Authors’ response

We thank the co-editor for his examination of the revised manuscript and are glad that we were able
to address the previous critical points. Regarding the necessary minor revision, our answers can be
found below. (Co-editor comments are in italics.)

1. Figures 6 and 8 are opposite?
Yes, these two Figures got mixed up by accident. It is now fixed.

2. I understand that the measured OH reactivities are shifted, as the sensitivity changed. But why
ambient conditions such as [MT], [SQT], and even precipitation and RH in Table 1 changed from
previous version? (same for Table D1)

The averages for ambient conditions are calculated for periods when OH reactivity is above the
detection limit. Due to the changes in OH reactivity values, the periods when the OH reactivity is
above the detection limit (overlap) has changed slightly, leading to small changes in the average
values for ambient conditions. For most small values, though, the change is not visible due to the
rounding of the values.

3. Table D1. Better to use 3.5x10/"-4 instead of 0.00035. All same for small values.
In table D1, we use now the scientific notation for all average values smaller than 0.001. (We kept

the same notation for standard deviation values smaller than 0.001 if the average value is larger than
that this threshold.)
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Abstract.

Total hydroxyl radical (OH) reactivity measurements were conducted at the second Station for Measuring Ecosystem-
Atmosphere Relations (SMEAR 1I), a boreal forest site located in Hyytiéld, Finland, from April to July 2016. The measured
values were compared with OH reactivity calculated from a combination of data from the routine trace gas measurements (sta-
tion mast) as well as online and offline analysis with gas chromatography coupled to mass spectrometry (GC-MS) and offline
liquid chromatography. Up to 104 compounds, mostly Volatile Organic Compounds (VOCs) and oxidised VOCs, but also in-
organic compounds, were included in the analysis, even though the data availability for each compound varied with time. The
monthly averaged experimental total OH reactivity was found to be higher in April and May (ca. 20 s~ 1) than in June and July
(7.6 and 15.4 s~ 1, respectively). The measured values varied much more in spring with high reactivity peaks in late afternoon,
with values higher than in the summer, in particular when the soil was thawing. Total OH reactivity values generally followed
the pattern of mixing ratios due to change of the boundary layer height. The missing reactivity fraction (defined as the different
between measured and calculated OH reactivity) was found to be high. Several reasons that can explain the missing reactivity
are discussed in detail such as 1) missing measurements due to technical issues, 2) not measuring oxidation compounds of
detected biogenic VOCs, 3) missing important reactive compounds or classes of compounds with the available measurements.
In order to test the second hypothesis, a one-dimensional chemical transport model (SOSAA) has been used to estimate the
amount of unmeasured oxidation products and their expected contribution to the reactivity for three different short periods in
April, May, and July. However, only a small fraction (<4.5 %) of the missing reactivity can be explained by modelled sec-
ondary compounds (mostly oxidised VOCs). These findings indicate that compounds measured but not included in the model
as well as unmeasured primary emissions contribute the missing reactivity. In the future, non-hydrocarbon compounds from

other sources than vegetation (e.g. soil) should be included in OH reactivity studies.

1 Introduction

Terrestrial vegetation is responsible for about 90 % of the emissions of Biogenic Volatile Organic Compounds (BVOCs) into

the atmosphere (Guenther et al., 1995). Isoprene and monoterpenes are the most abundant BVOCs globally (44 and 17 %,
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respectively; Guenther et al., 2012). These compounds are very reactive and their lifetimes range from minutes to hours, thus
influencing tropospheric chemistry.

Total hydroxyl radical (OH) reactivity measurements can be used as a method to assess our understanding of tropospheric
chemistry (Kovacs and Brune, 2001; Williams and Brune, 2015). Many observations of total OH reactivity have been performed
in the past few decades and compared to calculated OH reactivity derived from known chemical composition of the atmosphere.
While for urban environment the unexplained (or missing) reactivity fraction remains low, it is often more than 50 % in forested
environments (see the review by Yang et al., 2016). Based on these observations, Ferracci et al. (2018) modelled the global OH
reactivity, as well as hypothetical missing chemical sink, which was found to be mostly localized above forested areas and in
a few areas with large anthropogenic emissions.

Large fractions of missing reactivity were first observed in a forest in northern Michigan (Di Carlo et al., 2004) and later
observed as well in other forested environments (e.g. Hansen et al., 2014; Nakashima et al., 2014; Ramasamy et al., 2016;
Zannoni et al., 2016). Also in the tropical forest of Borneo up to 70 % of the measured total OH reactivity remained unexplained
(Edwards et al., 2013). In addition, Nolscher et al. (2016) identified a large difference of missing OH reactivity between the dry
and wet seasons in the Amazon rainforest, with 79 % on average and between 5 to 15 %, respectively. They identified then the
forest floor as an important but poorly characterized source of OH reactivity and Bourtsoukidis et al. (2018) recently identified
strong sesquiterpene emissions from soil micro-organisms at the same site.

Also in the boreal forest, which represents approximately one third of the Earth’s forested surface (Keenan et al., 2015),
a large discrepancy was observed between the total measured OH reactivity and the reactivity calculated from individual
compounds present in the forest air (Sinha et al., 2010; Nolscher et al., 2012). Up to 89 % of the measured total OH reactivity
could not be explained for periods in which the forest experienced stress conditions (elevated temperature).

The two main assumptions for the missing reactivity are 1) missing primary emissions and 2) missing oxidation products
from the emissions. Several studies have been conducted to investigate these hypotheses. Nolscher et al. (2013), for instance,
found an increasing missing fraction of Norway spruce (Picea abies) emissions from about 15-27 % in spring and early
summer and up to 70-84 % in late summer and autumn. In contrast, Kim et al. (2011) found no significant unknown primary
BVOC contributing to OH reactivity (for red oak, white pine, beech, and red maple) during their study period in July 2009 in
a forest in Michigan. They also found that the missing reactivity from ambient measurement at this site could be explained
by oxidation products from isoprene. Kaiser et al. (2016) found in an isoprene-dominated forest in Alabama that emissions
and their modelled oxidation products reduced the unexplained reactivity to 5-20 % during the day and 20-32 % at night and
attribute the missing reactivity to unmeasured primary emissions. Mao et al. (2012) also demonstrated that including modelled
oxidation products in OH reactivity calculations reduce the difference with measurements significantly.

Sinha et al. (2010) and Nolscher et al. (2012) conducted their studies at the second Station for Measuring Ecosystem-
Atmosphere Relation (SMEAR II; Hari and Kulmala, 2005) in Hyytidld, Finland, for about three weeks in August 2008 and
for about three and a half weeks in July-August 2010, respectively, with the Comparative Reactivity Method (CRM, Sinha
et al., 2008). Mogensen et al. (2011) modelled the full year of OH reactivity at SMEAR II for 2008, based on modelled

emissions, known chemistry, and environmental conditions. A comparison with results from Sinha et al. (2010) showed that
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compounds other than monoterpenes, isoprene, and methane contribute to only about 8 % of the measured OH reactivity. Taking
all compounds into account, about 61 % of the OH reactivity remained unexplained on average during that period. Mogensen
et al. (2015) also compared modelled reactivity at SMEAR II with OH reactivity measurements from Nolscher et al. (2012),
using measured trace gases as input but found on average about 65 % of unexplained reactivity, similarly to the previous study.

In order to investigate OH reactivity at SMEAR II in more details, in particular its missing fraction and the seasonal variations
which are often neglected for summer intensive campaigns, a new implementation of the CRM was developed at the Finnish
Meteorological Institute (Praplan et al., 2017). It was installed at SMEAR II along with instrumentation to measure VOCs in

spring and summer 2016.

2 Methods
2.1 Measurement site

Measurements were conducted at the boreal forest site SMEAR II (Hari and Kulmala, 2005; Ilvesniemi et al., 2009) in Hyytiéla,
Finland (61°51° N, 24°17’ E, 181 m above sea level). The site is located in a ca. 60-year old managed conifer forest with modest
height variation of the terrain. The stand is dominated by Scots pine (Pinus sylvestris L.) homogeneously for about 200 m in
all directions, extending to the north for about 1.2 km. Tampere is the largest city near the station about 60 km S-SW.

The instruments were located inside a container in an opening about 115 m from the site mast, from which meteorological
data as well as ozone (O3), nitrogen oxides (NOy), methane (CHy), carbon monoxide (CO) and sulfur dioxide (SO3) concen-
trations were retrieved to be included in the analysis. Proton-transfer-reaction mass spectrometer (PTR-MS) measurements of
VOC:s usually operated at the station mast were not operational during the measurement period and could not be used in this
study.

In situ measurements of the total OH reactivity (section 2.5) and of VOC concentrations (section 2.2) were done at the
container, sampling outside air at a height of about 1.5m (Fig. 1). Station data (from the mast, measurement towers and soil)
are open data under Creative Commons 4.0 Attribution licence (CC BY 4.0) and were retrieved from the online SmartSMEAR
interface (https://avaa.tdata.fi/web/smart/smear, Junninen et al., 2009).

Temperature and relative humidity (RH) are taken at 4.2 m above ground on the mast; soil properties are an average of five

locations throughout the site; and radiation and precipitation data are collected at 18 m height on a nearby tower.
2.2 In-situ measurements of volatile organic compounds

VOCs were measured with two in situ GC-MS. The first GC-MS was used for the measurements of mono- and sesquiterpenes,
isoprene, 2-methyl-3-butenol (MBO) and C5_;, aldehydes. With this GC-MS air was drawn at the flow rate of 11min~!
through a meter-long fluorinated ethylene propylene (FEP) inlet (i.d. 1/8 inch) and for O3 removal (Hellén et al., 2012) through
a meter-long heated (120°C) stainless steel tube (0.d. 1/8 inch). VOCs were collected from a 40 ml min—! subsample flow in

the cold trap (Carbopack B/Tenax TA) of the thermal desorption unit (TurboMatrix, 650, Perkin-Elmer) connected to a gas
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Figure 1. Orthophotograph of the SMEAR II station in Hyytiéld and its surroundings with the marked location of the station mast and the
container where the measurements were performed. (Source: Land Survey of Finland Topographic Database 09/2018, CC BY 4.0).

chromatograph (Clarus 680, Perkin-Elmer) coupled to a mass spectrometer (Clarus SQ 8 T, Perkin-Elmer). A HP-5 column
(60m, i.d. 0.25 mm, film thickness 1 um) was used for separation. The second GC-MS was used for the measurements of
C4_g alcohols and Cs_7 volatile organic acids (VOAs). Samples were taken every other hour. The sampling time was 60 min.
Samples were analysed in situ with a thermal desorption unit (Unity 2 + Air Server 2, Markes International LTD, Llantrisant,
UK) connected to a gas chromatograph (Agilent 7890A, Agilent Technologies, Santa Clara, CA, USA) and a mass spectrom-
eter (Agilent 5975C, Agilent Technologies, Santa Clara, CA, USA). A polyethylene glycol column DB-WAXetr (30-m, i.d.
0.25 mm, a film thickness 0.25 um) was used for the separation. These methods and measurements have been described in more
detail by Hellén et al. (2017, 2018).

2.3 Offline measurements of volatile organic compounds

Additional sampling took place between 27 April to 3 May in canisters and through adsorption cartridges (24-hour time
resolution) to be analysed by GC-FID (Cy_g hydrocarbons) and LC-UV (carbonyls), respectively. During this period, Tenax
tube samples were also taken (4-hour time resolution) and analysed later in the laboratory with GC-MS. These results were
used as backup to fill in data during interruptions of the online GC-MS measurements. Between 20 and 29 July, additional

sampling through adsorption cartridges for offline analysis with LC-UV was performed.
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2.4 Mixing Layer Height measurements

The Mixing Layer Height (MLH) was estimated from measurements with a 1.5 m pulsed Doppler lidar (Halo Photonics Stream
Line; Pearson et al., 2009) similar to Hellén et al. (2018). MLH was determined from a combination of turbulent kinetic energy
dissipation rate profiles and conical scanning at 30 © elevation angle according to the method described in Vakkari et al. (2015).
With this method MLH could be determined from 60 m above ground level (a.g.l.) to more than 2000 m a.g.l. at SMEAR II.
Periods when MLH was <60 m a.g.l. could be identified although the actual MLH was not determined due to minimum range
limitations. MLH was not determined for rainy periods. For more detailed specifications of the lidar system and the applied

MLH determination method see Hellén et al. (2018).
2.5 Total OH reactivity measurements: the Comparative Reactivity Method (CRM)

The OH reactivity, Rom, is defined as the sum of the concentration of individual compounds X; multiplied by their respective

reaction rate coefficient with respect to OH (ko x;). This can be summarised by the following equation:

Ron =) [Xilkon+x, (1

The OH reactivity of a compound is the inverse of the OH chemical lifetime due to its reaction with that compound. High
OH reactivity values correspond to short lifetimes and long-lived species (such as methane) have a low reactivity.

Our analysis includes up to over 100 individual species from two GC-MS, GC-FID and LC-UV measurements (see sec-
tions 2.2 and 2.3). However, not all compounds have been measured at all times (see Fig. 6¢). In addition NO, O3, SO- and,
and CO concentrations were retrieved from the mast of the SMEAR 1I station, about 115 m away from the sampling position
of total OH reactivity and VOCs.

Measurements of total OH reactivity ([2cxp) have been conducted using the Comparative Reactivity Method (CRM, Sinha
et al., 2008; Michoud et al., 2015). Our particular implementation of the method is described in Praplan et al. (2017).

The CRM is based on the monitoring of pyrrole (C4H5sN) mixed in a 100 ml-reactor with zero air and ambient air, alterna-
tively. The total flow through the reactor is about 465 mlmin~—! and the residence time in the reactor estimated about 12—15s.

Pyrrole detection is performed with a gas chromatograph (GC) equipped with a photon ionization detector (PID) every two
minutes (Synthec Spectras GC955, Synspec BV, Groningen, The Netherlands). The sensitivity of this detector is independent
from the RH of the sample (Fig. 2), but decreased from 1797 a.u./ppb,, (data from April to June) to 1290 a.u./ppbv (July data).
In both cases, the uncertainty of the sensitivity (Us) is 2.5 %. In addition we consider the uncertainty of the pyrrole levels
(Up) based on the uncertainty of the pyrrole standard (Upyr sta = 10 %) and of the uncertainty of the dilution (Ugii = 8 %), so
Up =/ Ulyr sta + Ul = 12.8 % (Praplan et al., 2017).

Based on earlier tests, the sensitivity of the GC-PID does not depend on RH in the reactor (Fig. 2, right). The sensitivity

differs by only 2.8 % between humid and dry conditions, which is roughly the uncertainty of the sensitivity.
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Figure 2. Left: Sensitivity of the GC-PID for pyrrole used in the present study. Right: Same day (30 June 2015) sensitivity test for sensitivity
of GC-PID for pyrrole in humid and dry conditions.

OH is produced by the photolysis of water (H2O) in a nitrogen flow (99.9999% N,) using ultraviolet (UV) radiation and
introduced into the CRM instrument reactor. Note that hyroperoxyl radicals (HO-) are concurrently produced from the reaction
of hydrogen (H) with molecular oxygen (O2). In the zero air mixture, all OH are consumed by pyrrole (C; level), while ambient
air contains other reactive compounds that compete for OH leading to a higher pyrrole concentration (Cg level). The instrument
switches between measurement of zero air and ambient air every 8 minutes. Stabilization of the conditions takes a couple of
minutes and the first data point after each switch is discarded. From the difference between Cy and C3 pyrrole levels and taking
into account the amount of pyrrole in the reactor in the absence of OH (C;, typically between 26 and 43 ppb,,), the total OH

reactivity Reqn can be derived from the following equation:

Cs—Cy
oan = 2k - 2
Rq Cl—c?, pcl ()

with k,, the reaction rate of pyrrole with OH (1.2-1071% cm® s=!, Atkinson et al., 1985). C; is measured by introducing a
large concentration of 0.6 % propane (CsHsg) in nitrogen (N3) to act as an OH scavenger (Zannoni et al., 2015). Therefore, C;
takes into account the photolysis of pyrrole due to the UV radiation entering the reactor (8—13 %), which decreases the pyrrole
concentration from the total amount of pyrrole injected in the reactor (Cy level).

Equation (2) assumes that OH levels are identical during C5 and C3 measurements. Therefore, variations of RH within the

reactor, but also the presence of O3 needs to be taken into account. Therefore C3 in Eq. (2) results from the following:

C3 = C3exp + ACs 1,0 + ACs 0o, 3)

with C3 exp the measured level of pyrrole in Cs mode, ACs 1,0 the correction due to different RH in C and Cs (the

diftference in RH is 4 % or less 99 % of the time, which corresponds to a change of no more than 5 % for R.qy,), and ACs o,
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the correction due to the presence in the reactor of additional O3 from sampled air. This last correction is discussed in detail in
sections 2.5.1.
In addition, because of the dilution of the sampled air with humid nitrogen, the experimental total OH reactivity (Lexp) is

derived from the following equation:

chp =D- Rmcasurcd (4)

with D the dilution factor (ratio of sampling flow over total flow through the reactor) and R ,easured the reactivity inside the
reactor after applying corrections to Rcru (see section 2.5.2).

Finally, the missing fraction of the total OH reactivity is obtained by comparing Ry, with Rog:

_ Rexp - ROH
Rmissing,faction - 5 (5)
Rexp

2.5.1 Ozone correction factor

As discussed in Praplan et al. (2017) and by Fuchs et al. (2017) for the CRM system of the Max Planck Institute, the pyrrole
signal obtained during analysis of ambient air must be corrected for the presence of Os. Even though, Os is present in the
reactor due to the UV lamp used to produce OH (about 170 ppbv in the instrument used in the present study), additional
O3 sampled from ambient air (up to a 30 % increase) affects the OH concentration in the reactor, most probably by getting
photolysed and producing O(* D), which reacts further with Ho0O, yielding two OH.

Praplan et al. (2017) used a correction (ACjs o, ) independent of pyr:OH as the experimental pyr:OH for the measurements
was in a narrow range close to 2. However as pyr:OH varied from 1.0 to 5.3 in this study, a pyr:OH-dependent correction has
been derived.

The corrections AC3 o, were derived experimentally for various pyr:OH by injecting a known amount of O3 in the CRM’s
reactor (Fig. 3, left panel) and then the slope of the linear fit (through the origin) for each pyr:OH (F(,) was plotted against
pyr:OH (Fig. 3, right panel). Based on these data, a linear fit has been derived to calculate Fo, according to pyr:OH and the
uncertainty of this correction (Ug,,,) is 30.8 %. When correcting ambient data in this study, the correction for a pyr:OH of 3
(Fo, =0.079) has been applied when pyr:OH was higher than 3 due to the lack of experimental data at higher pyr:OH values.
Note that a couple of experiments (with pyr:OH 1.27 and 1.05) were performed with additional injection of propane (C3Hg) as
the pyrrole signal would have decreased to zero otherwise and no ACs o, could have been determined.

The correction AC3 o, is then derived from the following equation:
AC3 0, = Fo,[O3] = (0.022 - (pyr : OH) +0.013) - [O3] (6)

As observed in Praplan et al. (2017), inhomogeneity of the air composition at the sampling site can affect the comparison

between experimental total OH reactivity and calculated reactivity from known composition. It can for instance be directly
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Figure 3. Left: Correction of C3 (AC3,0,) as a function of ozone in the reactor (O3, reactor). Right: O3 correction factor (Fo,) as a function

of pyr:OH.

affected by meteorology or changes in concentrations between the various sampling locations due to local emissions during
low mixing periods (see Liebmann et al., 2018). As VOCs in this study were sampled at the same location than the total OH
reactivity, the effect of inhomogeneity of the air composition is minimized. However, the ozone mixing ratio used to derive the
ozone correction (described in section 2.5.1) is retrieved from the station mast (115 m away) and at a height of 4.2 m. It is very
likely that emissions from soil and understorey vegetation (or from standing water close to the OH reactivity sampling location)
would further deplete the ozone close to the ground, leading to an overestimation of the correction. Under some circumstances,
such as when there is a strong O3 gradient below canopy (Chen et al., 2018), the correction might be overestimated.

For instance, on 29 and 30 April total OH reactivity arond 125 to 150 s~ in the afternoon are followed by O3 concentration
drops below canopy (Fig. 4, see also Chen et al. (2018)). While the high reactivity peaks themselves are likely not affected by
an overestimation of the correction, the period following them (night-time) might be slightly overestimated due to the sampling
of O3 further away and higher above ground. This effect is difficult to take into account in retrospect. The concentration of O3
should have been measured immediately next to the CRM system. Similar conditions were observed during nights between 11
and 16 May and to some extent in July (without reaching such high total OH reactivity values as in spring). This effect on the
inhomogeneity of the forest air composition might affect total OH reactivity measurements and in turn partly explain some of

the missing fraction.



Figure 4. One-hour averages of total measured OH reactivity, Rcxp and ozone mixing ratios at 4.2 and 125.0 m above ground. Mixing Layer
Height (MLH) is shown as a gray shadow. Note that the detection limit for MLH is 60 m and values below this limit are displayed at 30 m

(and zeros denote gaps in the data).














































































