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Abstract. The oxidation products of monoterpenes likely
have a crucial role in the formation and growth of aerosol
particles in boreal forests. However, the continuous measurements of monoterpene concentrations are usually not
available on decadal timescales, and the direct measurements of the concentrations of monoterpene oxidation product have so far been scarce. In this study we developed proxies for the concentrations of monoterpenes and their oxidation products at a boreal forest site in Hyytiälä, southern Finland. For deriving the proxies we used the monoterpene concentration measured with a proton transfer reaction
mass spectrometer (PTR-MS) during 2006–2013. Our proxies for the monoterpene concentration take into account the
temperature-controlled emissions from the forest ecosystem,
the dilution caused by the mixing within the boundary layer
and different oxidation processes. All the versions of our
proxies captured the seasonal variation of the monoterpene
concentration, the typical proxy-to-measurements ratios being between 0.8 and 1.3 in summer and between 0.6 and
2.6 in winter. In addition, the proxies were able to describe
the diurnal variation of the monoterpene concentration rather
well, especially in summer months. By utilizing one of the
proxies, we calculated the concentration of oxidation products of monoterpenes by considering their production in the
oxidation and their loss due to condensation on aerosol particles. The concentration of oxidation products was found to
have a clear seasonal cycle, with a maximum in summer and
a minimum in winter. The concentration of oxidation products was lowest in the morning or around noon and highest
in the evening. In the future, our proxies for the monoter-

pene concentration and their oxidation products can be used,
for example, in the analysis of new particle formation and
growth in boreal environments.

1

Introduction

Terrestrial ecosystems emit large amounts of biogenic
volatile organic compounds (BVOCs) into the atmosphere
(Guenther et al., 2012), where they are oxidized, forming
less volatile vapors. In boreal forests BVOC emissions are
typically dominated by monoterpenes (Hakola et al., 2006;
Rinne et al., 2009). Recent studies have shown that the lowvolatility oxidation products of monoterpenes may participate in atmospheric particle formation and growth, and thus
affect the aerosol–radiation interactions and the concentrations of cloud condensation nuclei in the atmosphere (Kulmala et al., 1998, 2013; O’Dowd et al., 2002; Paasonen et
al., 2013; Ehn et al., 2014; Jokinen et al., 2015). Therefore,
knowledge of the concentrations of monoterpenes and their
oxidation products is crucial when estimating the climate effects of aerosol particles.
The total concentration of monoterpenes in the boundary
layer can be measured using online techniques such as using a proton transfer reaction mass spectrometer (PTR-MS;
Taipale et al., 2008), or by collecting air samples and analyzing them with gas chromatography, which also separates the
different monoterpenes from each other (Hakola et al., 2003).
Monoterpene concentration in the boreal forest has been observed to be lowest in winter (below 0.1 ppbv) and highest
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in summer (> 0.25 ppbv) (Hakola et al., 2009; Lappalainen
et al., 2009). The summertime maximum in the concentration results from the fact that the emissions of monoterpenes
from the vegetation are highest in summer, as they are mainly
controlled by temperature and linked to plant activity (Tarvainen et al., 2005; Hakola et al., 2006; Rantala et al., 2015).
In some studies measured monoterpene concentrations have
been used for estimating the concentration of their oxidation products (Lehtipalo et al., 2011). However, monoterpene
concentration data are often only available for short measurement periods, and thus they are not always suitable for
the analysis of long-term data sets. Furthermore, the recent
development of chemical ionization mass spectrometry techniques has enabled the direct measurements of monoterpene
oxidation products, but these data are still very scarce (Ehn
et al., 2014; Jokinen et al., 2015).
Due to the limited amount of data on the concentrations of
monoterpenes and their oxidation products, in some studies
they have been estimated by using simple proxies. One proxy
for monoterpene concentration was obtained by parametrizing measured monoterpene concentration as a function of air
temperature (Lappalainen et al., 2009). This proxy has been
utilized for calculating the oxidation products of monoterpenes from reactions with hydroxyl radical (OH) and ozone
(O3 ) (Nieminen et al., 2014). However, this earlier approach
has several limitations. (1) Only daytime values of measured
monoterpene concentration were used for the parametrization. (2) The mixing within the boundary layer, diluting
monoterpene concentration, was not considered. (3) The oxidation of monoterpenes by nitrate radical (NO3 ), a major
loss mechanism of monoterpenes at night (Peräkylä et al.,
2014; Mogensen et al., 2015), was not included. Therefore,
this proxy is not able to describe the diurnal variation of the
concentrations of monoterpenes and their oxidation products.
In this study, we construct improved proxies for the concentration of monoterpenes and their oxidation products at a
boreal forest site in Hyytiälä, southern Finland. Our proxies
for monoterpene concentration include biological, physical,
meteorological, and chemical processes: the temperaturedriven emissions of monoterpenes, the dilution of the concentration caused by the mixing within the boundary layer
and the oxidation of monoterpenes by O3 , OH and NO3 .
For deriving these proxies we use monoterpene concentration measured in Hyytiälä during 2006–2013. To assess the
performance of the novel proxies, we compare different versions of the proxy to the measured monoterpene concentration, and investigate how well the proxies are able to describe
the observed seasonal and diurnal variation of monoterpene
concentration. Finally, we use one of the monoterpene proxies to calculate the concentration of the oxidation products of
monoterpenes in Hyytiälä during 1996–2014, and investigate
its seasonal and diurnal cycle.
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2.1

Material and methods
Measurements

The measurements were performed during 2006–2013 at the
SMEAR II station in Hyytiälä, southern Finland (Hari and
Kulmala, 2005). The station is located in the southern boreal
vegetation zone, and it is surrounded by a rather homogeneous Scots pine (Pinus sylvestris) forest (Ilvesniemi et al.,
2009; Bäck et al., 2012).
For constructing the proxy for monoterpene concentration,
we used the volume mixing ratios of monoterpenes measured
with a proton transfer reaction quadrupole mass spectrometer (PTR-MS; Ionicon Analytik BmbH, Austria) (Taipale
et al., 2008). The PTR-MS was maintained at a drift tube
pressure of 1.95–2.20 mbar. The primary ion signal (H3 O+ )
varied between 1 and 30 × 106 cps, being typically around
10 × 106 cps. With these settings, the E/N ratio, where E
is the electric field and N the number density of the gas
in the drift tube, varied between 105 and 125 Td (Td =
10−21 V m−2 ). The instrumental background was determined
every second or third hour with a zero-air generator (Parker
ChromGas Zero Air Generator, model 3501, USA), and the
instrument was calibrated every 2–4 weeks using an alphapinene standard gas (Apel-Riemer Environmental Inc., USA,
or Ionimed GmbH, Austria), which was diluted to around 1–
5 ppbv. The monoterpene concentrations were derived from
the measured m/z (mass-to-charge ratio) 137 signal according to Taipale et al. (2008). Shortly, the measured signal was
first normalized using measured H3 O+ and H2 OH3 O+ signals, and the drift tube temperature and pressure. Then, the
normalized signal was converted to the volume mixing ratio using a normalized instrumental sensitivity. The measurements were conducted close to the forest canopy at the height
of 14 m (2006–2009) or 16.8 m (2010–2013) (Taipale et al.,
2008; Rantala et al., 2015). Until March 2007 the measurements were performed every second hour and after that every
third hour. The measurements were not conducted continuously during the years 2006–2013 but, especially in the beginning, only during intensive measurement campaigns. The
number of data points (1 h averages) obtained for each month
is presented in Table 1, which shows that there are more data
available in summer and spring months than in fall and winter. To reduce the effect of anthropogenic pollution episodes
on monoterpene concentration, the data during time periods
when the wind direction corresponded to the direction of the
nearby sawmill were omitted from the analysis (Liao et al.,
2011).
For calculating the proxy, the concentrations of ozone (O3 )
and nitrogen oxides (NO and NOx ) were utilized. O3 concentration was recorded with an ozone analyzer (TEI 49C,
Thermo Fisher Scientific, Waltham, MA, USA) based on
the absorption of UV radiation. NO and NOx concentrations
were measured with a chemiluminescence analyzer (TEI 42C
TL, Thermo Fisher Scientific, Waltham, MA, USA). NO2
www.atmos-chem-phys.net/16/13291/2016/
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concentration was calculated by subtracting NO concentration from NOx concentration. The 30 min averages of O3 ,
NO and NO2 concentrations measured at the height of 16.8 m
were used in the analysis.
In addition, the 30 min averages of UV-B radiation, temperature and wind speed were used in the calculations. UVB radiation was measured using an SL 501A pyranometer (Solar Light, Philadelphia, PA, USA) at the height of
18 m. Temperature was measured using a PT-100 sensor
at 16.8 m height. Wind speed was measured at the height
of 16.8 m with a cup anemometer (A101M/L, Vector Instruments, Rhyl, Clwyd, UK) until September 2003 and
with an ultrasonic anemometer (Ultrasonic Anemometer 2D, Adolf Thies GmbH, Göttingen, Germany) after that. Furthermore, ECMWF (European Centre for Medium-Range
Weather Forecasts) reanalysis data were used for determining the boundary layer height (BLH) in Hyytiälä.
Finally, when calculating the oxidation products of
monoterpenes, condensation sink (CS), describing the loss
rate of vapors due to the condensation on aerosols particles,
was calculated from the particle size distribution data (Kulmala et al., 2001). Particle size distributions were measured
using a Differential Mobility Particle Sizer (DMPS; Aalto et
al., 2001) at the ground level.
2.2
2.2.1

Proxy calculations
Proxy for monoterpenes

The concentration of monoterpenes in the boundary layer
is determined by various physical, chemical, meteorological and biological processes. In Hyytiälä the main source
of monoterpenes is the emissions from the forest ecosystem,
which are largely controlled by air temperature (Guenther et
al., 1993). The most important sink of monoterpenes is their
oxidation by O3 , OH and NO3 radicals (Atkinson and Arey,
2003). In addition, the monoterpene concentration is strongly
affected by dilution caused by the mixing of the boundary
layer.
For monoterpene emissions we used a temperature (T )dependent exponent function, which has been observed to
describe the monoterpene emissions in Hyytiälä well (Tarvainen et al., 2005; Lappalainen, 2009):
E = α × exp(β(T − Ts )).

(1)

Here α and β are empirical parameters, and Ts is 303.15 K.
The sink of monoterpenes due to oxidation by O3 , OH and
NO3 can be calculated from
Soxidation = kOH+MT [OH] + kO3 +MT [O3 ] + kNO3 +MT [NO3 ].

(2)

Here kOH+MT , kO3 +MT and kNO3 +MT are reaction rate coefficients between monoterpenes and different oxidants. To
obtain the correct diurnal cycle for the reaction rate coefficients, we used temperature-dependent relations for alphapinene (Atkinson et al., 2006; see Table A1 in Appendix A).
www.atmos-chem-phys.net/16/13291/2016/
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Table 1. The number of data points (1 h averages) of the measured
monoterpene concentrations for each month during 2006–2013.
Month

Number of data points

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

368
588
801
812
857
1091
937
896
757
402
668
718

Alpha-pinene is the most abundant monoterpene in Hyytiälä
during summer but delta-3-carene, camphene, limonene and
beta-pinene also contribute significantly to the total monoterpene concentration (Hakola et al., 2009, 2012; Bäck et al.,
2012). In winter, camphene has, on average, the highest concentration, followed by alpha-pinene (Hakola et al., 2012).
To take into account the seasonal variation of reaction rate
coefficients caused by the changes in the composition of
monoterpenes, we utilized the monthly mean reaction rate
coefficients presented by Peräkylä et al. (2014).
O3 is the only oxidant in Eq. (2) having its concentration
directly measured in Hyytiälä. The concentration of OH was
calculated by scaling the measured UV-B-radiation with the
empirically derived factors from Petäjä et al. (2009):

[OH]proxy =

8.4 × 10−7
8.6 × 10

UVB0.32
−10

1.92
.

(3)

Measuring of NO3 concentration is challenging and has been
conducted in Hyytiälä only for a short time period during
which NO3 mixing ratios were mostly below the detection
limit of the instrument (Williams et al., 2011; Mogensen et
al., 2015). Therefore, we estimated the concentration of NO3
in a similar way as was done by Peräkylä et al. (2014). A
steady state between the production of NO3 in the reaction
between O3 and NO2 and the removal of NO3 was assumed:
[NO3 ] = kO3 +NO2 [O3 ] [NO2 ] × τNO3 .

(4)

Here kO3 +NO2 is the temperature-dependent reaction rate coefficient between NO2 and O3 , which was calculated from
a temperature-dependent relation (Atkinson et al., 2004; see
Table A1). τNO3 is the lifetime of NO3 .
During daytime NO3 is efficiently removed in the photolysis, and thus we assumed for it a lifetime of 5 s for all times
when UV-B radiation was higher than 0.01 W m−2 (Peräkylä
et al., 2014). The lifetime during nighttime was calculated
Atmos. Chem. Phys., 16, 13291–13307, 2016
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from
(τNO3 )−1 = kNO3 +MT [MT] + kNO3 +NO [NO]

+ kN2 O5 +H2 O [H2 O] × K[NO2 ].

(5)

Here kNO3 +MT is the reaction rate coefficient between
monoterpenes and NO3 , and kNO3 +NO between NO3 and
NO, for which temperature-dependent relations were used
(Atkinson et al., 2004, 2006; see Table A1). K is the
equilibrium constant for the reaction between NO3 and
NO2 producing N2 O5 , which was calculated from the relation K = 5.1 × 10−27 exp(10 871/T ) (Osthoff et al., 2007).
kN2 O5 +H2 O is the reaction rate coefficient between N2 O5 and
water vapor for which the value of 2.5 × 10−22 cm3 s−1 was
used (Atkinson et al., 2004). In reality, NO3 reacts also with
other VOCs, such as isoprene, but in a pine forest in Hyytiälä
their contribution to the lifetime is only minor compared to
the reactions with monoterpenes (Peräkylä et al., 2014). Furthermore, when calculating the lifetime of NO3 , Peräkylä et
al. (2014) also considered the heterogeneous uptake of N2 O5
by aerosol particle surfaces, but we omitted that process from
our calculations due to its minor effect on the lifetime according to their study.
By combining Eqs. (1) and (2), and including the effect
of the mixing within the boundary layer by using the mixing
layer height (BLH) and wind speed (ws), the equation for the
ideal monoterpene proxy, including all the processes, can be
written as
[MT]proxy,ideal
=

(6)

a exp(b(T − Ts ))
kOH+MT [OH] + kO3 +MT [O3 ] + kNO3 +MT [NO3 ]

Figure 1. The ratio between the measured monoterpene concentration and the initial version of MTproxy,ideal (a) as the function of
boundary layer height, (b) as the function of wind speed after the
dependence on the boundary layer height has already been included.
The red lines show the fitted functions.

× f (BLH) × f (ws).
The values for empirical parameters a and b and the functional forms of f (BLH) and f (ws) were determined as follows. First, an initial value for the parameter b, 0.09 K−1 ,
was obtained from the literature (Guenther et al., 1993). The
BLH dependence was then investigated by plotting the ratio of the measured monoterpene concentration to the calculated steady-state concentration (the first term on the right
hand side of Eq. 6) as a function of BLH. The different forms
of dependences between the ratio and BLH were tested, and
the power-law form f (BLH) = BLHc (for BLH values above
100 m) was found to describe the relation best (Fig. 1a). Next,
the ratio of the measured monoterpene concentration to the
product of the term BLHc (the value for c was fitted as in
Fig. 1a, for BLH < 100 m the value of 100c was used) and the
steady-state concentration (the first term on the right hand
side of Eq. 6) was depicted against wind speed (Fig. 1b).
The power-law form was found to be most suitable also for
this dependence, and an initial value for the parameter d in
f (ws) = wsd was extracted from the fitting. The effect of relative humidity was tested in a similar manner, but no dependence was found. Consequently, the equation for the ideal
Atmos. Chem. Phys., 16, 13291–13307, 2016

form of the monoterpene proxy becomes
(7)

[MT]proxy,ideal
=

a exp(b(T − Ts ))
kOH+MT [OH] + kO3 +MT [O3 ] + kNO3 +MT [NO3 ]

× BLHc × wsd .
After determining the initial values for the parameters b, c
and d, they were optimized by minimizing the variability
of the data-point-specific ratios between the proxy and the
measurements, using the method presented by Paasonen et
al. (2010). The variability was determined as the ratio between 90th and 10th percentiles (V90/10 ) of the proxy-tomeasurements ratios (see an illustration of the meaning of
V90/10 in Fig. 2). The optimization was done with the MATLAB function fminsearch by searching for the values of b, c
and d yielding the smallest variability, i.e., V90/10 . The initial values for b, c and d in the fminsearch script were set
to the values determined as described after Eq. (6). However,
we also varied the initial values to see whether the obtained
parameters would present a local minimum in the variabilwww.atmos-chem-phys.net/16/13291/2016/
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[MT]proxy1 =

a1 exp(b1 (T − Ts ))
kOH+MT [OH] + kO3 +MT [O3 ]
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(8)

× BLHc1 × wsd1 .

Figure 2. The correlation between the measured monoterpene concentration and concentration predicted by MTproxy,ideal , which is
calculated by using the measured monoterpene concentration for
determining the concentration of NO3 . The blue circles show all
data, and the red circles show data for March–November. The solid
black line shows the 1 : 1 line and the dotted black lines show 90th
and 10th percentiles of the ratio between the measurements and
proxy. The variability V90/10 is calculated as the ratio of the 90th
and 10th percentiles.

ity. Finally, the value for the parameter a was determined as
the geometric mean value of the ratio between the measured
and proxy concentrations. The values obtained for the empirical parameters are presented in Table 2. Note that we only
used data recorded during March–November for determining
the parameters, thus excluding the data from winter months
when biogenic emissions of monoterpenes are low. For finding the optimal parameters, we chose to minimize V90/10 instead of, for example, maximizing the correlation coefficient,
because with the chosen method, the proxy concentrations
are optimized towards one-to-one response to the measured
concentrations. A higher value for the correlation coefficient
between the proxy and measurements could be obtained with
some other parameter values, but they might lead to a physically unsound nonlinear dependence between the proxy and
measurements.
The disadvantage of the ideal version of the proxy presented by Eq. (7) is that monoterpene concentration is needed
for calculating NO3 concentration. Thus, this proxy is not
useful in reality, as it cannot be used for estimating monoterpene concentration for times without monoterpene measurements. In order to overcome this problem, we modified the
ideal proxy in terms of how NO3 concentration is dealt with.
The simplest way is to neglect the oxidation of monoterpenes
by NO3 , in which case the proxy becomes

www.atmos-chem-phys.net/16/13291/2016/

Here a1 , b1 , c1 and d1 are empirical parameters, which were
determined as explained above (see Table 2).
The oxidation of monoterpenes by NO3 presents a significant loss for monoterpenes during nighttime in Hyytiälä
(Peräkylä et al., 2014; Mogensen et al., 2015), and therefore
this mechanism should ideally be included in the monoterpene proxy. Thus, we tested a proxy in which we used a
constant value of 4.3 × 109 cm−3 for monoterpene concentration when calculating the lifetime of NO3 from Eq. (5).
The constant value was obtained by calculating the median
of monoterpene concentration measured at night. In this way,
the second version of the proxy was obtained, now including
the oxidation by NO3 :
(9)

[MT]proxy2
=

a2 exp(b2 (T − Ts ))
kOH+MT [OH] + kO3 +MT [O3 ] + kNO3 +MT [NO3 (MTconst )]

× BLHc2 × wsd2 .
The values of the empirical parameters a2 , b2 , c2 and d2 are
presented in Table 2.
Finally, we applied an iterative method and calculated
the NO3 lifetime by using the monoterpene proxy obtained
from Eq. (9). This way, we obtained the third version of the
monoterpene proxy:
(10)

[MT]proxy3
=

a3 exp(b3 (T − Ts )
kOH+MT [OH] + kO3 +MT [O3 ] + kNO3 +MT [NO3 (MTiter )]

× BLHc3 × wsd3 .
The values of the empirical parameters a3 , b3 , c3 and d3 are
shown in Table 2.
Additionally, we tested a simplified version of the proxy
by including only the monoterpene emissions and the mixing
of the boundary layer, and omitting the sink due to oxidation.
In this case the proxy becomes
[MT]proxy,simple = a4 exp(b4 (T − Ts )) × BLHc4 × wsd4 .

(11)

The values of the empirical parameters a4 , b4 , c4 and d4 are
presented in Table 2.
It needs to be noted that because of the interrelations between the diurnal and annual cycles of temperature, BLH,
wind speed and the concentrations of OH, O3 and NO3 , the
values obtained for the empirical parameters always depend
on the other factors in the proxy. For example, the value optimized for the parameter d4 in the simplest version of the
proxy differs significantly from the parameter d derived for
Atmos. Chem. Phys., 16, 13291–13307, 2016
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Table 2. Parameters for different proxies.

a
b
c
d

MTproxy.ideal

MTproxy1

MTproxy2

MTproxy3

MTproxy,simple

1.29 × 107

9.94 × 106

2.09 × 107

1.56 × 107

0.11
−0.19
−0.50

0.13
−0.11
−0.58

0.12
−0.22
−0.58

0.11
−0.20
−0.60

1.78 × 1011
0.10
−0.19
−1.00

the other proxies (see Table 2), presumably because the diurnal and/or seasonal cycles of the oxidant concentration are
not taken into account.
Furthermore, when studying the correlation between the
proxies and measurements (see Sect. 3.1.1), we observed
that MTproxy1 , obtained from Eq. (8), often overestimates
the monoterpene concentration in winter. This can be clearly
seen when plotting the ratio between MTproxy1 and measured
monoterpene concentration as a function of the day of the
year (DOY) (Fig. 3). For other proxies this overestimation
was not as clear. The overestimation of MTproxy1 in winter
time can be explained by the fact that MTproxy1 does not
include the sink due to the oxidation of monoterpenes by
NO3 . On the other hand, it can also be related to the seasonal
variation of the emission potential of vegetation, described
by the coefficient a in our proxy (see also Tarvainen et al.,
2005; Aalto et al., 2015). To improve the seasonal variation
of MTproxy1 , we fitted a DOY-dependent function to the ratio
between MTproxy1 and measurements (the red line in Fig. 3).
Then, the corrected proxy was calculated from
[MT]proxy1.doy =

[MT]proxy1
DOY
exp(h × cos( 365×2π
+ l) + m

.

(12)

Here parameters h, l and m have values of 0.38, 0.57 and
0.13.
2.2.2

Proxy for monoterpene oxidation products

The concentration of oxidation products of monoterpenes
was calculated based on their production in the reactions between monoterpenes and different oxidants and their removal
by condensation on existing aerosol particles. The production
rate can be calculated when knowing the concentrations of
monoterpenes and different oxidants and the reaction rates
between them. The condensation sink (CS) can be calculated from the aerosol size distribution (Kulmala et al., 2001).
Thus, by utilizing the proxies for monoterpene concentration
derived in the previous section, the concentration of oxidation products of monoterpenes was obtained from
[OxOrg] =
(13)

kOH+MT [OH] + kO3 +MT [O3 ] + kNO3 +MT [NO3 ] × [MTproxy ]
.
CS
Here kOH+MT , kO3 +MT and kNO3 +MT are reaction rate coefficients between monoterpenes and different oxidants, which
Atmos. Chem. Phys., 16, 13291–13307, 2016

Figure 3. The ratio between MTproxy1 and the measured monoterpene concentration as a function of day of year (DOY). The red
circles show the monthly medians of the ratio, and the red line depicts the function fitted to the ratio. The gray dashed line shows the
ratio of 1.

were calculated as explained in the previous section, below Eq. (2). [MTproxy ] is the concentration of monoterpenes
based on the selected monoterpene proxy. It should be noted
that OxOrg can be thought to represent the total concentration of oxidized monoterpenes because it takes into account
all the generations of oxidation products, from the first oxidation until condensable molecules. However, as the formulation of this proxy presumes that oxidation takes place relatively fast and that there are no others sinks than condensation sink, it should be considered as a rough estimate for the
concentration of condensable organic vapors.

3
3.1

Results and discussion
Monoterpene proxy

The time series of the measured monoterpene concentration
and different monoterpene proxies for the whole year 2013
and 1 week in September 2013 are illustrated in Fig. 4. All
the proxies can be observed to follow the measured monoterpene concentration well on an annual scale, capturing the
buildup of the concentration in spring, the maximum in sumwww.atmos-chem-phys.net/16/13291/2016/
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Figure 4. Time series of the measured monoterpene concentration and the concentrations predicted by different proxies (a) for the whole
year 2013, (b) for 1 week in September 2013. The black circles show the measured concentration, the gray squares show MTproxy,ideal , the
light blue squares MTproxy1 , the dark blue squares MTproxy1,doy , the red squares MTproxy2 , the green squares MTproxy3 and the magenta
squares MTproxy,simple .

mer and the decrease in the concentration in fall. In addition, the proxies seem to describe the daily variation of the
concentration adequately. In this section, the ability of different monoterpene proxies to produce the seasonal and diurnal
variation of monoterpene concentration is discussed in more
detail.
3.1.1

Correlation between proxies and measurements

Figure 5 shows the correlation between different monoterpene proxies and the measured monoterpene concentration
using data from the years 2006–2013. All the proxies correlated well with the measurements. One of the highest correlation coefficients (R = 0.74, V90/10 = 6.6) was obtained
for MTproxy,ideal , in which the measured monoterpene concentration was used for calculating NO3 concentration. This
suggests that our equation for the proxy is plausible and considers the dynamics of the most important factors affecting
the concentrations. On the other hand, from the true proxies,
not using the monoterpene measurements, the best correlations were obtained for MTproxy,simple (R = 0.73, V90/10 =
5.8) and MTproxy1 (R = 0.70, V90/10 = 7.0). Furthermore,
for MTproxy1,doy , a DOY-dependent version of MTproxy1 , the
correlation coefficient was even higher, and the variation
of the ratio between the measured and proxy concentrations, described by the V90/10 value, was lower (R = 0.74,
V90/10 = 5.8). MTproxy,simple does not include any oxidation
losses of monoterpenes, and MTproxy1 and MTproxy1,doy only
www.atmos-chem-phys.net/16/13291/2016/

include the oxidation by OH and O3 . The fact that the highest correlation coefficients were still obtained for these proxies indicates that estimating the oxidation losses, without using the measured monoterpene concentration when calculating NO3 concentration, introduces significant uncertainty
into the proxy. From the proxies including the oxidation by
NO3 , the correlation was stronger for MTproxy2 (R = 0.68,
V90/10 = 6.9) than for MTproxy3 (R = 0.65, V90/10 = 9.2). In
addition, for MTproxy3 , the V90/10 value was clearly higher
than for any other proxy. This further suggests that when iteratively using the monoterpene proxy for calculating NO3
concentration, as is done in MTproxy3 , the errors accumulate,
making the final proxy uncertain. This is because overestimated monoterpene concentration leads to underestimation
in NO3 concentration, and thus in oxidation sink, which further increases the calculated monoterpene concentration.
It needs to be noted that there are more measured monoterpene concentration data available in spring- and summertime than in other times of year (Table 1), and thus those
data affect the correlation most when the whole data set is
used. To investigate how well the proxies perform at different times of year, we studied the correlation between proxies and the measured monoterpene concentration in different
seasons (Table 3). For all the proxies the correlation with the
measurements was clear during spring, summer and fall (R =
0.55–0.72), while in winter none of the proxies correlated
with the measured monoterpene concentration (R = −0.11–
0.16). The variations of the ratio between the proxy and meaAtmos. Chem. Phys., 16, 13291–13307, 2016
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the contribution of NO3 to the oxidation loss of monoterpenes can be expected to be higher in winter than in summer
as there is less solar radiation (Peräkylä et al., 2014).
3.1.2

Figure 5. Correlations between the measured monoterpene concentration and the concentrations predicted by different proxies. The
blue circles show all data and red circles data for March–November.
The dotted line is the 1 : 1 line. The correlation coefficients (R) and
V90/10 values are presented in the figures.

surements, V90/10 values, were also clearly higher for winter than for other seasons. Generally, the correlation coefficients were higher for MTproxy,ideal , MTproxy1 , MTproxy1,doy
and MTproxy,simple than for MTproxy2 and MTproxy3 including
all the oxidation processes. Interestingly, for the proxies not
including the oxidation by NO3 , i.e., MTproxy1 , MTproxy1,doy
and MTproxy,simple , the highest correlation coefficients (even
higher than for MTproxy,ideal ) were obtained in spring. However, in fall the correlation coefficient was clearly highest for
MTproxy,ideal , which suggests that including the oxidation by
NO3 in the proxy is essential at that time of year. The weak
correlation between measurements and all the proxies in wintertime can be due to several reasons. First of all, in winter
biogenic emissions of monoterpenes are low (Hakola et al.,
2012), and the concentrations are more affected by anthropogenic emissions, which are not described by our proxies.
At this time of year, measurement uncertainties are also high
because the concentrations are often close to the detection
limit of the PTR-MS (Taipale et al., 2008). On the other hand,
in winter there are also more uncertainties related to proxies.
For example, the boundary layer height is often not well defined in winter (Von Engeln and Teixeira, 2013). In addition,
Atmos. Chem. Phys., 16, 13291–13307, 2016

Monthly median concentrations

The monthly median concentrations of the measured
monoterpenes and different proxies are shown in Fig. 6a.
The measured monoterpene concentration was highest in
July (median value 9.4 × 109 cm−3 ) and lowest in February–
March (median value 8.2 × 108 cm−3 ). The summer maximum and the winter minimum were captured by all the proxies. However, the ratios between the concentrations predicted
by the proxies and the measured monoterpene concentrations
varied from month to month (Fig. 6b). In November–January,
all the proxies overestimated the monoterpene concentration. MTproxy,simple was closest to the measurements, while
MTproxy1 overestimated the concentration most, showing the
need for the DOY-dependent correction (see Sect. 2.2.1).
In February, though, MTproxy1 was close to the measurements together with MTproxy1,doy and MTproxy,simple , while
other proxies predicted concentrations that are too low. In
March–May all the proxies performed adequately, apart from
MTproxy,simple overestimating the concentration in March.
In midsummer, June–July, the proxy-to-measurements ratios
were close to 1 for all the proxies. In August all the proxies slightly overestimated the concentration. In September–
October, the proxies were generally reasonably close to
the measurements; MTproxy,simple and MTproxy1,doy underestimated the monoterpene concentration, and other proxies
slightly overestimated them. Altogether, the median proxyto-measurements ratios were between 0.8 and 1.3 in April–
October and between 0.6 and 2.6 in November–March. The
more detailed statistics of the ratio between the proxies and
measured monoterpene concentration in different months are
presented in Table A2 in Appendix A.
All in all, it seems that the proxies generally predict concentrations in winter that are too high but they are able
to produce the correct concentration level relatively well
in other seasons. In winter, MTproxy,simple values tend to
be closest to the measurements while at other times of the
year MTproxy,ideal , MTproxy1,doy , MTproxy2 and MTproxy3 performed best. The overestimation of most of the proxies during wintertime may be related to the fact that, in reality,
the emission potential of vegetation (described by the coefficient a in our proxies) has a strong seasonal variation
(Taipale et al., 2011; Rantala et al., 2015). For MTproxy1
the DOY-dependent correction, which can be thought to represent the seasonal variation of the emission potential, improves the seasonal cycle of the proxy as MTproxy1,doy does
not overestimate the wintertime concentrations as much as
MTproxy,1 . The month-to-month variation of the proxy-tomeasurements ratios may reflect the uneven distribution of
measured data: for some months, there are measurements
available only from few years, in which case the variation
www.atmos-chem-phys.net/16/13291/2016/
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Table 3. Pearson correlation coefficient (R) and V90/10 values between different proxies and the measured monoterpene concentration for all
data and different seasons. The number of data points (N ), of which the correlation coefficient was calculated, is shown in the last column.

Rall
Vall
Rspring
Vspring
Rsummer
Vsummer
Rfall
Vfall
Rwinter
Vwinter

MTproxy.ideal

MTproxy1

MTproxy1,doy

MTproxy2

MTproxy3

MTproxy.simple

N

0.74
6.6
0.66
6.6
0.69
3.6
0.72
5.6
0.16
27.4

0.70
7.0
0.71
4.9
0.69
3.6
0.62
6.4
0.01
23.3

0.74
5.8
0.72
4.9
0.71
3.4
0.65
5.9
0.01
21.3

0.68
6.9
0.64
5.5
0.60
4.2
0.60
6.3
−0.11
31.0

0.65
9.2
0.55
8.9
0.61
4.1
0.57
8.7
−0.08
45.8

0.73
5.8
0.69
5.3
0.60
4.3
0.66
5.4
−0.03
16.6

8191
2095
2745
1766
1585

Figure 6. Monthly medians of (a) the concentrations of the measured monoterpenes and different proxies and (b) the ratios of different
proxies to measured monoterpene concentration. The black circles show the measured concentration, the gray squares show MTproxy,ideal ,
the light blue squares MTproxy1 , the dark blue squares MTproxy1,doy , the red squares MTproxy2 , the green squares MTproxy3 and the magenta
squares MTproxy,simple .

due to the specific conditions of those years strongly affects
the proxy-to-measurements ratio (see Table 1).
3.1.3

Diurnal cycle

In addition to producing the correct concentration level at different times of years, it is essential that the proxies are able to
describe the diurnal variation of monoterpene concentration.
The median diurnal cycles of measured monoterpene concentrations and three proxies are illustrated in Fig. 7 for six
different months (the rest of the months are shown in Fig. A1
in Appendix A).
www.atmos-chem-phys.net/16/13291/2016/

In March–September, the measured monoterpene concentration had a clear diurnal cycle, with the lowest concentrations around noon and the highest concentrations at night or
late in the evening. In March, MTproxy1 and MTproxy1,doy captured the diurnal cycle of monoterpene concentration best.
MTproxy,simple overestimated the concentration throughout
the day, and MTproxy,ideal , MTproxy2 and MTproxy3 predicted
a diurnal variation that is too strong and daytime concentrations that are too high. In April and May all the proxies
were able to produce the diurnal cycle quite well, having the
daily maxima and minima around the same time as the mea-
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Figure 7. Median diurnal variation of the measured monoterpenes and different proxies in different months (the rest of the months are shown
in Fig. A1). The black circles show the measured concentration, the gray squares MTproxy,ideal , the light blue squares MTproxy1 , the dark
blue squares MTproxy1,doy , the red squares MTproxy2 , the green squares MTproxy3 and the magenta squares MTproxy,simple . Note that the
scales of the y axis are not the same in all the figures.

sured concentration. In June–August, the measured monoterpene concentration had a very strong diurnal cycle, with a
minimum around noon. In these months, MTproxy,simple produced a diurnal cycle that is clearly too weak, while other
proxies described the diurnal cycle of monoterpene concentration well. In September, the proxies performed adequately
in general, except for MTproxy,simple with a diurnal cycle that
is too weak, and MTproxy1,doy predicting concentrations that
are too low. In October–February, the measured monoterpene concentration had a significantly weaker diurnal cycle
than in summer, and the highest concentrations were generally reached during daytime. In these months MTproxy,ideal ,
MTproxy2 and MTproxy3 produced a diurnal variation that
is too strong and clearly overestimated the concentration
during daytime. MTproxy1 also overestimated the concentration, while the concentrations predicted by MTproxy,simple and
MTproxy1,doy were closest to the measurements.
Altogether, it seems that the proxies including all oxidation mechanisms (i.e., MTproxy,ideal , MTproxy2 and MTproxy3 )
were able to describe the diurnal variation of monoterpene
concentration well in summer when the diurnal cycle of the
concentration was strong. The simpler proxies, especially

Atmos. Chem. Phys., 16, 13291–13307, 2016

MTproxy,simple , were not able to capture the diurnal cycle as
well at this time of year. On the other hand, in winter months,
when the diurnal cycle was weaker, the simpler proxies produced the diurnal cycle best. The fact that the proxies were
not able to produce the diurnal cycle accurately in winter is
understandable, as at that time of year the biogenic emissions
of monoterpenes are low (see also the discussion in the end of
Sect. 3.1.1). Furthermore, in winter the relative role of NO3
becomes higher (Peräkylä et al., 2014), as there is less solar
radiation, and therefore the uncertainties related to calculating its concentration affect the proxies more than in summer.
The boundary layer height, used in the proxies to describe
the dilution of monoterpene concentration, is also not as well
defined in winter as in summer (Von Engeln and Teixeira,
2013).
3.2

Monoterpene oxidation products

The concentration of monoterpene oxidation products (OxOrg) in Hyytiälä was calculated for the years 1996–2014
(Fig. 8). MTproxy1,doy was used for the monoterpene concentration in the calculation, as it was observed to produce both
www.atmos-chem-phys.net/16/13291/2016/
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Figure 8. The proxy for oxidation products of monoterpenes (OxOrg) during the years 1996–2014. The gray circles show the median
concentration for each day and the black squares for each month.

the seasonal and diurnal cycle of monoterpene concentration
reasonably well. In this section the seasonal and diurnal variations of the calculated monoterpene oxidation products are
discussed.
3.2.1

Seasonal variation

Figure 9 presents the monthly medians of the total concentration of monoterpene oxidation products and the contributions of different oxidants (O3 , OH and NO3 ) to the total
concentration during 1996–2014. The total concentration of
oxidation products had a distinct seasonal cycle: the median
concentrations were highest, 1.9–2.4 × 108 cm−3 , in summer (June–August) and lowest, 3.4–5.4 × 107 cm−3 , in winter and early spring (January–March). Thus, the seasonal cycle of the oxidation products resembled the seasonal cycle of
MTproxy1,doy (see Fig. 6a). The summertime peak in the total
concentration of oxidation products was caused by the oxidation products of O3 , which had a pronounced maximum
in July and a minimum in February. The concentration of
the oxidation products of NO3 , on the other hand, was lowest in spring (February–May) and highest in fall and winter
(October–January). In October–March the median concentrations of oxidation products of NO3 were even higher than
the median concentrations of oxidation products of O3 . The
oxidation products of OH had a clear seasonal cycle, with a
maximum in July and a minimum in winter, following the
seasonal cycle of solar radiation. In summer months the median concentrations of oxidation products of OH were similar
to the median concentrations of oxidation products of NO3 ,
both of them being clearly lower than the median concentrations of oxidation products of O3 . Thus, our proxy for the
oxidation products of monoterpenes seems to be dominated
by the oxidation of monoterpenes by O3 in summer, while in
winter the oxidation by NO3 is most significant.

www.atmos-chem-phys.net/16/13291/2016/
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Figure 9. Monthly medians of the proxy for the oxidation products
of monoterpenes (OxOrg). The black line shows the total concentration of monoterpene oxidation products, the red line the oxidation
products of monoterpenes from the oxidation by O3 , the blue line
the oxidation products of monoterpenes from the oxidation by OH
and the green line the oxidation products of monoterpenes from the
oxidation by NO3 .

3.2.2

Diurnal variation

In Fig. 10 the diurnal cycle of the concentration of monoterpene oxidation products (the total and the contributions of
different oxidants) is illustrated for different seasons. In all
seasons the total concentration of oxidation products was
highest in the evening and lowest in the morning or around
noon. The diurnal cycle was mostly determined by the diurnal variation in the oxidation products of NO3 in all seasons except summer (June–August). In March–May the total concentration of oxidation products stayed quite stable
during daytime (from 06:00 to 18:00 local time), and was
dominated by the oxidation products of O3 at that time. The
concentration had a pronounced peak in the evening around
21:00, which was caused by the maximum in the concentration of the oxidation products of NO3 . In June–August
the total concentration of oxidation products was lowest in
the morning around 05:00, after which the concentration increased, reaching its maximum around 21:00. The evening
peak was mainly due to the maximum in the oxidation products of O3 , which dominated the total concentration throughout the day. On the other hand, at this time of year, the
contribution of OH was also significant during daytime. In
September–November the evening peak in the total concentration of oxidation products occurred earlier, around 18:00.
It was primarily caused by the maximum in the concentration of the oxidation products of NO3 . During daytime the
total concentration of oxidation products was dominated by
the oxidation products of O3 . In December–February the total concentration of oxidation products followed the oxidation products of NO3 ; the concentration was lowest during
daytime and highest at night. In all seasons, except winter,
Atmos. Chem. Phys., 16, 13291–13307, 2016
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Figure 10. Diurnal variation of the proxy for the oxidation products of monoterpenes (OxOrg) during different seasons. The black line shows
the total concentration of oxidation products, the red line the oxidation products of monoterpenes from the oxidation by O3 , the blue line the
oxidation products of monoterpenes from the oxidation by OH and the green line the oxidation products of monoterpenes from the oxidation
by NO3 .

the oxidation products of OH had a pronounced maximum
around noon. At that time the concentration of the oxidation
products of OH generally exceeded the concentration of the
oxidation products of NO3 , still being lower than the concentration of the oxidation products of O3 . In winter, when there
is only little solar radiation, the concentration of oxidation
products of OH was very low throughout the day.
4

Conclusions

The oxidation products of monoterpenes likely have an important role in the formation and growth of aerosol particles
in boreal forests (Kulmala et al., 1998; O’Dowd et al., 2002;
Ehn et al., 2014; Jokinen et al., 2015). Therefore, the improved understanding of their concentration is needed, for
example, when determining the climate effects of aerosol
particles. In this study, we developed proxies for estimating the concentrations of monoterpenes and their oxidation
products at a boreal forest site in Hyytiälä, southern Finland. For deriving and testing the validity of the proxies, we
used monoterpene concentration measured in Hyytiälä during 2006–2013.

Atmos. Chem. Phys., 16, 13291–13307, 2016

Our proxies for the monoterpene concentration include
the temperature-driven emissions of monoterpenes, the dilution of the concentration caused by the mixing within the
boundary layer and the oxidation of monoterpenes by different oxidants (OH, O3 and NO3 ). Due to the difficulties related to estimating the concentration of NO3 , we tested five
different versions of the proxy: (1) a proxy where the oxidation of monoterpenes by NO3 is neglected, (2) a proxy
where the oxidation of monoterpenes by NO3 is neglected
and an additional DOY-dependent correction is applied, (3) a
proxy where NO3 concentration is estimated by using a constant value for monoterpene concentration, (4) a proxy where
NO3 concentration is calculated iteratively by using another
monoterpene proxy and (5) a proxy where all the oxidation
processes are neglected.
All versions of the proxies for monoterpene concentration correlated well with the measured concentration (R =
0.65–0.74), and thus captured the seasonal variation of the
monoterpene concentration. The best correlation with the
measurements was obtained for the proxies not including the
oxidation by NO3 . This suggests that estimating NO3 concentration causes too much uncertainty to improve the performance of proxies, thus demonstrating the need for direct
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measurements of NO3 concentration with a detection limit
that is low enough. When investigating the ratios of the measured monoterpene concentration and the proxies, the proxies were mostly found to predict the correct concentration
level in summer but overestimate the concentration in winter. The typical proxy-to-measurements ratios were between
0.8 and 1.3 in summer and between 0.6 and 2.6 in winter. In
addition, the proxies were observed to describe the diurnal
variation of the monoterpene concentration reasonably well
in summer but rather poorly in winter. Generally, the proxies
including all the oxidation processes were able to produce
the diurnal cycle of the monoterpene concentration in summer months when the measured concentration had a strong
diurnal variation. However, in winter, when the diurnal cycle
of the measured concentration was weak, the simpler proxies
were closer to the measurements. Altogether, the proxy neglecting the oxidation of monoterpenes by NO3 and including a DOY-dependent correction (MTproxy1,doy , see Eq. 12)
was found to describe the variation of monoterpene concentration most accurately. Therefore, we recommend using
this proxy for predicting the monoterpene concentration in
Hyytiälä and at similar remote boreal forest sites.
To investigate the diurnal and seasonal variation of the
oxidation products of monoterpenes in Hyytiälä, we calculated their concentration during 1996–2014 by using the
most accurate monoterpene proxy. The oxidation products
of monoterpenes had a clear seasonal cycle, with the highest concentration in summer and the lowest concentration
in winter. When studying the diurnal variation of the oxidation products, the concentration was found to be highest in
the evening and lowest in the morning or around noon. The
evening maximum was mainly caused by the oxidation products of O3 in summer, and by the oxidation products of NO3
in other seasons. The contribution of the oxidation products
of OH to the total concentration of oxidation products was
highest in summer during daytime and minor in winter.
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In the future, our proxies for the concentrations of
monoterpenes and their oxidation products can be utilized,
for example, when investigating the formation and growth of
aerosol particles in Hyytiälä. The proxies could also possibly
be applied at other measurement sites, at least those located
in a boreal forest, but this remains to be tested in future studies. In addition, further work is needed to validate the performance of the proxy for the monoterpene oxidation products
by using the direct measurements of oxidized organic compounds.
5

Data availability

Data measured at the SMEAR II station are available on the
following website: http://avaa.tdata.fi/web/smart/. The data
are licensed under a Creative Commons 4.0 Attribution (CC
BY) license. ECMWF reanalysis data, used for determining
the boundary layer height, are available at http://apps.ecmwf.
int/datasets/.
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Appendix A

Table A1. The temperature (T )-dependent relations of different reaction rate coefficients.
Rate coefficient

Temperature dependence

Reference

kOH+MT
kO3 +MT
kNO3 +MT
kO3 +NO2
kNO3 +NO

1.2 × 10−11 × exp(440/T )

Atkinson et al. (2006)
Atkinson et al. (2006)
Atkinson et al. (2006)
Atkinson et al. (2004)
Atkinson et al. (2004)

6.3 × 10−16 × exp(−580/T )
1.2 × 10−12 × exp(490/T )
1.4 × 10−13 × exp(−2470/T )
1.8 × 10−11 × exp(110/T )

Figure A1. Median diurnal variation of the measured monoterpenes and different proxies in different months (other months are shown in
Fig. 7). The black circles show the measured concentration, the gray squares MTproxy,ideal , the light blue squares MTproxy1 , the dark blue
squares MTproxy1,doy , the red squares MTproxy2 , the green squares MTproxy3 and the magenta squares MTproxy,simple .
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Table A2. The statistics of the ratio between the proxies and the measured monoterpene concentration in different months. The 10th, 25th,
50th, 75th and 90th percentiles (“prctile”) of the ratio are shown.
Month

MTproxy.ideal / MTmeas

MTproxy1 / MTmeas

MTproxy1.doy / MTmeas

MTproxy2 / MTmeas

MTproxy3 / MTmeas

MTproxy.simple / MTmeas

Jan

10th prctile
25th prctile
50th prctile
75th prctile
90th prctile

0.32
0.67
1.42
2.89
5.24

0.66
1.44
2.39
3.79
5.30

0.46
0.95
1.64
2.57
3.61

0.35
0.77
1.49
2.62
4.44

0.24
0.62
1.44
2.94
5.66

0.33
0.68
1.01
1.46
2.26

Feb

10th prctile
25th prctile
50th prctile
75th prctile
90th prctile

0.13
0.28
0.59
1.48
2.87

0.15
0.48
1.07
1.82
3.27

0.12
0.37
0.89
1.45
2.67

0.10
0.33
0.72
1.56
2.80

0.08
0.21
0.58
1.61
3.05

0.13
0.39
0.92
1.63
3.15

Mar

10th prctile
25th prctile
50th prctile
75th prctile
90th prctile

0.24
0.46
1.10
2.16
3.71

0.30
0.59
1.10
1.85
3.26

0.29
0.60
1.09
1.85
3.34

0.28
0.60
1.18
2.17
3.67

0.18
0.43
1.12
2.44
3.92

0.41
0.85
1.47
2.44
4.20

Apr

10th prctile
25th prctile
50th prctile
75th prctile
90th prctile

0.36
0.60
0.96
1.42
2.03

0.44
0.60
0.88
1.28
1.77

0.50
0.70
1.01
1.47
2.08

0.45
0.65
0.98
1.42
2.04

0.28
0.60
1.01
1.50
2.15

0.54
0.76
1.14
1.66
2.39

May

10th prctile
25th prctile
50th prctile
75th prctile
90th prctile

0.45
0.64
0.85
1.16
1.53

0.42
0.56
0.75
1.03
1.36

0.54
0.71
0.96
1.32
1.73

0.45
0.63
0.83
1.15
1.48

0.39
0.65
0.85
1.21
1.59

0.50
0.69
0.96
1.31
1.80

Jun

10th prctile
25th prctile
50th prctile
75th prctile
90th prctile

0.45
0.67
0.94
1.27
1.66

0.40
0.59
0.85
1.17
1.52

0.51
0.74
1.07
1.48
1.91

0.39
0.63
0.92
1.31
1.74

0.41
0.68
0.98
1.36
1.80

0.39
0.59
0.88
1.32
1.90

Jul

10th prctile
25th prctile
50th prctile
75th prctile
90th prctile

0.52
0.73
0.99
1.31
1.73

0.53
0.74
0.96
1.28
1.64

0.61
0.83
1.09
1.43
1.84

0.51
0.74
1.01
1.36
1.79

0.53
0.75
1.06
1.42
1.88

0.51
0.67
0.92
1.24
1.70

Aug

10th prctile
25th prctile
50th prctile
75th prctile
90th prctile
10th prctile
25th prctile
50th prctile
75th prctile
90th prctile

0.64
0.89
1.24
1.66
2.24
0.50
0.73
1.09
1.60
2.23

0.60
0.85
1.22
1.64
2.17
0.48
0.71
1.01
1.52
2.13

0.56
0.81
1.16
1.56
2.04
0.36
0.55
0.79
1.21
1.73

0.56
0.86
1.27
1.74
2.38
0.41
0.65
1.04
1.57
2.25

0.62
0.94
1.34
1.82
2.56
0.41
0.71
1.14
1.78
2.54

0.53
0.77
1.14
1.60
2.36
0.40
0.57
0.83
1.20
1.76

Oct

10th prctile
25th prctile
50th prctile
75th prctile
90th prctile

0.54
0.72
1.08
1.49
2.25

0.65
0.87
1.25
1.80
2.79

0.44
0.60
0.85
1.21
1.76

0.56
0.74
1.07
1.47
2.47

0.43
0.68
1.09
1.58
2.61

0.53
0.67
0.89
1.27
2.00

Nov

10th prctile
25th prctile
50th prctile
75th prctile
90th prctile

0.41
0.61
1.22
2.15
3.69

0.57
1.05
1.71
3.04
5.28

0.34
0.63
1.03
1.85
3.17

0.43
0.83
1.46
2.40
4.24

0.31
0.59
1.41
2.47
4.63

0.43
0.72
1.14
1.97
3.42

Dec

10th prctile
25th prctile
50th prctile
75th prctile
90th prctile

0.19
0.48
1.33
3.02
6.12

0.24
0.80
2.61
4.70
7.37

0.15
0.49
1.60
2.90
4.51

0.13
0.55
1.73
3.32
5.57

0.12
0.42
1.48
3.41
6.41

0.13
0.47
1.16
1.97
3.19

Sep

www.atmos-chem-phys.net/16/13291/2016/

Atmos. Chem. Phys., 16, 13291–13307, 2016

13306

J. Kontkanen et al.: Simple proxies for estimating the concentrations of monoterpenes

Acknowledgements. This research was supported by the Academy
of Finland (the Centre of Excellence program, grant nos. 1118615
and 272041, and the Academy professor project to M. Kulmala,
grant no. 137749), the European Research Council Advanced
Grant (ATM-NUCLE, grant no. 227463), the EU FP7 research
and innovation programme (ACTRIS-I3, grant no. 262254) and
the CRAICC (Cryosphere–atmosphere interactions in a changing
Arctic climate) project within the Nordic Top-level Research
Initiative Programme “Interaction between climate change and
the cryosphere” (funded by Nordforsk). The work was also partly
supported by the Office of Science (BER), U.S. Department of
Energy via Biogenic Aerosols – Effects on Clouds and Climate
(BAECC). The paper contributes to the Pan-Eurasian Experiment
(PEEX) research agenda.
Edited by: I. Salma
Reviewed by: two anonymous referees

References
Aalto, P., Hämeri, K., Becker, E.,Weber, R., Salm, J.,Mäkelä, J.
M., Hoell, C., O’Dowd, C. D., Karlsson, H., Hansson, H.-C.,
Väkevä, M., Koponen, I. K., Buzorius, G., and Kulmala, M.:
Physical characterization of aerosol particles during nucleation
events, Tellus, 53B, 344–358, 2001.
Aalto, J., Porcar-Castell, A., Atherton, J., Kolari, P., Pohja, T.,
Hari, P., Nikinmaa, E., Petäjä, T., and Bäck, J.: Onset of photosynthesis in spring speeds up monoterpene synthesis and
leads to emission bursts, Plant Cell Environ., 38, 2299–2312,
doi:10.1111/pce.12550, 2015.
Atkinson, R. and Arey, J.: Gas-phase tropospheric chemistry of biogenic volatile organic compounds: a review, Atmos. Environ., 37,
Supplement No. 2, S197–S219, 2003.
Atkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hampson, R. F., Hynes, R. G., Jenkin, M. E., Rossi, M. J., and Troe, J.:
Evaluated kinetic and photochemical data for atmospheric chemistry: Volume I – gas phase reactions of Ox , HOx , NOx and SOx
species, Atmos. Chem. Phys., 4, 1461–1738, doi:10.5194/acp-41461-2004, 2004.
Atkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hampson, R. F., Hynes, R. G., Jenkin, M. E., Rossi, M. J., Troe, J.,
and IUPAC Subcommittee: Evaluated kinetic and photochemical data for atmospheric chemistry: Volume II – gas phase reactions of organic species, Atmos. Chem. Phys., 6, 3625–4055,
doi:10.5194/acp-6-3625-2006, 2006.
AVAA: AVAA SmartSMEAR, available at: http://avaa.tdata.fi/web/
smart/, 2016.
Bäck, J., Aalto, J., Henriksson, M., Hakola, H., He, Q., and
Boy, M.: Chemodiversity of a Scots pine stand and implications for terpene air concentrations, Biogeosciences, 9, 689–702,
doi:10.5194/bg-9-689-2012, 2012.
Ehn, M., Thornton, J. A., Kleist, E., Sipilä, M., Junninen, H., Pullinen, I., Springer, M., Rubach, F., Tillmann, R., Lee, B., LopezHilfiker, F., Andres, S., Acir, I.-H., Rissanen, M., Jokinen, T.,
Schobesberger, S., Kangasluoma, J., Kontkanen, J., Nieminen,
T., Kurtén, T., Nielsen, L. B., Jørgensen, S., Kjaergaard, H. G.,
Canagaratna, M., Dal Maso, M., Berndt, T., Petäjä, T., Wahner,
A., Kerminen, V., Kulmala, M., Worsnop, D. R., Wildt, J., and

Atmos. Chem. Phys., 16, 13291–13307, 2016

Mentel, T. F.: A large source of low-volatility secondary organic
aerosol, Nature, 506, 476–479, doi:10.1038/nature13032, 2014.
European Centre for Medium-Range Weather Forecasts (ECMWF):
Public Datasets, available at: http://apps.ecmwf.int/datasets/,
2016.
Guenther, A. B., Zimmerman, P. R., Harley, P. C., Monson, R. K.,
and Fall, R.: Isoprene and monoterpene emission rate variability: Model evaluations and sensitivity analyses, J. Geophys. Res.
Atmos., 98, 12609–12617, 1993.
Guenther, A. B., Jiang, X., Heald, C. L., Sakulyanontvittaya, T.,
Duhl, T., Emmons, L. K., and Wang, X.: The Model of Emissions
of Gases and Aerosols from Nature version 2.1 (MEGAN2.1): an
extended and updated framework for modeling biogenic emissions, Geosci. Model Dev., 5, 1471–1492, doi:10.5194/gmd-51471-2012, 2012.
Hakola, H., Tarvainen, V., Laurila, T., Hiltunen, V., Hellèn, H., and
Keronen, P.: Seasonal variation of VOC concentrations above a
boreal coniferous forest, Atmos. Environ., 37, 1623–1634, 2003.
Hakola, H., Tarvainen, V., Bäck, J., Ranta, H., Bonn, B., Rinne,
J., and Kulmala, M.: Seasonal variation of mono- and sesquiterpene emission rates of Scots pine, Biogeosciences, 3, 93–101,
doi:10.5194/bg-3-93-2006, 2006.
Hakola, H., Hellén, H., Tarvainen, V., Bäck, J., Patokoski, J., and
Rinne, J.: Annual variations of atmospheric VOC concentrations
in a boreal forest, Boreal Environ. Res., 14, 722–730, 2009.
Hakola, H., Hellén, H., Hemmilä, M., Rinne, J., and Kulmala, M.:
In situ measurements of volatile organic compounds in a boreal
forest, Atmos. Chem. Phys., 12, 11665–11678, doi:10.5194/acp12-11665-2012, 2012.
Hari, P. and Kulmala, M.: Station for measuring ecosystematmosphere relations (SMEAR II), Boreal Environ. Res., 10,
315–322, 2005.
Ilvesniemi, H., Levula, J., Ojansuu, R., Kolari, P., Kulmala, L.,
Pumpanen, J., Launiainen, S., Vesala, T., and Nikinmaa, E.:
Long-term measurements of the carbon balance of a boreal Scots
pine dominated forest ecosystem, Boreal Env. Res., 14, 731–753,
2009.
Jokinen, T., Berndt, T., Makkonen, R., Kerminen, V.-M., Junninen, H., Paasonen, P., Stratmann, F., Hermann, H., Guenther, A., Worsnop, D. R., Kulmala, M., Ehn, M., and Sipilä, M.: Production of extremely low volatile organic compounds from biogenic emissions: Measured yields and atmospheric implications, P. Natl. Acad. Sci., 112, 7123–7128,
doi:10.1073/pnas.1423977112, 2015.
Kulmala, M., Toivonen, A., Mäkelä, J. M., and Laaksonen, A.:
Analysis of the growth of nucleation mode particles observed in
Boreal forest, Tellus, 50B, 449–462, 1998.
Kulmala, M., Maso, M. D., Mäkelä, J. M., Pirjola, L., Väkevä, M.,
Aalto, P., Miikkulainen, P., Hämeri, K., and O’Dowd, C. D.: On
the formation, growth and composition of nucleation mode particles, Tellus B, 53, 79–490, 2001.
Kulmala, M., Kontkanen, J., Junninen, H., Lehtipalo, K., Manninen, H. E., Nieminen, T., Petäjä, T., Sipilä, M., Schobesberger,
S., Rantala, P., Franchin,A., Jokinen,T., Järvinen,E., Äijälä ,M.,
Kangasluoma, J., Hakala, J., Aalto, P. P., Paasonen, P., Mikkilä,
J., Vanhanen, J., Aalto, J., Hakola, H., Makkonen, U., Ruuskanen, T., Mauldin, R. L., Duplissy, J., Vehkamäki, H., Bäck,
J., Kortelainen, A., Riipinen, I., Kurtén, T., Johnston, M. V,
Smith, J. N., Ehn, M., Mentel, T. F., Lehtinen, K. E. J., Laakso-

www.atmos-chem-phys.net/16/13291/2016/

J. Kontkanen et al.: Simple proxies for estimating the concentrations of monoterpenes
nen, A., Kerminen, V.-M., and Worsnop, D. R.: Direct observations of atmospheric aerosol nucleation, Science, 339, 943–946,
doi:10.1126/science.1227385, 2013.
Lappalainen, H. K., Sevanto, S., Bäck, J., Ruuskanen, T. M., Kolari, P., Taipale, R., Rinne, J., Kulmala, M., and Hari, P.: Daytime concentrations of biogenic volatile organic compounds
in a boreal forest canopy and their relation to environmental and biological factors, Atmos. Chem. Phys., 9, 5447–5459,
doi:10.5194/acp-9-5447-2009, 2009.
Lehtipalo, K., Sipilä, M., Junninen, H., Ehn, M., Berndt, T., Kajos,
M. K., Worsnop, D. R., Petäjä, T., and Kulmala, M.: Observations
of nano-CN in the nocturnal boreal forest, Aerosol Sci. Technol.,
45, 499–509, 2011.
Liao, L., Dal Maso, M., Taipale, R., Rinne, J., Ehn, M., Junninen,
H., Äijälä, M., Nieminen, T., Alekseychik, P., Hulkkonen, M.,
Worsnop, D. R., Kerminen, V.-M., and Kulmala, M.: Monoterpene pollution episodes in a forest environment: indication of
anthropogenic origin and association with aerosol particles, Boreal Environ. Res., 16, 288–303, 2011.
Mogensen, D., Gierens, R., Crowley, J. N., Keronen, P., Smolander,
S., Sogachev, A., Nölscher, A. C., Zhou, L., Kulmala, M., Tang,
M. J., Williams, J., and Boy, M.: Simulations of atmospheric
OH, O3 and NO3 reactivities within and above the boreal forest,
Atmos. Chem. Phys., 15, 3909–3932, doi:10.5194/acp-15-39092015, 2015.
Nieminen, T., Asmi, A., Dal Maso, M., Aalto, P. P., Keronen, P.,
Petäjä, T., Kulmala, M., and Kerminen, V.-M.: Trends in atmospheric new particle formation: 16 years of observations in boreal forest environment, Boreal Environ. Res., 19 (Supplement
B), 191–214, 2014.
O’Dowd, C. D., Aalto, P., Hameri, K., Kulmala, M., and Hoffmann,
T.: Aerosol formation – Atmospheric particles from organic vapors, Nature, 416, 497–498, 2002.
Osthoff, H. D., Pilling, M. J., Ravishankara, A. R., and Brown, S.
S.: Temperature dependence of the NO3 absorption cross-section
above 298 K and determination of the equilibrium constant for
NO3 + NO2 ↔ N2 O5 at atmospherically relevant conditions,
Phys. Chem. Chem. Phys., 9, 5785–5793, 2007.
Paasonen, P., Nieminen, T., Asmi, E., Manninen, H. E., Petäjä,
T., Plass-Dülmer, C., Flentje, H., Birmili, W., Wiedensohler, A.,
Hõrrak, U., Metzger, A., Hamed, A., Laaksonen, A., Facchini,
M. C., Kerminen, V.-M., and Kulmala, M.: On the roles of sulphuric acid and low-volatility organic vapours in the initial steps
of atmospheric new particle formation, Atmos. Chem. Phys., 10,
11223–11242, doi:10.5194/acp-10-11223-2010, 2010.
Paasonen, P., Asmi, A., Petäjä, T., Kajos, M. K., Äijälä, M., Junninen, H., Holst, T., Abbatt, J. P. D., Arneth, A., Birmili, W., van
der Gon, H. D., Hamed, A., Hoffer, A., Laakso, L., Laaksonen,
A., Richard Leaitch, W., Plass-Dülmer, C., Pryor, S. C., Räisänen, P., Swietlicki, E., Wiedensohler, A., Worsnop, D. R., Kerminen, V.-M., and Kulmala, M.: Warming-induced increase in
aerosol number concentration likely to moderate climate change,
Nat. Geosci., 6, 438–442, doi:10.1038/ngeo1800, 2013.
Peräkylä, O., Vogt, M., Tikkanen, O.-P., Laurila, T., Kajos, M. K.,
Rantala, P. A., Patokoski, J., Aalto, J., Yli-Juuti, T., Ehn, M., Sipilä, M., Paasonen, P., Rissanen, M., Nieminen, T., Taipale, R.,
Keronen, P., Lappalainen, H. K., Ruuskanen, T. M., Rinne, J.,
Kerminen, V.-M., Kulmala, M., Bäck, J., and Petäjä, T.: Monoterpenes’ oxidation capacity and rate over a boreal forest: temporal

www.atmos-chem-phys.net/16/13291/2016/

13307

variation and connection to growth of newly formed particles,
Boreal Environ. Res., 19, 293–310, 2014.
Petäjä, T., Mauldin, III, R. L., Kosciuch, E., McGrath, J., Nieminen, T., Paasonen, P., Boy, M., Adamov, A., Kotiaho, T., and
Kulmala, M.: Sulfuric acid and OH concentrations in a boreal
forest site, Atmos. Chem. Phys., 9, 7435–7448, doi:10.5194/acp9-7435-2009, 2009.
Rantala, P., Aalto, J., Taipale, R., Ruuskanen, T. M., and Rinne, J.:
Annual cycle of volatile organic compound exchange between
a boreal pine forest and the atmosphere, Biogeosciences, 12,
5753–5770, doi:10.5194/bg-12-5753-2015, 2015.
Rinne, J., Bäck, J., and Hakola, H.: Biogenic volatile organic compound emissions from the Eurasian taiga: current knowledge and
future directions, Boreal Environ. Res., 14, 807–826, 2009.
Taipale, R., Ruuskanen, T. M., Rinne, J., Kajos, M. K., Hakola,
H., Pohja, T., and Kulmala, M.: Technical Note: Quantitative
long-term measurements of VOC concentrations by PTR-MS –
measurement, calibration, and volume mixing ratio calculation
methods, Atmos. Chem. Phys., 8, 6681–6698, doi:10.5194/acp8-6681-2008, 2008.
Taipale, R., Kajos, M. K., Patokoski, J., Rantala, P., Ruuskanen,
T. M., and Rinne, J.: Role of de novo biosynthesis in ecosystem scale monoterpene emissions from a boreal Scots pine
forest, Biogeosciences, 8, 2247–2255, doi:10.5194/bg-8-22472011, 2011.
Tarvainen, V., Hakola, H., Hellén, H., Bäck, J., Hari, P., and
Kulmala, M.: Temperature and light dependence of the VOC
emissions of Scots pine, Atmos. Chem. Phys., 5, 989–998,
doi:10.5194/acp-5-989-2005, 2005.
Von Engeln, A. and Teixeira, J.: A planetary boundary layer height
climatology derived from ECMWF Re-analysis data, J. Climate,
109, D18104, doi:10.1175/JCLI-D-12-00385.1, 2013.
Williams, J., Crowley, J., Fischer, H., Harder, H., Martinez, M.,
Petäjä, T., Rinne, J., Bäck, J., Boy, M., Dal Maso, M., Hakala,
J., Kajos, M., Keronen, P., Rantala, P., Aalto, J., Aaltonen,
H., Paatero, J., Vesala, T., Hakola, H., Levula, J., Pohja, T.,
Herrmann, F., Auld, J., Mesarchaki, E., Song, W., Yassaa, N.,
Nölscher, A., Johnson, A. M., Custer, T., Sinha, V., Thieser,
J., Pouvesle, N., Taraborrelli, D., Tang, M. J., Bozem, H.,
Hosaynali-Beygi, Z., Axinte, R., Oswald, R., Novelli, A., Kubistin, D., Hens, K., Javed, U., Trawny, K., Breitenberger, C.,
Hidalgo, P. J., Ebben, C. J., Geiger, F. M., Corrigan, A. L.,
Russell, L. M., Ouwersloot, H. G., Vilà-Guerau de Arellano,
J., Ganzeveld, L., Vogel, A., Beck, M., Bayerle, A., Kampf,
C. J., Bertelmann, M., Köllner, F., Hoffmann, T., Valverde, J.,
González, D., Riekkola, M.-L., Kulmala, M., and Lelieveld,
J.: The summertime Boreal forest field measurement intensive
(HUMPPA-COPEC-2010): an overview of meteorological and
chemical influences, Atmos. Chem. Phys., 11, 10599–10618,
doi:10.5194/acp-11-10599-2011, 2011.

Atmos. Chem. Phys., 16, 13291–13307, 2016

