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The subject of the study was the effect of monoterpene oxidation on the growth of parti-
cles during new-particle formation (NPF) events at the SMEAR II measurement station
in Hyytidld, southern Finland, during 2006-2011. The nighttime oxidation capacity, i.e.
how readily the atmosphere can oxidize monoterpenes, was found to be dominated by
the nitrate radical, whereas the daytime oxidation capacity was mainly dominated by
ozone. The mean lifetimes of monoterpenes ranged from about one hour to several hours,
depending on the time of year and day. A strong link was found between the growth rate
of particles of 7-20 nm in diameter during the NPF events and monoterpene oxidation by
ozone during the preceding night. Our findings suggest that during nighttime a build-up of
primarily oxidized monoterpenes in the atmosphere occurs, and that these compounds can
be oxidized by the hydroxyl radical after sunrise, promoting the particle growth.

Introduction

Biogenic volatile organic compounds (biogenic
VOC:s) affect the atmospheric chemistry as well
as the formation and growth of aerosol parti-
cles (Kulmala et al. 1998, Atkinson and Arey
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2003, Tunved et al. 2006, Paasonen et al. 2013).
The largest group of volatile organic compounds
emitted by the boreal forests are monoterpenes
(Rinne et al. 2009). They have various molecu-
lar structures, but share the molecular formula

Cme and therefore have the same molecular
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mass. Monoterpenes are among the most stud-
ied biogenic VOCs, and they are produced and
emitted by many boreal tree species, including
Pinus sylvestris, Picea abies, Betula pubescens
and Betula pendula (Isidorov et al. 1985, Rinne
et al. 2009, Bick et al. 2012). The emissions can
originate either directly from synthesis, or from
permanent storages (Ghirardo et al. 2010). In
addition, monoterpene emissions can be related
to defence mechanisms (Litvak et al. 1999)
or release from storage pools by a mechanical
injury.

Monoterpene emissions depend mainly on
the temperature (Guenther et al. 2012), so they
are emitted also during nighttime. Since the
planetary boundary layer is the shallowest during
night, also the highest above-canopy monoter-
pene concentrations are being recorded during
that time of the day (Hakola et al. 2012).

Monoterpenes and other VOCs can be
removed from the atmosphere by their reac-
tion with various oxidants. The oxidation prod-
ucts of these reactions generally have a lower
volatility and they are characterised by higher
oxygen-to-carbon (O:C) ratios than the reactant
VOCs (Donahue et al. 2012). They can therefore
condense onto various surfaces and hence be
removed from the atmosphere. The most impor-
tant oxidants in the atmosphere are ozone (O,),
hydroxyl radical (OHe, hereafter OH) and nitrate
radical (NO,e, hereafter NO,).

Atmospheric aerosol particles originate from
either direct particle emissions to the atmosphere
(primary particles) or formation of new particles
by nucleation of low-volatility vapours (second-
ary particles). Around the world, bursts of particle
formation by nucleation, i.e. new-particle forma-
tion (NPF) events, have been observed (Kulmala
et al. 2004). Sulphuric acid, which is also related
to atmospheric oxidation, has been estimated to
be important in the formation of these particles
(Sipild et al. 2010). The particles formed recently
by nucleation are small, in the nanometre size
range. To be climatically relevant, newly-formed
particles need to grow to sizes larger than about
50-100 nm in diameter (Kerminen et al. 2012).
In this growth process, condensation of VOC oxi-
dation products has been estimated to play a large
role (Kulmala et al. 1998, Riipinen et al. 2012,
Paasonen et al. 2013).
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In this study, the connection of monoter-
pene concentrations and oxidation with new-
particle formation, especially the growth rate
of the formed particles, was studied. The main
goal of the paper was to find out how the oxi-
dation of monoterpenes affects the growth rate
of particles formed by nucleation during new-
particle formation events. The specific ques-
tions addressed here were: How do the oxidant
concentrations, as well as the oxidation capacity
(i.e. how readily the atmosphere oxidizes any
available monoterpenes) caused by the oxidants,
vary temporally? How long are the atmospheric
lifetimes of monoterpenes with respect to oxida-
tion reactions? How do the monoterpene con-
centrations vary temporally? What is the relation
of monoterpene concentrations, as well as the
oxidant concentrations and these two combined,
to the growth rates of different sized particles
during new-particle formation events?

The temporal variation of the oxidant gases
was investigated, along with the oxidation capac-
ity of the atmosphere with respect to monoterpe-
nes. The data on oxidant and monoterpene con-
centrations were then compared with observed
growth rates of nanoparticles during NPF events.

Material and methods
Measurement site

The measurements were conducted at the
SMEAR 1I station of the University of Helsinki
in Hyytiéld, southern Finland (Station for Meas-
uring Forest Ecosystem—Atmosphere Relations,
61°51°N, 24°17°E, 181 m as.l). SMEAR 1I
is a rural measurement site located in a rather
homogenous Scots pine (Pinus sylvestris) forest
sown in 1962. In addition to Scots pine, there are
some Norway spruce (Picea abies), trembling
aspen (Populus tremula) and birch (Betula spp.).
The undergrowth of the forest consists of heather
(Calluna vulgaris), lingonberry (Vaccinium vitis-
idaea), blueberry (Vaccinium myrtillus), wavy
hairgrass (Deschampsia flexuosa) and mosses
(Pleurozium schreberi, Dicranum sp.). The
annual mean temperature is 3 °C with the cold-
est month being January (mean -9 °C) and the
warmest July (mean 15 °C). The annual mean
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precipitation is 700 mm. The station provides
continuous measurements of trace gas concentra-
tions, aerosol particle number size distributions,
and meteorological quantities like temperature
and radiation, and ecosystem functioning includ-
ing carbon, water and nitrogen fluxes and emis-
sions of volatile organic compounds. (Hari and
Kulmala 2005, Ilvesniemi et al. 2010).

Experimental setup
Volatile organic compounds

The volume mixing ratios (VMRs) of the vola-
tile organic compounds were measured with a
quadrupole proton transfer reaction mass spec-
trometer (PTR-MS, Ionicon Analytik GmbH,
Austria). The measurements were conducted
non-continuously between 2006 and 2009, and
from 2009 onwards on a continuous basis with
periodic interruptions during maintenance and
instrument malfunctioning.

The PTR-MS is an instrument which allows
for real-time measurements of VMRs down to
tens of ppt (parts per trillion) range. The sample
air is pumped continuously through a drift tube
reactor, where the VOCs of the sample air are
ionized in a proton transfer reaction with hydro-
nium ions (H,0%). The advantage of the H,O*
ion is that it performs a non-dissociative proton
transfer to a majority of the VOCs, but does not
react with the constituents of clear air. After the
drift tube, the ions are guided to a quadrupole
mass spectrometer for the selection and detec-
tion of the reagent and product ions. As the quad-
rupole PTR-MS measures with a one Thomson
(Th) resolution, different compounds with same
nominal mass cannot be distinguished, and it
cannot be used for identification of e.g. indi-
vidual monoterpenes [for more details about the
instrument, see Lindinger et al. (1998), deGouw
et al. (2003), Warneke et al. (2003) and deGouw
and Warneke (2007)].

The measurement setup, the volume mixing
ratio calculations and used calibration procedure
have been described in detail by Taipale et al.
(2008), so here we give only a short description.
Until July 2009, the sampling height was 14
meters, i.e. close to the top of canopy (tree height
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in 2009 16.5 m). The sample air was carried to the
instrument via a 30-m-long PTFE tubing (inner
diameter 8 mm) with a continuous flow of about
18 1 min™'. Between May 2006 and March 2007,
the VMR measurements were made every second
hour as the same instrument was used for eco-
system-scale VOC flux measurements that were
made during the other hours (Rinne et al. 2007,
Taipale et al. 2011). In April 2007, the measure-
ments were changed so that also Scots pine shoot
emission measurements were added to the meas-
urement cycle (Kolari et al. 2012), thus VMR
measurements were then made every third hour.

In 2010, the VMR sampling was moved to
another tower about 20 m away from the old
sampling place, and at the same time the sam-
pling height was changed to 16.8 m. The volume
mixing ratio measurements were still made every
third hour with the other two hours allocated for
shoot and soil emission measurements.

In order to determine the instrumental back-
ground, VOC-free air was measured variably
every second or third hour. The VOC-free air
was produced by pumping outdoor air through
a catalytic converter (Parker Balston zero air
generator HPZA-3500, USA). A three-way valve
was used to switch the sampling between the
ambient air and zero air. The PTR-MS was cali-
brated every second week with a standard gas
mixture. During the measurement period, we had
four different gas standards (all made by Apel-
Riemer Environmental Inc., USA) consisting of
16-18 different VOCs. The monoterpenes were
calibrated using a-pinene as the standard.

Oxidants

The ozone concentration was measured with an
ultraviolet light absorption analyser (TEI 49C,
Thermo Fisher Scientific, Waltham, MA, USA).
The measurements were carried out from the
mast at a variety of heights ranging from 4.2 to
67.2 m above the mast base. Measurements from
the 16.8-m height were used as 30-minute aver-
age values. Unless otherwise mentioned, all the
other measurements were also used as 30-minute
averages. The detection limit of the instrument is
one part per billion (ppb) and the relative accu-
racy is +3%.



296

The UVB radiation intensity used for cal-
culating the hydroxyl radical concentration was
measured at the 18-m height by a SL 501A
UVB pyranometer (Solar Light, Philadelphia,
PA, USA).

The concentrations of nitrogen oxide (NO)
and NO_(NO + NO,), used in calculating nitrate
radical production were measured using a chemi-
luminescence analyser (TEI 42C TL, Thermo
Fisher Scientific, Waltham, MA, USA). The
detection limit of the instrument is 0.1 ppb and
its relative accuracy +10%. The data under the
detection limit, including negative values, were
changed to zero. The concentration of NO, was
calculated as the difference of measured NO_
and NO concentrations. Until 27 February 2007,
a molybdenum converter was used to convert
NO, to NO for the measurement of NO, . This
also converted other reactive nitrogen species,
such as peroxyacyl nitrates, to NO. Therefore,
the concentration of NO, should be regarded as
an upper limit for the actual concentration until
that time. From 1 March 2007, a specific pho-
tolytic converter (Blue Light Converter, Droplet
Measurement Technologies, Boulder, CO, USA)
was used for converting NO, to NO, removing
this interference.

Aerosol surface area

The aerosol size distributions measured with a
twin Differential Mobility Particle Sizer (DMPS)
system (Aalto et al. 2001) were used for calcu-
lating the aerosol surface area, which was used
in the calculation of the lifetime of the nitrate
radical. The particle number size distribution in
the diameter range 3—1000 nm has been meas-
ured since December 2004. Before that the size
range was 3—-600 nm, but these data were not
used in this paper.

Calculation of the particle growth rate

The growth rates (GR) of aerosol particles and
ions were calculated using the maximum con-
centration method presented by Hirsikko et al.
(2005) and Yli-Juuti et al. (2011). When parti-
cles grow during a new-particle formation event
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day, local maxima are found in the time series of
concentration of nucleation mode particles. The
value of GR is calculated based on the difference
in time when the maximum is found from differ-
ent size fractions.

The growth rate was obtained as the slope
of a linear function fitted to the data pairs of
the times when the concentration peaks, and
the corresponding geometric mean diameters.
The linear function was fitted for three differ-
ent size ranges, provided that there were at least
three data points in that size range. These size
ranges correspond to the mobility diameters of
1.5-3 nm, 3-7 nm and 7-20 nm.

The GR was calculated based on particle
and ion size measurements with the DMPS,
Balanced Scanning Mobility Analyzer (BSMA;
Tammet 2006), Air Ion Spectrometer (AIS, from
2006 to 2007; Mirme et al. 2007) and Neutral
cluster and Air Ion Spectrometer (NAIS, from
2010 onwards; Kulmala et al. 2007). The GR
from the DMPS measurements was calculated
only for the size ranges 3—7 nm and 7-20 nm,
and from the BSMA measurements for the size
ranges 1.5-3 nm and 3-7 nm, based on the meas-
urement size ranges of these two devices. The
GR from the AIS and NAIS was calculated for
all the three size ranges. Finally, the growth rates
calculated based on different instruments were
averaged to obtain a single value, which then
represented the GR of that size range on that
specific day.

Yli-Juuti et al. (2011) investigated the differ-
ences in the growth rates calculated from the dif-
ferent instruments. According to their results, the
instruments generally agree fairly well in the cal-
culated values of the growth rates. In the small-
est size class, 1.5-3 nm, the AIS/NAIS gives
consistently higher growth rates than the BSMA.
When looking at the two other size classes,
such a systematic difference is not observed. A
random variability (i.e. the non-systematic dif-
ferences) between the growth rates calculated
based on different instruments also decreases
with an increasing particle size.

There are two main sources of uncertainties
related to the maximum concentration method
discussed in more detail by Yli-Juuti et al.
(2011). In short, a sudden change in the air mass
causes the peak in the concentration time series
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to be narrower than what would be expected,
which then causes the calculated GR to be higher
than the true value. Also the fluctuation in the
growing nucleation particle mode might some-
times cause more than one peak in the concen-
tration time series, in which case it is not clear
which peak to choose and the method is prone to
subjective error. In total, the GR obtained using
this method more likely overestimates the actual
GR than underestimates it (Yli-Juuti et al. 2011).

Using charged particles instead of neutral
ones, or the sum of both, might also result in
some error in the growth-rate calculation, such
that the calculated growth rate does not repre-
sent the whole aerosol population (Leppi et al.
2013). This effect varies from case to case, and
therefore cannot be accounted for in the calcula-
tion. Also, coagulation may influence the growth
rate when the nucleation mode number concen-
tration is high, in which case the growth rate
does not represent the growth by condensation
(Leppi et al. 2011). This effect should, however,
be small as the nucleation mode concentrations
in Hyytidld were low.

Estimating the oxidation capacity

The concept of oxidation capacity was adapted
from Geyer et al. (2001a) and used here for
monoterpenes. The oxidation capacity of the
atmosphere with respect to a specific substance
was defined here by summing the products of
concentrations of the oxidant gases with their
reaction rate coefficients with the substance in
question. Thus, the oxidation capacity is a meas-
ure of how readily the atmosphere oxidizes any of
the available substance. In a steady state between
the production and removal of the substance, the
oxidation capacity also becomes the inverse of its
turnover time and mean lifetime (7).

For monoterpenes (MT), the oxidation capac-
ity (OCAP) is defined as

OCAP,, =k, ,,[OH] + &

OH + MT O3 +MT[03]

+kNO3+MT[NO3]’ (M
where k is the average reaction rate coefficient of
the oxidant (OH, O, or NO,) with monoterpenes,
and the concentration of the oxidant is given
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brackets. Monoterpenes are a broad group of
compounds, each with different chemical prop-
erties and individual reaction rate coefficients
(Atkinson 1997). The data for individual monot-
erpene concentrations at the station was avail-
able only as monthly-mean values (Hakola et al.
2012). Therefore, mean reaction rate coefficients
weighted with the individual monoterpene frac-
tions (kmomhly) were used for each month. The
average reaction rate coefficients were calculated
by using the following equation:

kmnmhly = Zf;k[’ (2)

where f is the monthly fraction of monoterpene i
and k, is its reaction rate coefficient with the oxi-
dant gas in question. The reaction rate coefficients
of O3 and OH with individual monoterpenes, as
well as monthly fractions of the most abundant
monoterpenes measured in Hyytidld reported by
Hakola et al. (2012), were used. For the reaction
rate coefficients of monoterpenes with NO,, the
data reported by Atkinson (1997) were used. The
data for individual monoterpene concentrations
were only available for a bit more than one year,
and for many months the concentrations were
below the detection limit. Therefore, the reaction
rates of each month were smoothed using a run-
ning mean of the reaction rate calculated for the
actual month and the reaction rates for the months
before and after this month. The actual month was
weighted by the factor of two.

The monoterpene composition changes
seasonally, a-pinene being the most abundant
monoterpene in summer, while camphene and
other monoterpenes dominate in winter. A more
detailed discussion on the varying monoterpene
composition is given in Hakola et al. (2012).
Due to the changing monoterpene composition,
the average reaction rate coefficient of monoter-
penes with NO, varied the most (Table 1), being
the highest (7.5 x 10> molecules cm~ s7') in July
and the lowest (2.2 X 1072 molecules cm™ s7!) in
January. The reaction rate coefficient with ozone
varied in a similar way with the peak in July and
the lowest value in January. The reaction rate
coefficients with OH varied less, yet the highest
value was in July and lowest one in January.

The ozone concentration used in the calcu-
lation of the oxidation capacity was measured
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directly as described earlier. The hydroxyl radi-
cal concentration was not measured directly, but
it correlates strongly with the UVB radiation
intensity (Rohrer and Berresheim 2006) and was
calculated from the measured UVB radiation
intensity using a proxy adapted from Petdjd et
al. (2009):

[OH]  =5.62x10°x UVB*®,  (3)

proxy
Due to the method used, the calculated
hydroxyl radical concentration was zero during
the night when there was no UVB radiation.
The nitrate radical was not measured directly.
It is formed in the reaction of ozone and nitrogen
dioxide:

0,+NO, ~> NO, +0,. &)

The concentration of the nitrate radical was
calculated assuming a steady state between its
production and removal:

[NOS]steady—state = JNO3INO3’ (5)
where J, is the production rate of NO,, and 7,
. . . .3 . 3
is its lifetime. The production rate was calculated
from the reaction between NO, and ozone:

Joo =k

NO; 03 +NO,

[O,1INO,]. (6)

The temperature (7)-dependent reaction rate
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coefficient ko; +no, OF 1.4 X 107 exp(-2470/T)
was used (Vrekoussis et al. 2004).

During daytime the nitrate radical is rap-
idly photolysed by solar radiation with an esti-
mated lifetime of five seconds for overhead sun
(Orlando et al. 1993, Vrekoussis et al. 2004).
This lifetime was used for all times when the
UVB radiation exceeded 0.01 W m™. In addi-
tion to being photolysed, nitrate radical under-
goes oxidation reactions with hydrocarbons. Its
main hydrocarbon sinks in the boreal forest are
monoterpenes and isoprene, C.H,. Isoprene was
also measured with the PTR-MS. The nitrate
radical also reacts with NO, to produce N, O, in
an equilibrium reaction according to

NO, +NO, <> N,0.. %)

N,O; can then react with atmospheric water
vapour, or be taken up by aerosol surfaces. These
reactions hence constitute an effective removal
pathway of NO, through the equilibrium reac-
tion.

Nitrate radical also reacts with NO which is
a free radical. It is produced photochemically
and has a short lifetime with respect to reactions
with ozone. However, if there are additional
local sources (such as the soil), it can also take
part in the nocturnal removal of NO, (Geyer et
al.2001b).

For the lifetime of NO, during nighttime, an
upper limit was calculated according to Allan et

Table 1. The smoothed montly-mean reaction rate coefficients for the reaction of monoterpenes with the oxidants
O,, OH and NO,. The reaction rates vary with the changing monoterpene composition: the individual monoterpene
concentration data used in calculation were taken from Hakola et al. (2012).

kOS+ ur (X 1077 cm2 s7) Koy or (X 107 cm2 s7) kNoa+MT (x 102 cm=s™)
January 2.1 5.1 2.2
February 3.3 5.1 3.1
March 4.4 5.2 41
April 5.3 5.7 4.9
May 6.8 6.1 5.4
June 6.3 6.6 6.3
July 6.9 7.4 7.5
August 6.8 7.3 7.0
September 6.3 6.8 6.2
October 5.7 6.6 5.5
November 4.8 6.5 4.5
December 3.1 5.8 3.0
Mean 5.0 6.2 5.0
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al. (2000), with the addition of the reaction with
nitric oxide:

(TNO3)71 = kNO3+MT[MT] + kN
+ kN03+No[NO] + (k

x KINO,,

O3+ isop.[isop']
Hzo] + khet(N205)) (®)

N,Os + HZO[

where K is the equilibrium constant for Eq.
7, for which the temperature-dependent value
of 5.1 x 107exp(10871/T) was used (Osthoff
et al. 2007). The equilibrium constant there-
fore increases with a decreasing temperature.
For the reaction rate coefficients of isoprene
and nitric oxide with NO,, the values 3.03 X
10"%exp(—450/T) by Dlugokencky and Howard
(1989) and 1.8 x 10~"'exp(110/T) from the Master
Chemical Mechanism (MCM; Jenkin et al. 2003,
Saunders et al. 2003) were used, respectively. In
Eq. 8, kheKNZOS) is the reaction rate coefficient for
the heterogeneous uptake of N O, to aerosol sur-
faces. This is defined by the following equation:

k. =025Acy, )

where A is the aerosol surface area in cm? cm™,
¢ is the root mean square speed of the N,O,
molecules in cm s, and y is the heterogeneous
uptake coefficient for N,O,. For 7, the value 4 X
10~ from the MCM was used.

The VOC measurements required for calcu-
lating the lifetime in Eq. 8 were not continuous
for the whole period, and they were of lower res-
olution as compared with the other gas measure-
ments. They were available only for about 10%
of the data points, but these data were spread out
throughout the study period. Accordingly, the
sink term and the NO, concentration could only
be calculated for that fraction of the data points.

Estimating the oxidation rate of
monoterpenes

The oxidation of monoterpenes in the atmos-
phere is a first-order reaction with respect to all
the reactants, so it depends linearly on the reac-
tant concentrations. The oxidation rate (OR) of
monoterpenes in the atmosphere can therefore be
calculated by multiplying the oxidation capacity
with respect to monoterpenes (OCAP,,) by the
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concentration of monoterpenes:

OR,, = OCAP,, [MT]. (10)

Results
Oxidant concentrations

The O, concentration peaked in spring, being
the highest in April and May (Fig. 1a). Within
those months, and from March to September,
the concentration was clearly the highest during
the afternoon, with the highest median concen-
trations being around 1 X 10" molecules cm™.
The lowest concentrations, being around 5 X
10" molecules cm™, were observed in the early
morning during September. It is notable that
the maximum median concentrations were only
around two times higher than the minimum
median values.

The calculated OH concentration followed
the cycle of sunlight. It can be seen that the
proxy OH concentration peaked during summer
in midday when the median concentration was
around 8 x 10° molecules cm™ (Fig. 1b). Year
round, the OH concentration calculated by
proxy was the lowest during nighttime when it
decreased to zero as it was calculated from the
UVB radiation. The daily-average OH concen-
tration was the lowest in the winter when little
sunlight is available.

When comparing the measured UVB radia-
tion with the daytime OH concentration meas-
ured in 2007 in Hyytidld, Petdja et al. (2009)
found that the two quantities were relatively
strongly correlated (r = 0.76). Also, the magni-
tude of the measured daytime OH concentration
was similar to the proxy concentration (Petdjid
et al. 2009), justifying the use of a proxy for the
daytime OH concentration. During nighttime,
the measured OH concentrations were about
an order of magnitude lower than the measured
daytime concentrations (Petdjd et al. 2009), and
the concentrations calculated by proxy decreased
to zero. However, the nighttime oxidation capac-
ities resulting from the measured OH concentra-
tions would be of the order of 10° s~'. The calcu-
lated nighttime oxidation capacity due to O, and
NO, was of the order of 10~ s™', i.e. two orders
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Fig. 1. Temporal variations in the concentrations of oxidants (a) O, and (b) OH (calculated) averaged over the
period 2006—2011. The times are UTC + 2 h. Colouring indicates the median concentration of the oxidant gas in
question during the hours given by y-axis in the month given by x-axis. The set of values for each month therefore

represents the median diurnal cycle for that month.
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Fig. 2. Temporal variations in the (a) median calculated lifetime and (b) concentration of NO,. Due to fewer data
available, the diurnal cycles are averaged over two-hour intervals (one hour for the other two oxidants in Fig. 1).

of magnitude higher (see section ‘Oxidation
capacity’ below). Therefore, omitting nighttime
OH concentrations should not cause large errors
in calculating the oxidation capacity and rate. In
summer when the nighttime oxidation capacity
was the lowest, the OH concentration might have
a non-negligible effect on the nighttime oxida-
tion capacity. However, the oxidation capacity
due the other two oxidants would still be clearly
higher. Therefore, using the proxy is justified,
yet it should be kept in mind that OH concentra-
tions were non-zero even during nights.

During daytime, the calculated lifetime of
NO, was always short (set to 5 s) due to photo-

dissociation (Fig. 2a). The shortest nighttime
lifetimes of NO, were observed from late spring
to autumn, the smallest median value being 6 s
and typically values of a few tens of seconds.
NO, oxidizes VOCs, mainly monoterpenes, rap-
idly and its lifetime with respect to the VOC
reactions is short. From May to September, the
median contribution of VOC reaction to the total
the nighttime NO, loss was > 98%, when all
the data points covering this period were taken
into account. The longest nighttime lifetimes of
NO,, between 100 and 200 s, were observed in
December. At this time of the year, the lifetime
of NO, with respect to its reaction with monoter-
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penes was the longest, yet the reactions between
NO, and VOCs were responsible, on average,
for 79% of the total NO, loss. The lifetime of
NO, associated with the loss of N O, on aerosol
surfaces or by water vapour was almost always
longer than its lifetime associated with its reac-
tion with monoterpenes. The exception was Feb-
ruary, when monoterpene concentrations were
low and the reaction of N, O, with water vapour
dominated the sink term (contribution of water
to the sink term was 51%, and VOCs 22%).

The calculated NO, concentration followed
mainly the pattern of the calculated NO, lifetime
(Fig. 2). During daytime, the lifetime of NO,
was always short and its concentration was low,
around 10° molecules cm™. In this respect NO,
showed behaviour opposite to that of the proxy
OH concentration.

The production rate of NO, according to
Eq. 6 was the highest during the winter—spring
period, showing a peak in February. The highest
daily values were obtained at around 18:00. This
was caused by the overlapping high concentra-
tions of ozone and nitrogen dioxide, of which
the latter peaks in February. The lowest NO, pro-
duction rates were obtained during summer and
autumn, with a diurnal minimum after midday
in summer and early morning in autumn. The
low production rate was mainly due to the low
nitrogen dioxide concentrations in the summer,
and low ozone concentrations in the autumn.
The highest median proxy NO, concentrations
of about 6 x 107 molecules cm™ were obtained
in December when the NO, lifetime was the
longest.

The nighttime nitrate radical concentration
was measured during the HUMPPA-COPEC
campaign from 12 July to 12 August 2010 (Wil-
liams et al. 2011), but for the entire campaign the
concentration was below the detection limit of 2
%X 107 molecules cm™ (Rinne et al. 2012). This
agreed with the calculated NO, concentration
which was mostly below 5 x 10° molecules cm™
for the same period, the maximum value being 9
x 10° molecules cm™.

Vrekoussis et al. (2004) listed nitrate radical
concentrations measured in the continental and
marine boundary layer at various locations. Gen-
erally, the concentrations were a few pptv (Vrek-
oussis et al. 2004, and references therein), which

Monoterpenes’ oxidation capacity and rate over a boreal forest 301

translates to around 1-3 x 10® molecules cm™.
Out of the sites listed, the only continental one
is the rural site in Lindenberg (Germany), where
the nitrate radical concentration was measured
by Geyer et al. (2001a). In their study, the aver-
age concentration of the nitrate radical was 5.7
pptv (= 1.4 x 10® molecules cm™) in May—Sep-
tember, and the average NO, lifetime was 130
seconds. The concentrations reported by Geyer
et al. (2001a) are higher than the maximum
values calculated in this study, but the lifetimes
are of the same order of magnitude. Geyer et al.
(2001a) found that the average production rate of
NO, from NO, and O, was 1.1 x 10° molecules
cm™ s7', which is about three times higher than
the production rate calculated in this study (3.3
x 10° molecules cm™ s™) for the same months.
Hence, the lower NO, concentrations at our site
were at least partly caused by the lower con-
centrations of the precursor species O, and NO,
measured continuously. We conclude that the
low NO, concentrations calculated for Hyytidla
are most probably real and caused by its lower
production rate as compared with that at some
other sites, including Lindenberg.

Based on the comparison with the measure-
ments during the HUMPPA-COPEC campaign
in Hyytidld, and measurements at different sites
around Europe, especially the rural site in Lin-
denberg (Germany), we conclude that it is justi-
fied to use the calculated nitrate radical concen-
tration.

Oxidation capacity

The oxidation capacities due to individual oxi-
dants followed the concentration cycles of the
oxidant gases (Fig. 3). There were, however,
some differences in the patterns of the oxidation
capacities and oxidant concentrations, as the
mean reaction rate coefficients used for calculat-
ing the oxidation capacity differed between the
different months due to the variable monoter-
pene composition. For example, the calculated
NO, concentration was the highest in December,
yet the highest oxidation capacity due to NO,
was obtained for November when both NO, con-
centration and NO, reaction rate coefficient were
high (Table 1).
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The total oxidation capacity of monoterpenes
was dominated by the nighttime peaks caused
by the NO, in spring and autumn (Fig. 3d and c,
respectively). During these times of the year, the
total oxidation capacity was around 2 X 10~ s~
of which the NO, accounted for around 80%. In
daytime during summer, there was another peak
in the oxidation capacity caused by the high oxi-
dation capacities by OH and O, (Fig. 3d). This
peak, however, was only half in magnitude as
compared with the peaks caused by the nitrate
radical during the cold season.

In addition to the absolute value of the oxida-
tion capacity, the fraction of the oxidation capac-
ity caused by each individual oxidant is also of
interest, as it defines the fraction of monoterpenes
oxidized by the individual oxidants and therefore
the oxidation pathway. O, was the only studied
oxidant present during both day and nighttime in
substantial amounts, since NO, is mostly present

during nights and OH during daylight hours.
Therefore, knowing the ratio of the oxidation
capacity caused by O, at any time is sufficient
to crudely estimate the role of the other two
oxidants: during night the remaining oxidation
capacity is caused by NO, and during the day
mainly by OH. From November to March, NO,
clearly dominated the nighttime oxidation capac-
ity, as the contribution of O, was mainly below
0.2 (Fig. 4). From May to September, however,
the contribution of O, was greater, at around 0.4
or even more, and from June to August O, clearly
dominated the nighttime oxidation capacity.

For most of the year, the daytime oxidation
capacity was dominated by O, (Fig. 4). The
highest contributions by O, were obtained for
the morning and evening when OH and NO,
concentration levels were low. In summer, the
contributions of the OH and O, were almost the
same during midday. It is also worth noting that
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from November to February, the contributions of
OH and NO, to the daytime oxidation capacity
were similar, as the calculated OH concentration
levels were low.

Monoterpene lifetimes and
concentrations

The lifetime of monoterpenes, calculated as the
median of the inverse of the oxidation capacity,
was a few hours and rarely exceeded five hours
(Fig. 5). The longest lifetimes, around 10 hours,
were obtained for daytime in December and Jan-
uary when the oxidation by OH and O, was still
weak. During nights outside the summer period,
the monoterpene lifetime was typically about
one or two hours. The shortest lifetimes, slightly
more than an hour, were obtained for the nights
of March and December when the nitrate radical
oxidation capacity peaked. Another minimum
was obtained for daytime in summer: from June
to August the shortest monoterpene lifetimes
were about two hours in midday.

The median measured monoterpene concen-
trations were highest in summer and during
nights when the planetary boundary layer was
shallow and emitted compounds stayed near the
ground (Fig. 6). The highest median monoter-
pene concentration of 1.4 x 10'° molecules cm™
was observed in July between 20:00 and 22:00.
In winter, monoterpene concentrations were
about one order of magnitude lower than during
summer nights.
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Association with the particle growth rate

The calculated oxidation capacities, along with
the oxidation rates and monoterpene concen-
trations, were compared with particle growth
rates during NPF events. The medians (MD)
of oxidation capacities, rates and monoterpene
concentrations over three time intervals (on the
night preceding the event, after the sunrise but
before the particle growth, and during the particle
growth of the corresponding size class) were used
as the independent variables in the examination.
The night was defined as the time when the UVB
radiation was below 0.01 W m™. The particle
growth time was assumed to start one hour before
the growth was observed, and end one hour after
the growth had stopped or particles had grown
out of the size range. As the dependent variables,
the growth rates of particles in the size ranges
1.5-3 nm, 3-7 nm and 7-20 nm during the NPF
events were used. The variables were plotted
against each other, both on linear and logarith-
mic scales, and the relations were assessed both
visually from the scatter plots and using Pear-
son’s product-moment correlation coefficients (r)
calculated for the pairs (if necessary after log-
transformations of the data).

When comparing any of the above quantities
with the particle growth rates observed during an
NPF event, it has to be kept in mind that the air
mass from which these quantities were measured
is not the same as the air mass where the observed
particle growth took place. For example, when
comparing a monoterpene concentration during
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the preceding night with the particle growth rate
during the following day, these two quantities
represent measurements made from different air
masses; the air mass in which the growth was
measured was situated upwind of the station at
the time of the monoterpene measurement. This
feature limits the establishment of a cause and
effect relation. However, the forest surrounding
the measurement site is homogeneous for large
distances (Haapanala ez al. 2007), suggesting that
the monoterpene emissions and concentrations
remain relatively unchanged over large distances.
This is further supported by the shape of the
growing nucleation mode, which is often continu-
ous over periods up to 12-24 hours, which can
only be explained if the region around Hyytidld
is largely homogeneous. Nucleation events were
proposed to take place on a regional scale already
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by Kulmala et al. (1998). We, therefore, consider
Hyytidld to be representative of the surround-
ing area, and assert that our approach of com-
paring quantities measured at different times at
this single location is justified. Nevertheless, this
source of uncertainty was considered throughout
the analysis and interpretation of our findings.

The strongest correlation we found was that
between the median oxidation rate of monoter-
penes by ozone during the night preceding an
NPF event and growth rate of 7-20 nm particles
during the event both log-transformed (r = 0.72;
Fig. 7a and Table 2). The correlation between
the monoterpene concentration during the night
preceding an NPF event and the growth rate of
7-20 nm particles during the event (r = 0.71)
was almost as strong. None of the investigated
quantities correlated strongly with the growth
rates of 1.5-3 nm or 3—7 nm particles (Table 2).
Therefore, hereafter the term “particle growth
rate” refers to the growth rate of 7-20 nm parti-
cles, unless otherwise mentioned.

As compared with the preceding night, the
median monoterpene oxidation rate by ozone
both before and during growth correlated weakly
with the particle growth rate (Table 2). The same
was found for the monoterpene concentration.
Therefore, it seems that the monoterpene con-
centration and oxidation rate by ozone during
the nighttime were more strongly related to the
particle growth rate than the same quantities
during daytime.

As compared with that of the oxidation rate
of monoterpenes by ozone, the correlation of the
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Fig. 7. Scatterplots of the growth rates of 7-20 nm particles, with (a) median oxidation rate of monoterpenes by O,
during the preceding night, and (b) the median concentration of monoterpenes during the preceding night.
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total monoterpene oxidation rate with the parti-
cle growth rate was weaker (r = 0.53-0.63; see
Table 2). Of all the monoterpene oxidation rates,
that by NO, during night showed the weakest
correlation with the particle growth rate (r =
0.29). Out of the daytime monoterpene oxidation
rates, that by OH during the growth showed the
strongest correlation with the particle growth
rate (r = 0.64).

As compared with the monoterpene oxidation
rate or concentration, the oxidation capacity of
the atmosphere showed a weaker correlation with
the particle growth rate. The oxidation capacity
of NO, generally correlated negatively with the
growth particle growth rate, whereas the oxida-
tion capacities of OH and O, correlated positively
with it. The negative correlation between the
nitrate radical oxidation capacity and particle
growth rate can be due to the annual patterns of
the nitrate radical and monoterpene concentra-
tions. NO, concentrations are highest during the
cold season when both monoterpene emissions
and concentrations are small. Monoterpene con-
centrations correlated positively with the particle
growth rate, and therefore the nitrate radical
oxidation capacity correlated negatively with the
particle growth rate. On the other hand, OH and
O, concentrations showed an annual behaviour
that was similar to that of monoterpenes: again,

Monoterpenes’ oxidation capacity and rate over a boreal forest 305

some of their correlation with the particle growth
rate could be explained by this relationship.

To eliminate the effect of the oxidant concen-
trations correlating with monoterpene concentra-
tions, partial correlations (i.e. the correlation of
two variables, controlling for the effect of one
or more other variables) were also calculated for
the oxidation capacities, accounting for the cor-
relation of the preceding night monoterpene con-
centration with the particle growth rate. The par-
tial correlations of the total or individual oxida-
tion capacities with the particle growth rate were
weak to moderate. All the partial correlations
of the oxidation capacities with the growth rate
were positive, except for that of oxidation capac-
ity by OH during the morning before growth,
which was not statistically significant (r = -0.18,
p = 0.14). The highest partial correlation was
found for the oxidation capacity by OH during
the particle growth (r =0.36, p = 3.7 x 107).

The fact that the oxidation capacities them-
selves do not correlate strongly with the growth
rate is also likely related to the fact that NPF
events typically occur during clear sky condi-
tions, when there is plenty of OH available. This
supports the findings of Yli-Juuti et al. (2011)
that the oxidant concentrations are not strongly
connected to the growth rates. The differences
in the correlations between oxidation rates by

Table 2. Pearson’s correlation coefficient (r) between the particle growth rate during an NPF event and selected
quantities, along with the number of observations (n) and the p values. The selected quantities are monoterpene
concentrations ([MT]) and oxidation rates of monoterpenes (OR, both total and by different oxidants) at different
times with respect to the NPF event. In the case of individual oxidants, the oxidant in question is indicated in the
subscript. The particle growth rates in the diameter ranges 1.5-3 nm, 3—7 nm and 7-20 nm were considered sepa-
rately. All correlations are for log-transformed data.

1.5-3 nm 3-7 nm 7—20 nm

r P n r P n r p n

IMT], ccecing nign -0.23 0.1 47 0.27 24x102 68 071 2.0x107 74
IMT], 010 gromtn -0.11 0.49 42 024 56x102 64 0.58 3.8x107 66
MT]100 growt -0.24 0.14 41 0.08 0.54 59 050 1.6x10° 67
recading nght -0.00 0.99 45 040 1.0x10° 66 0.63 4.0x10° 71
before growth -0.05 0.77 41 026 41x102 63 053 53x10° 64
uring arouth -0.25 0.12 38 0.11 0.41 56 0.55 2.0x10° 65

04, preceding night -0.19 0.21 47 031 9.4x10° 68 072 1.1x107 73

0, before growth -0.06 0.72 42 025 4.5x102 64 052 1.0x10°% 65

0, during growth -0.19 0.23 41 0.15 0.26 59 056 8.6x107 66
OR o4, before growth -0.03 0.84 42 0.20 0.12 64 054 3.6x10° 66
O, durng growth -0.27 9.4x102 39 0.03 0.81 57 0.64 3.3x10° 60
0.12 0.46 43 037 27x10° 64 029 1.6x102 69

NOj, preceding night




306

different oxidants suggest that the identity of
the oxidant affects the growth rate. The effect of
the monoterpene composition, i.e. the relative
abundances of different monoterpenes, was not
investigated in this study.

Discussion

Both the oxidation rate of monoterpenes by
ozone and their concentration correlated strongly
with the growth rate of aerosol particles. This
supports the findings of Kulmala et al. (1998),
Riipinen et al. (2011) and Yli-Juuti et al. (2011)
that the oxidation of monoterpenes, i.e. the pro-
duction of oxidized monoterpenes, plays an
important role in the growth of atmospheric
aerosol particles.

The oxidation capacity of the atmosphere in
Hyytiidld is generally high enough for the turno-
ver time of the monoterpenes to be no more than
a few hours. This estimate agrees qualitatively
with other studies (Kesselmeier and Staudt 1999,
Atkinson and Arey 2003, Laothawornkitkul et
al. 2009). This also means that over a relatively
short time scale, on the order of hours, the
production and removal of monoterpenes are
expected to become roughly equal. Hence, an
increase in the oxidation capacity increases the
oxidation rate of the monoterpenes only tempo-
rarily, as monoterpenes will be depleted from
the atmosphere and this in turn will lower the
oxidation rate. Similarly, if the oxidation capac-
ity is lowered, the monoterpene oxidation rate
will slow down only until enough monoterpenes
have been accumulated to increase the oxidation
rate again. There was only a weak to moderate
correlation between the oxidation capacity and
particle growth rate, even though monoterpene
oxidation seems to have a significant effect on
the particle growth rate. Taken together, the
above findings suggest that the oxidation of
monoterpenes over Hyytidld is not limited by the
availability of oxidants in the atmosphere, but
rather by monoterpene emissions, which sup-
ports the findings of Yli-Juuti et al. (2011).

The particle growth rate seemed to be tied
more closely to the monoterpene oxidation rate
by ozone and monoterpene concentration during
the preceding night than to the same quantities
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during daytime, judged both from the correlation
coefficients and visual inspection of the scat-
ter plots. The planetary boundary layer grows
between the preceding night and an NPF event,
causing dilution of the boundary-layer air that
varies from day to day. The variability of such
dilution, and possibly some other factors, are
expected to weaken the correlation between the
monoterpene concentration during the previous
night and particle growth rate during an NPF
event. The fact that these two quantities corre-
lated strongly with each other despite the dilu-
tion effect suggests that some process during the
preceding night plays a very important role in the
particle growth during an NPF event.

One explanation of how the processes occur-
ring during the preceding night might be related
to the particle growth during an NPF event
relates to the potential build-up of the con-
centrations of monoterpenes which have been
primarily (i.e. once) oxidized. These first-gen-
eration oxidation products are expected to be
less volatile than monoterpenes, yet mainly too
volatile to condense efficiently onto particles.
Any first-generation oxidation product resulting
from nighttime oxidation that condenses already
during night cannot contribute to the particle
growth during an NPF event. The further the
oxidation proceeds, the higher the total yield of
condensable products (for example ELVOCs,
extremely low volatility organic compounds,
Donahue et al. 2012) is. Many of the first-gener-
ation monoterpene oxidation products of ozone
cannot be oxidized further by ozone because the
double bond between carbon atoms has been
lost and this double bond is the only place
where ozone can react (Vereecken and Fran-
cisco 2012). Nitrate radical can react both by
attacking the double bond and by H-abstraction
(Sadanaga et al. 2003, Vereecken and Francisco
2012). However, the reaction by H-abstraction
is negligible as compared with the addition to
the double bond (Atkinson 1997), and therefore
the nitrate radical does not react efficiently with
these first-generation oxidation products from
the ozone oxidation. Therefore, there may be
a nighttime build-up in the atmosphere of the
primarily-oxidized monoterpenes which cannot,
or can only very slowly, be oxidized further by
ozone or the nitrate radical. Then, when the sun
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rises and the boundary layer expands, the OH
radical concentration rises. The oxidation by OH
does not rely only on the double bond as it takes
place also through H-abstraction. Therefore, the
primarily-oxidized compounds which have been
accumulating during night can now be oxidized
by OH. Since these compounds are already pri-
marily oxidized, the resulting oxidation products
have a lower volatility than the first-generation
oxidation products resulting from oxidation of
monoterpenes by OH. These, or compounds oxi-
dized even further by OH, may then condense
onto newly-formed particles and enhance their
growth. If these primarily-oxidized species accu-
mulate sufficiently during night, they might have
a larger role in the particle growth than the
monoterpenes oxidized during an NPF event.
The strong correlations of both monoterpene
concentration and monoterpene oxidation rate
by ozone during the preceding night with the
particle growth rate supports the above scenario.
The monoterpene oxidation rate by OH during
the particle growth correlated more strongly with
the particle growth rate than did any other day-
time quantity. This also supports the idea that it
is the OH radical that is oxidizing the primarily-
oxidised compounds further.

One product of the monoterpene oxidation by
ozone is the stabilized Criegee intermediate (sCI,
Mauldin et al. 2012). The sCI has two free radi-
cal sites and can possibly act as an oxidant for
monoterpenes. Therefore, the sCI could also be
involved in the reactions following monoterpene
oxidation by ozone. The reaction rate of the sCI
with monoterpenes and its atmospheric lifetime
are still poorly known.

Summary and conclusions

The temporal variation in the oxidant gases O,,
OH and NO,, as well as the oxidation capac-
ity caused by these oxidants, were investigated
at the SMEAR 1I station in a boreal conifer-
ous forest ecosystem. We found that for most
of the year, the nighttime and daytime oxida-
tion capacities are dominated by NO, and O,,
respectively. The oxidation capacity was found
to be higher during night than day for most of the
year as well. However, from June to August, O,
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dominated the nighttime oxidation capacity and
the highest oxidation capacity was observed in
midday when the contributions of OH and O, to
this oxidation capacity were almost equal.

The atmospheric lifetime of monoterpenes in
the pine forest was found to be relatively short,
in the order of hours. For most of the year, the
shortest monoterpene lifetimes were observed
during night with values typically between about
one and two hours. In summer, the monoterpene
lifetime was shortest at around midday.

A strong correlation was found between the
median oxidation rate of monoterpenes by ozone
during the night preceding an NPF event, and the
growth rate of 7-20 nm particles during the event.
For the growth rates of particles smaller than 7
nm in diameter, the correlations were moderate or
weak. The median concentration of monoterpe-
nes during the night preceding the event was also
strongly correlated with the growth rate of 7-20
nm particles. The oxidant concentrations them-
selves, or the oxidation capacity, did not show
any notable correlations with the particle growth
rate. Of the daytime quantities investigated, the
monoterpene oxidation rate by OH showed the
strongest correlation with the growth rate of
7-20 nm particles. Since the particle growth rate
correlated more strongly with the monoterpene
oxidation rate by ozone and monoterpene con-
centration during the previous night than with the
same quantities during daytime, it seems that the
particle growth rate is affected by what happens
during the previous night. A possible explana-
tion for this might be the build-up of relatively
high-volatility first-generation oxidation products
during night, which are oxidized further by OH
during daytime, after which they can then con-
tribute to the particle growth.

Our results support the earlier findings that
at this site, and possibly in the boreal forest in
general, monoterpene oxidation products play a
significant role in the atmospheric nanoparticle
growth. Furthermore, it seems that the formation
of condensable oxidation products is mainly lim-
ited by the emissions of monoterpenes, and not
by the availability of oxidants.
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