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Abstract. Numerous reactive volatile organic compounds Total OH reactivity fluxes were also compared to emis-
(VOCs) are emitted into the atmosphere by vegetation. Mossions from needle storage pools predicted by a temperature-
biogenic VOCs are highly reactive towards the atmosphere’'only-dependent algorithm. Deviations of total OH reactivity
most important oxidant, the hydroxyl (OH) radical. One way fluxes from the temperature-only-dependent emission algo-
to investigate the chemical interplay between biosphere andithm were observed for occasions of mechanical and heat
atmosphere is through the measurement of total OH reacstress. While for mechanical stress, induced by strong wind,
tivity, the total loss rate of OH radicals. This study presentsmeasured VOCs could explain total OH reactivity emissions,
the first determination of total OH reactivity emission rates during heat stress they could not. The temperature-driven
(measurements via the comparative reactivity method) basedlgorithm matched the diel variation of total OH reactivity
on a branch cuvette enclosure system mounted on a Norwagmission rates much better in spring than in summer, indicat-
spruce Picea abieythroughout spring, summer and autumn ing a different production and emission scheme for summer
2011. In parallel VOC emission rates were monitored byand early autumn. During these times, unmeasured and pos-
a second proton-transfer-reaction mass spectrometer (PTRsibly unknown primary biogenic emissions contributed sig-
MS), and total ozone (§) loss rates were obtained inside the nificantly to the observed total OH reactivity flux.

cuvette. Total OH reactivity emission rates were in general
temperature and light dependent, showing strong diel cycles

with highest values during daytime. Monoterpene emissions

contributed most, accounting for 56—69 % of the measuredlL Introduction

total OH reactivity flux in spring and early summer. How- ) ) )
ever, during late summer and autumn the monoterpene ConThe Earth’s atmosphere contains thousands of reactive bio-

tribution decreased to 11-16 %. At this time, a large missingdenic Vvolatile organic compounds (VOCs}dldstein and
fraction of the total OH reactivity emission rate (7084 %) Galbally, 2007. These are important players for chemical
was found when compared to the VOC budget measured bprocesses consuming oxidants, forming products, radicals,
PTR-MS. Total OH reactivity and missing total OH reactiv- @nd organic aerosolAtkinson and Arey 2003 Hoffmann

ity emission rates reached maximum values in late summegt al. 1997 Williams et al, 2001 Poschl et al. 2010.
corresponding to the period of highest temperature. Togal O The reasons why vegetation emits VOCs so copiously (glob-
loss rates within the closed cuvette showed similar diel pro-2lly ca. 1.15Pgyrt, Guenther et a).1995 are various and

files and comparable seasonality to the total OH reactivitynot yet fully understood Kesselmeier and Staydt999.
fluxes. Through photosynthesis plants convert light and carbon diox-

ide (CQ) into energy and biomass. Based on this primary
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metabolism, vegetation forms, stores, transforms and resinks, the missing OH reactivity, remains elusive. On the one
leases a large variety of volatiles (such as isoprene, monotehand, the biosphere might directly emit missing OH reactive
penes, sesquiterpenes or even diterpenes, Bugdareva compounds. This hypothesis is supported by a terpene-like
et al, 2006 Laothawornkitkul et al.2009. Such emissions temperature dependency of missing OH reactivity Carlo
can be useful to the plant for signaling, attracting and guidinget al, 2004), the high unexplained fraction in biogenic envi-
pollinators Fehsenfeld et 811992, or reducing oxidant lev-  ronment Lou et al, 2010, a typically biogenic diel variation
els close to the plantiérdine et a).2012. Other compounds and a significantly higher total OH reactivity within the for-
may be regarded as a reaction to stress, e.g., heat, drouglest canopy than above for high temperatuhMdl¢cher et al.
oxidant, mechanical, herbivores and pollutidfickers et al, 2012B. On the other hand, unknown and unmeasured ox-
2009 Niinemets 2010 Loreto and Schnitzler2010. Oxy- idation products of biogenic VOCs are likely to contribute
genated compounds such as formaldehyde, acetaldehydtn the high missing OH reactivity in forests. This hypothesis
formic acid, acetic acid, acetone, methanol and methyl vinylis based on good model-measurement agreement in the day-
ketone (MVK) are also release&dsselmeier et 311997, time when hydrocarbon oxidation products are accounted for
Rinne et al. 2007 Goldstein and Galbally2007 Jardine  (Lou et al, 2010, and on first observations of branch-level
et al, 2012 but may be taken up by vegetation as well (e.g., total OH reactivity.Kim et al. (20118 found no missing OH
Kesselmeigr2001). Emissions of biogenic VOCs can be cat- sinks when comparing total OH reactivity and VOC measure-
egorized into two groups: compounds that are emitted immements within an enclosing branch system from four different
diately following synthesis, and compounds that are releasetree species (red oak, white pine, beech, red maple).
from storage pools (sd€esselmeier and Staydt999. Iso- This study presents first trans-seasonal total OH reactiv-
prene and monoterpenes are synthesized and immediatelty emission rate measurements from a branch enclosure sys-
released under light conditions if not stored in special or-tem using the comparative reactivity method (CRM). The cu-
gans such as resin ducts (coniferous trees) or glands (frarette was installed on a Norway spruce in its natural environ-
grant plants). This kind of VOC synthesis and emission canment. Furthermore, seasonal branch-level total ozong (O
be simulated by a light- and temperature-related algorithmloss rates have been investigated. The applied cuvette sys-
adapted by Guenther et al. (1993) and (1995). A simpler altem enabled direct tree emission rates for VOCs to be exam-
gorithm describes the release from storage organs exponeined via PTR-MS in parallel to total OH reactivity emissions.
tially depending on temperature onlyifigey et al, 198Q Fluxes for known Norway spruce emissions such as monoter-
Guenther et al.1993. This algorithm is often used to sim- penes, acetone, isoprene, acetaldehyde and mett@ojol (
ulate the emission of monoterpenes stored in the resin ductsariu et al, 2004 Filella et al, 2007 could be character-
of coniferous needles or the light-independent synthesis anézed throughout the year 2011. Total OH reactivity emission
release of sesquiterpenes. Oxygenated VOC species can bates were monitored in May/June and August/September. In
described by a light- and temperature-dependent algorithnthis way the role of known VOCs as OH sinks could be de-
due to the light-regulated stomatal opening. termined. Additionally, the question whether biogenic emis-
Several recent field studies have shown the importance o$ions are a source of missing OH reactivity can be addressed
plant emissions for understanding the chemistry of the atmodirectly and as a function of season.
sphere and its most important oxidant, the hydroxyl radical
(OH) (e.g.,Lelieveld et al, 2008 Heard and Pilling2003.
Most biogenic VOCs are highly reactive towards OH an

hence contribute significantly to its overall sink. The IossA mature Norway spruceP(cea abies 80yr old, 13m

ot o o ca ot ol el octed at Keiner Feldbrg, Taunus, Germany
: y gap P (5001318’ N, 8°2645" E, 825ma.s.l.), was selected for the
reaction mass spectrometer — PTR-MS eSjnha et al.

. installation of a branch enclosure system from which the
2008 or laser-induced fluorescence — LIF, eioyvacs and
. ) . . measurements were made. The tree was part of a small stand
Brune 2001) along with ambient OH radical concentrations,

and levels of atmospheric trace gases such as VOCs and ir?—]c Norway spruce close to the top of the mountain. Norway

organics. Especially in forests OH sources and sinks see spruce is the dominant tree in the Taunus region at higher al-

to be poorly understood. Field campaigns have found missTItUdeS € 600m). To the north and west of the site, the land

ing OH sources (e.gLelieveld et al, 2008 Hofzumahaus was p_redomlnantly covered with coniferous and mlxe_d f(_)r-
o . est, with few roads or small towns. To the south of the site lies
et al, 2009 Tan et al, 2001 as well as missing sinks (e.g.,

Di Carlo et al, 2004 Nélscher et al.20128) when compar- the heavily populated Rhein—Main area (pop. ca. 2 million)

ing the production and loss terms for OH of commonly moni- including a dense motorway system, the airport and large

tored atmospheric compounds. While theories have been d cities such as Frankfurt (ca. 25km distance), Wiesbaden

veloped to explain the observed high OH concentrations in ca. 30km distance) and Mainz (ca. 40 km distance).
forests based on the OH recycling potentiaééters et al.
2009 Taraborrelli et al. 2012, the identity of the missing

d2 Field site description and instrumentation
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2.1 Branch level cuvette

In order to determine the nature and rate of direct emis

sions from Norway spruce, a dynamic branch enclosure sys

tem (Ruuskanen et gl2005 Bourtsoukidis et a].2012 was

mounted on a branch 5m above ground (Rig. _

The branch enclosure system was a 15 L, cylindrical plexi-

glass cuvette that absorbed UV radiation (ekgizek et al, R

2005 and hence limited photochemical reactions inside the [

cuvette. A lid for opening and closing the cuvette was oper-

ated automatically for the measurements in 20 min cycles,

including a 3min closure for emission rate observations.Fig. 1. Cuvette setup in the field on Kleiner Feldberg, Taunus, Ger-

Temperature, ozone ¢} carbon dioxide (Cg) and photo- ~ many: the enclosure system was fixed at a Norway spruce branch.

synthetic active radiation (PAR) (for summer onward only) The instruments (Sensors,_PTR-MS, CRM) were Iocat(?d in the van

were continuously monitored inside the cuvette. During clo-Undérneath to keep inlet lines short. For 17 min the lid was kept
. S 5 open to allow contact with the natural atmospheric environment and

sures, relative humidity (in %) and temperature°@) lev- . .

. closed automatically for 3 min.

els increased by not more than 10% on average, &

O3 decreased, with Cvalues generally not falling below

250 ppmV. Hence, the branch did not show symptoms of betrometry (GC-MS) (e.g.Yassaa et al.2012 as described

ing seriously impacted by the cuvette system, and thereforén Bourtsoukidis et al(2012. Samples of needles and car-

the emissions were considered to be natural. The instrumentgidges were taken and analyzed in the laboratory in spring-

were located directly underneath the tree within a van, andime and early autumn.

connected with 4.1 m long heated (D) glass tubing to the

cuvette. The residence time in the inlet was about 2s. Bio-2.3 Total OH reactivity measurements

genic VOCs were monitored by PTR-MS and total OH reac- o )

tivity by a separate PTR-MS system using the CR3ihpa Total OH reactivity Riota) is the total loss rate of OH rad-

etal, 2008. icals due to atmospheric reactive molecules. It is defined as
the sum of all single ambient compound reactivities, which
2.2 Quantification of biogenic VOCs can be calculated as product of the compound’s concentra-

tion [X] and reaction rate with OHkf . on) (EQ. 1). If all at-

Continuous measurements of VOC mixing ratios Weremospheric.sink components of OH were known, the ambient.
made using a high-sensitivity PTR-MS (IONICON) (e.g., cpncentratlop levels accurate]y megsured and a raFe coeffi-
Lindinger et al, 1998. HsO™" ions are generated from wa- Cient determined, the calculatlon_ using ED. énd the direct _
ter vapor in a hollow-cathode discharge source, and thesg€asurement of total OH reactivity would agree. The dif-
protonate ambient gas molecules with higher proton affin-férence between calculated and directly measured total OH
ity than water. This allows a wide range of gaseous organid€activity is termed missing OH reactivity.

compounds to be_detected gﬁer acceleration through a d“.fktotal, cale= T kx,+0H X [X;] 1)

tube and separation according to the mass-to-charge ratio
(m/z) with a quadrupole mass spectrometer. In the setup op- To date, total OH reactivity has been measured using three
erated here, standard conditions were used for the drift tubéifferent techniques: (1) artificially generated OH in a flow
voltage (600 V) and pressure (2.3 mbar). Optimization of thetube reacts with the atmospheric composition and its tempo-
instrument resulted in sustained high sensitivity. More de-ral decay is observed with laser-induced fluorescence (LIF)
tails of the PTR-MS configuration are presentedBiourt- (e.g.,Sadanaga et al2009; (2) a movable OH source in
soukidis et al.(2012. Amongst other VOCs (see Tablg a flow tube reactor is used to vary reaction times of OH and
the sum of monoterpene#:(z 81, m/z137) and the sum the atmospheric constituents, and the OH signal is detected
of sesquiterpenesn(/z 205) were monitored and calibrated with LIF (e.g.,Kovacs and Brune2001J); (3) a competitive
using gas standards (L4763, lonimed Analytik GmbH, Aus-reaction between a reagent and OH alone, and then in the
tria). Monoterpenes were calibrated witkpinene, while for  presence of atmospheric reactive molecules is observed by
sesquiterpenes a permeation oven was used to produce sta-suitable detector (e.gSinha et al.2008. The last tech-

ble g-caryophyllene concentrations (liqutcaryophyllene  nique, termed CRM, was chosen in its latest configuration us-
standard: W225207, Sigma-Aldrich, Inc.). Calibrations wereing a PTR-MS as detectoNplscher et al.20123 for branch
performed regularly throughout the measurement period withcuvette observations. It offers low sampling flow rates, a rea-
calibration factors varying by less than 10 %. Occasionally,sonably good time resolution (15 s), and good sensitivity for
the composition of individual monoterpenes and sesquiterthe expected high total OH reactivity levels (3—308)s The
penes was determined via gas chromatographic mass spelimit of detection for the CRM instrument operated during

www.biogeosciences.net/10/4241/2013/ Biogeosciences, 10, 42412013



4244

A. C. Nblscher et al.: Total OH reactivity fluxes

Table 1. PTR-MS measured and calibrated VOCs, and the applied2.4 VOC and total OH reactivity emission rate

rate coefficients used for OH reactivity calculations. The reaction

calculations

rate coefficients were taken from the IUPAC preferred values except

for nopinone, which was measured Bwalogirou et al(1999 and
pinonaldehydeavis et al, 2007). The second part of this table in-

and sesquiterpenes using GC-MS. All presented reaction rate coe

After closure, concentrations of continuously emitted species
increased linearly in the cuvette. In the case of a single com-

cludes the compounds identified by the speciation of monoterpeneEound such as isoprene, the rate of emission is normally ex-

ficients are IUPAC preferred values excgptnyrcene, which was
taken fromHites and Turner (2009 and «-farnesene fronKim
et al.(20113.

PTR-MS mass  compound rate coefficient
(cm3 molecules 1 s~1)
m/z 33 methanol DO x 10713
m/z 42 acetonitrile 20x 10714
m/z 45 acetaldehyde HB0x 10711
m/z 47 ethanol D4x 10712
m/z59 acetone 29x 10713
m/z 69 isoprene DOx 10710
m/z 79 benzene 28x 10712
m/z81/137 total monoterpenes .22x 10710
m/z139 total nopinone J0x1011
m/z 155 linalool 159x 10-10
m/z 169 pinonaldehyde 36x 10711
m/z 205* total sesquiterpenes B9 x 10710

relative fraction compound rate coefficient
of total (cr® molecules 1s1)
monoterpenes

25.2% a-pinene 530x 1011
28.0% B-pinene 743 x 10711
17.5% limonene B4x 10710
14.2% B-phellandrene #8x 10710
9.3% camphene .20x 10710
5.8% B-myrcene RB4x 10710
relative fraction compound rate coefficient

of total (cm® molecules 1s71)

sesquiterpenes

35.0% B-caryophyllene DO x 10710
29.0% a-farnesene 29x 10710
18.0% longicyclene 20x 10711
3.0% a-humulene 20x 10710

* Weighted rate coefficients used according to GC-MS composition analysis.

this campaign was 3
the average overall uncertainty 16 %. This number is derive

ressed as the mass of species (ng) per unit needle dry weight
(g(dw)~1) per unit time (IT1). While the system was closed
ambient air was drawn into the cuvette and diluted the mix-
ture (Ruuskanen et gl2005. After correcting for the modest
dilution effect of ambient airk = (2.9+0.2) x 103s™1,
see Bourtsoukidis et a). 2012, the data were fitted by
a linear regression. Additionally, the VOC data have
been corrected for deposition and for ozone loss, which
was significant mainly for monoterpenes and sesquiter-
penes Ksqr+q, = (6.6+£2.1) x 100 cm*molec s,
kmT + 05 = (9.4£0.9) x 10~ cm® molec ! s71). Monoter-
pene and sesquiterpene emission rates from the branch
enclosure have been reportedBaurtsoukidis et al(2012).

Total OH reactivity emission rates (TOHRE) were ob-
tained in a similar fashion to those of the single compounds.
Increasing reactive tree emissions during closure lead to an
increasing total OH reactivity, which is a property of the mix-
ture’s various component concentration levels and reaction
rates with OH. Loss of reactive compounds inside the closed
cuvette can occur through dilution, and this was taken into
account by correctionkf = (2.940.2) x 10~3s71). Any
other losses, e.g., due to ambient ozone or deposition to
walls, were assumed to not reduce the levels of measured
total OH reactivity significantly.

Total OH reactivity emission rates were expressed as emit-
ted total OH reactivity Riotar in S1) per unit needle dry
weight (g(dw) 1) per unit enclosure volume (md) per unit
time (s 1).

The resulting value for TOHRE has the dimensions
(s 2 g(dw)" m~3) and hence depends on the biomassd)
and the volume of air enveloping the brandh{). As an
example one cuvette closure is presented in Eig.

1

mpio X Veuy

d Riotal
X
dt

TOHRE=

@)

By including the CRM-measured total OH reactivity
(Rtotal = Riotal mead in EQ. @), the measuredTOHRE was
determined. It describes the flux of all OH reactive com-
pounds being emitted from the examined Norway spruce

4% (2 of the baseline noise), and branch. For comparison, the individual compounds measured
’ Py PTR-MS were singly transformed into OH reactivities and

as propagation of errors and includes the uncertainties of thg_quwalently analyzed during cuvette closures. Inserting the

detector (PTR-MS, 5 %), the pyrrole gas mixture (5 %), error
of rate coefficient (14 %), and flow variations (2 %).

Biogeosciences, 10, 4244257, 2013

single-compound OH reactivity of, e.g., isoprem&ofa =
Risoprend in Eq. ) leads to the isoprene OH reactivity emis-
sion rate (IOHRE). The sum of all single-compound OH re-
activities (Eq.1) generates the total calculated total OH re-
activity, which was processed in the same maniesif =
Riotal, cald t0 determine thealculatedTOHRE. Please note
that the dynamic cuvette system uses the increase in total

www.biogeosciences.net/10/4241/2013/
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i sured signal of TOHRE. Due to its high reactivity, the iso-
prene OH reactivity emission rate is the second most impor-
tant term for TOHRE with M5+ 0.02s2g(dw) tm=3, al-

70F T T T T T T T
—— measured total OH reactivity
| —@- corrected for dilution during closure f

60 y " .
linear curve fit during closure

"o sol m = 0.23727 + 0.0376 % | ' e 1

z \/ though the isoprene emission rate was 64.5 ng g(éwy?.

g 4or /\\/ 1 This is much less than the emission rates of acetone
S 4 | (285.3ngg(dwyl h—1), methanol (224.6ngg(dw}h1),

2 0 acetaldehyde (105.7 ngg(dwhh—1) and sesquiterpenes

207\/\/\/\ ,/ | (104.4ng g(dwy' h—1), which altogether have an OH re-
1or y activity emission of M3+ 0.01s2g(dw)1m=3 (11% of
ok o A measured TOHRE).

15:05:00 15:07:30
06/13/2011

Local date and time 2.5 Total Oz loss rates

Fig. 2. Example for total OH reactivity emission (TOHRE) cal-

; - L . Ozone was monitored continuously inside the cuvette using a
culation: the originally measured total OH reactivity (black line) y 9

. , UV-absorption-based method (Horiba, model APOA-350E).
varied for open cuvette measurements between 10-20kuring ) . .
closure it increased to 40°4. The dilution during cuvette closure The opening gnd closing dynamic branch CUYeFte system al-
due to leaking in of atmospheric air suppresses the measured totdpWed an estimate of total ozone loss ratédtifir et al.,

OH reactivity stronger the longer the system is closed. A dilution 2002 Wieser et al.2012). Following closure, ambient con-

correction is applied (green markers) before fitting the closure datCentrations decreased due to loss processes inside the system.

with a linear regression line (green line). Slopes, uncertainty of theTo some extent these loss processes were gas-phase reactions

slopes, and fit quality are obtained for each closure. of ozone with the doubly bonded and highly reactive bio-
genic VOCs. In addition, ozone deposited on walls and plant
surfaces underwent surface reactions and was stomatally up-

OH reactivity (and PTR-MS compounds) during closure, taken (oreto et al, 2007).

due to the continuous tree emissions, to determine biogenic Ozone monitors based on UV absorption may have inter-

fluxes. This method differs from ambient total OH reactiv- ferences caused by rapidly changing humidityiléon and

ity measurements and calculations, which must take accourBirks , 2009. As can be seen in Fi@, for each closure the

of background values of species such as CO and.\s®y- relative humidity inside the cuvette has a gradual increase of

nificant fluxes of the two aforementioned species were no@bout 20 % maximum. Due to an internal heating system of

expected from the spruce branch cuvette as they are typicallihe ozone monitor used for the presented study, the impact of

anthropogenic in character. the variation in the sample humidity is negligible.

Typical for total OH reactivity measurements were 13-15 The values calculated directly from the decrease of ozone
data points per closure. Cuvette closures with less than 8 datid pptV per time (s1) during closures are a very simple es-
points and a fit quality?? worse than 0.1 were excluded from timate of the total @loss rate due to all possible loss mech-
the analysis (overall 20 % of the data was lost). anisms inside the cuvette. However, an empty chamber ex-

The uncertainty is dominated by the fit error of the slope, periment found the deposition of ozone to the cuvette walls
which was on average about 35 % of the measured value. to be constant and of minor importance, with a maximum

The limit of detection for TOHRE equals the increase in loss of 6 pptV s1. Depletion of ozone by reactive tree emis-
measured total OH reactivity during closure that cannot besions and through stomatal uptake can be related to physio-
differentiated from the noise of the instrument. Assuming anlogical parameters, which are main driving forces for these
increase about 3—43$ is just detectable by the instrument time scales Kulmala et al, 1999 Kurpius and Goldstein

(as this is the limit of detection of the CRM), the detection 2003. In this study we cannot separate the total ozone loss
limit for TOHRE is 0.09 52 g(dw) 1 m~3. due to deposition on surfaces, stomatal uptake and the gas-

As an example of how single-compound and total OH phase loss to biogenic emissions. Presented results have to be
reactivity flux measurements may be combined, 26 Maytaken as a qualitative guide to the totad I0ss rates, which
2011 at 11:00LT (local time, UTC+3) is examined in are compared in diel profiles and trends.
more detail. A good match between measured and calcu-
lated TOHRE was observed. CRM measured for TOHRE
a value of 029+0.10s2g(dw) m~3 and the PTR-MS 3 Results
sum of all reactive VOC emissions led to a value of
0.28+0.10s2g(dw) I m~3. The highest emission rate at Total OH reactivity emission rates (TOHRE) in the Nor-
that time was found in the monoterpene signal, whichway spruce mounted cuvette varied during spring, sum-
was about 452.7 ngg(dw}h=1. In terms of OH reactiv- mer and early autumn 2011 between the detection limit
ity, emissions of monoterpenes contributed with @  (0.09s2g(dw) 1 m=3) and 15.695%g(dw) 1 m~3. These
0.07 s 2g(dw)"1m~3 to more than 50 % of the total mea- trans-seasonal data are presented in Fgalongside

www.biogeosciences.net/10/4241/2013/ Biogeosciences, 10, 42412013



4246 A. C. Nblscher et al.: Total OH reactivity fluxes

0 196 98 est TOHRE was observed in early autumn with on average
12) ‘ s s 0.16+0.01 s 2 g(dw) X m~3 for cold and rainy weather.
s | B i ey Jioa o7 Covariation of TOHRE with temperature and light can be
e ST § g easily identified in Fig4. Clear diurnal trends were seen for
g 10F 3 3z most days, with higher TOHRE during daytime (campaign
g s 1192E 05 g average: 63+ 0.03s2g(dw) 1 m3) and lower values at
R LN 3 2" night (campaign average:32+ 0.01 s 2 g(dw)"1 m~3).
g osl e |f \ l190 1o5=7%
5 3.1 VOC emission rates and OH reactivity
0.7+ Average cuvette closure 431 . .
24 August 2011, morning L ligg Joa contributions

O Il
00:00 00:30 01:00 01:30 02:00 02:30
Closure time

Figure5 (left) presents the average emission rates of the in-
Fig. 3. Example of VOC-PTR-MS (total monoterpenes), CRM dividually measured VOCs, and Fi§.(right) the contribu-
(total OH reactivity) and sensor (temperature, relative humidity, tion of each compound to OH reactivity fluxes for both field
ozone) signals inside the cuvette during closures. Averages wergampaigns in 2011. The strongest emissions from Norway
calculated for 3 cuve_tte closures in the mor_nirjg of 24 August 201lspruce were monoterpenes, acetone, methanol and acetalde-
(08:00-09:00 local time) and standard deviations are presented foﬁyde, which is consistent with previous assessméFitslia
the VOC-PTR-MS and CRM results. et al, 2007 Schirmann et a].1993 Grabmer et a).2006.

The composition of monoterpenes (see Tabhlewhich was

analyzed via GC-MS in the laboratory from both needle
temperature, global radiation, wind speed and relative huand cartridge samples, was similar to summertime Norway
midity. Two intensive measurement periods were conductedspruce emissions measured elsewhere (¥assaa et al.
a first campaign in spring and early summer (24 May—2012. Interestingly, the relative contribution efpinene and
14 June 2011) and a second campaign in late summeg-pinene did not change throughout the seasons, whereas
and early autumn (12 August—7 September 2011), whichHimonene significantly increased in the second measurement
was part of a comprehensive field campaign on top of theperiod. Unfortunately, other speciated monoterpenes such as
Kleiner Feldberg (PARADE 2011). Four periods can be de-g-phellandrene, camphene agdmyrcene were not quan-
fined within the measurement campaigns according to thdified during the second measurement period, although the
meteorological conditions in the year 2011. The first pe-chromatogram clearly showed more peaks than could be
riod covers springtime 24 May—01 June 2011, followed by identified. Similarly, the speciation data for sesquiterpenes
the second period (01 June-14 June 2011) with early sumwere only available from springtime/early summer probes
mertime conditions. The third period starts in late summer(Table 1). However, total monoterpenes and total sesquiter-
(12 August—26 August 2011) with the highest temperaturegpenes were monitored continuously by the PTR-MS. Most
of that year and ends with a drastic change in the meteorolef the VOC emission rates stayed relatively constant for the
ogy to cold and wet conditions for the last period — early two observed intensive periods. Only the emission rates of to-
autumn (26 August—7 September 2011). tal monoterpenes and acetaldehyde decreased significantly in

Exceptional for the year 2011 was the unseasonably warntate summer and autumn (Fig), while sesquiterpenes were

and dry spring. Typical early summertime conditions (1-emitted in slightly higher rates.
14 June 2011) with moderate ambient temperatures and For total OH reactivity, it is not necessarily the most abun-
low levels of soil moisture resulted in high TOHRE (on dant biogenic VOC that is the most important since the com-
average £ standarderror) 80+ 0.02 s 2 g(dw) 1 m—23, Ta- pound’s reaction rate with OH must be factored in. From
ble 2). However, overall the summer was unusually rainy Fig. 5 it is clear that the mixture of emitted monoterpenes
and cold (average ambient temperature in July was?(2.2 on average contributed the most to the calculated TOHRE.
whereas 14.9C were typical for previous summers since The reaction rate coefficient used for calculation of monoter-
1997). The soil moisture during the second measurement pgeene OH reactivity emission rates (MTOHRE) is a weighted
riod was significantly elevated in contrast to springtime andaverage for compounds found in the springtime specia-
early summer. At the end of August (12 August—26 Au- tion (kyT;oH = 1.22x1019cm® moleculess~1, Tablel).
gust 2011, within the second campaign) the temperaturéSince compounds were missing in the second speciation, no
increased to high levels and highest TOHRE was meanew reaction rate coefficient for summertime/early autumn
sured (late summer average88+ 0.07 s 2 g(dw) 1t m~3). monoterpenes could be obtained.
On the 26 August 2011, meteorological conditions changed Assuming the mixture just contained the three mea-
drastically, becoming cold and wet, which coincided with sured compounds «fpinene, g-pinene, limonene)
a drop of all VOC emission rates as well as total OH re-a weighted reaction rate coefficient would be
activity fluxes. Vegetation experienced early autumn con-kytioH = 1.09x 10-19cm?® moleculests1, which
ditions at this time (27 August-7 September 2011). Low-is less reactive but similar (within 12%) to the
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Fig. 4. Overview of the entire data set: total OH reactivity emission rates (TOHRE, green markers) were measured from 24 May to

14 June 2011 and 12 August to 7 September 2011, covering the seasonal impact from spring to early autumn. Temperature inside the cuvett
(red line) and global radiation from a colocated mast (grey area) showed high variability throughout the measurement period as well as wind
speed (black line, top panel) and relative humidity (blue area, top panel).

Table 2. Average values for meteorological parameters, total OH reactivity emissions (TOHRE), the single-compound total OH reactivity
emissions of monoterpenes (MTOHRE), isoprene (IOHRE) and acetaldehyde (AOHRE) and the unknown fraction of TOHRE (missing
TOHRE). Data were averaged for the entire measurement period (all), for 24 May-31 May 2011 (spring), 1 June—14 June 2011 (early
summer), 12 August—-26 August 2011 (late summer) and 27 August—7 September 2011 (early autumn).

all spring early summer late summer  early autumr?
temperaturedC)! 150+0.1 135+0.2 151+0.2 179+0.2 130+0.2
relative humidity (%} 76.0+0.4 638+1.0 721407 812+0.7 836+0.7
wind speed (ms1)! 2.8+0.03 29+0.06 33+0.08 24+0.05 24+0.05
soil moisturé 742+06 521+0.2 45240.08 976+0.3 1043+0.3
ambient ozone (ppb¥) 452+0.3 503+0.6 495+05 444406 37.0+05
total ozone loss rate (pptvd)! —-312+0.7 —270+12 —216+0.6 —409+16 —-369+19
TOHRE (measured) (£ g(dw) 1 m—3)1 0.4868+0.0206 02715+0.0127 05033+0.0205 08260+ 0.0722 01639+ 0.0063
TOHRE (calculated) (s2g(dw) 1m—3)1  0.19614+0.0121 02310+£0.0165 03661+0.0338 012864 0.0066 00484+ 0.0020
MTOHRE (calculated) (52 g(dw) 1 m=3)2  0.1453 (30 %) 0.1874 (69 %) 0.2806 (56 %) 0.0870 (11 %) 0.0268 (16 %)
IOHRE (calculated) (52 g(dw)~1 m—3)2 0.0189 (4 %) 0.0186 (7 %) 0.0275 (5 %) 0.0189 (2 %) 0.0089 (5 %)
AOHRE (calculated) (s2g(dw) 1m=3)2  0.0230 (5%) 0.0142 (5 %) 0.0491 (10 %) 0.0105 (1 %) 0.0074 (5 %)
missing TOHRE (52 g(dw)~1 m—3)2 0.2907 (60 %) 0.0405 (15 %) 0.1372 (27 %) 0.6974 (84 %) 0.1155 (70 %)

1 Averaget standard error.
2 Average (relative contribution to measured TOHRE).

3 Average (applied monoterpene and sesquiterpene composition ratios of springtime GC-MS analysis).

rate coefficient.

springtime-monoterpene reaction Theing highest in early summer (10 % of measured TOHRE). As
impact of various reaction rate coefficients on the results andnonoterpene emissions showed a significantly lower level in
the uncertainties are discussed in Sé@. late summer and autumn, their relative contribution to mea-

Two more relevant compounds for TOHRE were isoprenesured TOHRE became minor during this period (11-16 %).
and acetaldehyde. Isoprene OH reactivity emission rate®uring spring monoterpenes accounted for 69 %, and early
(IOHRE) were seasonally stable (see Tab)land explained summer for 56 %. Compounds such as methanol, nopinone
about 2—7 % of the measured TOHRE. Acetaldehyde OH re-and sesquiterpenes were only minor contributors to TOHRE.
activity emission rates (AOHRE) varied with the season, be-
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average VOC emission rates average single compound OH reactivity
in [ng g(dw) h'4] emission rates in [s2 g(dw)* m3]

Spring and early summer
(24 May — 14t June 2011)
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Late summer and autumn
(12t Aug — 7™ Sept 2011)

Fig. 5.0n the left: average composition of biogenic VOC emissions determined by PTR-MS for both measurement periods: (top) springtime
and early summer, (bottom) late summer and early autumn. Average emission rates are given in 'h’grg(élwpn the right: average
contribution of the VOC-PTR-MS-measured compounds to the calculated total OH reactivity emission rates. Single-compound OH reactivity
emission rates are calculated from the measured concentration levels and the reaction rate coefficients giveln Th&atiteyle-compound

OH reactivity emission rates are presented for both measurement periods: (top) springtime and early summer, (bottom) late summer and early
autumn.

3.2 Median diel profiles of measured, calculated ozone depletion inside the cuvette during closure was used
TOHRE and total O 3 loss rates as a proxy estimate of totalddoss rates and included for
general comparison.
The seasonal variation of measured and calculated TOHRE When comparing the measured with the calculated
is given as diel median profiles in Fig. Additionally, the ~ TOHRE, on average missing emissions of OH reactive
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Fig. 6. Median diel profiles for four period@) spring,(b) early summer(c) late summer(d) early autumn of total OH reactivity emissions
(TOHRE) that were measured by CRM (orange markers) and calculated from PTR-MS data (blue markers) and of the observed total ozone
loss rate (green markers). Additionally, the median temperature profile is included (red line). Uncertainties of the hourly median are given
for measured and calculated TOHRE as 75 and 25 percentiles.

compounds could be found. These varied seasonally betweel o9
on average 0.04¢¥ g(dw) 1 m2 (relative missing fraction:
15 %) in spring and 0.7% g(dw) 1 m~2 (relative missing
fraction: 84 %) in late summer (Fig@, Table2).

During springtime measurements (24 May—31 May 2011),
TOHRE generally followed temperature, increasing aroun
07:00LT (local time, UTC + 3), reaching maximum values total monoterpenes
between 09:00 and 16:00, and afterwards decreasing agair®y o4 | .

||

0.8 W missing

others

°
N

acetaldehyde
0.6

M isoprene

g(dw)m?3]

2

Calculated TOHRE in total was slightly lower than the mea-
sured median profile (although within the uncertainties). To-

TOHRE [s

tal Oz loss rates showed a different median variation through- © o2 =

out the day. It rapidly increased starting at 07:00 (in good I — .
agreement with temperature and radiation), reached a maxi- '

mum at 09:00 (coincident with isoprene emission peak, max- 0 :

imal transpiration rates, and ahead of sesquiterpene emissio. spring  early summer ate summer early autumn

peak) and then decreased in the course of the day. Fig. 7. Averaged measured TOHRE for the 4 defined periods: spring
Early summertime conditions (1 June-14 June 2011) led24 May-31 May 2011), early summer (01 June-14 June 2011),
to elevated median measured and calculated TOHRE comate summer (12 August-26 August 2011) and early autumn (27

pared to spring. Daytime emissions started with the increas@ugust-07 September 2011). Contribution of the determined OH

in temperature at 07:00 and returned to a stable, lower level ateactivity emission rate due to total monoterpenes, isoprene and ac-

night. The gap between measurements and calculation (i.egtaldehyde is presented. Uncertainties are given as standard errors

missing OH reactivity flux) was greater during daytime than in Table2.

at night (Fig.6). Relatively low levels of total @loss rates

during day were characteristic for early summertime, closely

following the calculated TOHRE median diel profile. reached maximum median values (highest values during this
Muqh higher tempgratures were characteristic for the Ob'study) in the afternoon of about 2.3%g(dw)Xm—23 and

servations made during late summer (12 August—26 August 111 pptV s, respectively. Total @loss rates had maxi-

2011). Here, both TOHRE and the total ozone loss ratesyym values at 13:00, 2 hr before measured and calculated

www.biogeosciences.net/10/4241/2013/ Biogeosciences, 10, 42412013



4250 A. C. Nblscher et al.: Total OH reactivity fluxes

TOHRE peaked. Coincident with the maximum total ozone posed in Fig8, slowly increasing values during early sum-
loss rate inside the cuvette, missing TOHRE had a local minimer and a decrease in early autumn describe a seasonal trend
imum (Fig. 6). As observed in spring, as soon as tempera-of Es. The temperature-related model itself reflects the mea-
ture rose and radiation impinged on the cuvette, totdlc®s  sured TOHRE throughout the observed period of the year
rates increased rapidly. The general trend to high levels irreasonably well, emphasizing the temperature dependence
late summer did not occur in the calculated TOHRE. Theseof the observed TOHRE. However, the comparison with a
showed even lower values than in spring and early summertemperature- and light-dependent algorittBuénther et aJ.
time, revealing high missing OH reactivity emission rates 1993 resulted in a mismatch during nights, when TOHRE
(compare also Figy). was higher than calculated by the model.

The diel variation seen in spring and summertime for Nevertheless, on several occasions TOHRE reveals dif-
TOHRE was not as distinct in early autumn (27 August-ferent characteristics that the model does not resolve. Due
7 September 2011). Measurements and calculations showed the seasonal trend iis, mean standard TOHRE factors
a consistent stable gap throughout the entire day. In contrasif each season (spring, early summer, late summer, autumn)
to total OH reactivity emissions, totalzdoss rates varied were used to scale the modeled values. The results are pre-
throughout the day as before in late summer, closely follow-sented in Fig9a—d in four separate graphs representing each
ing temperature and radiation. The increase at 07:00 coinseasonal section. Each graph pictures TOHRE measured by
cided with an increase in isoprene and sesquiterpene emi€£RM, calculated from PTR-MS results and the scaled model
sions and was followed by a decrease after 16:00. prediction for the observed time period. On the right-hand
axis different parameters are added for comparison.

During springtime observations the diurnal variation of
measured and calculated TOHRE were in generally good
agreement with the temperature-dependent model. Two
peaks stand out, which were found within the measurements

4 Discussion

The effect of seasonal trends, day-to-day variability, and
rapidly changing environmental conditions on Norway and the calculation but not in the model. The high total
spruce total OH reactivity emission rates are summarized irbH reactivity emissions up to 1.5 and 2-2g(dw)~2 m-3

Figs.8 and9. A temperature-dependent emission algorithm ould not be satisfactorily explained by the temperature-

..C
was Chosen to compare the mea_suremer_ﬂs_of TOHRE WIﬂanly-dependent emissions. These high TOHRE events corre-
the predominantly temperature-driven emissions of the Nor-

S - .~ spond to two peaks in the wind velocity. Wind speeds higher
way spruce. Hence, agreement but also significant deV|at|on§nan 55ms? are termed meteorologically as “moderate

from the temperature-only-driven emission algorithm may bey oo ;6 anq are characterized by moving branches. Itis likely
uncovered along different periods. that wind-induced mechanical stress was a driving force in
VOC and total OH reactivity emission rates from the Nor-
way spruce branch on these two occasions. Similarly, ambi-
ent measurements of monoterpene levels in rural New Hamp-
Figure 8 presents an overview of the measured total OHShiré (USA) showed a high impact from storm evehiaase
reactivity emission rates alongside a solely temperature€t al.(201]) observed that PTR-MS-measured monoterpene

4.1 Comparison to a temperature-only-dependent
emission algorithm

dependent model algorithrs(ienther et a]1993 see Eq3). mixing ratios increased on average about 93 % above pre-
storm levels for heavy storms including high precipitation
E = EsexpfT—T9) ©) and sometimes hail. Interestingly, in this study monoterpene

emission rates and TOHRE increased significantly for the ex-
In this way a temperature-only-dependent response ofimined Norway spruce during elevated wind velocities. No
plant emissions k) can be described. The algorithm has missing total OH reactivity flux was observed in these cases.
been used for modeling, e.g., monoterpene emission ratelsrom selected events throughout the two measurement inten-
from coniferous needle storage pools (eTajpale et al. sives during 2011, total OH reactivity emissions generally
2011 and has also proved to be effective in representingrose by a factor of 6 (on average for wind speeds higher than
missing OH reactivity in the Michigan forest reasonably well 5.5ms™1).

(Di Carlo et al, 2004. Emission rates in June, during early summer conditions,
A typical value for 8 =0.09K~! was chosen, and the were generally higher than in spring. Increasing tempera-
standard total OH reactivity emission rafg in Fig. 8 kept tures over the first 5 days in June enhanced both measured
equal to 152g(dw)"1m=3. In this way, the general trend and calculated TOHRE. During daytime the measurements
of a temperature-only-driven emission rate could be com-typically exceeded the values for TOHRE calculations. For
pared qualitatively to the measured values of TOHRE. Ad-1 outstanding day (9 June 2011), measured TOHRE was
ditionally, the standard TOHRE factéis was calculated for  significantly elevated when compared to PTR-MS measure-
each day through the linear fit between measured TOHREnents. This day was characterized by high temperature and
and the unscaled model values. As can be seen superinlew wind speeds. Windy days prior to this had caused spikes
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Fig. 9. Each of the graph@—d) presents measured, calculated and modeled TOHRE as well as one parameter such as wind velocity, benzene
emission rates, total §loss rate and methanol emission rates.

in calculated and measured TOHRE (similarly to the char-temperature-dependent pattern, whereas measured total OH
acterized event in spring), and perhaps even damaged theactivity emissions increased up to 4:Z2g(dw) tm=3
branch. Monoterpene emission rates closely followed theon that day. One compound among the PTR-MS-quantified
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VOCs showed the same behavior as TOHRE, which was benmuch lower due to cold and wet environmental conditions.
zene (Fig.9b). Peak emission rates of 280 ng g(dWwh—?! Diel profiles were no longer pronounced, with less than 20 %
were reached, while benzene average emission rates fomriation between night and day, which can also be noted
the other three defined periods varied between 5.2 androm Fig. 6d. The measured total OH reactivity emission
9.8ngg(dwylh~1. Benzene is detected with PTR-MS on rates even stayed high for some nights (e.g., 1-3 Septem-
m/z 79, which could possibly coincide with other com- ber 2011). A similar trend was found for methanol emission
pounds, such as dimethyl sulfoxide, borizine and brominerates, which remained relatively high during the night com-
However, none of these possibilities is likely to be found pared to the monoterpene signal.
at significant concentrations in ambient air. Previous stud- From springtime and early summer to late summer and
ies have shown in ambient conditions thatthég 79 can be  early autumn, a clear change could be observed in mea-
reliably identified as benzene (e.®e Gouw and Warneke sured TOHRE and total loss rates. By comparing to
2007. the temperature-related emission model, diurnal trends in
Benzenoids could be emitted by plants following stress, al-the observations could be generally well explained for the
though little is known about biochemical pathways of forma- first measurement campaign, whereas the second dataset re-
tion (Heiden et al.1999 White et al, 2009 Dudareva etal.  vealed large discrepancies. The emissions of most VOCs
2006. Other stress-induced plant emissions, e.g., methyl saldid not change throughout the year, although the signal of
icylate (MeSa), or higher mass-oxygenated VOCs were nototal monoterpenes and acetaldehyde decreased and total
monitored and are therefore potential explanations for thesesquiterpenes increased in late summer and autumn. Despite
high missing OH reactivity emission at that particular stressthis, total OH reactivity emission rates reached maximum
event. values during late summer. Major contributions to TOHRE
While the scaled temperature-driven model and total OHat that time of the year remained unexplained. Interestingly,
reactivity emission rates agreed relatively well during the also the estimated total loss of ozone increased, giving evi-
first measurement period, large discrepancies occurred dudence for either a higher rate of stomatal uptake or the re-
ing the second campaign. The mean emission factor durlease of highly ozone reactive compounds. Possibly, both
ing late summer was elevated by four outliers during thisloss mechanisms are coupled, which complicates the inter-
period. Hence, the modeled temperature dependence tengsetation of this study’s simplified approach.
to overestimate the true emission rates. For comparison,
the lower standard emission factor of the early summer is4.2 Challenges and obstacles
also included into the graph. For this period the compar-
ison of measured and calculated TOHRE reveals remarkThe presented results of total OH reactivity emission rates
able discrepancies. The measurements by CRM seem signi&re the first of its kind. However, the techniques used for de-
icantly underestimated by the calculated TOHRE from PTR-termining TOHRE from total OH reactivity and VOC mea-
MS results. Since it was cold and wet, low emission ratessurements as well as the method used for monitoring ozone
were expected until 21 August 2011. Afterwards tempera-are not free of uncertainties. This section will discuss thor-
ture increased and reached the annual maximum (23 Aueughly the challenges and obstacles of the presented method
gust 2011). Generally, humid and windy nights were fol- and results.
lowed by days with extremely high emissions of total OH For several single days, a GC-MS system was able to ana-
reactivity (e.g., peak value for 23 August 2011: TOHRE lyze samples, which were taken from the cuvette and brought
1365 2g(dw) "1 m=3). The same behavior could be ob- into the laboratory. Based on this analysis the reaction rate
served from total @ loss rates, which rose as well during coefficients for monoterpenes and sesquiterpenes have been
daytime to high levels. calculated as weighted averages and were applied to the cal-
In late summer it seems that mechanisms that contributedulation of TOHRE throughout the entire measurement pe-
to both the production of OH reactive compounds and stimu-riod. Besides the instrumental error of the GC-MS method,
lation of ozone uptake or reactions increased during daytimethe reaction rate coefficient of a single compound carries
The ratio of temperature-driven pool emissions and de novdarge uncertainty. The variability of the reaction velocities for
production with light and temperature seems to have changethonoterpenes and sesquiterpenes is great, as can be seen in
such that the temperature-only-dependent model does ndfablel. Monoterpenes are spread more than sesquiterpenes,
match the diel variation of TOHRE. The PTR-MS was not which is visible in the standard deviations to the weighted av-
able to detect this increase in the emission rates of OH reacerage of 62 % and 40 %, respectively. Despite this wide range
tive VOCs both at night and daytime, which led to an averageand large uncertainties, a comparison to previous studies of
of 84 % missing OH reactivity emissions. Norway spruce emission&émpf et al, 1996 Martin et al,
In early autumn meteorological characteristics changed2003 Yassaa et al2012 shows consistent results.
markedly on 26 August 2011, but the gap between measured The most important contributors to the total OH sink
and calculated TOHRE remained high (on average 70 %; seemitted by the Norway spruce are monoterpenes. As a
also Table2). Absolute values were found to be generally sensitivity test, different reaction rate coefficients taken from
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the literature and one fictional, extremely high rate coef-ity that were found for most of the time inside the closed
ficient (kmt = 5.0 x 10 °cm® molecules!s~1) have been  cuvette due to the primary emissions (1030t sthe mon-
applied to the measured signal of total monoterpenes to calitored ambient values of NfOare small (on average 0.6%
culate OH reactivity emission rates due to monoterpenesor 2 ppbV) and possible decay inside the cuvette during clo-
The results are summarized in Taldor late summer, the sure does not likely impact significantly the measurements of
period of highest mismatch between measured and calculategimission rates.
TOHRE. The reaction rate coefficients taken from the liter-
ature show very good agreement to this study’s results and.3 A climatological perspective
cannot close the budget. Only the unrealistically high value
achieves a significant increase in the calculated OH reactivityit should be noted that from a climatological point of view,
due to monoterpenes and hence reduces the missing fractidhe year 2011 was unusual in comparison to long-term me-
to 53 %. teorological observations. It had a cold and rainy summer
Therefore, it seems unlikely that variability in the with relatively low ozone mixing ratios (e.g., on average
monoterpenes and sesquiterpene composition alone caus&s July: Oz ave(2011) = 37.7 ppbV, G ave(1997-2011}
the high unexplained TOHRE in late summer and autumn.48.8 ppbV). After the cold and rainy summer, for the sec-
Additionally, it has to be noted that uncalibrated and uniden-ond measurement period generally elevated soil moisture
tified peaks in the analysis of the GC-MS chromatograms(by a factor of 2) and transpiration rates (by a factor
remained, which leaves the estimate of the reaction rate coef 1.6) were observed when compared to the springtime
efficient somewhat uncertain and provides direct evidence ofmeasurements. In addition, during the measurement period
unidentified contributors to total OH reactivity emissions.  in August 2011 sesquiterpene emission rates were signif-
Monoterpenes and sesquiterpenes do not only react witicantly increased (from on average 46.7 ngg(dhh)—! to
OH but also with ozone. This loss was corrected for the92.6 ng g(dw)y*h—1), subsequently decreasing to very low
VOC-PTR-MS data according ourtsoukidis et al(2012). levels in autumn (on average 25.5ngg(dhp—1). This is
Nevertheless, the ozonolysis of terpenes potentially formsndicative of high activity (in terms of both the total OH re-
secondary products inside the closed cuvette, which mighactivity emission rates and the ozone loss rates inside the cu-
possibly interfere within the measurements of TOHRE. Thisvette system) of the tree during late summer, the period of
would be the case for products that are not too sticky to passhe high missing OH reactivity emission rate.
the inlet lines of the instruments and that build up rapidly at Interestingly, highest TOHRE as well as peak total ozone
similar rates as the primarily released tree emissions. Thaloss rates inside the cuvette coincided with the climatolog-
the latter is unlikely can be demonstrated by the following ical, seasonal maximum of ambient ozone. It also has been
example: found that sesquiterpene emissions were triggered not only
B-caryophyllene accounts for about 35% of the to- by temperature but also by atmospheric ozone le&dst-
tal sesquiterpene signal and reacts rapidly with ozonesoukidis et al.2012).
(ksqr+q, = 1.16 x 104 cm® molecules® s71). It was de-
tected in concentrations between a couple of pptV and4.4 Brief literature review
500 pptV. Ambient ozone levels were found to be about 10 to
70 ppbV. A calculation using MCM3.htp://mcm.leeds.ac. Evidence for a temperature-related missing OH reactivity
uk/MCMY/) was initiated with ozone levels of 20 ppbV agd has been already reported in ambient airdiyCarlo et al.
caryophyllene about 300 pptV, which corresponds to an OH(2004 and Nolscher et al.(2012h. As presented in this
reactivity of 1.551. In the MCM3.2, after the reaction time study, the unexplained portion of total OH reactivity emis-
of a cuvette closure (3 min) the most important product, BC-sion rates was high from Norway spruce emissions, espe-
SOZ, increased up to 100 pptV, which is 0-1dn terms of  cially for high temperature®i Carlo et al.(2004 compared
OH reactivity. The resulting 100 ppt@-caryophyllene after  direct total OH reactivity measurements in the Michigan for-
reaction with ozone account for 0.5% Overall, the contri-  est from summer 2000 to BVOC measurements that were
bution to the total OH reactivity due to the primary emission conducted 2 yr earlier at the same site. The resulting “miss-
(B-caryophyllene) was reduced by about~}ger 3min,  ing OH reactivity” showed terpene-like temperature depen-
whereas the secondary product added 0-38mer 3min.  dency. Having included both monoterpenes and sesquiter-
This very reactive case shows how small the impact of secpene direct emissions into the budget for total OH reactiv-
ondary products formed inside the cuvette is in comparisority emission rates, a relatively large missing OH reactivity
to the direct biogenic emissions. flux remains in this study for summer and early autumn. De-
Recent findings Breuninger at a).2012 2013 demon-  spite a comprehensive set of atmospheric measurements dur-
strate a substantial uptake of N®y Norway spruce. Trans- ing the HUMPPA-COPEC campaign 2010, high missing OH
ferring these interpretations to our cuvette, we may estimateeactivity was found in summertime boreal foreNb(scher
a 30 % decrease of NQwithin the closed system. However, et al, 20128. Comparison of in- and above-canopy total
compared to the relatively high values of total OH reactiv- OH reactivity measurements have indicated a biogenic origin
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Table 3. Late summer results for various reaction rate coefficients being applied to the measured signal of total monoterpenes. Averages are
given for the calculated OH reactivity emission rate due to monoterpenes (MTOHRE) and the missing fraction of OH reactivity emission
rates (OHRE).

rate coefficient MTOHRE missing
(cm®moleculests™1)  (s2g(dw)yIm=3) OHRE
this study 102x 10710 0.0870+ 0.0058 84%
Yassaa et a(2012) 1.30x 10710 0.0870-+ 0.0058 84%
Kempf et al.(1996) 1.40x 10710 0.0980+ 0.0065 83%
high kmt 5.00x 10-10 0.3452+0.0231 53%

of the highest unexplained total OH reactivity. This miss- via CRM could be compared to VOC emission rates deter-
ing total OH reactivity, occurring during prolonged periods mined simultaneously by a PTR-MS. TOHRE showed sea-
of enhanced temperatures, was likely related to heat-stressonal variability, being highest in late summer and lowest
induced direct emissions and also to secondary oxidationn early autumn. A clear temperature dependence was found
products of various biogenically released compounds. when comparing the measured TOHRE to the temperature-
In contrast to these findingKim et al. (20118 reported  only-dependent algorithm for needle pool emissions of veg-
that, based on alternate branch enclosure measurements efation. Diel median profiles showed generally higher total
total OH reactivity, isoprene and selected monoterpene®©H reactivity flux by day than by night. Similarly, totalzO
and sesquiterpenes, no missing OH reactivity was emittedoss rates increased during the daytime and stayed low at
directly from four observed tree species. No oxygenatednight. The total loss rate of ozone increased in late summer
species were included in the total OH reactivity calculationand autumn.
of Kim et al. (20118, nor were they required to close the  The predominant VOC emission measured by PTR-MS
OH reactivity budget. In our study acetaldehyde was foundwas the sum of monoterpenes. On average this accounted
to contribute significantly through spring, summer and au-for 56—69 % of the measured TOHRE in spring and early
tumn. InKim et al. (20118 it is not clear whether the branch summer, and for 11-16 % in late summer and early autumn.
was impacted by the cuvette and which compounds and reHowever, tests with previously reported typical composi-
action rate coefficients have been used for calculations. Suctions of monoterpenes and sesquiterpenes emitted by Nor-
good agreement of total OH reactivity measurements and calway spruce did not significantly improve the mismatch. Be-
culations might be due to mechanical stress and the releasgdes monoterpenes, both isoprene and acetaldehyde con-
of elevated monoterpene levels, as has been shown in thigibuted significantly to total OH reactivity emissions.
study. Furthermore, for the examined Norway spruce, sum- Fluxes of oxygenated compounds such as methanol
mertime exhibited the most missing total OH reactivity flux, showed a similar diel pattern to the measured TOHRE in
whereas no missing OH reactivity from the four enclosed treelate summer and autumn, when monoterpene emission rates
branches for measurements in July was foundby et al. drastically decreased compared to the growing season in
(2011B. Possibly, the species investigated only emitted iso-May/June. It seems that instead, reactive compounds, not de-
prene, monoterprenes and sesquiterpenes as significant cotected by PTR-MS, were produced and released by the Nor-
tributors to total OH reactivity. way spruce during daytime. These were likely linked to total
These contrasting studies emphasize the importance afzone loss rates that correlated well with temperature and
further measurements of total OH reactivity in the atmo- light. Whether this was due to enhanced stomatal uptake of
sphere and also in closed systems such as branch cuvettegone, surface reactions or total ozone reactivity caused by
or plant chambers. Emission strength and composition mayhe tree emissions remains to be examined in future stud-
vary between species and individual plants such that the comies. However, enhanced transpiration rates and greater fluxes
pletion of the current view requires more investigative field of total sesquiterpenes in late summer additionally support
studies. the hypothesis of higher daytime productivity of the exam-
ined Norway spruce. The high missing OH reactivity emis-
] sion rates in late summer are equivalent to the emission of
5 Summary and conclusions roughly 400 ng g(dw) h—1 a-pinene or 200 ng g(dw) h—1

s | variation, diel behavior and the feedback to enviCP"e1e:
easonal variation, diel benavior an € feedback 1o envi- In addition to seasonal and diurnal variation, environmen-

ronmental stress of total OH reactivity emission (TOHRE) tal feedback impacted TOHRE from Norway spruce. Me-
rates and total @loss rates from Norway spruce were stud- chanical stress due to moderate-to-strong wind events led

led mtenswely_ fpr the first time. Direct measurements of to elevated emissions of monoterpenes. Such wind events
total OH reactivity fluxes from a branch enclosure system
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happen regularly in forested regions and their impact onAtkinson, R. and Arey, J.. Atmospheric degradation of
monoterpene emissions has been already noted in severalvolatile organic compounds, Chem. Rev., 103, 4605-4638,
studies Haase et a).2011;, Bamberger et al.2011). Gen- doi:10.1021/cr020642@003. _
erally, in such wind events, both the calculated and theBamberger, I, #rtnagl, L., Ruuskanen, T. M., Schnitzhofer, R.,
measured TOHRE increased significantly. Another feedback '\D/'””er'_t'_v"’ §|3raus, ';"t Karl, T., Wohlfahrtl, Ga' znn:lGHanEel, 'T_\)"

: : . eposition Tluxes of terpenes over grassiand, J. Geophys. Res.-
mechanism is stress related to heat. Surprisingly, benzene Atmos.. 116, 148-227. ddi0.1020/2010JD015452011.
was found to correlate very well with the measured total OHBourtsoukidis E.. Bonn, B.. Dittmann. A., Hakola, H., il H
reactivity emission for "?‘ hot day, for Wh'Ch the caIcuIaFed and Jacobi, S.: Ozone stress as a driving force of sesquiter-
TOHRE could not explain the observations by CRM. During  pene emissions: a suggested parameterization, Biogeosciences,
this event the total OH reactivity emissions had a large unex- 9, 4337-4352, dol0.5194/bg-9-4337-2012012.
plained fraction, which is likely to be caused by stress-relatedBreuninger, C., Oswald, R., Kesselmeier, J., and Meixner, F.: The
compounds. dynamic chamber method: trace gas exchange fluxes (N@, NO

Although for springtime almost the entire signal of Ogz) t_aetween plants and the atmosphere in the _Iaboratory and in
TOHRE could be explained by PTR-MS-detected biogenic the field, Atmos. Meas. Techn., 5, 955-989, #i0i5194/amt-5-
compounds (15 % missing total OH reactivity emissions), the  955-20122012. o
fraction of unaccounted for total OH reactivity tree emissions Breuninger, fC"_ Meuxnedr_, F_'(’j a”ﬁl Kesset:meler,bJ.. Field ||nvest|-
increased in summer to 84 % and stayed high in autumn with 92tions of nitrogen dioxide (Nf) exchange between plants
70 %. Light-induced production and release of undetected and the atmosphere, Atmos. Chem. Phys. 13, 773-790,
hi hl‘ . ds add he | f . f doi:10.5194/acp-13-773-2013013.

'9 yreactlve compoun' S addto't _e arge fraction o un'Calogirou, A., Jensen, N. R., Nielsen, C. J., Kotzias, D., and
explained total OH reactivity flux during the summer mea-  iorth, J.: Gas-phase reactions of nopinone, 3-isopropenyl-
surements from the Norway spruce branch enclosure. Peak 6-oxo-heptanal, and 5-methyl-5-vinyltetrahydrofuran-2-ol with
total OH reactivity fluxes as well as highest estimated ozone OH, NO;, and ozone, Environ. Sci. Technol., 33, 453-460,
loss rates inside the cuvette coincided with the maximum in  doi:10.1021/es980530] 999.
the 10yr average seasonal ozone profile. This study showe@ojocariu, C., Kreuzwieser, J., and Rennenberg, H.: Correlation of
that unmeasured and possibly unknown compounds, which shqrt-chained c_arbonyls emitted from Picea abies with physio-
are biogenically produced and released during daytime, con- logical and environmental parameters, New Phytol., 162, 717~
tribute to the observed high missing fraction of OH reactivity _ /27» d0i10.1111/,.1469-8137.2004.010612004.

. . . avis, M. E., Talukdar, R. K., Notte, G., Ellison, G. B., and
?:gnigaasny reported from summertime observations in foreste Burkholder, J. B.: Rate Coefficients for the OH + pinonaldehyde

(C10H1602) reaction between 297 and 374K, Environ. Sci.
Technol., 41, 3959-3965, dthD.1021/es070048@007.
De Gouw, J. and Warneke, C.: Measurements of volatile organic

Sup_plementgry méter""_ll related.to this grtlcle IS compounds in the earth’s atmosphere using proton-transfer-
available online at: http://www.biogeosciences.net/10/ reaction mass spectrometry, Mass Spectr. Rev., 26, 223-257,
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