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Abstract. The vertical distribution of ambient biogenic nique did not include oxidant scavenging. A comparison be-
volatile organic compounds (BVOC) concentrations within tween measurements with and without scavenging oxidants
a hemiboreal forest canopy was investigated over a peis presented.

riod of one year. Variability in temporal and spatial iso-
prene concentrations, ranging from 0.1 to 7.5 pgncan
be mainly explained by biogenic emissions from deciduous

trees. Monoterpene concentrations exceeded isoprene largely Introduction

and ranged from 0.01 to 140 ugrthand during winter time

anthropogenic contributions are likely. Variation in monoter- Emissions of biogenic hydrocarbons from forest ecosystems
pene concentrations were found to be largest right abovéire a dominant source of reduced organic gases to the atmo-
the ground and the vertical profiles suggest a weak mixingsPhere. They even exceed emissions of hydrocarbons by an-
leading to terpene accumulation in the lower canopy. Ex-thropogenic pollution and biomass burning. Biogenic emis-
ceptionally high values were recorded during a heat waveSions play important roles in determining the global, re-
in Ju|y 2010 with very h|gh m|dday temperatures abovegiona|, and local atmospheric Chemistry WhiCh, in turn,feeds
30°C for several weeks. During summer months, monoter-back to the ecosysten(neth et al, 201Q Kulmala et al,

pene exceeded isoprene concentrations 6-fold and during004.

winter 12-fold. During summer months, dominance cof Losses of instantaneously emitted hydrocarbons such as
pinene in the lower and of limonene in the upper part of terpenes due to oxidation processes throughout the canopy
the canopy was observed, both accounting for up to 70 % oheight have been reported by several studieszinger et al.

the total monoterpene concentration. During wintertim®, 2005 Fuentes et al.2007 Stroud et al. 2005. Especially
carene was the dominant species, accounting for 60 % of toif the canopy height and structure together with atmospheric
tal monoterpene concentration in January. Possible biogenib.ll’bl.l'ence is such that the residence time of air parcels within
monoterpene sources beside the foliage are the leaf litter, the canopy are comparable or greater than the lifetimes of
soil and also resins exuding from stems. In comparison, thd3VOCs, chemical losses and deposition within the canopy
hemiboreal mixed forest canopy showed similar isoprene butead to reduced above canopy fluxési¢ntes et al.2007
higher monoterpene concentrations than the boreal forest andarl et al, 2004 Strong et al.2004. Effects of ozone, ni-
lower isoprene but substantially higher monoterpene concentrogen oxides (N¢) and hydroxyl radical (OH) on the ver-
trations than the temperate mixed forest canopies. These rdical distribution of BVOCs or vice-versa have been also as-
sults have major implications for simulating air chemistry sessed by means of 1-D canopy chemistry models includ-
and secondary organic aerosol formation within and abovdng atmospheric transport termsafkel et al, 2006 Fuentes
hemiboreal forest canopies. Possible effects of in-cartridgeet al, 2007 Karl et al, 2004 Stroud et al. 2005 Strong

oxidation reactions are discussed as our measurement tecBt al, 2004. These studies mostly conclude that the dis-
crepancy between upscaled leaf level BVOC emission fluxes
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and canopy scale flux measurements are due to the withi2 Materials and methods

canopy chemistry that lead to a reduction in above canopy

BVOC flux to the boundary layer. Monoterpene uptake by 2.1 Site description

leaves of deciduous tree species under high ambient concen- . i i
trations occurs and leads to altered temporal behavior of totaf N€ Vvertical VOC profiles were measured at a 20m high
monoterpene fluxes. Such processes have been described Ig)Ver located in thedtvselja Experimental Forest in south-
Copolovici et al(2005 andNoe et al.(2008. east Estonia (525 N, 2746 E). The site is situated in the

Seasonal variations in isoprene and monoterpene emidlemiboreal forest zone with a moderately cool and moist cli-

sions have been widely reported for a large variety of ecosysMat€ and is described in more detail Kye et al.(2010.

tems and tree speciesiglzinger et al, 2006 Hakola et al, These transition zones spreading between the boreal and
2003 2009 Sabillbn and CremadeﬁéOl Mayrhofer et ai_ temperate climate zones are populated by conifer dominated
2009 and also entered into emission models on variousixed forests. In terms of air pollution the area in the vicinity

scales Gchurgers et 312009 Guenther et a2008. In some of the measurement tower is characterized as a remote site.

cases only total monoterpene fluxes have been taken into ad-N€ distance to the next larger town (100 000 inhabitants) is
count anda-pinene is commonly used as a proxy to rep- 55 km to north-east direction. There are no main transit roads

resent all monoterpenes. This is in contrast to the findingP@SSing a circle of about 50 km around the tower location.

that monoterpenes have quite different atmospheric lifetimes 1€ measurement site is dominated by Norway spruce
(Atkinson et al, 199Q Atkinson, 200Q Lyubovtseva et aJ. (F_’|cea abieqL.) Karst.) and as co-dominant species S_llver
2005 due to differences in their chemical degradation which Birch (Betula penduleRoth.) and Black AlderAlInus gluti-

impact the subsequent processes such as secondary orgafifeSal-) in the upper canopy layer varying between 16-20 m.
aerosol (SOA) formationNg et al, 2008 Kanakidou et al. The presence of a suppressed tree layer with a mean height
2005 Spracklen et al2008. between 6—7 m is of particularly importance as it affects tur-

Forest trees are exposed to a huge amount of biotic angulent air flows within _the _stand. The soil is covered_ by a
abiotic stresses and environmental factors that lead to ver{€nse and rather species rich layer of ground vegetation and
heterogenous emission patterns of biogenic hydrocarbong& MOSS layer that consists of several species. The site has a

(Niinemets 20104. Inclusion of process-based approaches,!oWland character and is influenced by a high groundwater
addressing such factors on larger scale emission fluxes ble and water logging due to the vicinity of Lake Peipsi.

biogenic hydrocarbons have been reviewed recerty ( ESPecially in humid spots we fouriphagnunspecies which

inemets et a).2010d Arneth et al, 2008 Arneth and Ni- &€ typical for peat bogs. _
inemets 201Q Niinemets 20108. The findings ofStroud The mean annual temperature varies betweerf @-&nd
et al. (2005 and Karl et al. (2004 already led to an em- the annual precipitation between 500-750 mm, about 40—

pirical term for the escape efficiency of biogenic hydrocar- 80 MM of the annual precipitation is snow. The length of the
bons from forest canopies into the boundary layer. That es9roWing season (daily air temperature abov€} averages
cape efficiency has been included to the MEGAN frameworkP&tween 170-180 days. Following the typical phenological

(Guenther et a).2008 to allow to scale biogenic hydrocar- pattern, bud break of the main deciduous tree species in the
bon emissions to regional or global levels. area is in the end of April. Foliation takes place about mid

Estonia is located at the transition zone between the boMay and leaf senescence in mid October. The fluctuation in

real and temperate biomes which characterizes the locatiof1€5€ Phenological eventsisi4 days. o
of hemiboreal, mostly mixed, forestlilsson (1997 esti- The site had typically at midday 0.2-0.8 ppbv @ixing

mates the width of that transition zone over Eurasia to span g2lios and the midday ozone mixing ratios ranged between
least over 600 km (Sweden) and even wider in Siberia (Rus40—30 Ppbv with maximal midday mixing ratios of 60 ppbv
sia). Given predictions on species diversity and their chang&Uring some days in summer 2010.

under future climate in ScandinaviSaetersdal et al1998 .

and the likely climatic impact on northern ecosysternms ( 22 VOC sampling
tergovernmental Panel on Climate Chang@07), it seems e conducted the sampling of VOC from ambient air on 6
likely that the hemiboreal transition zone will move and en- heights (0, 4, 8, 12, 16, and 20 m above ground) over a year
large to north. Until now only few s’Fudies _ha_ve been pomtedstarting in October 2009 until September 2010 (Tabl& he

tq the atmosphere-bmsphe_re relations Wlth!n that zone. Th?jays of sampling have been chosen such that we obtained
aim of our study was to give (1) an overview on the am- g5 mpjes in each season of the year at an air pressure above
bient isoprene and monoterpene concentrations within a reyg00 hpa and clear sky. The measurements conducted in au-
mote hemiboreal mixed forest canopy to assess (2) the se€q;mn and winter (October to April) were taken at one day.
sonal change and reveal variations in ambient concentrationgurirlg spring and summer (May to September) there have

due to the changes in environment and to study (3) the spatigleen, several days per month measured during campaigns and
heterogeneity of isoprene and monoterpene ambient concefye chose one day that met the criteria given above.
trations within the canopy.
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Table 1. Overview of the meteorological conditions on the days when VOC vertical profile sampling was conducted. All values are reported
as hourly averages during the time of measurements and refer to the top of the measurement tower at 20 m. The type of measuremen
conducted refers as follows= volatile samplings =temperature measured on all heiglits)ight measured on all heights. The sampling

was in all cases conducted under clear sky conditions.

measurement  type wind wind speed temperature air pressure
date direction (msh) (°C) (hPa)
Oct 2009 v 209 3.7 7.8 1022.7
Jan 2010 v 56° 1.9 —-194 1042.7
Apr 2010 v 285 11 8.2 1021.1
May 2010 v 61° 3 24.5 1012.5
Jun 2010 v 270¢ 1.5 24.3 1021.1
Jul 2010 v, 167 5.7 31.2 1006.5
Aug 2010 v, t,1 118 2.6 25.2 1020.7
Sep 2010 v 193 4 19.2 1013.2

The samples were directly drawn into multibed stain- on the catalytic activity of Cu(ll) compounds. During the
less steel cartridges (10.5cm length, 3mm inner diame-additional measurements, ambient ozone mixing ratios were
ter, Supelco, Bellefonte, PA, USA) filled with Carbotrap C between 10-25 ppbv and were reduced below 1 ppbv by the
20/40 mesh (0.2 g), Carbopack C 40/60 mesh (0.1 g) and Cattrap system.
botrap X 20/40 mesh (0.1 g) adsorbents (Supelco).

We used a total of three constant flow air sample pumps?-3 Resin sampling
(1003-SKC, SKC Inc., Huston, TX, USA) and one multi-

sample constant flow air sample pump (224-PCXR8 SKCFor comparison with the volatile components found in the
Inc., Huston, TX, USA) that allows to draw four samplyes at @i space around tree trunks we took three samples of spruce

the same time. Each sampling took 30 min with a flow of resin from the stems of the trees surrognding the tower. The
200 mimir® which concentrated a total of 61 of ambient S@MPles were taken at about 1m heights on the stem of
air on the adsorbent. The samples were stored and coole%Pruce tre.es at places that wert_a exuding resin. The_resin was
(+5°C) until analysis which took place within 4 to 6h af- picked using a small spruce stick and transferred into 8 ml
ter sampling. With this setup we were able to sample a tota@!2SS vials for transport and subsequent analysis.

of four repetitions on each height within a time frame of 2— -

2.5h aroSnd midday local winqcer time (UTE2). In each 2.4 VOCanalysis

sampling step, we collected all 6 heights and each time wendsorbent cartridges were analyzed with a combined Shi-
changed the cartridges, we changed the direction of the samnadzu TD20 automated cartridge desorber and Shimadzu
ple inlet by 90 leading to a full rotation of the samples over 2010 Plus GC-MS instrument (Shimadzu Corporation, Ky-
the total sampling period per day. oto, Japan) described previousigdpolovici et al, 2009
Several authors had reported possible biases in measurgpome et al.2010).
ments due to oxidation reactions while sampling. The adsor- For the analysis of the resin samples, 0.2 g resin was dis-
bent material used plays a role and sample losses have be&giyed in 2 ml hexane and extracted over 24 h &E4The
reported especially for Tenax adsorber@alpgirou et al. preparations were shaken at@ for 30 min and then cen-
1996 Helmig, 1997 Polimann et el.2009 while carbon  trifuged at 10000 g for 5min. The supernatant was then fil-
adsorbents are reported to have nearly 100 % recovery fofered through two layers of no. 1 filter paper (Whatman,
BVOCs (Ciccioli et al, 1984 Metts, 2007). Kent, UK). Determination of the monoterpenes of the resin
However, atotal of 32 measurements (16 parallel measurepas achieved by GC-MS (Shimadzu 2010 Plus GC-MS, Shi-
ments with and without ozone scrubber) were additionally madzu Corporation, Kyoto, Japan) and equipped with a Shi-
conducted in September and October 2011 to assess Possgiadzu AOC20 autoinjector/autosampler.

ble effects of ozonolysis during the sampling procedure. The = separation of different compounds was achieved in a ZB-
measurements were conducted above and inside the canopyys capillary column (30m, 0.25mm i.d., 0.25pum fim
20m and 0 m above ground, using the same flows and sampjckness, Zebron, Phenomenex, Torrance, CA, USA). Injec-
pling intervals as described before. We took parallel sam+qy temperature was set at 24G. Initial oven temperature
ples, one with and one without ozone scrubber, placed withyas set at 40C, held for 1 min: ramped at® min~! up to

a distance of 5cm between their inlets above and within thexppec, held for 1 min: ramped at BC min—1 up to 220°C
canopy during one time interval of 30 min. The ozone trap-and held for 5 min. Helium (purity 99.9999 %, Elmer Messer
ping system used is described yn et al(2012 and based  Gaas AS, Tallinn, Estonia) was employed as carrier gas with
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a constant flow of 0.74 mlmint. The mass spectrometerwas 2.6 Comparison of parallel measurements with and
operated in electron-impact mode (El) at 70 eV, in the scan without ozone removal

rangem/z 30-400, the transfer line temperature was set at

240°C and ion-source temperature at P80 Compounds In order to asses a possible bias by sampling reactive trace
were identified by use of the NIST spectral library and baseddas compounds such as terpenes in a polluted atmosphere
on retention time identity with the authentic standard (GCincluding ozone we applied the method Bfand and Alt-
purity, Sigma-Aldrich, St. Louis, MO, USA). The absolute man (1999 for paralleled samples with and without ozone
concentrations of isoprene, monoterpenes and lipoxygenag€moval. The first step is to plot the parallel measured values
(LOX) pathway products were calculated based on an exteragainst each other and the one-to-one line=(x). The dis-

nal authentic standard consisting of known amount of VOCs tribution of the data points around the identity line allow a
visual assessment of outliers and bias in the data.

2.5 Auxiliary measurements The quantification of a relative bias in the parallel mea-

sured data is done by plotting the difference
Beside the main task of assessing vertical VOC profiles

throughout the canopy and over the seasons, we measured—= (X; — X,,), D
predominantly under summer conditions, also ambient tem- _
perature, light and C&profiles throughout the canopy. of the measurement conducted with ozone rema§ahnd

Temperature measurements have been conducted usingvéthout ozone removak, against the arithmetic mean
radiation shielded thermocouple sensor that was connected
to a thermocouple reader (Comark KM330, Comark Instru-x =
ments, Hitchin, Hertfordshire, UK). When temperature was
measured, the sensor was placed beside the sampling punigr each pairX,, X, measured in parallel. Assuming a nor-
and during the sampling time, three to four values of temper-mal distribution of the differences, the 95 % confidence in-
ature were recorded. As that was conducted by every changrval limits for bias are calculated from the mean difference
of the cartridges, a maximum of 12—16 temperature measurej which is the relative bias and the standard deviation of the
ments per height over sampling period were achieved. differencesyq as

Quantum flux density (PPFD) was measured with a LI-
190SA quantum sensor (LiCor, Lincoln, NE, USA). On each d + 1.96s4 andd — 1.96s,,. ©))
height, PPFD was measured in shade conditions and in full o
sunlight, if available. At least 5 measurements were takenf linear model regression on the data gt X;} withi € N
during the whole BVOC sampling interval at different loca- WhereN denote the sample size can be used to assess if the
tions near the sampling pump and the data averaged. bias is constant or proportional and therefore depend on the

To assess the ambient G@nixing ratios throughout the range of the measurement. Constant bias is achieved when
canopy, a closed path infrared gas analyzer (IRGA) (LI-the slope of the linear model equals zero and a proportional
7000, Li-Cor, Lincoln, NE, USA) was used. Sample air bias if the slope does not equal to zero.
was drawn from each height by Teflon pipes passing a fil- As we assume a normal distribution of the differences be-
ter (Acro50, Gelman, Ann Arbor, MI, USA) and the IRGA. tween the samples a measure for the precision of the esti-
An air flow of 10 min—! was provided by a vacuum pump Mmated relative bias can be given by calculating the variance
(Samos SB 0080 D, Busch Vakuumteknik Oy, Vantaa, Fin-Of the differences scaled to the sample szeV. The preci-
land). Each height level was measured with a 10 minute in-sion for the limits of agreement (95 % confidence interval) is
terval for 3 hours extending over the time of BVOC sam- then given by
pling. We recorded the values every minute and values have
been averaged the values for each height separately over thg, 7 1 1 gg; ) = <1 n 1967 )55 @
sampling period. N 2(N-1)

Horizontal wind speed was measured with two 3-D sonic
anemometers (CSAT3, Campbell Scientific, 168 Logan, UT,and reflects to what extend the random error influences the
USA; Metek USA-1, Metek GmbH, Elmshorn, Germany) location of the 95% boundaries around the relative hias
which have been installed on top of the tower at a heightDividing the precision of the limits of agreement by the stan-
of 20 m above ground and on a mast at a height of 2m abovelard deviation of the differences allows us to give a relative
forest floor for continuous eddy covariance measurements astimate of the contribution of random error to the bias.
the site. To allow a statement on the relation between the bias and

The ozone was detected using a Thermo Model 49i ozon@zone mixing ratios during the sampling, we plot the differ-
analyzer and NO/N@NOy were detected with a Thermo enced against the measured half hour mean ozone mixing
Model 42i (both Thermo Scientific, Waltham,MA, USA). ratios.

X+ X,

: )
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Table 2. Seasonal ambient isoprene and plant stress signal compa)r8ihexenol and 1-hexanol (LOX) measured on six heights through-
out the canopy. Values are given as means and standard deviations (SD)Tﬁ.ug m

height Oct 2009 Jan 2010 Apr 2010 May 2010 Jun 2010 Jul 2010 Aug 2010 Sep 2010
[m] mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD

isoprene

20 0.2 0.02 0.2 0.01 0.1 0.01 0.2 0.06 2.2 0.3 55 0.7 1.3 0.07 0.6 0.2
16 0.2 0.01 0.3 0.02 0.09 0.04 0.4 0.09 2.2 0.07 4.5 0.5 2.2 0.08 0.5 0.1
12 0.2 0.06 0.3 0.02 0.1 0.04 0.3 0.03 1.8 0.01 4.4 0.3 25 0.23 0.4 0.3
8 0.2 0.05 0.4 0.2 0.1 0.03 0.4 0.2 1.9 0.2 5.7 2.3 3.0 0.3 0.6 0.2

4 0.2 0.1 0.1 0.03 0.4 0.1 0.4 0.2 1.4 0.2 7.5 4.1 3.0 0.6 0.7 0.08
0 0.2 0.04 0.2 0.03 0.1 0.03 0.3 0.04 13 0.2 5.3 4.6 2.7 1.1 0.4 0.03

(2)-3-hexenol

20 0.06 003 008 005 005 0.004 004 0.02 0.1 0.07 13 1.0 0.3 0.3 0.1 0.04
16 0.05 0.03 0.1 0.04 0.2 0.03 002 0.006 0.1 0.07 2.8 4.3 0.2 0.1 0.1 0.06
12 0.06 0.02 0.1 0.03 0.3 0.08 004 o0.01 0.3 0.2 01 007 0.1 0.04 0.1 0.07

8 0.1 0.06 0.2 0.08 0.2 0.05 0.1 0.07 0.3 0.08 0.3 0.3 0.08 0.005 0.2 0.05

4 0.09 0.05 0.05 0.02 0.3 0.05 0.3 0.07 0.2 0.1 0.1 0.07 0.5 0.8 0.2 0.1

0 0.1 0.07 0.07 0.02 0.03 0.004 0.3 0.2 0.3 0.2 0.2 0.08 0.1 0.06 0.2 0.02
1-hexanol

20 0.02 0.008 0.04 0.02 0.03 0.001 0.005 0.002 0.02 0.01 2.1 14 0.5 0.7 0.05 0.01
16 0.02 0.004 0.05 0.003 01 0.05 0.005 0.002 0.04 0.01 3.4 5.4 0.3 0.2 0.04 0.03
12 0.02 001 005 0.01 0.2 0.1 0.005 0.004 0.06 0.009 0.09 0.02 0.04 0.004 0.02 0.02
8 0.03 001 0.06 0.006 0.1 0.04 004 005 008 003 009 006 005 0.02 0.3 0.2
4 0.03 0.02 0.05 0.04 0.1 0.05 0.2 0.03 0.04 0.007 0.08 0.03 0.6 11 0.07 0.04
0 0.04 003 004 003 0.02 0.004 0.22 023 0.04 0.009 006 003 0.02 0.006 0.05 0.005

3 Results CO, accumulation in the lower parts of the understory is fed
by soil and ground vegetation being a net source of carbon.

3.1 Environmental factors 3.2 BVOC overview

] . ) ] ~_ We found a variety of reactive VOC species in the ambi-
Terpene concentrations in ambient air rely on the emissiongnt air measured throughout the canopy. The monoterpenes

from plants as sources and on the chemical composition ang-pinene,ﬁ-carene, and limonene dominated the ambient
oxidative state of the atmosphere determining the sink de¢oncentrations (Figs3 and 5) and further-pinene, cam-
fined by chemical reactions. Figuteshows an example dur- - yhene and-thujene were detected. From the shorter chained
ing summer of key environmental drivers that affect both, hygrocarbons, isoprene was detected as well as 1-hexanol
the source and the sink of terpenes in the atmosphere. Thg,q 7).3-hexenol. The latter both likely originated from the
temperature shoyved.a typical pattern for the mid of a Clearplants LOX pathway and typically indicate plant responses
and sunny day with higher temperatures on top of the canopy, environmental stress factors. During the warm summer
and lower ones within the forest. An interesting effect Wasmonths, the trees are likely to face several stresses such
the outcome, that the variation within that parameter is largeryg heat, drought and high lighklinemets 2010a Turtola

on top of the canopy and directly above the forest floor. Theg; al, 2003. During June, July and August 2010 we also
light gradient showed the expected picture that the highes}eiected the sesquiterpenesnuurolene g-longifolene, 8-
radiative input into the system is at the top of the canopy,caryophyllene, copaene;cedrene, and, E)-a-faresene in
were most leaves and needles are located and quickly degmpient air with their highest abundance in the upper canopy.

creases within the canopy. Below 8 m height PPFD remainrgpjes compiles the total ambient sesquiterpene concentra-
below 100 umolm?s~1. Between 12m to 16 m we found {ions together.

the largest variation of the radiative energy while at the top

of the canopy the variation is again small. The carbon dioxide3.3 Seasonal and spatial variation

(COy) gradient with concentrations at lower levels increasing

well above ambient air concentrations is an indicator for re-Isoprene and monoterpenes showed a large variability over
duced mixing of air during summer months, as is indicatedthe whole year (Fig3, Tables2 and 3). The mean values
also by the variation in horizontal wind speed (F&). The of isoprene varied between 0.1 ugfand 7.5 pg m3 with

www.atmos-chem-phys.net/12/3909/2012/ Atmos. Chem. Phys., 12, 38324 2012
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Table 3. Seasonal ambient monoterpene concentrations measured on six heights throughout the canopy. The values represent the mean ai
standard deviation (SD) in pgTﬁ.

height Oct 2009 Jan 2010 Apr 2010 May 2010 Jun 2010 Jul 2010 Aug 2010 Sep 2010
[m] mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD

a-thujene

20 0.016 0.02 0.009 0.001 0.003 0.002 001 001 0.033 003 024 03 0082 006 0.11 0.06
16 0.007 0.004 0.02 0.02 0.2 01 0.003 0.001 011 01 019 02 0.033 001 014 0.09
12 0.022 002 0.02 0.003 0.087 0016 001 001 048 02 0.036 0.02 0008 0.004 0.14 0.04
8 0.003 0.003 0.021 002 016 009 0.08 009 063 05 0.023 0.02 0.01 0.006 0.19 0.06
4 0.032 005 0.02 0.002 0.094 005 0045 004 056 02 0.042 002 032 004 024 0.04
0 0.045 007 0.01 0.002 0.003 0.005 012 006 093 02 059 05 036 009 019 0.04

a-pinene

20 0.4 0.2 0.2 0.08 0.06 0.01 0.2 0.08 0.7 0.3 15 0.5 0.6 0.3 0.7 0.5
16 0.3 0.06 0.6 0.5 5.2 1.9 0.02 0.003 0.8 0.6 2.2 0.9 0.6 0.1 0.3 0.1
12 0.7 0.5 0.2 0.1 5.7 0.7 0.07  0.09 15 0.2 1.6 0.3 0.7 0.2 0.6 0.5

8 0.4 0.3 0.10 0.06 5.2 17 3.1 2.6 2.3 17 14 0.5 1.2 0.08 047 03

4 0.94 11 0.2 0.005 538 0.9 5.6 2.7 2.2 1.9 18 0.8 105 16.2 1.3 0.5

0 19 1.0 0.07  0.02 25 0.8 9.5 6.4 23.2 13 7.5 6.5 5.3 0.5 4.6 14
B-pinene

20 0.06 0.03 0.06 0.04 0.05 0.02 0.04 0.009 0.3 0.2 169 16.5 14 2.1 0.09 0.05
16 0.09 0.01 0.09 0.04 0.6 0.2 0.002 0.002 0.4 0.5 1.3 0.8 14 1.7 0.04 0.02
12 0.09 0.01 0.04 0.02 0.6 0.2 0.07 0.08 0.4 0.3 0.4 0.2 0.1 0.08 0.2 0.1

8 0.2 0.08 0.07 0.01 0.7 0.4 0.4 0.3 0.6 0.4 03 0.08 02 0.03 0.09 0.02

4 0.3 0.4 0.01 0.007 0.5 0.3 0.6 0.2 0.4 0.3 0.5 0.2 1.0 1.6 0.3 0.2

0 0.3 0.2 0.07 0.02 0.2 0.1 0.9 0.6 1.9 0.2 0.9 0.7 0.4 0.1 0.5 0.1
camphene

20 0.1 006 009 002 005 001 005 0.009 05 0.4 4.8 2.2 1.7 2.6 0.3 0.2
16 0.1 0.04 0.1 0.03 0.3 0.07 003 0.02 0.2 0.07 18 17 14 11 0.3 0.2
12 0.2 0.1 0.1 0.03 0.3 0.2 0.04 0.01 0.4 0.2 03 004 02 0.06 0.2 0.1

8 0.2 0.1 0.1 0.04 0.3 0.1 0.4 0.3 0.4 0.1 0.5 0.06 0.3 0.08 0.2 0.03

4 0.6 0.2 0.2 0.07 0.6 0.1 0.8 0.2 0.5 0.08 0.5 0.1 0.9 1.2 1.4 0.9

0 0.6 0.3 0.08 0.008 0.6 0.2 1.8 1.7 45 2.1 1.4 1.2 1.3 0.2 0.9 0.2
A3-carene

20 0.4 0.2 0.6 0.4 0.1 0.02 0.4 0.3 0.6 0.5 30.8 20.6 1.8 1.2 0.5 0.3
16 0.4 0.05 15 13 1.8 0.7 0.01 0.01 0.6 0.5 253 181 1.7 1.9 0.2 0.06
12 0.5 0.2 0.3 0.04 1.8 0.3 0.2 0.3 1.6 1.6 14 15 0.2 0.08 0.5 0.3

8 0.3 0.09 0.3 0.3 1.8 0.5 0.8 0.5 1.0 0.5 0.6 0.2 0.5 0.1 0.7 0.5

4 0.8 0.6 0.6 0.2 1.8 0.5 1.3 0.9 1.4 1.7 0.9 0.2 2.5 4.3 0.5 0.08

0 0.7 0.3 0.3 0.1 0.2 0.09 2.0 1.1 2.3 0.6 0.7 0.7 0.6 0.2 0.5 0.07
limonene

20 0.5 0.2 0.4 0.2 0.2 0.06 0.8 1.0 14 13 863 397 406 249 0.7 0.5
16 0.7 0.4 0.6 0.5 0.9 0.3 0.04 0.02 0.5 04 192 182 41 34 1.2 1.7
12 11 0.6 0.2 0.02 1.0 0.3 0.3 0.2 2.2 2.9 07 006 02 0.08 1.0 0.9

8 0.4 0.3 0.2 0.2 0.7 0.2 0.6 0.5 0.7 0.4 0.9 0.6 0.9 0.6 1.4 1.2
4 4.5 6.4 0.5 0.2 13 0.5 15 0.6 1.6 1.9 12 0.5 3.4 5.6 1.7 12
0 0.8 0.2 0.2 0.08 0.5 0.2 18 0.6 3.1 0.9 0.7 0.6 0.6 0.2 0.7 0.09

lowest values in April 2010 and highest in July 2010. Mean 0.01 pg nT2 and reaching nearly 100 pgth Highest values
values of the LOX pathway compounds varied substantiallywere found in July 2010 under exceptionally hot conditions
between 0.03 pg P and 3.4 ug m2 with highest values ex-  (Tablel and Fig.3) reaching 140 ug ie.

clusively in July 2010 and on the topmost level of the canopy. The vertical profiles of isoprene and monoterpenes are pre-
The mean values of monoterpenes showed the largest varsented in the Fig®8 and4. For isoprene, we can clearly dis-
ability spanning over five orders of magnitude starting belowtinguish differences in observed concentration ranges in the
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Table 4. Comparison of the relative contribution of monoterpenes from several possible sources near the forest floor. Resin samples have
been taken in September 2010.

name resin [%] spruce litter [%] pine litter [%] soil efflux [%]

a-pinene 34.84 38.62 58.67 59.06
B-pinene 35.38 4.83 4.59 3.79
A3-carene 13.91 2.07 27.04 25.91
limonene 14.8 11.03 0.51 0.24

this work Isidorov et al.(2010 Isidorov et al(2010 Aaltonen et al(2011)
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temperature [°C] Fig. 2. Example for the variation of the wind speed above (20 m)
and within the forest canopy (2m). The data were measured dur-
ing August 2009. The monthly median wind speed at 20 m height
was 1.04m3s! and at 2 m height dropped to 0.25 mis The boxes

15¢ ] cover 50 % of the data.
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summer months (June to August) and the rest of the year.
5] ] Comparing the height profile for each month, there was no
clear pattern visible over the year (FR). While in June the
ol ‘ ‘ ‘ ‘ ‘ ‘ L] highest concentrations were found on the topmost level of
0 200 400 600 800 1000 1200 1400 the canopy, the profile has changed considerably in August
PPFD [pmol m~ 57 with higher concentrations found inside the canopy. In the
case of total monoterpene concentrations, the situation is dif-
ferent. Excluding the exceptionally hot periods, the monoter-
penes showed higher concentrations at 0m and 4 m height
over the whole year. Only during July 2010, when a long and
exceptional hot period had occurred, the ambient monoter-
101 ] pene concentrations were dramatically increased at 16 m and
20 m height. The same, but much less prominent pattern was
5 ] seen in August 2010, when the concentrations of monoter-
penes were slightly larger on 20 m height than below (Bjg.

height [m]

20F B

15+ 1

height [m]

870 380 890 400 410 3.4 Whole year canopy profile
CO; [ppm]

Fig. 1. Example of key environmental drivers for isoprene and A more general pqttern was obtained by com_blng the mea-
monoterpene emissions from forest canopies in summer. Air temSUréments per height over the whole year. Figlishows
perature, quantum flux density (PPFD) and ambient @@xing the variation of isoprene and total monoterpene concentra-
ratio have been measured on the 12 August 2010. The lines denotéons profiles found. Isoprene median concentrations were
mean values and the shaded areas the standard deviations. Medimind to range between 0.33 pgfand 0.56 ugms3. The
have been averaged over the period of BVOC measurements. outliers were caused by the measurements in July 2010
and the largest variation was found at 16 m height where
the dynamics of the environmental drivers was largest. The
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Fig. 3. Isoprene and total monoterpene concentrations measured in ambient air throughout the forest canopy and seasons. The sum o
monoterpenes includesthujene o- and 8-pinene, camphene3-carene and limonene (see also legend B)g.
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Fig. 4. Variation of isoprene and total monoterpene ambient air concentrations measured over the whole year. The boxes, ranging from the
0.25 to the 0.75 quartile, cover 50 % of the data, the dashed lines denote the median concentration and the whiskers show the standar
deviation of the data excluding far outliers. Outliers are given as dots and mark in both cases the measurements in July 2010 with exceptional
high temperatures. The inset in the monoterpene plot show the shape of the boxes and the location of the median concentrations in detail.

monoterpene concentrations were found maximal in the forthe forest floore-pinene was the most abundant species, we
est understory between soil level and a height of 4 m. Here atound limonene dominating on top of the canopy for most
well, the outliers came from the measurements in July undetimes of the year, indicative of different sources contribut-
high temperatures. The median monoterpene concentratioriag to individual monoterpene species3-carene showed
decreased from 8 ugmi at Om to 2 ug m3 at 20m height  the smallest fractional contribution to the total monoterpene
and the largest variability over the year was found at 0 m ancconcentrations at O m for the most times measured and its
16 m (Fig.4). contribution was growing to top of the canopy. We assumed
that the relative share of monoterpenes inside spruce resin
does not change fast in time if already exuded from the stem.
Our finding (Tabled) revealed that compared to spruce lit-
To assess changes in the contribution of several monotetter, the share of-pinene and limonene matched well while
pene species emitted, we normalized the total monoterpeng-pinene andA3-carene are about a factor of 7 larger in the
concentration to one and expressed each monoterpene ligsin than in the spruce litter. Compared to the relative con-
its relative contribution (Fig5). These relative contributions tribution of monoterpenes in ambient air (Fi). the resins
showed as well a gradient over the canopy. While near to

3.5 Relative contribution by monoterpene species

Atmos. Chem. Phys., 12, 3908926 2012 www.atmos-chem-phys.net/12/3909/2012/
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share ofa-pinene, A3-carene and limonene matched well
the measurement in September 2010 at 0 m and 4 m height
while g-pinene seems to be large as compared to ambient
data. Overall, the heterogeneity and variability was larger at
the top of the canopy than at the forest floor.

3.6 Possible oxidant interferences on measurements

Additional measurements to justify possible bias introduced
by sampling without ozone removal from ambient atmo-
sphere were conducted in 2011. These results are summa-
rized in Figs.6 and7 as well as Tabl&.

In the case of isoprene, we found a relative bias of 1.1 %
and the bias for monoterpenes was found to range between
—0.075-2.5%. The only one negative value was found for
B-pinene indicating that the measurement without ozone re-
moval yielded in higher values. In the rest, the bias was
positive, indicating a loss by sampling without ozone scrub-
ber. The largest percentage was found for the most reactive
monoterpene, limonene, and reached 2.5 %. Sesquiterpenes
were not detected in any measurement using the ozone scrub-
ber.

The precision of the estimates for the 95% confidence
boundaries (Tabl&, Fig. 6) can be used to assess the frac-
tion of random error contributing to the deviation by the bias.
The largest fraction was found farpinene followed byAS-
carene and limonene.

The linear trend lines in Fig6 revealed that only in
the case ofa-pinene, the estimated relative bias can be
graded independent from the ambient concentration. For
other monoterpenes, isoprene and the combined monoter-
pene data, the slope (Taldgis not near to zero and therefore
the bias estimate depends on the measured concentration. In
the case of isoprene;thujene, angs-pinene the slope found
to be positive and the bias is likely to increase with increasing
ambient concentrations. In the case of campharezarene,
limonene, and the combined monoterpene data the slope is
negative and therefore it is likely that the estimate of the rel-
ative bias is smaller for higher ambient concentrations.

Correlations between relative bias and ambient ozone mix-
ing ratios turned out to be smal| < 0.4 (Fig. 7). Negative
correlation coefficients were found for isopreaethujene,
anda-pinene. Positive correlations f@epinene,A3-carene,
and limonene while for camphene and a combination of all
monoterpenes no correlation was found.

The range of ambient concentrations can be as well as-
sessed from Figur®, where isoprene ranged between 0.05—
0.4 ug nT2 and the monoterpenes between 0.01-1.5pm
Given the results in Tablesand3 the concentrations are in
the same range as during the sampling in the year before.

Atmos. Chem. Phys., 12, 3832§ 2012
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Fig. 6. Comparison between the two measurements conducted with (scrubber) and without (no scrubber) ozone removal according to the
method ofBland and Altman(1999. For each one, isoprene, several monoterpenes and the combined dataset for monoterpenes, a pair of
plots are presented. The first compares the parallel measured pairs to identifyding é&nd the second one shows the difference between

the samples (no scrubber — scrubber) against the average between the samples. The dashed black line marks zero, the blue line the me.
difference and the dashed blue lines the 95% limit of agreement. The offset of the mean difference of the samples to zero is a measure of
the bias between the two sampling methods. The green regression line shows a possible dependency between the difference of the samp
method and their sampled average concentration. All units are given impig m

Table 5. Ambient total sesquiterpene concentrations were found4 Discussions
only during summer months and at the upper part of the canopy.
Values are given as mean and standard deviation (SD) ity

height June 2010 July 2010 August 2010
mean SD mean SD mean SD

20m 0.02 0.01 004 0.03 0.02 0.009

16m 0.71 1.1 0.77 1.1

Atmos. Chem. Phys., 12, 3908926 2012

In general, the values we present here fit into the picture of
the reported ambient isoprene and monoterpene concentra-
tions. Such ambient concentrations range from 2 to 5pgm
for isoprene and and 10 to 18 pgfhfor monoterpenes in
boreal forest ecosystembigkola et al. 2000 Rinne et al.
2000 Raisanen et al.2009. Further ambient terpene con-
centrations were reported for Greeéta(rison et al.2007),

the AmazonRinne et al.2002, Duke Forest and Oak Ridge

in USA (Stroud et al.2005 Fuentes et 812007, where Oak
Ridge employed the highest isoprene mixing ratios among
the sites noted here.
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Fig. 7. Relation between atmospheric 0zone mixing ratio and the difference between the samples. As the measurements were conducted ol
two heights, the ozone mixing ratios are clustered. The lower mixing ratios were measured inside and the higher mixing ratios above the
canopy. The correlations between the differences and the ozone mixing ratios are small and the green linear trend lines are included to
visually accentuate the correlations. The unit for the difference is given inJgand for the ozone mixing ratio in ppbv.

Table 6. Selection of ambient BVOC concentrations (u@ﬁm reported in the literature for several forest ecosystems. If needed, volume
mixing ratios have been converted by taking the temperature and air pressure of the measurement period reported into &mioteitl(cf.
and Pandi2006). avg = mean value, med = median value, max =maximal value of the measurements reported.

Location isoprene monoterpenes Date References
Boreal
Hyytiala, Finland 5.15(avg), 10(max) 2000-2007 Hakola et al (2009
0.1-0.3 0.4-4 April 2005 Eerdekens et a(2009
0.6(med), 1(max)  1.7(med), 3.3(max) Summer 2006/2007 Lappalainen et a2009
0.2(med), 0.3(max) 0.9(med), 1.7(max) Winter 2006/2007
0.3(avg), 1.2(max) 3(avg), 15(max) July 2004 Rinne et al (2009
0.2-2.5 37 m, August 1998 Rinne et al (2000
0.8-2.8 19.5m, August 1998
2.5-3.5 2m, August 1998
Huhus, Finland 5(avg), 12(max) June-September 2003 Raisanen et al(2009
Potsdnvaara, Finland 0.9-4.7 9.5-18 April-October 1997, 1998 Hakola et al (2000
Hemiboreal
Jarvselja, Estonia 1-7 10-40 Spring and Summer 2010 this work
0.33-0.56 (med) 2-8 (med) Oct. 2009-Sep. 2010 this work
Temperate
Michigan, USA 7(avg), 22.7(max)  1.7(avg), 6.1(max) Summer 2008 Mielke et al.(2010
Julich, Germany 5.5(avg), 30(max)  1.4(avg), 8.2(max) July 2003 Spirig et al.(2005
Duke Forest, USA 4.2-6 1.7-4.4 July 2003 Stroud et al(2009
Oak Ridge, USA 14-42 3-9 July 1999 Fuentes et a2007)
Mediterranean
Castelpoziano, Italy 0.4-0.7 0.6-1.2 May—June 2007 Davison et al(2009
Agrafa Mountains, Greece  4.2(avg), 22(max) 5(avg), 28(max) July—August 1997  Harrison et al(2001)
Tropical
Floresta Nacional do 5.5(avg), 11(max)  0.3(avg), 0.7(max) July 2000 Rinne et al(2002

Tapajos, Brazil

www.atmos-chem-phys.net/12/3909/2012/ Atmos. Chem. Phys., 12, 3832§ 2012
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Table 7.Relative bias and the precision of the bias estimate. Positive bias values indicate a loss compared to the sample using ozone remova
and negative values a gain. The fraction of random error (FRE) contributing to the bias estimate how much of the difference between the
parallel samples may be explained by random error. The slope and P-values refer to the linear trend linés in Fig.

bias% precision% FRE% slope P-value

isoprene 1.1 0.087 1.8 0.178 >0.03
a—thujene 0.19 0.00029 0.32 0.117 >0.5
a—pinene 1.6 0.34 11 0.00765 =0.9
camphene 1.2 0.0097 1.8 -0.102 >04
B—pinene —0.075 0.0034 11 0.0605 =>0.6
3—carene 0.33 0.18 8.1 -0437 =>0.03
limonene 25 0.065 49 -0.289 =>0.002
all monoterpenes 0.96 0.016 0.97 -0.057 >0.1

During spring and summer, our measurements resultedentrations during January were larger than in October and
in isoprene values that ranged from 1 to 7 ygfnand the  April. That might be due to a low chemical sink and possible
monoterpene concentrations varied in the same time betweeanthropogenic influences, that have been repoReihfann
10 and 40 pgm?d if the extreme values measured in July et al, 2000. Such anthropogenic sources are mainly the
2010 were excluded. Given reported maximal values for bo-combustion and evaporation of fossil fuels as well as biomass
real forests Raisinen et al.2008 2009 Eerdekens et al.  burning Reimann et aJ.200Q Theloke and Friedrici2007,
2009 the numbers reported here are slightly higltakola  Cai and Xig 2009.
et al.(2009 reported as well yearly and monthly averages of In contrast, the summer months (June, July and August)
monoterpene concentrations which are reflected by our valshowed a very large heterogeneity in the isoprene concen-
ues, if taken out the exceptional July measurements. Overalrations increasing up to 7-fold as compared to the rest of
the hemiboreal forest ecosystem employ slightly larger am-the year. That pattern was found consistently over the ver-
bient monoterpene concentrations than the boreal forest antical gradient measured and suggests that the activity of the
clearly larger than temperate forests where less monoterpengogenic sources is largely increased throughout the canopy
emitting tree species are present. For isoprene, the hemib@nd follows basically an asymmetric seasonal variathin (
real forest show slightly larger ambient concentrations thannemets et a)20109. The maximum of the BVOC emissions
the boreal forest but is clearly below the temperate forest conis out of phase with the solar cycle and stronger in the second

centrations (Tablé). half of the year.
The ambient monoterpene concentrations followed as well
4.1 Seasonal variation of the ambient terpene the asymmetric seasonal pattern and employed the highest
concentrations concentrations during summer. However, that pattern was not

consistent over the spatial distribution within the canopy and
The seasonal variability of both isoprene and monoterpengVill be discussed below. Monoterpenes dominated the ter-
concentrations in the canopy is high, as expected from vari{ene trace gas concentrations in the forest air over the whole
ability of plant physiological activity. Wintertime values Year. When calculating the mean isoprene and monoter-
reflect the lowest and the summertime values the highespene concentrations during the summer months, monoter-
biogenic activity. Our measurements support the idea thapene concentration exceeded the isoprene concentration 6-
throughout the year the biogenic source attribution of indi-fold. During winter, spring and autumn, the monoterpene
vidual monoterpene compounds changes substantially. concentration dominated even more and exceeded the iso-

The concentrations for isoprene in winter, spring and au-prene concentration 12-fold.

tumn remained quite similar even though the temperatures, Given the tree species distribution at the measurement site
state of the surface (snow cover in winter, flood in spring) (Noe et al, 2010, the loss of the leaves from the fraction
and the physiological conditions of contributing tree speciesof deciduous trees and, by that a change in sources of both,
changed substantially during those periods. The deciduougonoterpenes and isoprene, led to a change of the ambient
trees lost their leaves and also reached bud burst and deveerpene composition. While the monoterpene concentration
oped new foliage causing changes in the light and temperfémained dominated by biogenic sources there might be an-
ature environment within the forest canopy. However, suchthropogenic contributions to isoprene during winter time. We
dramatic environmental changes, impacting on the biogeni¢an not proof that with our data and that was not the inten-
sources and the chemical sinks during daytime, did not leadion to do so, but investigating the source attribution is a fu-
to substantial changes in ambient isoprene concentrationiire task to better understand the role of the annual changes
during most time of the year. Interestingly, the isoprene con-
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of the hemiboreal ecosystems and their impact on the atmo- The general pattern of the vertical terpene concentration

spheric state and feedbacks thereof. is seen by the yearly median values. Isoprene concentra-
_ o tions remained almost constant over the canopy height and
4.2 Vertical variation through the canopy employed the largest variations at 16 m height. There is the

, S . main part of photosynthesizing foliage located and the high-
Light availability discriminates the most the activity of the gt source activity. At 20 m in full sunlight, the chemical sink

biogenic sources and the chemical sinks within the forest,,q the mixing is stronger and thus the possible isoprene con-
canopy during daytime. Up to today, information on ver- .onirations are smaller.

tical variation of BVOC is scarceFuentes et gl.2007, The median monoterpene concentration tends to be high-
Eerdekens et 312009. Recent studies showetlige et al. gt ot the forest floor until 4m height and then decreases by
201Q Fuentes et 812007 Eerdekens et 812009 thatreac- g tactor of four until the top of the canopy. Largest varia-
tive trace gas concentrations are substantially smaller within;on« were found at the forest floor and at 16 m height. This
the canopy under shade conditions than above the canopy,, pe seen as an indication that soil and litter is an impor-
in sunlight. Furthermorei-erdekens et al2009 reported  (4nt monoterpene source near the forest floor and the plant
larger terpene concentrations at night time but beside a posgjiage source is strongest at 16 m where the largest amount
sible loss of activity in the chemical sink when there is N0 4t |aaves are located in summer. At 20m, again the stronger

or low light there are the possibilities that the cease of tur-igation processes and mixing should lead to lower ambient
bulent mixing and a shallow nocturnal boundary layer are.,ncentrations.

present. All these processes will contribute to a concentra-

tion change. However, we assumed that the boundary Iaye[l_g Temporal and spatial variation in the relative
was not changing substantially during our 2—2.5h midday
measurements and the changes seen in BVOC ambient con-

centrations are bound to source strength and attribution, acrpe main contributing monoterpenes changed over time and
tivity of the chemical sink and transport within the canopy.  gp4ce within the forest canopy. The dominant compound in
While our measured isoprene concentration dlq not char_lg@ne lower canopy was-pinene while at the top of the canopy
very much, the total monoterpene concel_'ltratlon Was Nfimonene took that role. An exception of this pattern was the
creased by a factor of two or three, depending on the height,on of January, when tha3-carene contribution domi-
in the canopy. This accumulation of monoterpenes withinpateq at all heights. A possible explanation is the logging
the lower 4-8 m inside the canopy may be explained by sevz ity which took place in winter, even though, not in the
eral means. As theoav_angble ozone andNIOncentrations  yirect vicinity of the measurement site. Trindselja experi-
are reduced by 50% inside the canopjog et al, 2010,  menta| Forestry Station covers about 11000 ha and is a man-
the chemlcal. s_lnk 'act'lvrry should be reduced. On the otheraged forest. Logging activity and storage of logs in that area
hand, the mixing inside the canopy should be as well re-gixely. From a recent studyNoe et al, 2010 we know that
duced. Unfortunately, we have no micrometeorological mea-, 3_.arene is the main compound emitted frBnabiesat our
surements covering the whole period reported here. Fromjse and it shared up to 14 % of the spruces resin monoterpene
our campaigns in 2008 and 2009, we can give an estimatgqnient, Because of tha3-carene emissions from freshly
of the typical friction velocities:, during summer when the cut and stored logs in the area are a likely source, at least
canopy is densely closed with leaves. At 2 m heightinside theduring wintertime.
canopy we measured a median friction velocity of 0.08MS  Taying the lifetime and reaction rate constanta-gfinene
while on top of the canopy at 20 m height we found a median, g jimonene into accountkinson, 2000, the temporal
of 0.4ms ~. That situation is further supported by the mea- 44 spatial relative contribution pattern give some informa-
surements of the horizontal wind speed (Flg.However, 10 yiong on the change in the activity in the biogenic sources.
conclusively prove the scenario we described here, we Wo‘?'ql\bove the canopy the chemical loss of limonene should be
need to conduct a comparison between the actual reactiopyger due to its reaction rate which allows a faster decay
rates, transport and dilution together with the strengths Ofas compared to-pinene. As it was found to be the most

possible sources. abundant monoterpene in ambient air at 20 m, there has to be

. Bhe3|de trees, also rt]he soil is a source 0: mon.c|>terpenes and jarge source activity. One explanation during the summer
igh concentrations have been reported for soil uRIBUS  1\qnths might be an increased limonene emission flux under

sylvestrisL., Betula penduld.. andPicea abied... (Isidorov gt siress as reported ®nus sylvestriend Picea abies
etal, 201Q Aaltonen et a|.2011). Soil airspace concentra-  (yyio|g et al, 2003. A further support to this viewpoint
tlons.have peen rgported to be about a factor of 100.0 largels the fact that we found only in June to August sesquiter-
than in ambient airgmolander et 812009 and a contribu-  henes on the two top layers in the canopy. As these are also
tion of monoterpenes emitted from soil to the concentrationgyess indicators, their occurrence may be bound to the high
in forest air is a likely process. temperatures and light impacts on the foliage. However, a
recent study did not reveal the same pattern in leaf level

monoterpene contribution
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monoterpene fluxes during summetog et al, 2010 mea-  neous reaction rates according to the adsorption of the BVOC
sured at the same site. In that sense, a simple link betweesampled. A study of the impact of ozone and limonene on ac-
leaf level fluxes and ambient concentrations in a system withtivated carbon filtersNletts 2007 revealed that, indeed, het-
multiple influencing factors might hold only temporarily. erogeneous reactions of limonene on the adsorbent material
The monoterpene concentrations inside the forest, espewith ozone took place. In the same study, it was reported that
cially near the forest floor, showed a clear contribution pat-after 48 hours of exposure to high ozone (8.95 ppmv) mixing
tern. This pattern was present even in early spring with snowratios about 58 % and of the originally adsorbed limonene
cover and flooding after the snow melted away. Comparingwas recovered from the filter material. Short term expo-
the measurement of the monoterpene contribution in ambisure (30 min) to 5.8 ppmv ozone had a recovery of 95 % of
ent air to soil and litter fluxes (Figh and Tabled) the frac-  limonene adsorbed on active carbon filters.
tions we found fora-pinene and limonene resemble most  Artifact formation for several adsorbent materials under
closely the soil efflux found in the boreal fore®taltonen  o0zone impact was also discussedlge et al.(2006. While
et al, 2011). Even though soil and litter efflux were found the Tenax adsorbents showed up to 13 artifacts measuring
to be slow as compared to the leaf flux&ké et al, 2010 carbonyl compounds at 100 ppbv ozone mixing ratio, Car-
a weak mixing and low windspeed (Fig) during summer  bopack B showed 7 artifacts and Carbopack X none. Even
with a very dense foliage on top could lead to monoterpenehough the study does not focus on terpenes, the carbon back-
accumulation inside the canopy. bones of the measured compounds ranged from C5 to C13
Yet, monoterpene contributions from soil or litter are carbon skeletons and covered the isoprene and monoterpene
scarcely investigated. Possible sources are soil microbesiolecule sizes.
(Ramirez et al. 2010 and the litter Gray et al, 201Q The relative bias between the two methods of sampling
Isidorov et al, 2010. Hayward et al.(2001) reported also we applied here ranged betweei®.08—-2.5% and was es-
differences in VOC fluxes according to the depth of the soil.timated by the hypothesis, that the difference between both
However, the comparison with litter and soil flux samples sample methods is normally distributed and caused by chem-
(Table4) suggests that there is a large variability in litter and ical loss of terpenes while sampling. Therefore, we have to
soil monoterpene fluxes. In our case, the spruce resin is arassume that the other sources of bias and random error in-
other potential source contributing to the ambient concen4roduced by subsequent GC-MS analysis and peak integra-
trations measured from early spring to autumn. As resin istion are conserved for both sampling methods and because
located within the litter and the trunks, there is a substantialof that drop out when calculating differences. However, that
spatial cover within the forest canopy for such monoterpendast assumption can not be assured to 100 % and therefore,

contributions to the ambient concentration. the bias estimated might reflect as well other impacts beside
the chemical degradation of terpenes while sampling.

4.4 Impacts of polluted environments during sampling As expected, the largest bias in terms of sampling loss

of ambient BVOC was found for limonene (2.5%) as it employs the fastest

reaction rate among the terpenes determined. Followed by

Sampling of BVOC from polluted environments was recently a-pinene (1.6 %) and camphene (1.2 %) which employ the
reviewed byNiinemets et al(2011) rather generally. The slowest ambient reaction rates among the detected monoter-
main influences such as sample technique, used adsorbepénes. That outcome implies, that there have to be other ef-
materials, impacts of reactive trace gases, most prominentljects taken into account beside atmospheric terpene-ozone
ozone, and ozone trapping techniques were discussed. Theactions during sampling. Assumed similar concentrations
general picture can be summarized as follows: While theof a-pinene and limonene and the same ozone mixing ratios
ozone scrubbers are usually placed in the first place of theand temperatures, the ambient atmospheric reaction rate of
sample line reported effectBi¢k et al, 2001, Helmig, 1997 limonene is about a factor of 5 larger than éopinene and
of adsorption/desorption processes in the scrubber line wiltherefore, the loss should reflect that as well. However, we
effect on the BVOC sampling. Even a complete loss of somefound that the bias of limonene is just a factor of 1.5 larger
mono- and sesquiterpenes in ozone-free air has been showhan fora-pinene. The chosen months for the additional mea-
(Arnts, 2008 Pollmann et e].2005. The use of scrubbersis surements have been those wherpinene and limonene
usually beneficial when Tenax adsorption materials are use@vere contributing almost with the same amount to the ambi-
and while sampling from enclosure systems but might leadent monoterpene concentration (F). Ozone mixing ratios
to artifacts in case of sampling ambient air. were close to the mean measured over the whole season and

A less prominently discussed point is the situation within the same for both sample methods during the parallel sam-
the sample cartridge where the adsorption of the BVOC to, inpling. The ambient concentrations@fpinene and limonene
our case carbon surfaces, take place. It was already noted Wjiffered about 25 % with higher concentrationseepinene.
Calogirou et al(1996 that the terpene-ozone gas-phase re-That might reduce the factor to favor loss of limonene to 3.5
action rate constants alone can not fully explain the terpendut that is still substantially larger compared to the factor in
losses and the authors suggest a combination of heterogéhe bias we found. One candidate to explain the weaker losses
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during sampling might be the heterogenous reaction schemd Conclusions
as reportedNletts 2007).

The effect of random error on the relative bias estimate is'We found clear seasonal and spatial pattern of isoprene
described by the precision of the limits of agreement scaleddnd monoterpene ambient concentrations within the forest
to the standard deviations of the differences between bott¢anopy. While the variation in the isoprene concentration can
sampling methods. The range spans between 0.3 and 11 9g12inly be explained by the biogenic emission from decidu-
Overall, we can state that random effects play a minor role inoUs trees, the monoterpene concentrations showed the largest
determining the bias. values and variations above the forest floor.

The linear regression on the differences showed that only During summertime, very large stress related emissions
the bias ofa-pinene can be handled as a constant shift andTom the biogenic sources led to large ambient concentra-
graded to be independent of the ambient concentrations. Fdions despite of the also high oxidation sink for terpenes. Es-
a-thujene,g-pinene and as well isoprene, the slope is pos-Pecially monoterpene concentrations were the dominant ter-
itive and indicating that the bias will most probably grow Penes in forest canopy air.
with growing ambient concentration8-pinene is, however, The relative contribution of monoterpenes let us propose
still rather near to a constant shift. Campheﬂércarene, several possible sources within the canopy. The main sources
limonene, and the combined data set of all monoterpeneéuring the growing season are the foliage and under high
showed a negative slope, indicating that the bias will betemperature the stress related emissions can temporarily
smaller the larger the ambient concentrations are. dominate the source capacity. The forest floor (soil and lit-

If the differences are related to the ambient ozone mixingter) is a strong source, especially ferpinene throughout
ratios (Fig.7) the Pearson correlation coefficients are smallthe year and resins may contribute as well in that tempo-
and to be at the safe side we do not draw strong conclusiong! range. The measurement in January was dominated by
about a relation between bias and ozone mixing ratios inA-carene and anthropogenic sources may play a role during
the case presented here. However, positive coefficients werdintertime.
found for B-pinene, AS-carene, and limonene indicating a  We can conclude that the lower canopy is weakly mixed
growing bias by growing ambient ozone mixing ratios. As and rather stable during spring and summer leading to at
we have measuredonOmand 20 m he|ght and ozone mixin@?ast two Clearly distinct Iayers within the canopy. Oxidative
ratios are found highest above the canopy we can see anothéegradation processes inside the canopy may play a more
pattern in Fig.7. The differences were mostly smaller under Prominent role during that time. In autumn and winter the
higher ozone mixing ratios which is contrary to the excep- patterns resemble more to the situation of the boreal forest
tions. But given the fact, that the overall ambient concentra-With coniferous trees as main contributors of biogenic hydro-
tions are lower for monoterpenes above the canopy (mb|e carbons and a rather open canopy structure aIIOWing stronger
this may just reflect that situation. mixing.

Taking the relative contribution of monoterpenes within ~ Predictions of BVOC fluxes by means of vegetation maps
the canopy (Fig5) into account the bias in the lower part of that grade the hemiboreal area as temperate mixed forests
the canopy will be smaller as the main compound thete is ~ are likely to overestimate the isoprene and underestimate the
pinene. The highest bias due to ozone losses will occur on toponoterpene fluxes to the boundary layer.
of the canopy during summer when limonene is dominating
the terpene mixture in ambient air. As the ozone mixing ratio

and the temperature affecting as well the overall reaction of \c<nowledgementsie thank Pille Randyrv and Lea Noe for
their help collecting the samples during the measurement cam-

limonene and ozone while sampling, a final conclusion Canpaigns. We further thank Beate Noe for her help in analyzing the
not be made here. L chromatograms. We thank Hermanni Aaltonen for his comments

In our case, the application of the ozone scrubber leaded, torest floor monoterpene emissions from boreal soils given at
to a 100 % loss of sesquiterpenes which might be due to théne 2nd Nordic-Baltic BACCI VOC Workshop (11-12 October
change in the inlet system. Due to that we are not able to give010, Puurmani, Estonia). Financial support by the Estonian
a loss rate for our system and we rely on the weddimann ~ Ministry of Education and Science (Grant SF1090065s07) and
et el. (2009 that let us estimate about 50 % loss while sam-the European Commission through European Regional Fund (the
pling without ozone removal. However, sesquiterpenes werdcenter of Excellence in Environmental Adaptation) are gratefully
not the main focus of our work but we graded their detection@cknowledged.

during summer notable. ) .
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