; White et al.. 2009; Ambrose étal.. P020k Bt al.| 2013). We found a depen-

dency between the:/~ 93 fluxes andZ /N whereF is the electric field andv the number density

of the gas in the drift tube. This indicates that observedtipedluxes could originate at least partly
from the monoterpene relatgebymenelﬂml 3).
An interesting result is weak but detectable acetonitrdpasition in June, August and Septem-

ber. Similar observations were done earlier by for exarhdg@_e;ieLJaIL(;Qb@ who suggested
that acetonitrile is deposited in the tropical savannalsystem. Their results imply a deposition ve-
locity of ca. 0.1 cms! for acetonitrile. Our deposition velocities were somewtigher as the typi-
cal acetonitrile concentration was around 100 ng'rand the flux values around0.5 ngm—2s—!.
This corresponds to the deposition velocity of 0.5 crh.According th Dunne et $l||._(;Q12)1/Z 42
signal might be affected by alkanes. Thg/z 42 concentration also had a correlation witf z 71

(r=0.57),m/z85 (r = 0.47) andm/z 99 (r = 0.38) concentrations (typical alkane fragments, see
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Erickson et AI.L@@. Thus, also other compounds thamaitete might have contribution to the
measured signal ofx/z 42. However, no correlations were seen between measuredi2 and
alkane fluxes. Fluxes ofi/z 71, m/z 85 andm/z 99 were actually even statistically insignificant
(Table[2). Therefore, we concluded that acetonitrile hadhgntontribution to the observed depo-
sition of m/z 42.

The measured fluxes do have significant uncertainties. Sérege are random in nature and
will thus cancel out with data analysis of sufficiently lamd&ta set. Some of the uncertainties are
more systematic and may bias average flux values presertedurface layer profile method itself

may have a systematic error of about 10|_%_(Ra.nlalaJ41_a.L,|)2maddition, monoterpene fluxes

are underestimated up to few percent by the chemical detipa I L Ri al.,
2(21i;|ﬂamal_a_e_t_£l., 2(1]14). Our calibration procedure msg eontain systematic error sources.
This concerns especially the indirect calibration if moles are fragmented, such as in the case of

methylbutenol ain/z 87 Ia.laa.l_e_el_f:llL_ZOJbS). In addition to systematic errcaeadom flux uncer-
tainties are also several hundreds of percent for many co 14). On the other

hand, when averaging over a sample size of ca. a hundred diats,m random uncertainty of the
average is decreased to the scale of 10 %.

After the addition of a mass flow controller to the calibratigystem in 7 July 2011, the sensi-
tivities of methanol were observed to be highly underesiaaThe reason was unknown but the
biased sensitivities were probably caused by an absorptioethanol on metal surfaces of the mass
flow controller 5). Therefore, methanal@entrations were derived from general
transmission curves (indirect calibration) after thaed@abld 2). The indirect calibration might po-

tentially lead to large systematic errors. However, nodafianges in the methanol concentrations
were observed after 7 July 2011.

3.2 Monoterpene and isoprene fluxes
3.2.1 Isoprene or MBO?

Both isoprene and MBO are detectedratz 69. The parent and primary /= of the MBO is 87 but a

considerable part of the ions fragment producing: 69 inside a PTR-M eke,
). The fragmentation ratio depends on the instrumﬂiﬁg@u@.lﬁ_m'a mentions thai

typically only 25 % of the ions is detected @/~ 87. As the identification of compound observed

atm/z 69 is not unambiguous, we analysed the fluxes of this mass ie dwiail to determine if it
is more likely to be isoprene or MBO. MBO is produced by conifb:lﬁ.tl_e_)Le_t_él.LMS) whereas

many broad-leaved trees are high isoprene emi{lﬂﬁ_@ﬂaﬂ@l&“@d]l; Rinne et ul., 2§L09).

In order to quantify the emission potentials for isopren®/] measured flux values were fitted

against the isoprene algorithm (Eg. 7) for each month seggraVe found a significant corre-
lation between the measurements and the calculated engssmm May, June, July and August

10
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(Table[3). Here we defined that the measurements and thdataltwalues correlated significantly
if the p value ) of the correlation ) was smaller than 0.002B-criteria). In June, July, and
August, the measured fluxes were also clearly light deper(&émn [3). Shapes of the curves in the
Fig.[3 go near to zero when PPFD is zero and the normalize@wdiave also their saturation point
around PPFB-= 500 umol m~2 s~ whereC, is also already larger thahs (Fig.[3). In May, the
dependency between the measured fluxes and light was, howeetear. However, the calculated
values corresponded well with the measured ones as is s&&gidn

Previous emission studies with chamber method with gaswémgraphy have shown that Scots

pines emit MBO much more than isoprevlle_(la.maln_enJeILaLEHmm_elAI.l._ZO_(LG). However,

emission potentials of MBO in those studies were only ard##1% of emission potentials of total

monoterpenes whereas in this study, we found the ecosysiaie emission potentials of/z 69
to be around 15-25 % of emission potentials of monoterpeftass, MBO emissions from Scots
pines cannot fully explaim:/z 69 flux. On the other hand, we may be able to explainthe 69
emission if we assume that isoprene emission from the na@xdtispruce, aspen and willow within
the footprint area make a considerable contribution in twsgstem scale emission.

Hakola et aH(;O_dGi observed that maximum MBO emissionrgiatkeof Scots pine occurs around

May and June, a 14) showed that the incdesl§0 emissions during early sum-

mer were related to new biomass growth. In the case of ise@mrissions from aspen, the maximum

should come later in JuIJ/_(ﬂLemE_s_elt ELJ999). In thisysttile maximum emission potential of
m/z 69 was observed in July, indicating that most of the emissafnn/~ 69 might actually con-
sist of isoprene. Maximum net emissionsraf » 87 were also detected in July (Table 2) but the
temperature and light normalized fluxesraf = 87 were largest in May as expected. Even though,
quantifying the ratio between the MBO and isoprene emisstmased on PTR-MS measurements

alone is somewhat speculative.

3.2.2 Monoterpenes, their emission potentials and differeres to branch scale studies

Monoterpenes are emitted by Scots plne ( Hakola|611_aL.| 28)&h }J:IAKQ_La_e_I_éILZD_(I)l) and forest
floor JHeIIe’n et aHLO_(M Aaltonen et E[l., 2&)@013) atdite. According tmwuuldll,

Scots pine is the most important monoterpene source in sulnumhés fraction of the total emission

in spring and fall have remained unstudied. Therefore, neypene fluxes from spring- and autumn-
time will be analysed more carefully in this chapter.

Unsurprisingly, a seasonal cycle of monoterpene fluxestaiad roughly with the temperature
(Fig.[2). To examine a response of monoterpene fluxes to thpamture and light in more detail,
the fluxes were fitted against the hybrid algorithm, and thal ptgorithm (Egs[B and]9) for each
month separately (Fi§] 5). We found a correlatipnvélue was smaller than 0.0027) between the
measurements and the hybrid algorithm from April to Octqfable[4).
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Significant monoterpene fluxes were also observed in Martimbduwependence with the tem-
perature was found. This is most probably due to the low teatpees and its diurnal variation,
letting the random variation in the flux data to dominate.didi&on,m.lﬁ_sll'& observed
that freezing-thawing cycles may increase the monoterparission capacity of Scots pine shoots;
in late autumn and early spring such cycles are frequent atehpally hide the relation between
temperature and emissions at least partially. Nevertbetasnoterpene fluxes in March were in a
reasonable range being lower than in April (TdBle 2 [Fig 6).

Correlations between measured fluxes and the hybrid emisdgmrithm were better than those
between measured fluxes and the pool algorithm in every mamdtysed (Tablgl4). In addition,
relative errors (Ed.16) between the measured fluxes and thidhgigorithm were also smaller than
the relative errors between the measured fluxes and the jgwoltem. Thus, the hybrid algorithm
worked better than the pool algorithm in every month. Theilltewas expected al.

) showed that ecosystem scale monoterpene emissionScots pine forest, measured by

the disjunct eddy covariance method, has a light dependentip additionl_G_hjLa.Ld_o_e_t_L\L(Zdlm
has shown by stable isotope labeling that a major part of theaterpene emissions from conifers

originates directly from synthesis (de novo). In this stutii ratios fsynih= Esyntn/ Epool Varied
between 0.36 (July) and 0.79 (October) Whel_e_a.s_G_hlLa.Ldtl @mﬂ)) estimated that the fraction
of the de novo emissions from Scots pine seedlings to be dr68196, ancllaip_a.Le_e_LlaL(,Zdll)

estimated the fraction to be around 40% for the Scots pinsystem. Generally, these estimates fit
well our results considering the relatively large uncetiai (Tablé}).

In the case of the hybrid algorithm, the largest emissioreptils were found in May and in
October $90 4 30 and400 4+ 150 ng m—2 s~ !, respectively), although interannual variation of the
potentials was considerably large in May. The emissionngi@ks of May varied fron210 (2012) to
470ng m—2s~! (2013) whereas in July, the range was fraa0 (2013) t0o290 ngm-2s~! (2010).
The high variability might be connected to the differencethe temperatures as the average temper-
atures were 12 and 8°& in May 2013 and in May 2012, respectively. Overall, the héghingtime
monoterpene emissions have been connected to new bionoagh gncluding the expansion of new

W[;Aa.q—llo_eiﬁ) and
increased activity of soil and forest flo t | ). Considerable differences in
emission potentials between early and late summer haverbperted also earlie al.,
|;O_O;$; Hakola et AIL;QJ)G). For exampklg, Tarvainen leLQD_EﬂZmund that the emission potential of

monoterpenes was five times higher in early summer thanerslanmer. In that study, however, the

cells, tissues and orga@t mom), photosyicthpring recove

parameteps was ca. 0.18 in the early summer and only ca. 0.08 in the |aiergr which makes the
direct comparison of the emission potentials between tasases difficult.

The hybrid algorithm matched with measurements especiedly from May until July when
AR < 50% andr > 0.6. Conversely to those months, the measurements from Ocigdrer noisy
leading to somewhat unreliable fitting parameters (Tabled4rag [3). Compared to earlier estimates
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on autumn monoterpene emissions based on extrapolatiomodf measurement campaigns (e.g.
[Rlnn_e_e_t_aj.l._ZD_O_(I)a), the autumnal monoterpene emissioreslarger than expected. Although one

should keep in mind that the data set of this study from Octalas relatively small, and the results
are therefore less representative than from other montegertheless, increased microbiological
activity in the fall has been observed to have an effect omiheoterpene emissio al.,
) which could partly explain the autumn increase in thession potential. However, the forest
floor emissions of monoterpenes determineh_b;LAaI_IQﬂe_rJ &@1_1) were found to be small, only
few percent, compared with our ecosystem scale results h®mther hancJ, Hellén et al._(;&)OG)
observed much larger forest floor emissions of monoterpespscially in springtime (up to ca.
100ngnT2s™ ).
In addition to the temperature and light intensity, monoé&ie emissions have been also con-

nected to other abiotic stresses, such as mechanical dahigberelative humidity, drought, and

increased ozone level (e[g_LQLe_Lo_a.nd_S_QlantLI_eL.J2009reimjences therein). At the ecosystem

level, such stress related emissions could often increas®tarpene fluxes. Thus, they will be in-

corporated into emission potentials even though the paarithm or the hybrid algorithm cannot
describe those stress emissions at a process level. We fouedample a weak dependency be-
tween relative humidity and monoterpene fluxes in low (PRFE) pmol n1-2 s~1) light conditions
(Fig.[d). Nevertheless, the measured mean fluxes diffeced fhe predicted mean emissions only a
few percent in monthly basis, i.e. in our dataset clear $&oisstress related emissions in a temporal
scale of one month were not found (see alsdTig 4).

Overall, there were some results that were not totally spwading with previous monoterpene
studies. According tL_Ha.kQIa_eﬂalL_(Zd)%), monoterpenessions from two Scots pine branches
were highest in June with the (pool) emission potential of 280 ngnr2s~! (calculated using

a needle biomass density of 540 gf) whereas the corresponding ecosystem scale emission po-
tential was 240ngm?s~! in our study. The numbers are quite close to each other. Hawthe

difference could also mean that ca. 85 % of monoterpene emgswould be originated from Scots
pines in June and 15% from other sources, such as a grounthtiege The result is realistic as

the monoterpene concentrations close to the ground angbgdop are almost equal, i.e. monoter-

penes should be emitted from the ground as well [Fi gisét al. 9) got a smilar kind
of ratio , 74 %, with the ecosystem scale emission potenfi2B6 ng nT 2 s~! measured in June—
early September. The difference, 85 vs. 74 %, is rather samallwithin uncertainty estimates. On
the contrary to June, the emission potential of monoterpen&eptember found al.

) was only ca. 20 % compared with the correspondingsamgotential of this study. This
large difference implicates that (i) the emissions of eéalyhave large interannual variations, (ii)
chamber scale measurements from two branches are unneataseor (iii) other sources dominate
monoterpene emissions over needles in early fall.
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3.3 Bi-directional exchange of methanol

We found periods of net deposition for various OVOCs: methaarcetaldehyde, acetone and acetic
acid. Although for acetic acid, the observed deposition weaak. In the fall, methanol and acetone
fluxes were even dominated by deposition (Table 2). Methaettone and acetaldehyde fluxes had
also a negative correlation with the relative humidity (Rit)ich might indicate the deposition is
connected with moisture, such as water films on plant susfadewever, after normalizing fluxes
with the temperature and light, only methanol had a sta#iflji significant relationship with RH
(95 % confidence level). Figufé 9 shows how both temperatuddight classified methanol fluxes
behave as a function of relative humidity. The depositi@artstat around RH= 75 %, therefore
that value was selected as the threshold valug B&t).[14). Although, the method of selecting
the threshold value RiHis somewhat subjective, the value RE 75 % is well in line with earlier
observations bLLAIl'Lmir_e_t_fLIl_(,ZQBB) who found the surfacatev film starting to occur when RH
60...70 %. The surface resistand®,, (Eq.[I%) was determined by minimizing the relative error

between the calculated and measured methanol fluxes in dghwhen the fluxes were the largest.
On average, the smallest relative error was obtained withAleewvof R,, = 120 sm!, thus it was
selected to be the constant resistance. Methanol couldiafsusit to the stomata. However, at least
part of the deposition should happen on the non-stomattias the lowest mean concentrations
were measured close to the ground during night time[(Fig 8).

Measured methanol fluxes were fitted against the exchangsthly (Eq[10) for each month. The
seasonal behaviour of the emission potentials was foune ®rbilar to monoterpenes: both com-
pounds have the maximum emission potentials in late spridgraautumn, and the lowest emission
potential in late summer (Tallé 5). The high emission paakint May (and June) is probably partly
related to growth processes as methanol emissions cerveldtleaf growth (e.&ﬁﬂon.
The ratio fsiomata(EQ.[11) had somewhat opposite cycle with the maximum valeesrded in sum-
mer and the lowest values in spring. This could be relate®ivstomatal emissions in springtime,
most probably from decaying litter that is re-exposed ateswmelt. The behaviour is visible in
Fig.[d where normalized methanol emissions are presentadumstion of PPFD from each month.

Generally, the algorithm was able to represent the measatads well (Figd_10 arid 4). An ex-
ception is May when the measured median day-time valuesmech lower than calculated values.
The relative errors were larger compared with the corredipgnresults of monoterpenes in every
month. This indicates that the measured methanol fluxes rer noisier than measured monoter-
pene fluxes, or our exchange algorithm could not describeamet fluxes as well as the hybrid or
the pool algorithm describes monoterpene emissions. Fongbe, the parameterization of the RH-
filter (Eq. [I3) might bring a considerable uncertainty beseaas there may be deposition already
at lower relative humidities than RH 75 %. Moreover, the shape of the RH response cifiifeH)
is probably smoother than a step function (EJ. 14). Nevéstise the deposition seems to have an
important role in a methanol cycle between a surface andtthesphere. Based on our calculations,
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the total deposition from April to September was slightlwér than 40 % compared with the total
emissions within the same period (Fig] 11). However, it ipassible to distinguish which part of
the deposited methanol evaporates back into the atmospgene. Part of the deposited methanol
is removed irreversibly from the atmosphere, as the meahanet flux is negative in October (Ta-
ble[2) but the removal processes of methanol from surfacegemerally unknowal.
) estimated that a half lifetime for methanol in watkngiis 57.4 h due to chemical degrada-
tion but the origin of the process was unidentified. The mathaink has been also connected to

consumption by methylotrophic bacteAia (Duine and EIrMLmLeJAIL ZQ;[Z).

. 7) measured methanol fluxes by disjunct edsgriance method at the same

site in July 2007 to have a day-time (10a.m.-5p.m.) averdga.o070 ngnr?s~!. These values
are twice as high as in this study (Fig] 10) hﬂMe_lalJ_aLO_dZOiid measurements only during
five quite warm days. The deposition estimates are more wliffic verify as they have been poorly

quantified in many studies. In satellite based methanolniorg by|_S_T.aMI‘_a.kQ_u_e_t_lil 1), the
deposition velocity of methanol was assumed to increaserasgion of leaf area index (LAI) to
a value of 0.75cms! when LAI=6m?. In addition, Wohlfahrt et aLI.L(;O_IlS) concluded that the
night time deposition velocities of methanol are typicatithe scale ok 1cms! depending on a

plant type. Thus, our results were realistic as the measuezth deposition velocities were between

0.2—0.6cms ! (TabldB). On the contra&_Latﬁn_e_ur_e_tl M12) obseneny gtrong methanol de-

position with a mean deposition velocity of 2.4 cmisalthough they selected only wet atmospheric

conditions for the deposition velocity calculations.

4 Conclusions

Using VOC data set from four years, we were able to detect nfypmbean fluxes for 13 out of
20 masses (excluding masses heavier thgn 137) that were statistically different from zero. The
largest positive fluxes were those of monoterpenes throlngbsa the whole year, whereas different
oxygenated VOCs showed the highest negative fluxes, i.asitegp. Oxygenated VOCs had also
considerable net emission in May and early summer.

The hybrid algorithm described monoterpene fluxes bettm the pool algorithm as expected.
However, the differences in correlations and relative reritmetween the pool and the hybrid al-
gorithm were rather small. In the case of the hybrid algamitthe highest emission potentials of
monoterpenes were recorded in May, and on the other handtob@g probably due to different
growing and decaying processes. One should still keep i itiiat interannual variations of the
emission potentials were considerable in May. This indisdhat a one year data set might be too
short for determining representative estimates for eisgotentials.

Most of the flux observed at/z 69 was estimated to be isoprene, likely emitted by the nondom
inant trees and bushes, such as spruce, aspen and willothe, flux footprint. On the other hand,
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Scots pine emits also small amounts of MBO, and we detectgdfisant fluxes ofm/z 87, the
unfragmented MBO. Unfortunately, PTR-MS was indirectlilwmated for MBO. Thus, the level of
the ecosystem scale MBO fluxes left unknown.

A considerable amount of OVOCs was found to be depositedtiredorest, especially in the
fall. We observed that the methanol deposition is probaddgted to water films on surfaces, which
can be parameterized. Deposition mechanisms for otherureth©VOCs were left unknown as
no significant relationship between the fluxes and the x&dtumidity or other environmental pa-
rameters was found. Nevertheless, mean acetone and alsamokfiuxes were negative in autumn,
which indicates that after depositing, those compound wet fully re-evaporated back into the
atmosphere. Hence, a sink mechanism for some OVOCs shoisid @&xerall, we estimated that
the cumulative deposition of methanol (April-September3lightly less 40 % compared with the
corresponding cumulative methanol emissions. In redligyfraction is even larger as methanol has
probably net deposition in October-December.

Constructing a simple mechanistic algorithm to describesthamol exchange between the sur-
face and the atmosphere proved to be challenging. The #iigodonstructed here worked well with
the tuning parameter values of Rldnd R,, but it is unclear how well those parameters would work
at another site. Even though the transferability of thioatgm may depend on the empirical pa-
rameters, it can provide a useful tool to analyse the bietimaal methanol exchange. The emission
potential of methanol had clear seasonal cycle with the mai in May/June and the minimum
in August, which indicates that the largest emissions patg from growth processes. It was also
observed that summertime emissions are strongly lightrttbgre whereas springtime emissions are
more driven by the temperature. One possible explanatittratsnethanol emissions are controlled
by stomatal opening during summer, while in spring time tlethanol might be produced partly by
decaying litter.

As a final remark, we recommend to perform long-term flux mesments for both VOCs and
OVOCs above boreal forests. Fluxes of OVOCs, such as mdthad@cetone, should be especially
studied in more detail in future as the deposition seemsayp alsignificant role in the interaction

between the surface and the atmosphere.
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Table 1. The compound names and the formulas listed below in third and fourth oolteapectively, are

educated estimates for the measured masses (sle_e_e.g._d_e_G_O_LMLaﬂ&\hEO_dY). However, also other com-

pounds might have a contribution at the measured massesn{g¢ 85, se

13). The second

column shows whether a sensitivity was determined directly from the ctdibrar not (derived from a trans-

mission curve, i.e. calculated), and which compounds were used imlibeations.

[m/z] Calibration compound Compound Chemical formula
31 calculated formaldehyde Go
33 calibrated until
13.7.2011 with methanol,
after that calculated methanol Ga
42 acetonitrile acetonitrile, alkane products 2HzN
45 acetaldehyde acetaldehyde 2HGO
47 calculated ethanol, formic acid 2860, CH, 0,
59 acetone acetone 3860
61 calculated acetic acid 26,0,
69 isoprene isoprene,
methylbutenol fragment Hs
71 MVK methacrolein,
methyl vinyl ketone GHsO
73 MEK methyl ethyl ketone HsO
79 benzene benzene 686
81 a—pinene monoterpene fragments
83 calculated methylfuran, 10
fragments of C6-products
85 calculated hexanol fragments
87 calculated methylbutenol 568100
93 toluene tolueng;-cymene fragment  &Hs
99 calculated hexenal €100
101 hexanal hexanal €120
103 calculated hexanol €14,0
113 calculated unknown
137 a—pinene monoterpenes 18H16
141 calculated unknown
153 calculated methyl salicylate, 38303
oxidation products
of monoterpenes GH16O
155 calculated cineol, linalool ©H1s0
169 calculated oxidation products
of monoterpenes GH1602
205 calculated sesquiterpenes 15824
263 calculated homosalate 1682203
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Table 2. The table includes day-time, night-time, and diurnal flux averages (attbpfor each month (years

2010-2013). The values are expressed with two significant numberxgith maximum of one decimal. Sig-

nificant (do) averages are marked with asterisk. (A diurnal average was defined to be statistically signifi-

cant if either a day-time value or the night-time value differed statistically fzeno. The fluxes have unit of

ngm 2s
Month  m/z31 m/z33 m/z42 m/z45 m/z47 m/z59 m/z61 m/z69 m/z73 m/z83 m/z87 m/z93 m/z137
Mar
night -0.4 2.2 0.1 1.0 1.2 0.9 0.8 0.3 0.4 0.1 -0.1 1.6 4.9*
day -0.3 33 0.1 1.7 4.1 2.7 1 0.5 0.1 0.3 1.9 5.4
all -0.1 25 0.1 1.2 2.3 1.6 1 0.3 0.1 0 0.2 11 4.6*
Apr
night -0.2 1.3 -0.1 -0.2 3.8 1.3 2.2* 0.5 -0.1 0 0.5 3.3* 10*
day 0.3 4.3 -0.1 13 6.2* 3.7 4.3* 0.7 0.3 0.1 0.4 5.1 16*
all 0 2.3 -0.1 0.4 4.3% 2.2 2.9% 0.5 0.1 0.1 0.4 3.9% 12*
May
night 0.1 7.6* -0.1* 1.5* 7.2* 5.9% 5.2% 1.6* 0.5 0.3* 0.9* 5.5% 26*
day 0.6 20* -0.1 3.3* 17* 11* 11* 4.2* 13 0.3 2.2* 9.2* 56*
all 0.3 12* -0.1* 2.1* 9.8* 7.3* 6.7* 2.4 0.7 0.3* 1.2* 6.5* 36*
Jun
night -1.8* 4.4 -0.2* -0.9 6.2* 4.1 7.4% 3.4* 0.9 0.3* 0.8* 4.9% 38*
day -0.5% 27 -0.1 2.3 16* 14* 17* 9.5% 2.5% 0.7 2.7 8.3* 72
all -1.0* 14* -0.2* 1 9.5* 8.2* 10* 5.4 1.5* 0.5* 1.4* 5.8* 50*
Jul
night -1.2* 1.9 -0.1 2.4 55 ™ 19 5.7 1.1* 0.5* 1.1 3.4* 61*
day -0.6 30* -0.1 9.5% 16* 19* 11* 18* 4.4* 1* 3.4* ™ 94*
all -0.8* 14* -0.1 5* 8.4* 11* 5.6* 9.8*% 2.3% 0.7* 1.8* 4.3* 69*
Aug
night -0.8 -5.4% -0.5% 0.5 3.7 0.8 3.4 2* 0.6 0.2* -0.1 2.5% 39*
day -0.8 18* 0.2 5.5% 14* 12* 9.6* 7.9% 2.6* 0.5 2.1 6.1* 63*
all -0.7 4.7* -0.1* 2.5% 7.3* 5.4% 5.2% 3.8* 1.3* 0.3* 0.8 3.5* 44*
Sep
night -0.5 -7.9* -0.5* -1.3 0.2 -4.6* 0.4 0.1 -0.3 -0.4 -0.3 0.4 23*
day -0.9 3.7 -0.4* 1.2 4.8 -0.4 3.2 1.3 0.7 0.2 0.5 1.9 35*
all -0.6 -2.9*% -0.4* -0.1 2 -2.7* 13 0.5 0.1 -0.1 0 0.9 25*%
Oct
night -0.1 -5* -0.4 -1.5 -0.3 -3 13 0.8 -0.5 -0.4 11 0 15*
day -1.1 -3.4 0 0.9 0 2.7 -0.3 0.6 0.4 11 2.7 15*
all 0 -4.3* -0.2 -0.5 0.1 -1.7 14 0.3 0.1 0 0.9 13 13*
Nov
night -1.3 -2.5 -0.1 -1 1.9 -3* 0.5 0.6 -0.2 0.1 -0.3 4.1 4.2
day -0.1 -2.6 -0.3 -1.3 2.2 -2.8*% 0.6 -0.4 -0.3 -0.1 0.1 4.7 2.7
all -0.4 -3 -0.2 -1.2 2 -2.8% 0.5 0 -0.1 -0.1 -0.2 4 2.9
Dec
night -2.1 -5.2 -0.2 -2 2.8 -2.5 2.1 -0.4 -0.2 0.2 0.3 0.5 3
day -2.4 -1.1 -0.3 -1.5 4.8 -1.8 3.0 -0.6 -0.5 -0.2 0.5 2.9 3.7
all -1.5 -3.7 -0.2 -1.8 3.2 -2.2 2.8 -0.2 -0.1 0 0.3 15 3.2
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Table 3. The table presents isoprene+MBO emission potential of a synthesis atgofithsynn, including
95 % confidence intervals (years 2010-2013). The table shows alstations coefficientsr{, relative errors
between the measurements and the calculated valug3, (and a ratio,F, /F, whereF, is an average value
given by the algorithm and’ an average value of the measurements. Ifitvalue of a correlation was larger

than0.0027, the result was disregarded as statistically insignificant, and those vatuestahown in the table.

Month Eosynth 7 F.JF AR
[ngm?s7'] (%]
May 364+5 0.42 (=503, p<107%) 1.09 81
Jun 524 0.67 (@ =361,p<10"%) 1.02 59
Jul 63+4 0.77(=397,p<107%) 0.98 49
Aug 40+4 0.61(=402,p=17x10"% 1.05 68

Table 4. The table presents monoterpene emission parameters of a hybrid afgdtifynia, and f, including
95 % confidence intervals (years 2010-2013). The table shows alstations coefficientsr{, relative errors
between the measurements and the calculated valug3, (and a ratio,F, /F, whereF, is an average value
of the calculated emissions, aftian average value of the measurements. There are also correspealdies
of the pool algorithm. If thep value of a correlation was larger th&r0027, the result was disregarded as

statistically insignificant, and those values are not shown in the table.

Month Eo hybrid fsynth r F./JF AR
[ngm 2s™'] (%]

Hybrid algorithm

Apr 280450 0.63:0.12 0.534=412,p<10"% 098 64
May 390+30 0.70+0.07 0.724=512,p<10"%) 098 48
Jun 320£25 0.55+0.11 0.704=360,p<10"*)  0.99 48
Jul 250£20 0.36£0.11 0.646=400,p<10"%)  0.99 46
Aug 220+25 0.39+0.14 0.524=400,p<10"%) 098 55
Sep 290:70 0.63:0.16 0.254=430,p<10"%) 094 81
Oct 400+150 0.79-0.14 0.384=102,p<10"%) 096 69

Pool algorithm

Eo pool
Apr 145+ 15 - 0.48p < 1074 1.05 66
May 220+ 15 - 0.65p < 107%) 1.07 54
Jun 240+ 15 - 0.67p<107%) 1.06 51
Jul 210+ 10 - 0.61p < 107%) 1.02 48
Aug 170+ 10 - 0.48H < 107%) 1.01 56
Sep 145+ 20 - 0.16 = 0.001) 0.98 83
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Table 5. The table presents methanol emission potenfighet, including 95 % confidence intervals. The table

shows also correlations coefficients,(relative errors between the measurements and the calculated values

(AR), and aratioF, /F, whereF, is an average value of the calculated fluxes &han average value of the

measured fluxesf (RH)Vy and Vagys 75 % are calculated (EG_13) mean deposition velocities (unitchy.df

thep value of a correlation was larger thard027, the result was disregarded as statistically insignificant, and

those values are not shown in the table. The really high fatjd” of September is caused by the fact that the

average flux was really close to ze®,(~ —0.5 ngm 2s ' vs.F = —0.03ngm 2s™1).

Month FEo,meth fstomata T F.JF AR W VarHs175%
[ngm~?s7'] (%]

Apr 65410 045+0.3 039(—=449,p<10~%) 077 92 0.34 0.66
May 115+10 0.3+£0.2 0576=511,p<107%) 1.09 73 0.18 0.65
Jun 115:10 0.65:0.2 0596 —=365,p<107%)  1.02 74 0.24 0.65
Jul 7545 0.75+0.15 0.694—39%,p<10"%) 098 63 0.19 0.64
Aug 6545 095+015 0.714=410,p<10"") 105 67 0.26 0.62
Sep 75:15  0.6+02 0486=307,p<10%) 22 88 0.50 0.64

26



2013

2012

2011

2010

50 100 150 200 250
Day of year

Figure 1. Grey dots show VOC flux data coverage for each year.
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Figure 2. Five-day running averages of relative humidity (RH), temperatiijeRPFD, and gapfilled monoter-
pene flux (MT flux) for each year as a function of day of year (days365). The thick black solid lines

represent averages calculated from the five-day running means.
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Figure 3. Temperature normalized isoprene+MBO (A) and methanol (B) flukgsrhedians) as a function
of PPFD (May—August and April-September, respectively; yeai®20013). The isoprene fluxes were nor-
malized by multiplying the measured values by a factoCgf® (Eq.[d) whereas the methanol fluxes were
multiplied by a factor of"~* (Eq.[13). In addition, values for each month were scaled to the rarjge-of-1].

Those periods when relative humidity was larger than 75 % were rejectedthe methanol analysis to avoid
deposition.
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Figure 4. Calculated values versus measured methanol, isoprene and monetiupes for each month. Mea-

sured monoterpene fluxes have been compared against both hytpdal algorithm.
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Figure 5. Monoterpene emission potentials of both hybrid algorithm and pool algariimeh fsynt, for each
month (years 2010-2013). Plus signs show 95 % confidence intefTaltde[4).
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Figure 6. Diurnal cycles (hourly medians) of monoterpene fluxes from Manmil dovember (years 2010—
2013). The measurements were performed at 2, 5, 8, 11, 14,01 4n@8 23 o’clock, and the dashed lines
represent the noon time.
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Figure 7. Temperature and PPFD classified (X T < 15°C and PPFDX 50 pmolm 2 s~ ') monoterpene
fluxes (grey circles, bin-medians,= 15) from May-Aug (years 2010-2013) as a function of relative humidity
(RH). Thick black lines represent 95 % confidence intervals of the mediand grey dots are the measured

fluxes.
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Figure 8. Mean diurnal VMR profiles of methanol (upper panel) and monoterpdlower panel, Jun-Aug,
2010-2013). Height indexes 1, 2, 3, 4, 5 and 6 correspond to this & 8.4, 16.8, 33.6, 50.4 and 67.2 m,
respectively. The white dashed line shows the height of the canopy top.
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Figure 9. Temperature and PPFD classifigd € 15°C and PPFDX 50 umol n 2 s~ ') methanol fluxes (grey
dots) as a function of relative humidity (Jun-Aug, years 2010-2013g. grey circles are bin median fluxes
(n = 15) and the dashed line represents the threshold valug-R¥5 % (Eq[12).

34



O - measurements
—— algorithm

00

Flux [ng m™Ss™}]

1
|
|
|
|
|
|
|
|
I
|
|
1
Jul

Figure 10. Diurnal cycles (hourly medians) of methanol fluxes from April untilt@xer (years 2010-2013).
The measurements were performed at 2, 5, 8, 11, 14, 17, 20 3amidl@ck, and the dashed lines represent the
noon time.
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Figure 11.Cumulative methanol emission (calculated), deposition (calculatedjllan@neasured) from April
until September (years 2010-2013). The values have been scaleat $oe maximum cumulative emission in
September has the value of 100%. One should note that due to uncertairitiescalculations, substraction

between the cumulative emission and the cumulative deposition is unedhal¢amulative flux (Tablgl5).
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