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• Monoterpenes (MTs) aremajor contrib-
utors to oxidant reactivity in maritime
pine forest

• Low abundant BVOCs are usually not
considered but some may significantly
impact oxidant reactivity budgets

• Results suggest that (β-caryophyllene
+ O3) reaction was the main provider
of secondary products

• NO3 was estimated to be unusually
maximal during daytime, due to very
large MT concentrations and O3 reactiv-
ity at night
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Trace gas measurements were performed during the LANDEX (the LANDes EXperiment) Episode 1 field cam-
paign in the summer 2017, in one of the largest European maritime pine forests (> 95% Pinus pinaster) located
in southwestern France. Efforts have been focused on obtaining a good speciation of 20 major biogenic volatile
organic compounds (BVOCs, including pinenes, carenes, terpinenes, linalool, camphene, etc.). This was made
possible by the development of a new and specific chromatographic method. In order to assess the role of
BVOCs in the local gas phase chemistry budget, their reactivity with the main atmospheric oxidants (hydroxyl
radicals (OH), ozone (O3) and nitrate radicals (NO3)) and the corresponding consumption rates were deter-
mined. When considering the OH reactivity with BVOCs, isoprene and linalool accounted for 10–47% of the OH
depletion during daytime, and monoterpenes for 50–65%, whereas monoterpenes were the main contributors
during the night (70–85%). Sesquiterpenes and monoterpenes were the main contributors to the ozone reactiv-
ity, especially β-caryophyllene (30–70%), with a maximum contribution during nighttime. Nighttime nitrate re-
activity was predominantly due to monoterpenes (i.e. 90–95%). Five specific groups have been proposed to
classify the 19 BVOCs measured in the forest, according to their reactivity with atmospheric oxidants and their
concentrations. The total amount of BVOCs consumed under and above the forest canopy was evaluated for 7
BVOCs (i.e. isoprene, α-pinene, β-pinene, myrcene, limonene + cis-ocimene and Δ3-carene). The reactivity of
ave).
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atmospheric oxidants and BVOCs at a local level are discussed in order to highlight the compounds (BVOCs, other
VOCs), the atmospheric oxidants and themain associated reactive processes observed under the canopy of amar-
itime pine forest.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Volatile organic compounds (VOCs) can impact both (i) the air qual-
ity and the atmospheric oxidizing capacity (Houweling et al., 1998;
Lelieveld et al., 2008; Taraborrelli et al., 2012), due to their reactivity
with the main atmospheric oxidants such as ozone (O3), hydroxyl
(OH) and nitrate (NO3) radicals (Atkinson and Arey, 2003) and (ii)
the Earth's radiative budget (Gauss et al., 2006; Hoffmann et al., 1997;
Kazil et al., 2010; Stocker et al., 2013), through the formation of ozone
and secondary organic aerosols (SOAs).

On global scale, forests are the largest emitters of VOCs covering a
wide range of volatility, such as isoprene (C5H8), monoterpenes
(C10H16), sesquiterpenes (C15H24) and some oxygenated terpenoids
(Kesselmeier and Staudt, 1999). Each of these groups of compounds
exhibits a large number of structural isomers, with a large range of
reactivity.

The impact of biogenic VOC (BVOC) emissions on the carbon cycle
and the atmospheric oxidant budget at both local and global scales is
currently not well understood. Indeed, reported measurements of
total OH reactivity performed in ambient air highlighted some gaps in
our knowledge about OH sinks, where the measured OH reactivity is
frequently higher than that calculated from concomitant VOC observa-
tions (Di Carlo et al., 2004; Dusanter and Stevens, 2017; Edwards
et al., 2013; Griffith et al., 2013; Hansen et al., 2014; Hens et al., 2014;
Wolfe et al., 2014; Zannoni et al., 2017 and references therein). This dif-
ference reveals the presence of unmeasured OH sinks within the forest
boundary layer, whichmay either be attributed to unidentified primary
BVOC emissions (Di Carlo et al., 2004; Sinha et al., 2010), or to BVOC ox-
idation products (Edwards et al., 2013; Hansen et al., 2014; Lou et al.,
2010; Mao et al., 2012; Zannoni et al., 2017) or both (Nölscher et al.,
2012). A recent study using the Positive Matrix Factorization (PMF) ap-
proach to characterize the sources of particulate components over for-
ests demonstrated the important impact of BVOC oxidation products
on aerosol composition (Freney et al., 2018). Extensive molecular anal-
yses of SOA have only partially been performed yet (Plewka et al., 2006;
Capes et al., 2009; Gómez-González et al., 2012; Kourtchev et al., 2016;
Freney et al., 2018) to better understand the link between SOA and pri-
mary BVOCs. The speciation of BVOCs in forest environments, their in-
situ reactivity and the consecutive formation of SOA, are therefore im-
portant aspects that need to be further investigated to improve our un-
derstanding on atmospheric processes.

Several studies have recently described the reactivity of BVOCs with
the three main atmospheric oxidants in specific forests and their capac-
ity to form VOC oxidation products (Hellén et al., 2018; Yáñez-Serrano
et al., 2018). They demonstrated that the most abundant compounds
do not automatically imply the highest reactivity, and therefore that
theymay not be themost atmospheric relevant compounds. In addition,
these authors showed that the relative contribution of the different
VOCs to the oxidative budget may change over time. Hellén et al.
(2018) particularly demonstrated that β-caryophyllene, despite its
low levels of concentration, was an important contributor to the forma-
tion of BVOC oxidation products in the Finnish boreal forest, and that
ozonolysis was the dominant reactive process for BVOCs, during both
night and day.

The Landes forest is one of the largest European forests, covering an
area of about 1 million hectares in southwestern France. A previous
study from our group, LANDEX (The Landes Experiment) Episode 0 pro-
ject in July 2015, reported the first observations of BVOC reactivity in
this forest, in relation to nighttime biogenic new particle formation
2

(NPF) (Kammer et al., 2018). It was suggested that monoterpene oxida-
tion may contribute to these NPF events, especially through ozonolysis
processes.

This study is part of the LANDEX Episode 1 project, involving 12 dif-
ferent partners. Its objectivewas to improve our understanding of phys-
ical and chemical processes governing the formation and growth of
SOAs from biogenic origin at a specific forested site. Among other ac-
tions, a specific effort was carried out to obtain a good speciation of 20
major BVOCs (including pinenes, carenes, terpinene, linalool, cam-
phene, etc.), which was possible thanks to the development of a new
chromatographic method (Mermet et al., 2019). In order to assess the
role of BVOCs in the gas phase chemistry budget, their reactivity with
the main atmospheric oxidants (OH, O3 and NO3) and the correspond-
ing consumption or production rates of primary and secondary com-
pounds, respectively, were quantified. The reactivity of atmospheric
oxidants and BVOCs at a local scale is discussed in order to highlight
the key compounds (BVOCs, other VOCs), the atmospheric oxidants
and the main associated reactive processes observed under the canopy
of a maritime pine forest.

2. Materials and methods

2.1. Site description

Themeasurementswere conducted as part of the LANDEX Episode 1
field campaign from June 29th to July 20th 2017. The measurement site
was located at Bilos (Salles) in the French Landes Forest (44°29′39.69″N,
0°57′21.75″W, and 37m above sea level). A short description of the site,
which is also part of the European ICOS Ecosystem infrastructure (Inte-
grated Carbon Observation System, www.icos-cp.eu/observations/
ecosystem/stations), is presented in Fig. S1 and more details can be
found elsewhere (Moreaux et al., 2011; Kammer et al., 2018). Briefly,
the site is a plot of maritime pines (Pinus pinaster Aiton) of 30.2 ha
(570 × 530 m). The understorey was dense and composed of gorse
(Ulex europaeus L.), grass (Molinia caerulea (L.) Moench) and heather
(Calluna vulgaris (L.) Hull). Tree height was approximately 10 m, in
summer 2017. The soil is a sandy acidic hydromorphic podzol with a
discontinuous layer of iron hard pan at a 75 cm depth. The climate is lo-
cally temperate, with a maritime influence due to the proximity of the
North Atlantic Ocean (ca. 25 km westbound).

2.2. Instruments

A detailed description of the location of all instruments on the mea-
surement site is presented in Bsaibes et al. (2020). Meteorological pa-
rameters were measured on a mast during the campaign, at 15 m
above ground level (a. g. l.). Air temperature and relative humidity
(HMP 155, VAISALA HUMICAP), wind speed and direction (Windsonic
1, Campbell scientific), global solar radiation (CMP22 and CNR4, Camp-
bell scientific) and rainfallswere continuouslymeasured at a half hourly
scale. A 3D sonic anemometer (R3, Gill instruments) localized at the top
of themast allowed to characterize the turbulence. Friction velocitywas
measured thanks to the Eddy-covariance technique.Mixing layer height
measurements were performed using a ceilometer (VAISALA CL31).

The mobile laboratory truck from EPOC was deployed and located
between two ranks of trees. The measurement height was adjusted at
6 m above ground level (a. g. l.), below the forest canopy. The gaseous
sampling was performed through a 5-m long Teflon tubing (4.5 mm
inner diameter). Ozone and nitrogen oxides (NOx = NO + NO2) were

http://www.icos-cp.eu/observations/ecosystem/stations
http://www.icos-cp.eu/observations/ecosystem/stations
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monitored through a UV absorption analyzer (APOA 370, HORIBA,
detection limit (DL) = 0.5 ppb) and a chemiluminescence analyzer
(APNA 370, HORIBA, DL = 0.5 ppb), respectively. Both monitors were
calibrated before the campaign, and instrument background checks
were frequently performed using activated charcoal air filters. Note
that a Cavity Attenuated Phase Shift (CAPS) technique was deployed
by the LISA partner to provide an extremely sensitive, fast and accurate
NO2 concentration measurement but, unfortunately, it did not work
properly during the campaign.

Themobile laboratory from IMT Lille Douai (IMTLD)was deployed on
the same rank of trees. Two gas chromatographic instruments (GC)were
used, one to monitor 20 C5-C15 BVOCs (called GC-BVOC1, Mermet et al.,
2019), including isoprene,α- andβ-pinene, carenes,α- andγ-terpinene,
linalool, camphene, etc., at 6 m height a.g.l. and the second one to mon-
itor 65 C2-C14 non-methane hydrocarbons (NMHC), including alkanes,
alkenes, alkynes and aromatics (see the full list in Table S1 – 1) at
12.5 m height a.g.l. (called GC-NMHC). Both GC were run at a time reso-
lution of 90 min. GC-BVOC1 consisted of an online thermodesorber sys-
tem (Markes Unity 1) coupled to a GC system (6890 N, Agilent) and a
flame ionization detector (FID). Ambient air was sampled at a flow rate
of 20 mL/min for 60 min through a trap filled with Carbotrap B held at
20 °C by a Peltier-cooler system. The sample was thermodesorbed at
325 °C and injected into a BPX5 column (60 m × 0.25 mm × 1 μm)
using helium as carrier gas. For further details, refer to Mermet et al.
(2019). The sampling was done through a 10 m long sulfinert heated
(55 °C) tube (1/4″) continuously flushed at 1 L/min with an external
pump. The sampling line was equipped with an ozone scrubber (Copper
tube impregnated with KI) and a particle filter. A certified standard con-
taining a mixture of 33 VOCs (Table S1-2) at a concentration level of
4 ppb (NPL Teddington UK, 2014) was used for calibration at the begin-
ning, middle and end of the campaign. GC-NMHC was an online GC sys-
tem with two columns and two FID detectors. This instrument has been
previously described in detail elsewhere (Badol et al., 2004). Ambient
air was sampled through a 13-m long sulfinert heated (55 °C) tube
(1/4″), equipped of an ozone scrubber (copper tube impregnated
of KI) and a particle filter, at a flow rate of 2 L/min using an external
pump. The instrument sampled from this line at a flow rate of 15mL/
min. The air sample was first dried using a Nafion membrane and
subsequently passed through a sorbent trap containing Carbotrap
B and Carbosieve S III at −30 °C (Peltier cooling system) for
40 min. The sample was thermodesorbed at 300 °C and introduced
into the GC system. A switch was used to feed the two capillary col-
umns, the first column being designed for C6-C14 compound separa-
tion (CP-Sil 5 CB, 50 m × 0.25 mm × 1 μm) and the second for C2-C5

compound separation (plot Al2O3/Na2SO4, 50 m × 0.32 mm × 5 μm).
Helium was used as carrier gas. A certified standard containing a
mixture of 30 VOCs at a concentration level of 4 ppb (NPL,
Teddington, UK, 2016) was used for calibration at the beginning,
middle and end of the campaign.

A third mobile facility, located between two other ranks of trees
(next to the other facilities), was housing a proton transfer reaction-
mass spectrometer (PTR-MS) and a GC system (GC-BVOC2) to charac-
terize VOCs. The PTR-MS set-up was recently described by Bsaibes
et al. (2020). Briefly, the PTR-MS (PTR-QiToF-MS, Ionicon) and the
ozone analyzer were connected to a high flow rate sampling system
allowing sequential measurements at 4 different levels (L1 = 12 m,
L2 = 10 m, L3 = 8 m, L4 = 6 m) with a cycling time of 30 min (6 min
at each level and 6 min of zero air). This system was composed of four
identical heated (55 °C) sampling lines (PFA, 1/4” OD) of 15 m, Teflon
solenoids valves and an external pump. The lines were constantly
flushed at 10 L/min. Teflon (PFA) particle filters were added at the
inlet. The PTR-MS sampled air from the high flow rate system through
a 1.5-m long heated (60 °C) inlet (PEEK, 1/16” OD) at a flow rate of
300 mL/min. The drift tube was operated at a pressure of 3.8 mbar, a
temperature of 70 °C and a E/N ratio of 131 Td. Calibrations of ion trans-
mission were performed every 3 days using the Gas Calibration Unit
3

(GCU, Ionicon) and a certified gasmixture provided by Ionicon (15 com-
pounds at approximately 1 ppm, including methanol, acetaldehyde,
acetone, aromatic compounds, chlorobenzenes, etc.). Measurements of
methacrolein +methylvinylketone + ISOPOOH (isoprene hydroxyl hy-
droperoxides) fragment, the sumofmonoterpenes, the sumof sesquiter-
penes, nopinone and pinonaldehyde from levels 1 and 4, corresponding
to the levelswhere the GCmeasurementswere performed, are discussed
in this work. No correction was applied to account for the fragmentation
of sesquiterpene, nopinone and pinonaldehyde in the drift tube. A sec-
ond UV absorption analyzer (O342e, Environnement SA) was also de-
ployed to measure ozone and was connected to the high flow rate
sampling system of the PTR-MS.

A speciation of C6-C12 VOCs has been performed using a GC-FID
(airmoVOC C6-C12, Chromatotec) at the 12-m height a.g.l. with a time
resolution of 30 min. The ambient air was sampled through a sorbent
trap containing Carbopack C at room temperature and a flow rate of
60 mL/min for 10 min. The sample was thermodesorbed at 380 °C and
injected into a MXTE30CE column (30 m × 0.28 mm × 1 μm), with
dihydrogen as carrier gas. Further details can be found elsewhere
(Gros et al., 2011). The sampling was performed using a 13 m long
sulfinert heated line (55 °C, 1/8″) connected to an external pump for
continuous flushing. An ozone scrubber (Copper tube impregnated
with KI) and a particle filter were added to the inlet. A certified standard
mixture containing 16 VOCs (including 8 terpenes) at a concentration
level of 2 ppb (NPL, Teddington UK, 2014) was used for calibration at
the beginning, middle and end of the campaign. For all GCs, a mean re-
sponse factor was used for each VOC for the whole campaign as the re-
producibility between the 3 calibrationswas better than 5% for all VOCs.
Note that other laboratory facilities specifically related to this work
were deployed during the campaign, particularly to measure atmo-
spheric oxidants such as NO3 (IBBCEAS technique from the LISA labora-
tory – University Paris-Est Creteil) and OH (FAGE technique from the
PC2A laboratory- University of Lille (Amedro et al., 2012)). Because of
technical problems (FAGE) and radical measurements being below the
detection limit (IBBCEAS), the choice was made not to present the par-
tial evolution of this data in this work. However, the methodology
allowing to access to concentration proxies of these species is proposed
in Section 3.4.

2.3. Calculation of oxidant consumption rates

The total reactivity of VOCs (Rx) with an atmospheric oxidant x (i.e.
OH, NO3 or O3)was calculated by combining their respective concentra-
tions [VOCi] with the corresponding reaction rate constants (ki,x):

Rx ¼
X

VOCi½ �ki;x ð1Þ

An analysis based on Eq. (1) allows assessing the contribution of the
different VOCs (or class of VOCs) to the total loss rate of either OH, NO3

or O3. A list of reaction rate constants used in thiswork is available in the
Supplementary Information section (Table S1).

For “unknown”monoterpenes (MTs), i.e. not identified ormeasured
by GC, their concentration was evaluated as the difference between the
sum of monoterpenes measured by chromatography (GC-BVOCs) and
by PTR-MS. For “unknown” sesquiterpenes (SQTs), their concentration
was determined as the difference between theβ-caryophyllene concen-
tration measured by GC-BVOCs and the sum of SQTs measured by PTR-
MS.

For unknown SQTs and MTs, the reaction rate constants were taken
as themedians of the reported rate constants (at room temperature) for
SQT or MT (listed in Table S1): For MT: kOH = 1.17 × 10−10 cm3

molecule−1 s−1, kO3 = 1.50 × 10−16 cm3 molecule−1 s−1, kNO3 =
1.10 × 10−11 cm3 molecule−1 s−1; for SQT: kOH = 2.00 × 10−10 cm3

molecule−1 s−1, kO3 = 3.55 × 10−16 cm3 molecule−1 s−1, kNO3 =
8.20 × 10−12 cm3 molecule−1 s−1).
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The total OH reactivity measured during the intensive LANDEX field
campaign has already been reported by Bsaibes et al. (2020) and com-
pared with a calculated OH reactivity, using a weighted rate constants
for all monoterpenes, to estimate its missing part. BVOCs, i.e. isoprene
and (non‑oxygenated and oxygenated) monoterpenes, were found to
be the main contributors to the calculated total OH loss rate, with aver-
age contributions of 18% and 75%, respectively. Here, the approach is dif-
ferent: the aimwas to identify the individual contribution of each BVOC
to the total BVOC reactivity and the main losses for each BVOC. In the
case of ozone, the total reactivity was calculated considering only reac-
tionswith BVOCs andwithNO. Reactionswith other VOCswere not pre-
sented here as their total contribution represented less than 1% of the
calculated total ozone reactivity. The same approach was used for the
total nitrate radical reactivity.

NO concentrations were mostly below the limit of detection of
0.5 ppbv. It is assumed that air masses above were decoupled from air
masses inside the canopy. So, an upper limit could be calculated consid-
ering that ozone depletion rate during night was caused only by oxida-
tion reactions with unsaturated BVOCs and with NO (Eq. (2)). The
highest value obtained (140 ppt) was used when NO concentration
measured were below the limit of detection.

NO½ � ¼ 1
kNOþO3 � O3½ �

d O3½ �
dt max

− O3½ �τO3 without NO

� �
; ð2Þ

whered½O3 �
dt max is themaximumdepletion rate obtained for a dt of 90min,

and τO3 without NO is O3 lifetime without NO.
The lifetime of ozone was calculated considering oxidation reaction

with unsaturated BVOCs:

τO3 without NO
� �−1 ¼

X
kO3þMTi

MTi½ � þ kO3þisop: isop:½ �
þ kO3þβ−caryo: β−caryophyllene½ �
þ kO3þ}unknown}SQT }Unknown}SQT½ � ð3Þ

2.4. Calculation of the oxidant contribution to the consumption rates of
BVOCs

The contribution of each atmospheric oxidant (fOx) to the total reac-
tivity of a specific VOC was calculated as:

f Ox ¼
kOxi Oxi½ �X

Oxi

kOxi Oxi½ � ; ð4Þ

where [Ox] is the concentration of an oxidant, either OH, NO3 or O3, and
kOx the rate constant of the reaction between this oxidant and the
targeted VOC.

Due to technical problemswith the FAGE instrument along the cam-
paign with only short measurement periods, the OH radical concentra-
tion was estimated considering (i) a stationary value during the night,
evaluated at 1 × 105 molecule cm−3, and (ii) a proxy of the concentra-
tion during the day accounting for the change in solar radiation. The
model was defined as follows:

OH½ �t ¼ 1� 105 þ Glob:Radt � Ka;t

943:54
� OH½ �max−1� 105
h i

; ð5Þ

where: 1 × 105 molecule cm−3 is a concentration regularly observed
during the night in forested environments (Berresheim et al., 2000;
Birmili et al., 2003; Petäjä et al., 2009; Griffith et al., 2013; Hens et al.,
2014); Glob.Radt (W m−2) is the solar radiation intensity measured at
time t above the canopy; 943.54 W.m−2 is the maximum of the radia-
tion intensity obtained for clear sky conditions during the campaign
above the canopy; Ka,t is a canopy time-dependent transmission coeffi-
cient to calculate [OH] below the canopy. It has been calculated consid-
ering the campaign mean diurnal ratio between the solar radiation
intensity measurements above and below the canopy at a resolution
4

time of 30min and averaged over 90min to correspond to the sampling
time of GC-FID instruments. Two [OH]max values were used to define
upper and lower limits of ambient OH. From Bsaibes et al. (2020), the
OH concentration was equal to 4.2 × 106 molecule cm−3 on average
during daytime, with a maximum of 4.3 × 107 molecule cm−3, and
around 1.5 × 106 molecule cm−3 on average during nighttime (for the
13th to 19th July period). However, they reported a potential artifact
on OH radical measurements, leading to a possible overestimation of
OH radical concentrations. Therefore, for the upper limit, [OH]max was
selected to be equal to 6 × 106 molecules cm−3 as measured by
Birmili et al. (2003), while for the lower limit [OH]max was set at
3 × 106 molecules cm−3, as reported by Hens et al. (2014).

Nitrate radical measurements were systematically lower than the
detection limit of the IBBCEAS instrument during the campaign
(3–5 ppt for a time resolution of 1 min) which was sampling at 4.5 m
a.g.l. Therefore, the nitrate concentrations under the canopywere calcu-
lated assuming steady state between its production rate fromO3+NO2

reaction and its destruction rate from photolysis and its reactions with
BVOCs as described by Peräkylä et al. (2014):

NO3½ �steady−state ¼ FNO3τNO3 ; ð6Þ

where FNO3is the production rate of NO3 (in molecule cm−3 s−1) and
τNO3 its lifetime (in s). The NO3 production rate was calculated from
the following equation:

FNO3 ¼ kO3þNO2 O3½ � NO2½ �; ð7Þ

The temperature - dependent expression was used to calculate the
reaction rate constant kO3+NO2 = 1.4 × 10−13 exp.(−2470/T) cm3

molecule−1 s−1 (Vrekoussis et al., 2004) with T in Kelvin. An upper
limit of the NO3 lifetime was calculated considering photolysis pro-
cesses and its main reactions, according to:

τNO3

� �−1 ¼ J NOþ O2ð Þ þ J NO2 þ Oð Þ þ
X

kNO3þMTi
MTi½ �� �

þ kNO3þNO NO½ � þ kNO3þisop: isoprene½ �
þ kNO3þβ−caryophyllene β−caryophyllene½ �
þ kNO3þSQTUn:

SQTUn:½ � ð8Þ

A fast CCD spectroradiometer, running at a time resolution of 10 s,
measured J(NO3) only between the 12th to the 19th July. Therefore, lin-
ear models were used to obtain J(NO3) for the whole campaign. The
global irradiance measured on site was found to be a good proxy to
model the photolysis rates according to:

J NOþ O2ð Þ ¼ 1:6� 10−4 � Glob:Radi; ð9Þ

and

J NO2 þ Oð Þ ¼ 2:0� 10−5 � Glob:Radi; ð10Þ

These linear models were compared to the measurements from the
spectroradiometer. The differences between calculated (Eqs. (9) and
(10)) and measured J(NO3) values were lower than 30% between
9:30 am and 6:00 pm UTC.

Note that these calculations do not take into account the equilibrium
with N2O5 and especially heterogeneous reaction of N2O5 which have a
major impact on the NO3 radical budget especially under high RH.

Above the canopy, Eq. (8) was used to calculate NO3 concentration,
with MT concentrations measured by GC-BVOC2 and sesquiterpenes
and unknown monoterpene concentrations obtained by PTR-MS at
12m a.g.l. The reaction rate constants used for all identified compounds
are reported in Table S2. For unknown monoterpenes and sesquiter-
penes, the same reaction rate constants as detailed in Section 2.3 were
used.

As specified above, the reaction rate constants and the concentra-
tions used in Eq. (8) were detailed for each BVOC (Table S2) and



K. Mermet, E. Perraudin, S. Dusanter et al. Science of the Total Environment 756 (2021) 144129
measured in the forest canopy by the different GC-BVOCs. Above the
canopy, monoterpene and sesquiterpene concentrations were mea-
sured by PTR-MS. The reaction rate constant used for monoterpenes
was the mean of all monoterpene reaction rate constants weighted by
the individual concentration ratio of each compound to the total mono-
terpenes measured by the GC-BVOC2. For sesquiterpenes, the reaction
rate constant used in the calculations was the same as that evaluated
for unknown sesquiterpenes. Finally, isoprene concentration was pro-
vided by the GC-NMHC.

A full sensitivity test was performed with each terms of the calcula-
tion formula of NO3 concentrations, applying a complete error propaga-
tion study, according to Taylor and Kuyatt (1994) (NIST Technical Note
1297 - Guidelines for evaluating and expressing the uncertainty of NIST
measurement results):

u2 yð Þ ¼
Xn
i¼1

∂ f
∂xi

� �2
� u2 xið Þ þ 2

Xn−1

i¼1

Xn
j¼iþ1

∂ f
∂xi

∂ f
∂xj

u xið Þ u xið Þr xi; xj
� � ð11Þ

where u represents the global uncertainty of themeasured variable un-
der consideration, f the function used to calculate the target term, xi and
xj two variables and r the correlation coefficient between these two var-
iables xi and xj.

The considered variables were O3, NO2, NO and all VOC concentra-
tions, and J and k constants. Varying concentrations of O3 by 3% (2
ozone analyzers on site and ozone measurements by ICOS), of NO2 by
60%, of NO by 200% (because very close to the DL), of BVOCs from 5%
(for α-pinene) to 100% (for 2-carene) with 70% for β-caryophyllene
for instance, J(NO3) by 60% and all second order rate constants of
(BVOC + NO3) reactions by 25% leads to an overall uncertainty of
110% on NO3 global concentrations.
Fig. 1. Time series of meteorological parameters, NOx, main atmospheric oxidant concentratio
with the associated uncertainties (k=2, envelopes)) at 6m a.g.l. (under the canopy) during the
MLH: Mixing Layer Height.
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Considering all uncertainties related to the calculation of NO3 con-
centration profile, despite the appropriated approach used, NO3 values
were systematicallymultiplied and divided by 2 in the analysis to assess
a reasonable uncertainty on the importance of NO3 reactions to the total
BVOC loss in the forest.

2.5. Calculation of the VOC loss rate

The consumption rate of a specific VOC (LRVOC) was calculated ac-
cording to Eq. (11):

LRVOC ¼ VOC½ � kOH OH½ � þ kO3 O3½ � þ kNO3 NO3½ �� �
; ð12Þ

where kOH, kNO3 and kO3 are the rate constants (in cm3molecule−1 s−1)
for the reactions of the targeted VOCwith OH, NO3 and O3, respectively.

The amount of BVOC consumed during the whole field campaign
was calculated as the sumof each half-hourly calculated LRVOC (all mea-
sured BVOCs) multiplied by the time resolution of the VOC measure-
ments used in Eq. (11) (i.e. 5400 s at the 6-m height and 1800 s at 12-
m height). These calculations were performed for the period from the
30th of June at 19:30 UTC to the 13th of July at 10:00 UTC.

3. Results and discussion

3.1. Evolution of physico-chemical parameters and gaseous phase
composition

During the intensive field campaign, the meteorological conditions
were most of the time significantly different from those reported for
the last 10 years in this region in summer (Fig. 1). Large cloudy passages
ns (calculated OH, high and low concentration scenarios, measured O3 and calculated NO3

LANDEX Episode 1 campaign. I: Irradiance;WS:wind speed at 6m, RH: relative humidity.
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or regular rainfall events occurred between June 28th and July 3rd
and also in the July 8th to July 13th 2017 period. These two
precipitation periods were associated with low solar radiation
(< 750 W m−2), mild summer temperatures (< 25 °C), high relative
humidity (> 75%) and moderate winds. These periods, not
favourable to atmospheric photooxidation, were therefore defined
in this work as “low oxidation” periods. On the other hand, two epi-
sodes of sunny conditions were observed during the campaign, i.e.
from July the 4th to the 7th then from the 14th to the 18th. These
periods were characterized by elevated temperatures with daily
maxima above 25 °C, relative humidity below 50% (during the day),
low wind speeds (< 3 m s−1) and no precipitation. These periods,
favourable to plant emissions and strong oxidant formation, were
defined below as periods of “strong oxidation”.

As detailed above,monoterpenesweremonitoredusing 3 different in-
struments, i.e. 2 GC instruments and one PTR-MS, at two different heights
(6m (Fig. 2) and 12m (Fig. S2)). The PTR-MSmeasured the total concen-
tration of allmonoterpenes atm/z values of 137 (i.e. theirmain fragment)
and 81 (their secondmost important fragment), with the exception of p-
cymene atm/z 135. As it can be seen on Figs. 2 and S3, the concentrations
of monoterpenes determined by GC and PTR-MS were in good agree-
ment. At the 6-m height, the 12 non‑oxygenated monoterpenes (α-pi-
nene, β-pinene, myrcene, Δ3-carene, sabinene, terpinolene, camphene,
limonene, ocimene, γ-terpinene, 2-carene and α-phellandrene) mea-
sured by GC accounted for 80% of the total monoterpene concentration
measured by PTR-MS. At the 12-m height, only 6 monoterpenes (α-pi-
nene, β-pinene, myrcene, Δ3-carene and limonene + cis-ocimene)
were measured, contributing to 63% of the PTR-MS measurements.

To simplify the presentation of the results, the termmonoterpenes (or
MTs) will correspond to monoterpene measurements by PTR-MS, which
does not include oxygenated monoterpenes. Monoterpenes (with mean
concentrations of (3.91±4.71) ppb)were themost abundant terpenoids
Fig. 2. Time series of BVOC concentrations with their associated uncertainties (k = 2, envelo
Compounds measured by the GC-BVOC1.
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observed on site withmaximal concentrations observed during the night,
i.e. between 22:00 and 4:00 UTC at both heights (Figs. 2 and S2). β- and
α-pinene were the most abundant monoterpenes measured (presenting
mean concentrations of (1.17±1.69) ppb and (1.15±1.47) ppb, respec-
tively) at Bilos site, their sum representing around half of the total mono-
terpene concentration at both heights.

Emissions of β- (1.7 ppb mean concentration) and α-pinene
(1.3 ppb), Δ3-carene (0.6 ppb), limonene+1,8-cineole (1.1 ppb)
and camphene (0.3 ppb) were previously reported by Simon et al.
(1994) in 1992 in the Landes forest, for 13 m height pine trees.
Very recently, Kammer et al. (2020) measured at Bilos monoterpene
mixing ratios frequently reaching about 15 ppb in 2015, whereas
they were always lower than 10 ppb in 2014. Finally, Li et al.
(2020b) measured at the same site but in 2018, mean values for
monoterpene mixing ratio of 6 ppb, with maxima up to 41.2 ppb,
due to very favourable (high ambient temperatures and very
sunny) meteorological conditions.

Diurnal variation of monoterpene concentrations was mostly
dependent on the vertical atmospheric turbulence, the inverse of the
friction velocity u* (1/u* in s m−1) being used here to represent atmo-
spheric stability. A strong vertical concentration gradient was observed
more particularly during nighttimewhen 1/u* was above 5 s m−1 (cor-
responding to the nights of the 4th to the 7th of July included and the
nights of the 9th to the 17th of July), the concentrations being lower
above the canopy due to a stratification of the vertical mixing layer.
This stratification was confirmed by the mixing layer height measure-
ments (Fig. 1).Monoterpene concentrationmaximawere also partly ex-
plained by the temperature of the day before the night, in accordance
with a temperature-dependent emission, as already reported for mono-
terpenes in the literature (Laothawornkitkul et al., 2009; Niinemets
et al., 2010). Similar diurnal variationswere observed formonoterpenes
in a Scots pine forest (Petersson, 1988), in a boreal forest (Hellén et al.,
pes) measured at 6 m a.g.l. (under the canopy) during the LANDEX Ep.1 field campaign.
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2018), in the Blodgett Forest in California (Bouvier-Brown et al., 2009),
in a ponderosa pine forest (Kaser et al., 2013) or in a deciduous
evergreen forest (Kaiser et al., 2016), and in the Amazonian forest
(Yáñez-Serrano et al., 2018). Monoterpene concentrations reported by
Petersson (1988)were comparable to thosemeasured in the Landes for-
est, reaching up to (11–19) ppb at maximum. For the other sites, they
were lower in average: 0.7 ppbv, Hellén et al., 2018; 1.5 ppb (Bouvier-
Brown et al., 2009), (1.03 ± 0.09) ppb (Kaser et al., 2013), around
1 ppb (Kaiser et al., 2016) and around 0.7 ppb at 12 m and 0.6 ppb at
24 m (Yáñez-Serrano et al., 2018).

Calculated OH concentrations within the canopy over the campaign
are presented in Fig. 1. Daily maxima ranged from 1 × 106 to 2.2 × 106

molecules cm−3 and from 5 × 105 to 1.2 × 106 molecules cm−3 and
daily averages were equal to 8 × 105 and 4.4 × 105 molecules cm−3,
for the upper and lower limits respectively.

NOx concentrationswere low during the campaign (i.e. (1.1± 1 0.1)
ppb on average), well-corresponding to low- or non-anthropized site.
NO concentrations were mostly under the detection limit (0.5 ppb),
while NO2 concentrations values were about (0.82 ± 0.62) ppb. As
NOX were monitored using a chemiluminescence analyzer (with a mo-
lybdenum converter), being subject to positive interferences (e.g.
Villena et al., 2012), when converting potentially PAN, HONO, HNO3,
etc. to NO, NO2 concentrations were possibly overestimated. This over-
estimation of NO2would lead through its reactionwith ozone to overes-
timate NO3 concentration profiles. In order to largely account for
uncertainties due to this potential overestimation of NO2, NO3 concen-
tration profiles were modeled bymultiplying and dividing NO2 concen-
trations values by a factor of 2, leading proportionally to the same
variation (i.e. a factor of 2) in the corresponding profiles. Note that the
high concentration of NO2 observed between July the 6th and 7th
were related to a close harvesting episode in a field next to the site com-
bined with easterly winds.
7

Calculated NO3 concentrations within the canopy for the whole
campaign are proposed in Fig. 1. Daily maxima ranged from nearly
null to 0.10 ppt with an average daily maxima of 0.03 ppt, which is
consistent with the observation that these concentrations were
below the limit of detection of the IBBCEAS instrument along the
campaign.

Surprisingly, daily maxima of NO3 were observed during daytime.
Considering this unusual observation, it was decided to validate - a
posteriori - the NO3 concentration calculation methodology used in
the present study, by applying it to other datasets from previous cam-
paigns carried out in a similar environment. Our choice focused on a bo-
real forested site, at the SMEAR II station, Hyytiälä, southern Finland,
with one dataset from the HUMMPA-COPEC-10 campaign, performed
in summer 2010 (Yassaa et al., 2012; Hens et al., 2014; Mogensen
et al., 2015) and one gathering some ambientmeasurementsmonitored
in summer 2019 (Li et al., 2020a)). In both cases, NO3 concentrations
were found to be maximum at nighttime, as usually observed.

Many reasons may explain the unexpected daytime maximum NO3

concentrations observed during the LANDEX episode 1 campaign.
Firstly, ozone concentrations often decreased to nearly zero at night
during the campaign. Secondly, monoterpenes presented their highest
concentrations during the night, justifying the low NO3 profile due to
their high reactivity with nitrate radicals. This observation could also
be explained by the significant increase of relative humidity at night
which is favourable to N2O5 hydrolysis and by the lower photolysis of
NO3 and the weak formation of NO (lowering the (NO3 + NO) reaction
loss) during the day in the forest cover. This is to be brought closely to
model studies which suggested that during the day, in low luminosity
conditions under the canopy, NO3 oxidation may be an important sink
for monoterpenes (which implies non-negligible production of NO3

radicals) (Forkel et al., 2006; Fuentes et al., 2007). Finally, during the
day, Liebmann et al. (2019) also recently observed more than 20% of



K. Mermet, E. Perraudin, S. Dusanter et al. Science of the Total Environment 756 (2021) 144129
production of alkylnitrates from NO3-initiated oxidation of BVOCs, cor-
roborating the potential importance of daytime NO3 concentrations
under the canopy. In addition, note that Li et al. (2020b) also ob-
served the formation of somemonoterpene-derived organic nitrates
(C10H15NO7 for instance) during the CERVOLAND campaign at
Bilos during daytime but did not succeed to evaluate the main pro-
cesses governing such a formation. All these detailed and indepen-
dent arguments strongly support the estimation of this unusual
NO3 concentration profile proposed in this study.

The evolution of monoterpene concentrations was comparable to
previous measurements conducted at the same site during the LANDEX
Episode 0 campaign in summer 2015 (Kammer et al., 2018). Sesquiter-
penes (SQTs) were measured at this site for the first time during this
study. Their concentrations followed the same diurnal pattern than
MTs, β-caryophyllene representing around 40% of the total SQT concen-
tration measured at m/z 205 by PTR-MS. Sesquiterpene concentrations
were in the range (121 ± 85) ppt on average during the campaign.
These values are much higher than at similar sites as in boreal forest
(28 ppt) (Hellén et al., 2018) or for the conifer Blodgett Forest (44 ppt)
in California (Bouvier-Brown et al., 2009).

Diurnal variations of isoprene and linalool exhibitedmaxima (1.1 ppb
and 0.2 ppb on average, respectively) between 12:00 and 16:00 UTC.
This behaviour is explained by light-and temperature-dependent emis-
sions from plants as reported in the literature (Laothawornkitkul et al.,
2009; Niinemets et al., 2010). Isoprene concentrations were surprisingly
high for a maritime pine forest. Possible sources were associated to the
large presence of gorse (Ulex europaeus L.), known to be an efficient iso-
prene emitter (Boissard et al., 2001), but also may have been emitted by
other undergrowth plants (grass (Molinia caerulea (L.) Moench) and
heather (Calluna vulgaris (L.) Hull)). Linalool was also measured at this
site for the first time. Its presence could be due to biotic stress on some
of the maritime pines (Nagnan and Clement, 1990; Kleinhentz et al.,
Fig. 3. Average diurnal variations of (a) measured BVOC concentrations, (b) total OH reactivi
canopy) during the LANDEX Episode 1 field campaign in 2017. SQTs: sesquiterpenes; MTs: mo
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1999). Isoprene concentrations were comparable to those observed for
instance in ponderosa forest (1.9 ppbv in average in the afternoon)
(Beaver et al., 2012). Tropical forests as in Amazonia present higher iso-
prene concentration levels at 24 m height with values (in average) of
(19.9 ± 0.2) ppb but similar values as here at 12 m (1.1 ± 0.5 ppb). At
Borneo, high concentrations of isoprene were observed with values up
to 7 ppbv during the day (Edwards et al., 2013). In a boreal forest, iso-
prene concentrations were reported to be lower than in Bilos (i.e.
around 100 ppt during the summer 2012 and less during the 2014 and
2015 years) (Hellén et al., 2018).

Pinonaldehyde and nopinone ((77 ± 74) ppt and (108 ± 149) ppt
on average, respectively) are well-known oxidation products of α-
and β-pinene, respectively. These compounds presented similar con-
centration profiles, with maxima of concentrations delayed by approxi-
mately 90 min from those of their pinene precursors, whatever the
observation height. Their concentrations were larger during the “strong
oxidation” periods, demonstrating the importance of reactive processes
in this forest. Methylvinylketone and methacrolein (MVK + MACR)
concentrations ((220 ± 375) ppt on average) also presented similar
evolution as their precursor (i.e. isoprene) but in contrast to oxidation
products from monoterpenes, no time delay was observed, likely due
to the fast reactivity of isoprene with OH. This is supported by a higher
ratio (MVK + MKA)/isoprene during the high oxidation periods.

3.2. On-site reactivity of BVOCs with the main atmospheric oxidants

As described in Sections 2.3 and 2.4, the role of BVOCs on the photo-
chemistry occurring in the atmosphere of this forestwas investigated by
calculating the total reactivity considering their measured concentra-
tions and the reaction rate constants with each of the three oxidants
OH, O3 and NO3 (Eq. (1)). As seen in Fig. 3a and b, the average diurnal
variability of BVOCs and total OH reactivity present similar distributions.
ty, (c) total O3 reactivity and (d) total NO3 reactivity with BVOCs at 6 m a.g.l. (under the
noterpenes. The data shown is based on a campaign average.



Fig. 4. Average diurnal variations of (a) measuredMT concentrations, (b) total OH reactivity, (c) total O3 reactivity and (d) total NO3 reactivity, with monoterpenes at 6m a.g.l (under the
canopy) during the LANDEX Episode 1 field campaign in 2017. MTs: monoterpenes. The data shown is based on a campaign average.
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Indeed, the highest reactivity of OH occurs during nighttime when the
highest concentrations of BVOCs are observed (small range of BVOC re-
action rate constants withOH). Such evolutions are consistentwith pre-
vious observations reported by Carslaw et al. (2001), Hakola et al.
(2012), Hellén et al. (2018) and Yáñez-Serrano et al. (2018) in forested
environments.

At Bilos, monoterpenes accounted for up to 90% of the OH reactivity
due to BVOCs at night and at least 60% during daytime. Isoprene and lin-
alool also contributed significantly during daytime,with respective con-
tributions of 20% and 10%. β-caryophyllene and other “unknown”
sesquiterpenes contributed 2 times more to the total OH reactivity
than to the total BVOC concentration. But their contribution to OH reac-
tivity was still at least 12 times smaller than that of monoterpenes.
Hakola et al. (2012) andmore recently Hellén et al. (2018) have also ob-
served that sesquiterpenes were impacting relatively largely the reac-
tivity despite their low concentration in boreal forests.

α- and β-pinene, limonene and Δ3-carene were found to contribute
more to the total monoterpene concentration aswell as the total OH re-
activity during the night than during daytime, inversely to unknown
MTs, myrcene, sabinene, camphene, γ-terpinene and α-phellandrene
(Fig. 4a and b). For the other monoterpenes, no significant diurnal var-
iation of their contributions was observed. “Unknown” MTs accounted
for 15–35% of the calculated total OH reactivity for MTs (Fig. 4). Their
contribution could reach up to 61% by considering they are highly reac-
tive monoterpenes such as α-terpinene or α-phellandrene. Contribu-
tions of α- and β-pinene to the total monoterpene concentration were
respectively higher by a factor of 2 and1.5 than to the total OH reactivity
induced bymonoterpenes only (Figs. 3 and 4). Thismay be explained by
their relatively low rate constants with OH compare to other MTs. In
9

contrast, the contributions of myrcene, camphene, limonene, α-
phellandrene, terpinolene and γ-terpinene were 2–3 times higher
than expected regarding their concentrations due to their higher rate
constant with OH.

As previously observed for OH, the ozone reactivity due to BVOCs
was larger (here around 2 times) during nighttime (see Fig. 3). Note
that the reaction of O3 with NO accounted for 60–90% of the total
ozone loss rate due to a high rate constant for this reaction (k =
1.9 × 10−14 cm3 molecule−1 s−1 at 298 K). Sesquiterpenes and mono-
terpenes contributed equally to the BVOC ozone reactivity, even if the
concentrations of MTs were up to 30 times larger than those of SQTs
(Fig. 3c and a). This is due to the large reactivity of ozone with β-
caryophyllene, representing 90% of total sesquiterpene reactivity. If we
considered that unknown sesquiterpenes are composed of highly reac-
tive sesquiterpenes such as α-humulene or β-caryophyllene, unknown
SQTwill contribute to 50%of the total sesquiterpene reactivity andhigh-
light the role of SQTs on local ozonedepletion. Linalool, which is emitted
during daytime, accounted for 10% of the total ozone reactivity from
BVOCs (Fig. 3).

The analysis of different MT contribution to the reactivity (Fig. 4)
shows that six monoterpenes contributed for 60%–75% to the ozone re-
activity: α-pinene, β-pinene, myrcene, limonene, terpinolene and α-
phellandrene. α-pinene, β-pinene, myrcene and limonene were four
of the sixmost abundantmonoterpenesmeasured in this forest. For sig-
nificantly less abundant MTs like terpinolene and α-phellandrene, high
rate constant with ozone (respectively k = 1.6 × 10−15 cm3

molecule−1 s−1 and k = 2.9 × 10−15 cm3 molecule−1 s−1 at 298 K)
leads to high relative reactivity. The α- and β-pinene contributions to
the MT ozone reactivity were respectively a factor of 2 and 5 lower
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than their contribution to the total MT concentration. In contrast,
myrcene, terpinolene and α-phellandrene contributed respectively 3,
12 and 17 times more to the MT ozone reactivity than to the total MT
concentration. The “unknown” fraction of MTs contributed to 20–30%
of this total ozone reactivity (Fig. 4c), with a higher contribution during
daytime. However, this estimation depends on the assigned rate con-
stant value. For instance, if “unknown”MTwould have been considered
as reactive as α-terpinene they would have contributed up to 88% of
monoterpenes reactivity.

Similar observations were recently reported by Hellén et al. (2018)
and Yáñez-Serrano et al. (2018) for highly reactive monoterpenes such
as α-terpinene. This compound was measured during the LANDEX Epi-
sode 1 field campaign but with a signal to noise ratio too low to be con-
sidered in this analysis. If considered, α-terpinene would contribute to
40% of the total MT ozone reactivity and to 6% of the total ozone reactiv-
ity (including all BVOCs andNO),which is equivalent to the contribution
of β-caryophyllene.

The total nitrate reactivity with BVOCs was mainly due to mono-
terpenes (80–95%) (Fig. 3d). “Unknown” MTs were among the main
contributors to nitrate reactivity (25–40%). This contribution could
reach 90% if we considered they were highly reactive monoterpenes
such as α-terpinene. As for OH, the five most abundant MTs (Fig. 4d)
were α-pinene, β-pinene, myrcene, limonene, Δ3-carene. Interest-
ingly, α-phellandrene which was one of the less abundant monoter-
penes in ambient air (< 1%) contributed to 3–8% of the total nitrate
reactivity due to monoterpenes.

The calculations discussed above stress the need to also focus on
less abundant compounds as they can have a significant impact on
the oxidative capacity of the atmosphere. Indeed pinenes and lim-
onene only are not sufficient to stand for monoterpene reactivity
Fig. 5.Averaged diurnal variations of the contribution of each atmospheric oxidant toα-pinene
canopy), considering an upper limit for OH concentrations (see text).
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when other compounds such as α-phellandrene, myrcene or
terpinolene are present.

3.3. BVOC consumption by atmospheric oxidants

The contribution of each oxidant (OH, O3 and NO3) to the total con-
sumption rate of specific BVOCs was calculated using Eq. (4). As de-
scribed in Section 2.4, two scenarios of OH estimations (upper and
lower limits) were evaluated. On Fig. 5 are reported diurnal variations
of the contributions of the three atmospheric oxidants to the total con-
sumption rate of α-pinene, β-pinene, β-caryophyllene, Δ3-carene and
citral chosen as representative of the 5 reactivity groups of species
(see below)within the forest cover for the upper limit of OH.More illus-
trations for each class of compounds and for both upper and lower OH
limits are provided in the supplement, Figs. S4-1, S4-2 and S4-3.

BVOCs can be divided into 5 groups based on the observed removal
patterns (contributions of oxidants) along the campaign. The first group
is composed of α-pinene, myrcene, linalool, limonene, terpinolene and
ocimene (Figs. S4-1 and 5). All these compounds mainly reacted with
ozone during both daytime and nighttime periods. The OH oxidation
pathway contributed to 45% and 20% of the total BVOC consumption
rate for the highest and lowest OH scenarios (including the related ef-
fects of the NO3 concentration uncertainties) respectively during day-
time. Their oxidation by nitrate radicals represented less than 10% of
each compound consumption (considering a reasonable factor ± 2 un-
certainty on NO3 calculated concentration values).

The second group is composed of β-pinene and isoprene. These two
compounds mainly reacted with OH during daytime (up to 85% under
high OH and 80% under low OH) but also exhibited a significant loss
due to their reaction with ozone (up to 15% under high OH and 35%
, β-pinene, β-caryophyllene,Δ3-carene and citral consumption rates at 6m a.g.l. (under the
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under low OH). During the night, the ozone contribution could reach up
to 35% for isoprene (Fig. S4-2) and up to 45% for β-pinene (Fig. 5), con-
sidering both OH concentrations scenarios. Similarly to the first group,
the contribution of the NO3 pathway to the total loss of these com-
pounds was lower than 10% in both OH conditions.

The third group is composed of β-caryophyllene andα-phellandrene.
These compounds almost exclusively reacted with ozone during both
daytime and nighttime for both OH scenarios and the contributions of
their reactions with OH and NO3 were always lower than 10% and 5% re-
spectively for both OH scenarios (Figs. 5 and S4-3).

The fourth group is composed of Δ3-carene, γ-terpinene and
sabinene. They mainly reacted diurnally with OH in both scenarios
(Figs. 5 and S4-2). During the night, their reactions with ozone could
equal or even overpass reaction with OH. Oxidation by nitrate repre-
sented 7–25% of the quoted monoterpene consumption.

The fifth and last group was composed of 1,8-cineole, citral, cam-
phene and p-cymene. These compounds mainly reacted with OHwhat-
ever the conditions, the contributions of ozone and nitrate radical
reactions being always lower than 10% (Figs. 5 and S4-3).

To get a better assessment of the influence of the nitrate radical,
BVOC total consumption was calculated including high OH / low NO3

and low OH / high NO3 concentration scenarios. This change is pre-
sented for five compounds considered to be the most influenced by a
variation of NO3 concentration (Fig. S4–4). Note that compounds of
the fourth group were the most sensitive to the nitrate concentration
and that the nitrate reactivity could sometimes be the second most im-
portant oxidative process leading to their consumption.

Similarly to the conclusion of the previous section, it can be
highlighted that modelling the MT reactivity in the atmosphere using
only β-pinene (group 2), α-pinene and limonene (group 1) as surro-
gates might not be enough in the presence of compounds from other
groups such as Δ3-carene, camphene and α-phellandrene presenting
Fig. 6. Diurnal variations of BVOC loss rates (LRVOC) frommonoterpenes, sesquiterpenes, isopr
LANDEX episode 1 campaign in 2017.
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different reactivity patterns with oxidants. Interestingly, this classifica-
tion could be used to choose one reference compound per group to
model the BVOC reactivity.

3.4. BVOC loss rate within and above the canopy

In order to evaluate the amount of BVOCs oxidized in the forest, in-
dividual loss rates (LRVOC) were calculated for isoprene, MTs, SQTs, cit-
ral, linalool and eucalyptol, as described in Section 2.5.

As seen in Figs. 6 and S5, daily average of LRVOC were around 1.5
faster for monoterpenes than for sesquiterpenes, for both low OH and
high OH conditions. The SQT andMT total loss rates were higher during
daytime, especially between 12:00 and 16:30 UTC, for both strong and
low oxidation periods (Figs. 6 and S6). It is worth noting that the loss
rates reported in Fig. 6 correspond to the product of both the oxidant re-
activity (expressed in s−1) and the oxidant concentration (expressed in
molecule cm−3).

Isoprene and linalool loss rates were lower than for MTs and SQTs
but were still significant during daytime (12 and 18% of the MT loss
rate on a 24-h average, respectively). This is related with isoprene and
linalool light- and temperature-dependent emissions. For monoter-
penes, loss rate due to OH and ozone were fairly similar during daytime
while ozone related loss rate is dominant during the night-time. The
contribution of the reaction with NO3 remained low (approximatively
5% of the total LR). For sesquiterpenes, the contribution of ozone reac-
tions was major compared to those with OH and NO3.

The total amount of BVOC oxidized by the three major oxidants has
been calculated for a period of 14 days (30th June to 13th July 2017) as
described in Section 2.5. Results are reported in Fig. 7 with separation of
nighttime and daytime contributions.

Following the approach developed in the recent paper by Edwards
et al. (2017) on the transitions from high- to low-NOx control of
ene and linalool for high OH conditions at 6 m a.g.l. (under the canopy) averaged over the



Fig. 7. Calculated concentrations (in ppb) of BVOC oxidized during the 30th June to 13th July 2017 period with the contribution of the threemain atmospheric oxidants, during nighttime
and daytime, for the high OH concentration scenario at 6 m a.g.l. (under the canopy). VOCs are classified from the most to the less abundant in ambient air (from left to right).
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nighttime oxidation, proposing that nighttime NOx to BVOC ratios may
help to characterize the dominant chemical processes in different envi-
ronments, themean value of [NOx]/[BVOCs]was determined during the
campaign to be equal to (0.27 ± 0.16) during nighttime, i.e. below 0.5,
reinforcing the fact that nighttime oxidation of BVOCs during LANDEX
Ep. 1 was NOx-limited and therefore ozone-dominant, as previously
demonstrated.

The reaction generating the largest consumption of BVOCs was that
of β-caryophyllene with O3, as also recently observed in a boreal forest
byHellén et al. (2018). Note that ifβ-caryophyllenewas observed as the
most emitted sesquiterpene, its emissionswere always very weak com-
pared to other BVOCs but, on the other hand, it reacts very fast with
ozone (around 100 times faster than α-pinene), leading to the fact
that its single ozonolysis was the most efficient process among all
other BVOC reactions. The sum of individual contribution of α-pinene,
β-pinene and limonene to the total loss of BVOCs, which are often used
to representmonoterpenes in reactivitymodels, appeared here relatively
low (around 30%). Myrcene, terpinolene and α-phellandrene reactions
with ozone contributed around 22% to the total loss of monoterpenes.
This is an important point to be considered regarding their SOA forma-
tion rate potentially higher than α-pinene, β-pinene and limonene,
which are yet so far the most studied compounds in chamber experi-
ments (Hallquist et al., 2009). Finally, the reaction of isoprene with OH
was the third biggest contributor to BVOC oxidation despite the quasi
monospecific composition of this forest, i.e. pine trees, characterized as
strong emitters of pinenes. All the BVOC reactions with nitrate did not
have a significant influence on the BVOC consumption: an increase of 2
times of its concentration leads to just an increase of 4% of the BVOC con-
sumed, to be compared when using both scenarios of OH leading to an
increase of 11%. Compounds themost influenced by the nitrate reactivity
(i.e. belonging to the fourth group presented in Section 3.3) are logically
the less reactive with ozone and OH, their influence being tiny on the
total BVOC lost. However, if varying the nitrate concentration had a
small influence on BVOC consumption in this work, it may still impact
the formation of nitrate secondary products as recently demonstrated
by Liebmann et al. (2019).

Relative global BVOC reactivities (including isoprene, MTs, SQTs and
OBVOCs) were estimated on a daily average basis from the Fig. 6. Values
obtained in this work (with O3: 3.6 × 10−4 s−1, OH: 13.3 s−1 and NO3:
12
3.5 s−1) for a pine tree forest were compared tomodeled andmeasured
reactivities reported in two previous studies at SMEAR II in southern
Finland. During the HUMPPA-COPEC-10 campaign in summer 2010,
Mogensen et al. (2015) reported relative reactivities values of
2 × 10−5 s−1, 3 s−1 and 0.07 s−1 with O3, OH and NO3 respectively,
i.e. a factor of 18, 4.5 and 50 lower than those estimated in this work.
More, in the second study, presenting similar ozone mean concentra-
tions, nitrate concentrations less than 0.2 ppt and maximal OH around
8 × 105 molecule cm−3 (Hellén et al., 2018), the mean reactivity of
BVOCs was also much slower, i.e. about 45 times with O3, around a fac-
tor 8 with OH and 22 times with NO3 than during the LANDEX Ep. 1
campaign. The main points supporting such high reactivity observed
at Bilos were the larger BVOC concentration values, due to the forest
specificity (mainly its density and monospecificity) and the meteoro-
logical conditions, but also to the larger speciation of BVOCs measured
in this work (more than 20), including some monoterpenes (like α-
phellandrene, γ-terpinene and terpinolene) presenting much faster re-
action kinetics with atmospheric oxidants than the averageMTs, even if
present at low concentrations.

In order to illustrate the influence of the vertical BVOC concentration
gradient (i.e. in the forest cover or above the canopy) on the BVOC loss
rates, 7 BVOCs (isoprene,α-pinene, β-pinene, myrcene, Δ3-carene, lim-
onene + cis-ocimene), measured at 6 m and 12 m a.g.l., were consid-
ered in Fig. 8.

Considering the different BVOC oxidation rates, the amount of BVOC
oxidizedwas similar or larger in the forest cover than above the canopy,
with the exception of isoprene (Fig. 8). While isoprene concentrations
were similar at both heights, OH concentrations at 12mwere evaluated
to be around 2 times higher than at 6 m where solar radiation is atten-
uated, explaining the difference for isoprene loss rate.

During daytime, monoterpene concentrations were around 30%
lower (see Figs. 2 and S2) above than below the canopy, likely due to
a larger dilution effect, to a smaller emission above and to the fact that
monoterpenes from below the canopy might not be a potential input
(as they already started to react). This increase in themonoterpene con-
centrations inside the cover led to higherMT loss rates. Such differences
were higher during the night, more especially in stable (i.e. for mean
1/u* ≥ 5 s m−1) and warm (for mean T ≥ 19 °C) atmospheric conditions
(Bsaibes et al., 2020). Hence, monoterpene oxidation products were



Fig. 8. Calculated concentrations (in ppb) of BVOC oxidized during all the campaign with
the contribution of the three main atmospheric oxidants, during nighttime and daytime,
above the canopy and under the forest cover, for the high OH concentration scenario.
VOCs are classified from the most to the less abundant in ambient air (from left to right).
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mainly formed within the cover, strengthening the observations re-
ported by Kammer et al. (2018), showing that SOA formation processes
mainly occurred below the canopy of the Landes forest. To corroborate
the further influence of themonoterpene and other BVOC reactive path-
ways on SOA formation, a recent study by Li et al. (2020b) performed at
the same site but in summer 2018measured an extensive list of gaseous
oxidation products, attempting the importance of oxidation processes
at Bilos.

4. Conclusion

In this work, a large dataset of VOCs (including pinenes, carenes,
terpinene, linalool, camphene, etc.) wasmeasured at Bilos in the Landes
forest to better assess the onsite reactivity of BVOCswith the threemain
oxidants (OH, O3 and NO3), in the cover and above the canopy. The ap-
proachwas based on intensive concentrationmeasurements and on cal-
culations of depletion rates for both BVOCs and oxidants. Note that NO3

was estimated to be unusually maximal during daytime.
Monoterpenes exhibited the highest concentrations, α-pinene and

β-pinene representing 48% of the total of MTs. If isoprene was the
third most abundant compound measured in the forest, highly reactive
species were also monitored, such as β-caryophyllene.

The impact of the different BVOCs on the local atmospheric chemis-
trywas evaluated.Monoterpenes dominated theOH and theNO3 radical
chemistry. During daytime, isoprene and linalool were also impacting
the OH total reactivity with BVOCs. Due to their high reactivity with
ozone, sesquiterpenesmay play a role in the local ozone budget, despite
their relatively low concentrations (32 times lower than MTs).

Monoterpene oxidation was dominated by OH during the day and
byO3 during the night.α-pinene andβ-pinene contributed less than ex-
pected to the total oxidation flux of monoterpenes despite their high
ambient concentrations. Less abundant but highly ozone-reactive com-
pounds such as myrcene or terpinolene, can also significantly impact
monoterpene oxidation processes and the formation of secondary prod-
ucts. A comparison of the BVOC reactivity observed above and below the
forest canopy showed that the oxidation fluxes of monoterpenes and
sesquiterpenes were larger below the canopy and likely led to a higher
formation rate of secondary products in the cover, unlike isoprene.

Ifmonoterpene reactive processeswere responsible formost of oxida-
tion products in the cover, the single reaction between β-caryophyllene
and ozone was the most efficient among all. This approach also stresses
out (i) the necessity to measure less abundant sesquiterpenes and
13
reactive monoterpenes such as terpinolene and α-phellandrene, (ii)
that only consideringα-pinene,β-pinene and limonene as surrogate spe-
cies for all monoterpenes in modelling studies might not be enough rep-
resentative of the reality.

Finally, this study will help to select potential specific tracers (like
3-methyl-1,2,3-butane tricarboxylic acid (MTBCA), pinic and pinonic
acids, etc.) of SOA formation in the Landes forest since the involvement
of monoterpenes like β-pinene,α-pinene, myrcene, β-caryophyllene or
linalool in reactive processes was clearly demonstrated and evaluated.
The next step will consist in linking the atmospheric gas phase compo-
sition, the reactive processes highlighted in this work, with the particle
composition to better understand the formation and fate of biogenic
SOA in a temperate pine tree forest.
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