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Abstract. Biogenic volatile organic compounds (BVOCs) are key precursors of ozone and secondary organic
aerosols, yet their emissions from croplands remain poorly characterized. Here, we report what is, to our knowl-
edge, the first ecosystem-scale quantification of BVOC fluxes over a rapeseed crop during fruit development
and senescence. Measurements were conducted at the FR-Gri ICOS site near Paris (France) in May—June 2017
using eddy covariance with a proton-transfer-reaction quadrupole ion guide time-of-flight mass spectrometer
(PTR-Qi-TOF-MS). In total, 42 BVOCs were significantly emitted or deposited. Methanol dominated emissions
during fruit development (about 90 % of total molar flux), followed by monoterpenes, acetone, and isoprene.
During senescence, formaldehyde and methanethiol emerged as additional contributors and emission fluxes of
oxygenated compounds like methanol, acetone, acetaldehyde, formaldehyde, formic acid and acetic acid were
larger than during the fruit development period. Deposition fluxes over both periods were mainly attributed to
formic acid (about 50 %), with smaller contributions from other oxygenated BVOCs. Several BVOCs, including
formaldehyde and acetic acid, exhibited bidirectional fluxes. Besides, our findings show that the oxygenated
BVOC SEFs, that were calculated in the present study with a slightly modified version of the MEGAN2.1
equations, were generally smaller than what is estimated in MEGAN2.1, while terpenoid BVOCs (isoprene,
monoterpenes) SEFs may be underestimated in that model. Finally, our study points out that the contribution
to total OH reactivity is mostly due to terpenoids (about 40 %), which suggests a larger role of croplands in
secondary organic aerosol formation than currently represented in models.

Volatile organic compounds (VOCs) only make up a small
fraction of air composition and are negligible greenhouse
gases, but they play an important role in atmospheric chem-
istry and have an indirect effect on climate (Isaksen et al.,
2009; Pefivelas and Staudt, 2010). Indeed, in the presence
of nitrogen oxides and solar radiation, these compounds can
form ozone, a greenhouse gas and pollutant (Atkinson and
Arey, 2003; Sartelet et al., 2012). They are also precursors
of secondary organic aerosols (SOA) when influenced by so-

lar radiation and meteorological parameters like temperature
and humidity (Mahilang et al., 2021; Sakulyanontvittaya et
al., 2008). Also, by reducing the oxidative capacity of the
atmosphere through the consumption of OH radicals, they
can increase methane lifetime in the troposphere (Kaplan et
al., 2006; Stevenson et al., 2020; Boy et al., 2022). Further-
more, VOCs may affect health directly; such as terpenoids
that may cause allergies (Butcher et al., 1994, 1995; McE-
wan and Macfarlane Smith, 1998), or carbonyl compounds
and methyl halides that may be harmful to the environment,
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respectively due the phytotoxic characteristics of the com-
pounds they contribute to form, and to their contribution to
the ozone layer destruction (Miiller et al., 2002; Jiao et al.,
2020).

VOC emissions can be either anthropogenic or biogenic
(BVOCO), the latter representing up to 90 % of the total emis-
sions (Guenther et al., 1995) globally. According to Karl et
al. (2009), in Europe forests contribute 55 % of total BVOC
emissions from terrestrial ecosystems and agricultural lands
to 27 %. Forests are strong emitters of the two most con-
tributing BVOC species, isoprene and monoterpenes (Sin-
delarova et al., 2014), while croplands mostly release oxy-
genated BVOCs like methanol and acetone (Bachy et al.,
2016, 2018, 2020; Das et al., 2003; Gonzaga Gomez et al.,
2019; Graus et al., 2013; Havermann et al., 2022; Loubet et
al., 2022; Wil et al., 2017). As forests are the largest emitters
of terpenoids globally (reactive compounds that significantly
impact atmospheric chemistry), forests have been more stud-
ied than agricultural ecosystems. However, better quantifica-
tion of BVOC exchanged fluxes in agricultural ecosystems is
needed and started a decade ago. The variety of crop species
and phenological stages have to be considered and docu-
mented to improve regional and global BVOC emission es-
timates, as they greatly influence the type and magnitude of
BVOC emissions (Courtois et al., 2009; Manco et al., 2021;
Vivaldo et al., 2017). For example, the MEGAN2.1 model
(Guenther et al., 2012) gathers all crop species into a unique
“crop” category so that BVOC emission factors reflect nei-
ther the variety among crop species nor the phenological
stages of the crops.

Among the main crop species in Europe, wheat and maize
are the crop species in which BVOC emissions have been
the most widely quantified from the leaf to the ecosystem
scale and through laboratory experiments (Mozaffar et al.,
2018; Piesik et al., 2011) and field campaigns (Bachy et al.,
2016, 2020; Gallagher et al., 2000; Gomez et al., 2021; Gon-
zaga Gomez et al., 2019; Morrison et al., 2016). However,
although rapeseed represents a large share of oilseed pro-
duction in France, Europe, and the world, data on BVOC
emissions from rapeseed plants and fields are scarce. France
is indeed the first country in Europe in rapeseed produc-
tion. Europe is the world leader (30 %) in this crop produc-
tion (WoZniak et al., 2019), with rapeseed representing the
most significant share of oilseed production (63 %) in Eu-
rope and the second most important one after soya bean in
the world (FAOSTAT, 2023). Early BVOC studies performed
on rapeseed, using adsorption on Tenax-TA tubes and gas
chromatography-mass spectrometry (GC-MS) analysis, pro-
vided estimations of BVOC compounds emitted (Butcher et
al., 1994, 1995) and their relative mixing ratios (Konig, 1995;
McEwan and Macfarlane Smith, 1998). The former reported
the emission of oxygenated BVOC:s, together with terpenoid-
like compounds, and the latter showed that flowering rape-
seed was emitting various types of terpenes, together with
a few sulphur compounds. Later, Miiller et al. (2002), us-
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ing the cuvette technique, self-filled stainless steel adsorp-
tion tubes and subsequent GC-MS analysis, quantified emis-
sion fluxes of monoterpenes and carbonyl compounds. They
also pointed out the significant difference between the fluxes
measured in earlier studies and their work, likely attributed
to differences in measurement techniques. Gonzaga Gomez
et al. (2019) and, more recently, Havermann et al. (2022) per-
formed direct chamber measurements on rapeseed plants in
the field. The latter reported emission fluxes for 25 BVOCs
using a proton transfer reaction quadrupole mass spectrom-
eter (PTR-QMS 500), and the former, using the “Time-Of-
Flight” technology with a PTR-Qi-TOF-MS that allows for
the compounds to be detected simultaneously at a high fre-
quency (10 Hz), managed to detect over more than 400 sig-
nificant BVOCs exchanged by rapeseed plants. However,
while the quantification of BVOC flux exchanges at the
ecosystem or field scale, using eddy-covariance setups, has
already been performed successfully in forests (Acton et al.,
2016; Brilli et al., 2014a, 2016; Gallagher et al., 2000; Park
et al., 2013, 2014; Jensen et al., 2018; Millet et al., 2018;
Schallhart et al., 2016, 2018; Sarkar et al., 2020), grasslands
(Bamberger et al., 2011; Ruuskanen et al., 2011), maize and
wheat crops (Bachy et al., 2016, 2018, 2020; Karl et al.,
2001 (virtual disjunct eddy-covariance); Loubet et al., 2022),
and even more recently to a shallow lake at a peatland site
(Seco et al., 2020) and urban areas (Acton et al., 2020),
such information for rapeseed crops is, to our knowledge,
still missing. Compared to chamber measurements, eddy-
covariance allows (i) to integrate the whole ecosystem over
several hectares (generally from about 4 ha up to 60-70 ha
in forested areas), including the canopy and the soil, without
disturbing the ecosystem (ii) to detect more reactive species
given the shorter residence time in the inlet tube than in
chambers, and (iii) to quantify deposition fluxes, which is
challenging in chambers due to long residence time, interac-
tions with chamber surfaces, and is even not possible when
chambers are filled with zero air.

The objectives of this study were, with the use of an eddy-
covariance setup integrating a PTR-Qi-TOF-MS, (i) to iden-
tify the main exchanged BVOCs from a rapeseed field dur-
ing the late vegetation development stages, (ii) to quantify
BVOC fluxes (emission and deposition) at the field scale us-
ing the eddy-covariance technique, (iii) to provide emission
factors specific to rapeseed, therefore contributing to improve
modelled BVOC emissions in croplands, and (iv) to evaluate
the potential effect of these emissions on OH reactivity in the
atmosphere, relative to existing emission factors.

2 Material and Methods

2.1 Measurement site

The field campaign took place at the Grignon FR-Gri site
(48.8442° N, 1.9519°E; elevation 125 m), about 40 km west
of Paris (France). The site is part of the European ICOS
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network (Integrated Carbon Observing System, http://www.
icos-ri.eu, last access: 19 August 2026). It consists of a 19 ha
field on a relatively flat plateau with a gentle slope of ap-
proximately 1 % towards the northeast. The soil is classified
as silt loam (10 % sand, 71 % silt, 19 % clay) in the cultivated
layer. The site is surrounded by other agricultural fields and
a mixed farm with animal houses to the southwest (at around
400 m distance). The farm livestock is substantial, with about
200 cows and 500 sheep and a production of 900 lambs yr~!
on average. As shown by earlier studies at the same site
(Kammer et al., 2020; Loubet et al., 2011, 2022), both the
animal house and the fields are a large source of ammonia
and a significant source of VOCs, among which methanol,
ethanol and acetaldehyde, together with trimethylamine and
dimethylsulfide. The field is also bordered by a road with
heavy traffic located at more than 900 m to the east and other
roads with less traffic to the north (300 m) and west (700 m),
which were shown to be sources of NO, (Vuolo et al., 2017).
Loubet et al. (2011) give more details about the site.

The field is managed with the following crop rotation:
maize, winter wheat, winter barley, and mustard as a catch
crop, and with reduced tillage since 2000. Rapeseed (Bras-
sica napus L.) is also sown occasionally at the field site,
such as in August 2012 and 16 August 2016 (Bohéme va-
riety) for the present field campaign. The field usually re-
ceives a variable amount of nitrogen ranging between 150
and 300kgNha~!yr~!, mainly as nitrogen solution and
cattle manure (usually once every 3 years; the last appli-
cation was on 12 August 2016). Before the present cam-
paign, the field received 3 times 39kgNha~! of urea am-
monium nitrate solution (UAN, 5% NOj3, 25% NH4 and
50% CO(NH3),, applied on 20 February, 3 and 22 March
2017), two insecticide applications (12 and 28 March 2017,
0.05Lha~!, MAGEOS®, Alpha-Cypermethrin 15 %) and a
fungicide application (15 April, 0.4Lha~!, FILAN SC®,
200 g L~! Boscalid and 200 g L~! Dimoxystrobin). The pre-
ceding crop was winter wheat, harvested in July 2016. Rape-
seed was harvested on 30 July 2017. The average above-
ground rapeseed biomass sampled and determined at the ma-
turity stage (19 April 2017) was 781 4 188 gm™2.

2.2 Eddy-covariance BVOC fluxes

BVOC fluxes were measured almost continuously (a few
interruptions being due to technical problems with the set-
up) from 9 May to 30 June 2017 with the eddy-covariance
(EC) method, this period corresponding to mature and senes-
cent rapeseed vegetation (BBCH stages from 70s to 90s, see
Sect. 2.4.2). The experimental setup was part of a larger
BVOC mixing ratio measurement campaign with profile
measurements (see Sect. 2.4.1 and Supplement S4), and
chamber measurements (Gonzaga Gomez et al., 2019), sim-
ilar to the campaign described in Loubet et al. (2022). Air
was sampled at 3 m height through a 50 m-60 °C-heated PFA
tube at S0 NL min~—! with a SV-1010 pump (Busch, Switzer-
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land). The three components of the wind velocity (u, v, w)
and the sonic temperature were recorded at 20 Hz with an
ultrasonic anemometer (model R3-50, Gill Instruments Ltd.,
UK), 20 cm apart from the air inlet.

BVOC mixing ratios were measured at 10 Hz with a PTR-
Qi-TOF-MS (Ionicon, Innsbruck, Austria), operated at the
same conditions as in Gonzaga Gomez et al. (2019). In
the drift tube, the pressure Py was set to 440.01 mbar,
the drift temperature 7y to 80 & 0.04 °C, and the drift volt-
age E to 994.96 £1.03V, while the extraction voltage at
the end of the tube Up, was 44.09 +0.27 V. These condi-
tions ensured an E /N ratio (where N is the number density
of the gas molecules in the drift tube) of 131.85+0.19Td
(1Td=10""7 Vem™2). Once extracted from the drift tube,
the protonated ions were pulsed and separated according to
their mass-to-charge (m/z) ratio at a rate of 25 kHz, leading
to 2500-extracted spectra per 100 ms. The detection chan-
nels were set to 240000, and the mass spectrum spanned
fromm/z 15 to m/z 530. BVOCs were identified based on
expert knowledge. Many BVOCs could not be unequivocally
identified.

The raw data (in counts per second, cps) from the PTR-Qi-
TOF-MS were synchronized with the ultrasonic anemometer
data at 20 Hz by a Labview program. In practice, each inte-
grated ion peak was updated in the Labview acquisition sys-
tem as soon as produced by the PTR-Qi-TOF-MS software.
Files containing 5 min of synchronized data were stored for
post-computation. Mixing ratios for each BVOC i (C;) were
computed following the same procedure as the one described
in Loubet et al. (2022). The uncorrected mixing ratio of the
compound C; py (ppb) was calculated using Eq. (1):

Uarine T2,
Ciprr=1.657 x 107" x %
k P grige
trans
: e (D
trans trans
cpSH30Jr + cpsto.H3O+
TRy 0+
CPSRI = TR X PSR 2)

TRRiH+

where Ugi is the voltage of the drift tube (V), Tgif; is the
drift tube temperature in kelvin (K), pgrif is the pressure in
the drift (mbar), & is the proton transfer reaction rate assumed
to be constant for all compounds (2.5 x 1072 cm3 s,
cpsg;u+ 18 the cps of the product ion i, cpsy,o+ and
CPSH,0-H;0+ are the cps of the source ion and the first
water cluster, trans stands for corrected for transmission,
TRy,o+is the transmission factor for H3O", TRg y+ is the
transmission factor for the product ion i, both determined
by the transmission curve (see Table S1 in the Supplement).

The values of cpsga;r‘os+ was computed from ion m/z 21.022

(H%SOJF) by multiplying by the isotopic factor of O'3/0'¢ in
water (487.56). The constant 1.657 x 107! was derived from
the PTR-Qi-TOF-MS setup.
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The calibrated mixing ratio C; was then computed by sub-
tracting the zero-air mixing ratio C I.Z’%rt‘r"a“ and multiplying by
a calibration coefficient, similarly as in Loubet et al. (2022),
following:

Si(10) y
Stoluene (tO)

The calibration coefficient was computed as a prod-
uct of a time-evolving calibration coefficient of toluene
Stoluene (f) and a species-specific calibration coefficient S;(#p)
normalised to toluene computed during the one-off cali-
bration before the campaign or taken from the Koss et
al. (2018) dataset. Sioluene(t) Was computed as the slope
of the regression (with intercept forced to zero) between
Cioluene,ptr and the prescribed mixing ratio of toluene dur-
ing periodic calibrations with a cylinder containing 102 ppbv
of benzene, 104 ppbv of toluene, 130 ppbv of ethylbenzene
and 336 ppbv of xylene (122 ppbv ortho, 121 ppbv meta,
123 ppbv para; BTEX, Messer, France). Only toluene was
used because other compounds had confounding fragments.
Gas from this cylinder was diluted with synthetic air (al-
phagaz 1, Air Liquide, France) using a fluorinert coated mass
flow controller (Bronkhorst, The Netherlands). The calibra-
tion factor Sioluene(?) varied between 2.11 +0.015 on 4 May
and 2.3740.029 on 23 June (see Table S1 in the Sup-
plement for details). For a few BVOCs, we made a one-
off calibration with a standard cylinder (Ionicon, Austria)
containing 14 compounds (990 ppb methanol, 990 ppb ace-
tonitrile, 950 ppb acetaldehyde, 1000 ppb ethanol, 1010 ppb
acroleine, 980 ppb acetone, 950ppb isoprene, 1010 ppb
crotonaldehyde, 990 ppb 2-butanone, 990 ppb benzene,
990 ppb toluene, 1020 ppb o-xylene, 1010 ppb chloroben-
zene, 1010 ppb «-pinene, 1020 ppb 1,2-dichlorobenzene).
Additionally, methanol concentrations were compared to
a PTR-HR-MS that returned from an ACTRIS inter-
comparison exercise (Holzinger et al., 2019). This additional
comparison was performed specifically for methanol after
we suspected that the equilibrating time (28 min) was not
sufficiently long to allow for the methanol mixing ratio to
reach a plateau in our setup. Indeed, as a polar molecule
methanol requires much longer time to equilibrate with the
tubes and the flowmeter, as we noticed in later experiments
with the same setup (up to 4h). In practice, the calibration
factor for methanol was derived by linear regression between
the mixing ratio measured with the PTR-Qi-TOF-MS from
the INRAE team and the PTR-HR-MS instrument from the
LSCE team over a period of two days when the two instru-
ments were sampling at the same location and height. Fig-
ure S2 shows the mixing ratios measured by the two in-
struments and the corrected methanol mixing ratio over this
two-day period. The calibration was done by using a lin-
ear regression between the mixing ratio from LSCE and IN-
RAE with no constrain on the offset, leading to a decrease
of the sensitivity by a factor of 1.72. The calibration fac-
tors are given in Table S3 (Supplement). The uncertainty on

Ci = Stoluene (1) X (Ci,ptr - Ci%ii)_air) 3)
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the regression was included in the sensitivity standard error
for methanol (Table S3). The calibration factors reported by
Koss et al. (2018) were used to compute the calibration fac-
tors for 145 other compounds, as a compromise discussed in
Loubet et al. (2022). Individual calibration factors from the
one-off calibration and Koss et al. (2018) were reported as
fractions relative to the toluene calibration factor to be used
in Egs. (3) and (4) (Table S3). The background mixing ratio
Ci‘;)rt‘;'air was determined every 30 min by passing the sam-
pled air through a hydrocarbon filter (Supelco ref 22445-12)
for 2 min, averaging the last 30 s. As the two-minute duration
was probably too short to provide robust background concen-
trations, we actually decided to use a single background con-
centration for the whole experimental period. After checking
that during the whole experimental period the background
mixing ratios were quite stable, we decided to use the 0.001
quantile of the background concentrations over that period as
the background concentration.

The BVOC eddy covariance flux was computed based
on standard eddy-covariance procedures following Loubet et
al. (2022):

I’ad —
Fi= 2u'C] @)
a

where F; is the flux (nmolm~2s~1), w is the vertical wind
component (m s~1), T, is the air temperature (K), p,d is
the dry air pressure (Pa), and R is the ideal gas con-
stant (8.31Jmol~! K~!). Overbars () denote time averages,
and primes denote fluctuations around the mean following
Reynolds decomposition rules. Here w’ was calculated by
applying two rotations following Aubinet et al. (2000). The
covariance between C; and w’ was calculated after dephas-
ing the two signals with a lag time T computed as the time at
which the correlation function w’ (t)le (t — ) was the largest
in absolute value (Langford et al., 2015). The time lag, which
did not vary with relative air humidity, was 3.55 s for the six
BVOC:s selected for its determination (methanol, acetic acid,
CgHsO, isoprene and formaldehyde, which provided large
fluxes, making the determination of the time lag more ro-
bust). The time lag was then set equal for all BVOCs in the
study.

The random uncertainty on the flux (RU;) was calculated
as the standard deviation over a 10s period of the covari-
ance function corr,,/(t) around t =80s and t = —80s as
described by Spirig et al. (2005). The mean hourly fluxes

(Fih) and random uncertainty Wh were computed based on
the 5 min data. The flux was averaged, but the random uncer-
tainty was computed using a quadratic mean (Langford et al.,
2015) as:

1
RUI = —
N

N
> RUI? 5)
i=1

https://doi.org/10.5194/acp-26-12131-2026



P. Buysse et al.;: Ecosystem-scale biogenic volatile organic compound fluxes

Latitude (m from VOC flux EC mast)

120 60 0 60 120

Longitude (m from VOC flux EC mast)

Figure 1. Flux footprint for the measurement campaign period (9
May-30 June 2017) showing that at least 90 % of the flux contri-
bution originates from the investigated rapeseed crop area (located
north and north-west of the agricultural path appearing on this satel-
lite picture). The black cross in the centre of the ellipses depicts the
location of the eddy-covariance (EC) mast deployed in this study.
The ICOS eddy covariance and radiation masts, and the field lab
are also shown.

where N is the number of 5 min periods in an hour, which
was 8 or below since 20 min h~! was dedicated to profile and
calibration measurements.

Flux high-frequency losses generated by the sampling tube
and the instrument were evaluated to be below 5 % by Loubet
etal. (2022) and were neglected here. A footprint analysis for
the whole campaign period was performed based on Kljun et
al. (2015) and showed that at least 90 % of the total footprint
contribution was always within the studied area (Fig. 1).

2.3 Ancillary data

Meteorological measurements were performed continuously
at the FR-Gri site during the campaign following the ICOS
standards. Among other variables, air temperature (Tair) and
air humidity (RH) (HMP155a, VAISALA, Finland) at 1, 2.7
and 5 m heights, global incoming short-wave solar radiation
at 5.3 m (model CNR4, Kipp & Zonen, Germany), and rain-
fall (model ARG100, Campbell, UK) were recorded.

CO; and H,O fluxes were measured by eddy-covariance
following the ICOS protocol (http://www.icos-ri.eu) using
an enclosed path infrared gas analyser (model Li-7200, Li-
COR, USA) and an ultrasonic anemometer (model HS-50,
Gill Instruments Ltd, UK), located at around 50 m away from
the BVOC mast. Crop height evolution was monitored at reg-
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ular intervals. The leaf area index (LAI) and above-ground
biomass were determined on three dates (11 November 2016,
16 March and 19 April 2017) with destructive samplings and
planimeter measurements. The LAI was 5.2+ 1.5 m12eaf ms_ofl
during the experiment (rapeseed plants were at their max-
imum leaf development when the experiment started), of

which 80 % were leaves, and 20 % stems.

2.4 Data treatment and analysis

2.4.1 Defining periods for data analysis and
interpretation

Data analysis was performed on a subset of the whole mea-
surement period, after excluding data corresponding to two
short periods in May when a few selected compounds (iso-
prene, monoterpenes and its potential fragments, and silox-
anes) were seen to deposit outside usual ranges for these
compounds, potentially suggesting advection episodes. Data
corresponding to the combination of (i) wind direction com-
prised between 0 and 105° N and (ii) at least 100 % difference
in BVOC concentrations between the EC inlet and a distinct
3 m-height inlet line that was part of a BVOC mixing ratio
measurement profile (more details about this set-up are pro-
vided in the Supplement document S4, wind direction data
over the whole measurement campaign (9 May-30 June) are
displayed in Fig. S5, and the result of the criteria application
is provided in Table S6) were filtered out. This allowed us to
identify and exclude two episodes occurring over 9-10 and
23-30 May 2017, characterized by North and North-Eastern
winds (0 to 105° N) and very large (above 100 %) concentra-
tion level differences, during which monoterpenes and its po-
tential fragments, and siloxanes exhibited very large and un-
usual deposition fluxes. In details, the period occurring over
9-10 May was characterized by 78 % of hourly data coming
from North and North-East direction, conjugated with large
concentration level differences between EC and profile 3 m
height sampling lines for monoterpenes (64 % of hourly val-
ues above 100 % difference over these two days) and silox-
anes (between 70 % and 100 % of hourly values above 100 %
difference over these two days. The period occurring over
23-30 May was characterized by about 50 % of hourly data
coming from North and North-East direction conjugated with
large concentration level differences between EC and profile
3 m height sampling lines for monoterpenes (42 % of hourly
values above 100 % difference over these 7 d) and siloxanes
(between 64 % and 92 % of hourly values above 100 % dif-
ference over these two days).

The remaining dataset was then separated into two peri-
ods, in order to take crop development stages into account:
(i) Period 1 (11-22 May), during which the vegetation was
in the fruit development period (BBCH (Biologische Bunde-
sanstalt, Bundessortenamt und CHemische Industrie) stages
70s, AHDB, 2023), and (ii) Period 2 (9-30 June), during
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which the rapeseed crop entered and pursued senescence
(BBCH stages 80s to 90s).

2.4.2 Selection of BVOCs with significant fluxes

In order to take into account, as much as possible, the possi-
ble variability of exchanged compounds over the whole mea-
surement period (11 May-30 June), we computed the 7 d run-
ning means of Fih (Fim) and mh (W7 d) using the same
quadratic averaging as in Eq. (5) for RUI" and retained the
BVOC:s for which EM >3 x RO % By using moving win-
dows, it was possible to detect singularities in the dataset.
Finally, in order to apply this selection process to the whole
measurement period, the selected BVOCs were those which
were retained by the above-mentioned criteria in 50 % of the
dates. In the rest of the manuscript, the tentative name of each
compound is used.

Iron-containing compounds identified as artefacts by
Salazar Gémez et al. (2019) were withdrawn from the list
of selected BVOCs. Furthermore, the detected BVOC with
a peak at m/z 63.006 could not be entirely distinguished
from the m/z peak at 63.026 during the campaign, as a
consequence of a wide peak integration definition around
this m/z value; the identification of this compound is there-
fore uncertain: it could be dimethylsulfide (DMS) instead of
methaneperoxoic acid.

2.4.3 Calculation of standard emission factors

As BVOC emissions by vegetation are driven by both tem-
perature and light or solely by temperature, these emis-
sions can be normalised by light and temperature functions
to produce standardised emission factors (SEFs), which are
helpful for comparison with previous studies. The SEFs
(ug m~2(leaf) h—!) were calculated for periods 1 and 2 based
on the MEGAN?2.1 model described in Guenther et al. (2012)
(Eq. 6):

E.
SEF; = = (6)
Vi

where E; is the measured BVOC flux per soil surface ex-
pressed in pgm~2(soil)h~!, computed from the measured
flux F (nmolm2(soil)s~!) and the molar mass of com-
pound i M; (gmol™1) following Eq. (7) (the ratio 3600/1000
converts seconds to hours and ng to ug):

EiZ—XMiXFi (7)

And y; (-) is the activity factor for each compound i. These
were calculated using Eq. (8) (Guenther et al., 2012):

Yi = CcE,iLAlyp i YT.iYA.i YSMLi YC.,i (®

Which accounts for the emission response to light (yp),
temperature (yr), leaf age (ya), soil moisture (ysm), leaf
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area index (LAI) and CO; inhibition (yc). The canopy en-
vironment coefficient (Ccg) was set so that y is equal to 1
under standard conditions, with the standard conditions de-
fined as Tref = 297 K, PAR = 1000 umol m~2 s~!. The prod-
uct (yaysmyc) was set to 1, assuming no aging, soil mois-
ture or CO» inhibition effects. The emission activity factors
accounting for the light and temperature responses were cal-
culated according to Egs. (3)—(11) in Guenther et al. (2012).

It should be noticed that the SEFs computed in this study
represent the ecosystem and not the plants alone since the
eddy-covariance fluxes integrate over the whole ecosystem.
The SEFs calculated for all the compounds showing a signif-
icant emission for both periods 1 (fruit development period)
and 2 (senescence period) were compared to values taken
from three references: (i) the MEGAN2.1 model (Guenther
et al., 2012), (ii) the study by Havermann et al. (2022) and
(iii) the study by Gonzaga Gomez et al. (2019), who both
used algorithms derived from Guenther et al. (1995) and
Guenther (1997). It has to be noted that the SEFs reported in
Havermann et al. (2022) and Gonzaga Gomez et al. (2019)
were calculated using the equations described in Guenther
et al. (1995) and Guenther (1997), which are not exactly the
same as those in Guenther et al. (2012). We therefore, as a
verification step, also calculated the SEFs using these ref-
erences. This comparison, detailed in the Supplement S7,
shows that the SEF values calculated by both methods are
very close. In the rest of this paper, we will only consider
SEF values calculated as described in Egs. (6)—(8), based on
Guenther et al. (2012).

MEGAN?2.1 is a widely used model that provides esti-
mates of BVOC flux exchanges between the terrestrial bio-
sphere and the atmosphere. This model categorises ecosys-
tems between 15 plant functional types (PFT) and does not
distinguish between crop species as they all fall into a unique
category (PFT 15). Additionally, bare soil is considered
to have null BVOC emissions. The model also categorises
BVOCs into individual (e.g. methanol, isoprene, acetone)
and compound classes (bidirectional BVOCs, stress BVOCs,
etc.) according to chemical characteristics. The comparison
between our results and the emission factors provided in
Guenther et al. (2012) has to be considered bearing in mind
the little adjustments that were made to the actual use of the
MEGAN2.1 model in the present study.

Havermann et al. (2022) measured BVOC fluxes using
large chambers deployed on three crop species (maize, rape-
seed and ryegrass). They then calculated the SEFs based
on empirical light- and temperature-dependent relationships.
Since they report SEFs on a dry weight basis, we divided
their SEF by the leaf specific area for rapeseed they report
(39.6 m? kg’l) to retrieve the SEFs per unit leaf area. It has
to be noted that the leaf specific area measured in the present
study is 20 & 1 m? kg~!, which is half of what is reported by
Havermann et al. (2022).

Gonzaga Gomez et al. (2019) measured BVOC fluxes
using dynamic automated chambers deployed on rapeseed,

https://doi.org/10.5194/acp-26-12131-2026
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wheat and maize at the same site and field campaign as the
one reported in the present study. They calculated the SEFs
based on the empirical light- and temperature-dependent re-
lationships from Guenther et al. (1995).

2.4.4 Calculation of the OH reactivity flux

The total OH reactivity R (s~!) is usually calculated as
Eq. (9) (Gros and Zannoni, 2022):

p
R= ZkOH+i X Nayo X
- R x

= X 1075 x ¢; 9)
Where kof.+i (cm? molecule ! s71) is the rate constant of
the reaction between OH and BVOC i (Table 2 and refer-
ences therein), Nayo (6.022 x 1023 molec. mol’l) is the Avo-
gadro number, P (101325 Pa) is the atmospheric pressure,
R (8.314JK 'mol~}) is the gas law constant, 7 (298 K)
is the air temperature, 10~ is a conversion factor, and C;
(nmol mol 1) is the mixing ratio of BVOC i.

To compare the OH reactivity resulting from the SEFs
found in this study to those resulting from literature emission
factors, we computed a standard OH reactivity flux (here in-
dicated as RF). It is representative of a total net OH reactivity
that would result from the emitted BVOC. It was computed
as Eq. (10):

x 1071

P
RF = ZkOH+i X Navo X RxT

l

X (SEF « yair 5 LAL 1000) (10
1

mol X T ™ 3600

where SEF; in uygm~2h~! is the standard emission factor
of BVOC i, and the term on the right side of the equation
is needed to transform the SEF unit into nmol mol ! ms~!,
which leads to RF being in ms~2, that is the unit of the OH
reactivity (s~!) multiplied by an exchange velocity (ms~).
Vrii(fl (m3 mol~1) is the air molar volume, M; (g mol~1) is
the molar mass of BVOC i and LAI is the leaf area index
(m?m~2).

In this study, we used the OH reactivity flux to compare the
impact of the SEFs computed here with the SEFs available
from the model MEGAN 2.1. To do that, only the compounds
with a SEF explicitly reported in MEGAN 2.1 were used in
this calculation.

3 Results

3.1 Meteorological conditions and crop development

The BVOC flux measurement campaign started as rapeseed
was already in the fruit development phase and actively pho-
tosynthesising, as shown by the Net Ecosystem Exchange
(NEE) fluxes being largely negative during daytime (Fig. 2).
The investigated period was also characterised by significant

https://doi.org/10.5194/acp-26-12131-2026
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evaporation (latent heat, LE, Fig. 2) during the whole time.
As of June, gradual decreases in the CO; flux (from about
—20 to Oumolm~2s~!) and in the albedo (from about 0.35
to 0.25) were observed as a consequence of progressive crop
senescence, while evaporation was sustained. The air temper-
ature was variable during the whole measurement period, and
comprised between 2.9 and 34.7 °C, with an average value of
16.9 °C. A few short rain events punctuated the measurement
period, especially around mid-May and early June.

3.2 Eddy-covariance ecosystem BVOC fluxes during
fruit development and senescence

Out of more than 500 detected ions, 42 BVOCs (correspond-
ing to 62 ions when including isotopes and fragments), ex-
hibited significant fluxes (Table 1 for the list of the twenty
most exchanged BVOCs during periods 1 and 2, and Table S8
and Fig. S9 for the whole list and flux (black) + random er-
ror (red) temporal courses of the 42 BVOCs, respectively).
Overall, 30 BVOCs were emitted, 7 were deposited, and 5
were bidirectional (Table S8).

Among the emitted BVOCs, m/z 33.033 (methanol) was
by far the most emitted one for both periods (Tables 1 and
S8, Fig. 3), representing between 90 % and 93 % of the to-
tal emissions on a molar basis (Table 1). The magnitude
of methanol emissions was twice larger during the senes-
cent period than during the end of fruit development pe-
riod (Table 1, Fig. 3). The other three most emitted BVOCs
were m/z 137.129 (monoterpenes), m/z 59.049 (acetone)
and m/z 69.070 (isoprene) in the fruit development period,
and m/z 31.018 (formaldehyde), m/z 59.049 (acetone) and
m/z 49.014 (methanethiol) in the senescence period, with
these compounds representing between 0.4 % and 5.8 % of
emissions (on a molar basis) during these two respective pe-
riods (Table 1).

Along these main compounds, many other BVOCs be-
longing to different chemical compound classes were ob-
served to be emitted and tentatively identified (Table S8).
(i) Two other terpenoid compounds than isoprene and
monoterpenes was seen to be significantly emitted during pe-
riods 1 and 2 (Fig. S9): methylbutenol (MBO, m/z 87.078)
and sesquiterpenes (m/z 205.186), which both exhibited
much clearer fluxes — even if rather small compared to
methanol — during the fruit development period than dur-
ing the senescence period. (ii) Possible other sulphur com-
pounds than methanethiol (m/z 49.014) were also emit-
ted in significant amounts during both periods 1 and 2:
m/z 63.006 (which could actually be m/z 63.026, identi-
fied as dimethylsulfide, see Sect. 2.4.2), m/z 75.025, possi-
bly identified as methyl-vinyl sulfide, m/z 93.035, possibly
identified as 2-methylmercaptoethanol but which could also
be (C¢H4O)H™ (unidentified ion), and m/z 95.015, possibly
identified as dimethyl sulfone. (iii) BVOCs likely containing
nitrogen were also seen to be emitted, with clear diurnal pat-
terns over the whole measurement campaign (m/z 60.048,
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Table 1. Twenty most net emitted and net deposited compounds during periods 1 and 2. The proportions (Prop. (%)) of net emissions/depositions for each compound with respect to
the total fluxes are indicated separately for each period.

Period 1: 11-22 May
End of the flowering period

Period 2: 9-30 June
Senescence period

m/z Molecular formula Tentative compound name Emitted or Deposited® _unoc._u (%) Mean Flux® Prop. (%) Mean Flux
(nmol m2 m\: (nmol m—2 w\_v
Total emission flux n/a n/a 4.82 (0.028) 7 n/a 11.54 (0.027)
Total deposition flux n/a n/a —0.09 (0.005) 7 n/a —0.24 (0.007)
31.018 AOINOEJr Formaldehyde; 5&35\523\_@:%_ D,E 12.8 —0.011 (0.005) 7 5.8 0.667 (0.005)
33.033 (CH40)HT Methanold E 92.7 4.46 (0.007) 7 89.8 10.35 (0.006)
41.038 AOwItELw Fragment of a variety of compounds® E 0.3 0.014 (0.023) 7 0.3 0.039 (0.022)
43.018 (CoH,O)HT Methylvinylketone, fragments of several oxygenated compounds®; E,D 0.3 0.017 (0.0007) 16.9 —0.040 (0.0007)
Hexyl acetate @mm:,ﬁsm
45033  (CoH40)HT Acetaldehyde, Ethylene oxided E 0.3 0.015} | 03 0.0351
47.013 (CHyOp)HT Formic acid4 D 50.3 —0.044 (0.0002) 7 449 —0.107 (0.0002)
49.014 (CH4S)HT Methanethiold; Hydroxylamine, Ethylf E 0.3 0.016 (0.0002) 0.4 0.046 (0.0002)
51.022 (C4Hp)HT Diacetylene, rw.wﬁm&v\zna E 0.1 0.004 (0.01) 7 0.1 0.009 (0.01)
59.049 (C3HgO)HT Acetone (propanal) and/or methyl vinyl ether 9\2@?% E 0.9 0.044 (0.0003) 7 1.5 0.169 (0.0003)
60.048 anmmZOELw Acetamide, formamide N-methyl-, nitrosoethanof E 0.1 0.004 (0.0003) 7 0.1 0.012 (0.0003)
61.029 (CoH400)HT Acetic acid and m_v\no_m_mmr%&mm E,D 0.3 0.015(0.007) 7 15.1 —0.036 (0.007)
62.029 (CH3NOp)HT Nitromethane; methylnitrite&-" E 0.1 0.007 (0.0004) 7 0.1 0.009 (0.0004)
63.006 (CH,03 YHT Fragment® or possibly UWBQE\_m:anm (m/z 63.026) if the peak E 0.5 0.026 (0.005) 0.3 0.035 (0.005)
integration was not good
69.070 (CsHg)HT Isoprened E 0.7 0.035 (0.002) 7 0.4 0.048 (0.002)
73.064 (C4HgO)HT Methyl-ethyl-ketone (MEK), ethyl-vinyl-ether, butanal, 2-butanone®; E 0.2 0.008 (0.0008) 0.1 0.013 (0.0005)
MEK, propanal N.Bﬁrv\_m 7
93.035 (C3HgOS)HT; m.goﬁrv\_anqomvﬁoﬁrgo_m“ Trimethylsilanol HyO cluster® E 0.2 0.010 (0.0005) 7 0.1 0.008 (0.0005)
(CH3),SiOH.(H,0)
105.066 (CgHg)H' Styrene, Olefind:f-2 E 0.3 0.016 (0.002) | 0.0 0.00081
137.129  (CjoH g)HT Monoterpenesd E 1.1 0.055 (0.0001) 7 0.3 0.036 (0.0001)
223.057 (CeH1303Siz)HT D3-siloxane Hexamethylcyclotrisiloxane™- i D 14.0 —0.012) | 148 —0.035]
297.071  (CgHy4Si4O4)HT D4-siloxane Octaméthylcyclotétrasiloxanel:¢ D 18.8 —0.017 | 2.5 —0.006!

 Net emitter (E) or deposited (D) characteristic is evaluated over each single period, e.g. D, E denotes that this BVOC was seen to deposit in May, then to be emitted in June. b Proportions were calculated within each net deposited or emitted group of compounds for each respective period. ¢ Error is
calculated as the root of the sum of squares of data over each respective period. “n/a” means “not applicable”. References for compound identification: d yiiiez-Serrano et al. (2021) (GLOVOC database); ¢ Salazar-Gomez et al. (2021); { Brilli et al. (2014b); € Pagonis et al. (2019); ™ Chen et
al. (2022); ! Holzinger et al. (2019).J Error is lower than 0.0001. In this table, the total for both net emitters and net depositers does not reach precisely 100 %, as this was established based on the 42 significant compounds (complete list in Table S1). Ta_mean = 18.1 °C and SW_in_mean =

2764 Wm~2 during period 1, and Ta_mean = 19.1 °C and SW_in_mean = 281.5,W m2 during period 2, with Ta_mean being the average air temperature and SW_in_mean being the incoming total radiation.
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Figure 2. CO,, H,O fluxes and meteorological conditions during the field campaign: net ecosystem exchange (NEE), latent heat (L E), air
temperature (75j;), relative humidity (RH), short-wave incoming radiation (SW_in), precipitation (P) and Albedo (ratio).

possibly identified as acetamide, and m/z 62.029, possibly
identified as nitromethane), and clear diurnal pattern partic-
ularly during period 1 (m/z 118.074, which could be in-
dole, a quite reactive compound). (iv) Many oxygenated com-
pounds were also seen to be emitted during both periods,
though at much smaller rates than methanol: acetaldehyde
(m/z 45.033), m/z 73.064 (possibly identified as methyl-
ethyl-ketone (MEK, butanone), or butanal, or ethyl-vinyl-
ether), m/z 83.049 (possibly identified as hexanal fragment
or methylfuran), m/z 87.042, m/z 87.078, m/z 101.059
(possibly identified as pentanedial or other compounds), and
m/z 115.078 for which proposed compounds are hexenoic
acid or caprolactone (Table S7). (v) Hydrocarbons were also
observed: m/z 67.053 (1,3-cyclopentadiene), m/z 83.084
(cyclohexene), and m /z 105.066 (possibly styrene).

A few compounds were seen to be deposited (Figs. 3, S9)
during periods 1 and 2: they are formic acid (m/z 47.013),
which represented about 45 %—50 % of the deposited BVOC
flux in each period, m/z 77.005, possibly identified as
thioacetic acid, m/z 99.008, possibly identified as maleic an-
hydride, and much heavier compounds like m/z 223.057,
m/z 297.071 and m/z 355.051 possibly identified as D3-

https://doi.org/10.5194/acp-26-12131-2026

siloxane, D4-siloxane and D5-fragment of siloxane com-
pounds, respectively.

Some BVOCs switched from deposition to emission, or
vice-versa, between periods. One BVOC (formaldehyde,
m/z 31.018) was seen to be deposited in small amounts dur-
ing period 1, then switched to emissions during period 2. The
quantification of formaldehyde fluxes should be considered
with caution due to its proton affinity (712.9 kJ mol~!; NIST
database, 2023) being close to that of water (691 kJ mol~1;
NIST database, 2023), potentially making it more difficult
to detect using the PTR-MS technique adequately (Loubet
et al., 2022). Conversely, three BVOCs (m/z 57.069 (pos-
sibly butene), m/z 61.029 (identified as acetic acid) and
m/z 167.052 (possibly identified as thiocresol)) were emit-
ted during the end of the flowering period, then deposited
during the senescence period (Table 1, Fig. S9).

All the detected compounds exhibited diel emission or de-
position patterns during both periods (Figs. 3 and S9). BVOC
fluxes increased (in absolute value) during the day and de-
creased to lower nocturnal emission rates following radiation
and temperature variations. During period 1, a rain event oc-
curring between the 17 and 18 May, together with a tem-
perature drop, likely caused reductions in all the detected

Atmos. Chem. Phys., 26, 12131-12150, 2026
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Figure 3. Air temperature (7,;;), short wave incoming radiation (SW_in), net ecosystem exchange (NEE), Precipitation (P), and BVOC
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graphs.

BVOC emission rates (Figs. 2, 3 and S9). Formaldehyde
and formic acid deposition rates were also reduced during
that specific event. The short rain events during period 2 did
not decrease BVOC emissions, probably because rain inten-
sity was smaller than in period 1 and air temperatures re-
mained high. During period 2, a temperature increase that
started around mid-June, together with bright sun conditions,
could have triggered larger fluxes for the majority of BVOCs
(Figs. 3, S9).

As observed in Figs. 3 and 4 (panels A, B and C), most
BVOC fluxes peaked around noon. However, a few BVOCs
exhibited a maximum flux during the morning, followed by
a decrease during the rest of the day. This was the case
for methanol, m/z 63.006 and formic acid during period 1,
and for methanol, methanethiol and acetic acid during pe-
riod 2. During period 1, NEE flux and radiation also peaked
earlier than noon (Fig. 4D and E), while this was not the
case in the second period. Concerning nocturnal emissions of
methanol, we noticed smaller (about 50 %) emission fluxes

Atmos. Chem. Phys., 26, 12131-12150, 2026

during senescence compared to the end of flowering period,
while diurnal emissions of this compound were more than
twice larger during senescence compared to end of flower-
ing.

3.3 Emission factors and OH reactivity fluxes

The calculated standard emission factors (SEFs) showed
much larger values for methanol than for other oxygenated
BVOCs like acetone, formaldehyde, acetaldehyde, and
for terpenoid compounds (isoprene, monoterpenes, MBO,
sesquiterpenes) (Table 2). Generally, SEF values were of
similar magnitude or reduced during period 2 as compared to
period 1 (reduction factors varying from 1.3 (acetaldehyde)
to about 12 (sesquiterpenes and indole)). Only methanol and
acetone — and to a smaller extent methanethiol — SEFs were
increased from period 1 to period 2, by factors between 1.4
and 3.3.

https://doi.org/10.5194/acp-26-12131-2026
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Figure 4. Diel cycles of main BVOC fluxes and micro-meteorological variables during periods 1 and 2: (A) stacked hourly BVOC fluxes

(nmolm™

2 sfl) for the 4 most emitted and 2 most deposited BVOCs for each period; (B) same as (A), without methanol (m/z 33.033); C,

BVOC fluxes divided by their daily maximum; (D) net CO; fluxes (NEE) and Air temperature (74;;); (E) latent heat fluxes (L E) and global
incoming radiation (SW_in). Index 1 refers to period 1 (fruit development), and index 2 refers to period 2 (senescence).

Compared to values taken into consideration in the
MEGAN?2.1 model (Guenther et al., 2012), the SEFs calcu-
lated in the present study exhibited values about 2, 5, 5 to 15
and 32 to 40 times smaller for formaldehyde, methanol, ace-
tone and acetaldehyde, respectively, over both periods. On
the contrary, they were in the same range as values reported
by Havermann et al. (2022) or Gonzaga Gomez et al. (2019).
Isoprene SEFs were in the same range as what is proposed in
MEGAN?2.1, but about 5 times smaller than what is reported
in Havermann et al. (2022) and Gonzaga Gomez et al. (2019).
Besides, much smaller SEF values than in MEGAN?2.1 were
reported in the present study for more reactive compounds
like indole, methanethiol and m/z 101.059. On the other
side, larger SEF values for monoterpenes and MBO (2 to
20 times, over both periods) were observed in the present
study, compared to those in MEGAN?2.1. The isoprene and
monoterpenes SEFs reported in the present study were gen-
erally smaller, or in the same range of values, as compared to
SEFs reported by Gonzaga Gomez et al. (2019) and Haver-
mann et al. (2022).
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The OH reactivity fluxes (RF) computed using
MEGAN2.1 SEFs or this study SEFs were differing in
the same way as the SEFs with smaller MEGAN2.1 OH
reactivity flux for isoprene, MBO and monoterpenes, but
larger MEGAN2.1 OH reactivity flux for methanol, ace-
tone, sesquiterpenes, formaldehyde, acetaldehyde, indole,
methanethiol and m/z 101.059, as compared to the SEFs
calculated in the present study (Table 2). In order not to
introduce a large disequilibrium due to uncertain SEFs on
these last three compounds, we chose not to include these
compounds in the evaluations of the total OH reactivity
flux and the contributions of each compound to this total
amount. In terms of BVOC contribution to the total OH
reactivity flux, methanol, formaldehyde and acetaldehyde
dominated and contributed in similar proportions to what
can be evaluated with MEGAN?2.1 SEFs. In our study, the
contribution of methanol, in particular, to total OH reactivity
flux was actually seen to be about half what is evaluated
with MEGAN2.1 SEFs. Contribution of monoterpenes to the
total OH reactivity flux was however seen to be much larger
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(about 10 times) based on results from the present study as
compared to results obtained with MEGAN?2.1.

4 Discussion

4.1 Dominance of methanol emissions at the ecosystem
scale

In the present study, which is, to our knowledge, the first one
applying the eddy-covariance technique to measure BVOC
fluxes over a rapeseed crop, methanol was found to have the
largest fluxes of all measured BVOCs, and its contribution
varied between 90 % and 93 % of the summed BVOCs emit-
ted fluxes on a molar basis. This compound is known to be
produced during plant growth and cell wall elongation (Fall
and Benson, 1996). The prevalence of methanol emissions
from vegetated ecosystems (generally at least 50 % of emis-
sions), and particularly from crops, is well known and was
reported in several studies for other crops than rapeseed (for
maize, see Bachy et al. (2016), Das et al. (2003), Graus et
al. (2013), WiB et al. (2017); for winter wheat see Bachy et
al. (2018, 2020), Gonzaga Gomez et al. (2019), Loubet et
al. (2022); for grasslands see Ruuskanen et al. (2011)). The
dominant methanol contribution observed in this work agrees
with previous studies by Gonzaga Gomez et al. (2019) and
Havermann et al. (2022), both performed using automated
dynamic chambers deployed on rapeseed plants in the field,
but shows larger proportions. In particular, Gonzaga Gomez
et al. (2019), carried out measurement with two cuvettes dur-
ing the same campaign showing methanol contributing from
56 % to 77 % of the summed molar BVOC emissions, while
Havermann et al. (2022) reported a contribution of more than
80 %. Since these studies were carried out with chambers, ei-
ther not including (Gonzaga Gomez et al., 2019) or including
(Havermann et al., 2022) soil, this difference suggests that
the share of methanol to the total BVOC emissions from the
soil must necessarily be larger than the share of methanol to
the total BVOC emissions from the plants. In a lab exper-
iment conducted with rapeseed plants, Voyard et al. (2024)
also reported a large contribution (between 30 % and 90 %)
of methanol to total emissions, both from above-ground and
below-ground plant parts.

In absolute values, the methanol emissions observed
in this study, ranged between about 0.1 and more
than 100 nmolm~2s~!, and averaged 8 nmol m~2s~!. This
agrees reasonably well with Das et al. (2003) for maize
(vertical gradient technique, 294 12nmolm~=2s~1). It is
however much larger than those reported by Haver-
mann et al. (2022) for rapeseed (chambers, average
2.5nmolm~2s~!), and by Loubet et al. (2022) for win-
ter wheat (EC, 0 to 4 nmol m~2 s_l), as well as by Bachy
et al. (2016, 2018, 2020) for maize and wheat (EC, 2.1
to 3 nmol m~2 s_l). Howeyver, these fluxes were about five
times smaller than those reported by Gonzaga Gomez et
al. (2019) during the same experimental campaign (plant
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chambers, average flux of 37 to 39 nmol m~2s~ !, consid-

ering a measured plant biomass of 780 g(dry matter) m~2 at
maturity). Such a difference is explained by the higher tem-
perature in the chambers leading to larger emissions. As sug-
gested by the authors, scaling to the soil temperature would
lead to a much closer agreement between eddy-covariance
and chamber measurements (see Appendix K in Gonzaga
Gomez et al., 2019).

4.2 Exchange of other oxygenated BVOCs

This study reported significant emission fluxes of two other
oxygenated BVOCs than methanol during the whole field
campaign, namely acetaldehyde and acetone, which were
also reported in other studies performed in rapeseed crops
using continuous flux measurements with dynamic chambers
(Gonzaga Gomez et al., 2019; Havermann et al., 2022). Vo-
yard et al. (2024) also reported acetaldehyde emissions as
one of the most emitted compounds from a rapeseed plant
after methanol, in a chamber experiment. The emission of
acetaldehyde during the senescence period, therefore in the
presence of leaf litter, twice larger than during the fruit de-
velopment period in this study, corroborates the chamber ob-
servations from Abis et al. (2021) that rapeseed leaf litter
are a significant source. According to Seco et al. (2007), ac-
etaldehyde emissions may result from various mechanisms,
among which reactions to physical stress (cutting and dry-
ing of harvested crop material, which could be assimilated to
drying leaf litter).

At the ecosystem scale, emission fluxes of acetaldehyde
and acetone were reported on other crop species than rape-
seed. In maize, Das et al. (2003) and Graus et al. (2013) re-
ported acetone as the second most importantly emitted oxy-
genated BVOC:s, like in this study. Still in a maize field,
Bachy et al. (2016) reported bidirectional fluxes of acetone
and acetaldehyde, with emission during early crop devel-
opment and then progressive reduction (even deposition) as
the crop reaches late stages, which they attributed to a re-
duction in the soil source contribution. In a winter wheat
crop, Bachy et al. (2020) also observed bidirectional fluxes
of acetone and acetaldehyde, with deposition during plant
development stages and emission during senescence for both
compounds, which tends to confirm the observations of the
present study showing increased senescence-induced emis-
sion of methanol, acetone and acetaldehyde.

In this study, two oxygenated compounds had bidirectional
behaviours: formaldehyde which was deposited in the fruit
development stage and then emitted during senescence, and
acetic acid, for which the opposite behaviour was observed.
While bearing in mind the uncertainty in formaldehyde quan-
tification, the fluxes observed in the present study were sig-
nificant and showed a clear daily pattern (e.g. Fig. 4Cl1
and C2). The formaldehyde behaviour switching from de-
position during fruit development period to emission dur-
ing senescence is similar to what was observed by Loubet
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et al. (2022) in a winter wheat field. Deposition fluxes of
formaldehyde were also observed by Brilli et al. (2016) dur-
ing the whole eddy-covariance measurement campaign per-
formed in a poplar plantation. On the contrary, formalde-
hyde emission was reported by Gonzaga Gomez et al. (2019)
on plant chambers during late flowering/fruit development
stage, while deposition was measured by eddy-covariance.
The reasons for these differences could be due to soil deposi-
tion not included in plant chambers, or higher temperatures in
these devices than in the surrounding field (Gonzaga Gomez
et al., 2019). Observations regarding acetic acid will be dis-
cussed in Sect. 4.4.

Other oxygenated BVOCs like m/z 73.064 (possibly
methyl-ethyl-ketone (MEK) or ethyl-vinyl-ether), 83.049
(methylfuran and GLV fragments), 87.042 (butanedione),
87.078 (butenol (MBO), butanone), 101.059 (pentanedione)
were emitted at small but significant rates during both veg-
etation stages. MEK and GLV were also reported by Brilli
et al. (2016) and Havermann et al. (2022) over maize and
rapeseed.

4.3 Emission of terpenoids, and sulphur- or
nitrogen-containing BVOCs

Emissions of terpenoid compounds, including isoprene,
monoterpenes, sesquiterpenes and their associated frag-
ments, were observed in the present study. Butcher et
al. (1994, 1995) and Jakobsen et al. (1994), performed mea-
surements of BVOC composition of the floral fragrances
with Tenax TA and GC on different rapeseed flowering
stages but did not report fluxes quantified at the plant level.
Butcher et al. (1994, 1995) reported that terpenoids repre-
sented 59 % to 74 % of the summed GC peaks, while Jakob-
sen et al. (1994), reported that sesquiterpenes and monoter-
penes represented up to 90 % of the total measured floral
BVOC flux of 45ng flower ' h~!, a unit difficult to com-
pare to the emitted amounts observed in other studies. These
first studies did not measure all compounds and notably
methanol, and focussed on flowers, which explains the high
share of terpenoids they found compared to our study. More
recently, Havermann et al. (2022) reported that monoter-
penes, sesquiterpenes and oxygenated monoterpenes con-
tributed to about 1 % in moles to total emitted BVOC fluxes,
an amount comparable to our study.

A few emitted compounds detected by the PTR-Qi-
TOF-MS were identified as BVOCs possibly contain-
ing sulphur or nitrogen atoms. These were methanethiol
(m/z 49.014), nitromethane (m/z 62.029), methyl vinyl sul-
phide (m/z 75.025), dimethyl sulfone (m/z 95.015), in-
dole (m/z 118.074) and p-thiocresol (m/z 167.052). Among
these compounds, methanethiol and dimethyl sulfone were
recently reported by Voyard et al. (2024) as being emitted by
soils, and methanethiol also emitted by rapeseed leaves and
roots. Veromann et al. (2013) observed small emissions of
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indole by parasited rapeseed plants at various nitrogen crop
fertilization rates.

4.4 Deposition of BVOCs

Much fewer BVOCs were deposited in the present study than
those observed in winter wheat fields (Bachy et al., 2020;
Loubet et al., 2022). Indeed, out of the BVOCs seen to be
deposited in Loubet et al. (2022), only formic acid and acetic
acid exhibited similar behaviour in the present study, the lat-
ter showing bi-directional fluxes. Deposition fluxes of acetic
acid were reported by Bachy et al. (2020) over a winter
wheat crop, from emergence to senescence, and by Bachy et
al. (2016) over bare soil. In the present study, acetic acid was
depositing during the senescence stage, but showed small
(down to —0.05nmolm—2s~!) nocturnal deposition fluxes
and large daily emissions (up to 0.2nmolm~2s~!) during
fruit development period. Kesselmeier et al. (1998) showed
that uptake of acetic and formic acids in crop plants were re-
lated to the stomatal opening for crops like corn, pea and bar-
ley (rapeseed was not investigated), which is not fully consis-
tent with the present study as during senescence, plant cells
are less and less active. Acetic acid uptake by the soil could
therefore constitute a more likely explanation, as suggested
by Bachy et al. (2016, 2020). Gomez et al. (2021), found that
acetic acid switched from deposition to emission fluxes when
the plant entered senescence, which is opposite to what was
observed in the present study at the ecosystem level, suggest-
ing that when the plant parts get degraded, acetic acid may
be released from the plant but would then be deposited on the
soil or elsewhere within the whole crop canopy.

Differences with observations by Loubet et al. (2022)
also relate to methylfuran and GLV fragments (mm/z 83.049)
and pentanedione (m/z 101.059), which were emitted in the
present study but deposited in their study over a winter wheat
field. Besides, ion m /z 43.018 did not show a significant flux
over rapeseed, contrary to Loubet et al. (2022), who found
a significant deposition flux. Also, while deposition fluxes
of methanol at night were observed in winter wheat fields
(Bachy et al., 2020; Loubet et al., 2022), this was not the case
in the present work. The observation of few deposited com-
pounds and small deposition fluxes compared to Loubet et
al. (2022) could be explained by the closed-canopy structure
of rapeseed compared to winter wheat, which would prevent
methanol and other soluble BVOCs from being absorbed by
the soil.

4.5 BVOC flux diel patterns

All BVOCs in this study exhibited diel emission or deposi-
tion patterns (Figs. 4 and S9). The peak emission times oc-
curred between mid-day and early afternoon for most com-
pounds, confirming the roles played by radiation and/or tem-
perature in driving BVOC emissions, as it was also observed
in previous works (e.g. Guenther et al., 1995). However, dif-
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ferences between BVOC:s in the timing of emission increase
at the beginning of the day were observed. Methanol (in
both periods) and methanethiol (in period 2) exhibited emis-
sion increases starting as of 06:00 a.m. UTC, as radiation also
started to increase (Fig. 4E1 and E2). The coincidence of the
flux increase with solar radiation suggests a stomatal path-
way for these compounds. The emission burst would be ex-
plained by the release from plant water where these com-
pounds may have accumulated overnight through metabolic
processes. Emission bursts of methanol in relation to stomata
closure/aperture have been reported in previous studies (e.g.
Harley et al., 2007; Hiive et al., 2007; Mozaffar et al., 2017).
However, while emission bursts in the morning were also re-
ported for other BVOCs like acetaldehyde and acetone in a
poplar forest equipped with cuvettes (Brilli et al., 2014a), this
was not observed for these compounds in the present study.

4.6 Effect of senescence on BVOC emissions

The absolute magnitude of the fluxes of oxygenated com-
pounds like methanol, acetone, acetaldehyde, formaldehyde,
formic acid and acetic acid increased during the senescence
period. This can be related to both environmental and plant
physiological characteristics. All these oxygenated soluble
compounds are more storable in foliar water pools (Ni-
inemets et al., 2004), which makes them prone to be released
during senescence when the stomatal control becomes less
efficient. Increased methanol and acetone emissions during
senescence have been recently reported for wheat and maize
(Bachy et al., 2018, 2020; Gomez et al., 2021; Gonzaga
Gomez et al., 2019; Mozaffar et al., 2017, 2018), but to our
knowledge, there is no information in the literature for rape-
seed, as Havermann et al. (2022) investigated inflorescence
emergence and flowering for this crop, but not senescence
stages. In the case of methanol and acetone, larger emissions
during senescence could also result from the breakdown
of cellular structures from both above-ground and below-
ground plant parts (Mozaffar et al., 2018; Rottenberger et
al., 2005; Voyard et al., 2024), a process analogous to those
occurring during plant growth and cell wall expansion (Fall
and Benson, 1996). Increased emissions of acetaldehyde dur-
ing late senescence were also reported in wheat by Bachy et
al. (2020).

Emissions of terpenoid compounds remained in the same
range or, opposite to oxygenated compounds behaviour, were
seen to slightly decrease (e.g. sesquiterpenes, Fig. S9) during
senescence. The decrease in monoterpenes emissions aligns
with observations for rapeseed at the plant scale by Gomez
et al. (2021), who also observed a decrease in monoterpenes
emissions as the plant entered senescence. Conversely, in the
study by Bachy et al. (2020) on winter wheat, isoprene and
monoterpenes emissions increased slightly during the senes-
cence period.
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4.7 BVOC standard emission factors (SEFs) and
implication for OH reactivity

SEF estimates for crops are scarce in the literature. In the
MEGAN2.1 model, the BVOCs emission profile is assumed
to be nearly identical across all crop species, with the ex-
ception that some crops do not emit isoprene. Moreover,
MEGAN?2.1 does not differentiate between crop develop-
mental stages (Guenther et al., 1995; Karl et al., 2009).

In this study, SEFs were determined for rapeseed during
both the fruit development and senescence stages (Table 2).
Methanol SEFs were about 40 % larger during senescence
compared to fruit development, but they were on average
about 6 times smaller than the values used in MEGAN?2.1
(Guenther et al., 2012) and in the same range as those re-
ported by Havermann et al. (2022). For terpenoids, isoprene
SEF was in the same range as in MEGAN?2.1 but lower than
the values reported by Havermann et al. (2022) and Gon-
zaga Gomez et al. (2019), and monoterpenes SEF up to 20
times higher than in MEGAN2.1, but close to values deter-
mined by Havermann et al. (2022) and Gonzaga Gomez et
al. (2019). Sesquiterpenes SEFs were about 10 times lower
than MEGAN2.1 estimates.

Our findings suggest that the contributions of methanol
and acetaldehyde to OH reactivity may be overestimated
by MEGAN?2.1 while those of isoprene and monoterpenes,
would be underestimated by this model during active plant
development, and to a lesser extent during senescence. While
flowering was not investigated, this study highlights the im-
portance of accounting for crop development stages when
evaluating BVOC emissions. In MEGAN2.1, OH reactiv-
ity is mainly attributed to green leaf volatiles and stress-
related BVOCs such as indole. However, indole SEFs are
about 1000 times higher in MEGAN2.1 than in our study
(Table 2). Guenther et al. (2012) acknowledged the uncer-
tainties in SEFs for such compounds, due to both limited
measurements and their sensitivity to plant damage. Our re-
sults indicate that these emissions are likely minimal during
late stages of oilseed rape. The OH reactivity constant of in-
dole used here was taken from Atkinson et al. (1995) and
confirmed by Xue et al. (2022), supporting the robustness of
our calculations. Methanethiol and 4-oxopentanal SEFs were
also found to be about 150 times higher in MEGAN2.1 than
in this study (Table 2). In MEGANZ2.1, these compounds,
which are thought to originate from leaf surface waxes ex-
posed to ozone and UV (Fruekilde et al., 1998), significantly
contribute to OH reactivity, while our data suggest they are
minor sources (smaller OH reactivity fluxes).

Although methanol contributed substantially to total
BVOC emissions from rapeseed, its role in OH reactivity was
limited (about 14 %), consistent with Bsaibes et al. (2020).
The larger contribution (more than 35 %) to total OH reac-
tivity by formaldehyde was similarly observed in this study
and MEGAN?2.1 estimates. However, as mentioned earlier in
this study, there exists uncertainties in formaldehyde quan-
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tification, which tend to prevent robust conclusions to be
drawn for this compound. Instead, rapeseed was found to be
a stronger source of monoterpenes than previously assumed
in MEGAN2.1. Because terpenoids have OH reaction con-
stants about 100 times higher than methanol (Atkinson and
Arey, 2003), they dominated OH reactivity, accounting for
44 % of the total. This is in the same range as the 40 % iso-
prenoid contribution reported by Bsaibes et al. (2020) in the
same field experiment, who based their estimates on concen-
trations rather than emissions. These figures are about 10
times larger than what is assumed in MEGAN?2.1 for these
compounds. This suggests that MEGAN2.1 would underes-
timate the role of terpenoids and isoprenoids, which could
have implications for secondary organic aerosol (SOA) for-
mation, as terpenoids and isoprenoids (isoprene, monoter-
penes, sesquiterpenes) are far more effective SOA precursors
than methanol, acetone, or acetaldehyde (Sakulyanontvittaya
et al., 2008).

5 Conclusions

To our knowledge, this study is the first one to report BVOC
fluxes measured by the eddy-covariance technique from a
rapeseed field. This technique allowed us to quantify BVOC
fluxes continuously at the field scale without disturbing the
ecosystem. It showed that oxygenated BVOCs, and above
all, methanol, are the main BVOCs emitted by this crop
type. Notably, methanol contributed more than 90 % to the
summed molar-based emissions during vegetated and bare
soil periods. As part of 42 compounds with significant fluxes,
the other major emitted compounds were monoterpenes, ace-
tone, isoprene, formaldehyde and methanethiol. Few com-
pounds were seen to be deposited during both fruit devel-
opment and senescence periods, among which formic and
acetic acids were the most deposited ones. BVOC diel emis-
sion patterns were related to air temperature and solar radia-
tion dynamics.

The standard emission factors (SEFs) computed in this
study are based on a non-invasive method (eddy-covariance)
and representative of the whole ecosystem. Our findings
eventually show that oxygenated BVOC SEFs were gener-
ally smaller than what is estimated in MEGAN?2.1 while ter-
penoid BVOC (isoprene, monoterpenes) SEFs may be un-
derestimated in that model. Finally, our study points out that
the contribution to total OH reactivity is mostly due to ter-
penoids (about 40 %), a value that is 10 times lower than that
estimated with MEGAN2.1. These results therefore suggest
that the contribution of terpenoids from rapeseed crops could
be larger than previously reported, therefore playing a more
significant role in secondary organic aerosol formation than
previously assumed.
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