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Abstract. Biogenic volatile organic compounds (BVOC) are key precursors of ozone and secondary organic aerosols, 

yet their emissions from croplands remain poorly characterized. Here, we report what is, to our knowledge, 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 15 

with a proton-transfer-reaction quadripole ion guide time-of-flight mass spectrometer (PTR-Qi-TOF-MS). 

Complementary flux estimates were obtained via an aerodynamic resistance approach using a five-level vertical 

concentration profile. In total, 42 BVOC were significantly emitted or deposited. Methanol dominated emissions during 

fruit development (about 90 % of total molar flux), followed by acetone, monoterpenes and isoprene. During senescence, 

formaldehyde and methanethiol emerged as additional contributors. Deposition fluxes were mainly attributed to formic 20 

acid (about 50 %), with smaller contributions from other oxygenates. Several BVOC, including formaldehyde and acetic 

acid, exhibited bidirectional fluxes. Agreement between aerodynamic resistance and eddy-covariance fluxes was 

generally acceptable for non-reactive BVOC (R² ranging 5-31 %), but diverged for reactive compounds due to longer 

residence times in profile tubing. This effect helped reveal episodic, atypical deposition of monoterpenes, isoprene, and 

siloxanes, likely linked to herbicide-related advection from neighbouring fields. Our findings eventually demonstrate 25 

that BVOC contribution to total OH reactivity is mostly due to terpenoids (about 40 %), suggesting that MEGAN2.1 

would substantially underestimate terpenoid emissions from oilseed rape, implying a larger role of croplands in 

secondary organic aerosol formation than currently represented.  

1 Introduction 

Volatile organic compounds (VOCs) only make up a small fraction of air composition and are negligible greenhouse 30 

gases, but they play an important role in atmospheric chemistry and have an indirect effect on climate (Isaksen et al., 

2009; Peñuelas 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 solar radiation and meteorological parameters like temperature 

and humidity (Mahilang et al., 2021; Sakulyanontvittaya et al., 2008). Also, by reducing the oxidative capacity of the 35 

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). Furthermore, BVOC may affect health directly; such as terpenoids 
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that may cause allergies (Butcher et al., 1994, 1995; McEwan and Macfarlane Smith, 1998), or carbonyl compounds 

and methyl halides that may be harmful to the environment, respectively due the phytotoxic characteristics of the 

compounds they contribute to form, and to their contribution to the ozone layer destruction (Müller et al., 2002; Jiao et 40 

al., 2020). 

VOC emissions can be either anthropogenic or biogenic (BVOC), the latter representing up to 90 % of the total 

emissions (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 

contributing BVOC species, isoprene and monoterpenes (Sindelarova et al., 2014), while croplands mostly release 45 

oxygenated BVOC 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; Wiß et al., 2017). As forests are the largest 

emitters of terpenoids globally (reactive compounds that significantly impact atmospheric chemistry), forests have been 

more studied than agricultural ecosystems. However, better quantification 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 50 

and documented to improve regional and global BVOC emission estimates, 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 neither 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 55 

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; 

Gonzaga Gomez et al., 2019; Morrison et al., 2016). However, although rapeseed represents a large share of oilseed 

production 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 production. Europe is the world leader (30 %) in this crop 60 

production (Woźniak et al., 2019), with rapeseed representing the most significant share of oilseed production (63 %) 

in Europe 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, provided 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, together 65 

with terpenoid-like compounds, and the latter showed that flowering rapeseed was emitting various types of terpenes, 

together with a few sulphur compounds. Later, Müller et al. (2002), using the cuvette technique, self-filled stainless 

steel adsorption tubes and subsequent GC-MS analysis, quantified emission 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, 70 

Havermann et al. (2022) performed direct chamber measurements on rapeseed plants in the field. The latter reported 

emission fluxes for 25 BVOC using a proton transfer reaction quadrupole mass spectrometer (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 frequency (10 Hz), managed to detect over more than 400 significant BVOC exchanged by 

rapeseed plants. However, while the quantification of BVOC flux exchanges at the ecosystem or field scale, using eddy-75 

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., 
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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 80 

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, interactions with chamber surfaces, and is even not possible when chambers are filled with zero 85 

air. 

The objectives of this study were, with the use of an eddy-covariance setup integrating a PTR-Qi-TOF-MS, i) to identify 

the main exchanged BVOC from a rapeseed field during the late vegetation development stages, ii) to quantify BVOC 

fluxes (emission and deposition) at the field scale using 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 90 

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 (48.9°N, 1.95°E; elevation 125 m), about 40 km west of Paris 

(France). The site is part of the European ICOS network (Integrated Carbon Observing System, www.icos-ri.eu). It 95 

consists of a 19-ha field on a relatively flat plateau with a gentle slope of approximately 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 per year 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 100 

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 NOx (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, 105 

and with reduced tillage since 2000. Rapeseed (Brassica napus L.) is also sown occasionally at the field site, such as in 

August 2012 and 16 August 2016 (Bohême variety) for the present field campaign. The field usually receives a variable 

amount of nitrogen ranging between 150 and 300 kg N ha−1 y−1, mainly as nitrogen solution and cattle manure (usually 

once every 3 years; the last application was on 12 August 2016). Before the present campaign, the field received 3 times 

39 kg N ha−1 of urea ammonium nitrate solution (UAN, 5% NO3, 25% NH4 and 50% CO(NH2)2, applied on 20 February, 110 

3 March and 22 March 2017), two insecticide applications (12 and 28 March 2017, 0.05 l ha−1, MAGEOS®, Alpha-

Cypermethrin 15%) and a fungicide application (15 April, 0.4 l ha−1, FILAN SC®, 200 g/l Boscalid and 200 g/l 

Dimoxystrobin). The preceding crop was winter wheat, harvested in July 2016. Rapeseed was harvested on 30 July 

2017. The average above-ground rapeseed biomass sampled and determined at the maturity stage (19 April, 2017) was 

781  188 g m−2. 115 

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 senescent 
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rapeseed vegetation (BBCH stages from 70s to 90s, see section 2.5.2). The experimental setup was part of a larger 

BVOC mixing ratio measurement campaign with profile measurements (see section 2.3), and chamber measurements 120 

(Gonzaga Gomez et al., 2019), similar 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 50 NL min−1 with a SV-1010 pump (Busch, Switzerland). 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 125 

same conditions as in Gonzaga Gomez et al. (2019). In the drift tube, the pressure Pd was set to 4 ± 0.01 mbar, the drift 

temperature Td to 80 ± 0.06 °C, and the drift voltage E to 995 ± 0.03 V, while the extraction voltage at the end of the 

tube UDx was 44 ± 0.20 V. These conditions ensured an E/N ratio (where N is the number density of the gas molecules 

in the drift tube) of 132 ± 0.03 Td (1 Td = 10−17 V cm−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 130 

per 100 ms. The detection channels were set to 240 000, and the mass spectrum spanned from m/z 15 to m/z 530. BVOC 

were identified based on expert knowledge. Many BVOC 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 integrated ion peak was updated in the Labview acquisition 

system as soon as produced by the PTR-Qi-TOF-MS software. Files containing 5 min of synchronized data were stored 135 

for post-computation. Mixing ratios for each BVOC i (Ci) were computed following the same procedure as the one 

described in Loubet et al. (2022). The uncorrected mixing ratio of the compound 𝐶௜,௣௧௥ (ppb) was calculated using: 

𝐶௜,௣௧௥ = 1.657𝑒ିଵଵ ×
௎೏ೝ೔೑೟ ೏்ೝ೔೑೟

మ

௞ ௣
೏ೝ೔೑೟

మ

×
௖௣௦

ೃ೔ಹశ
೟ೝೌ೙ೞ

௖௣௦
ಹయೀశ
೟ೝೌ೙ೞା௖௣௦

ಹమೀ∙ಹయೀశ
೟ೝೌ೙ೞ                                (1) 

𝑐𝑝𝑠ோ೔ுశ
௧௥௔௡௦ =

்ோ
ಹయೀశ

்ோೃ೔ಹశ
× 𝑐𝑝𝑠ோ೔ுశ                                                                     (2) 

where Udrift is the voltage of the drift tube (V), Tdrift is the drift tube temperature in kelvin (K), pdrift is the pressure in the 140 

drift (mbar), k is the proton transfer reaction rate assumed to be constant for all compounds (2.5×10−9 cm3 s-1), cpsRiH+ 

is the cps of the product ion i, cpsH3O+ and cpsH2O·H3O+ are the cps of the source ion and the first water cluster, trans 

stands for corrected for transmission, TRH3O+ is the transmission factor for H3O+, TRRiH+ is the transmission factor for 

the product ion i, both determined by the transmission curve (see Table S01 in supplementary material). The values of 

𝑐𝑝𝑠ுయைశ
௧௥௔௡௦  was computed from ion m/z 21.022 (𝐻ଷ

ଵ଼𝑂ା) by multiplying by the isotopic factor of O18 / O16 in water 145 

(487.56). The constant 1.657e−11 was derived from the PTR-Qi-TOF-MS setup. 

The calibrated mixing ratio 𝐶௜ was then computed by subtracting the zero-air mixing ratio 𝐶௜,௣௧௥
௭௘௥௢ ௔௜௥  and multiplying by 

a calibration coefficient, similarly as in Loubet et al. (2022), following: 

𝐶௜ = 𝑆௧௢௟௨௘௡௘(𝑡)  ×
ௌ೔(௧బ)

ௌ೟೚೗ೠ೐೙೐(௧బ)
× ൫𝐶௜,௣௧௥ − 𝐶௜,௣௧௥

௭௘௥௢ି௔௜௥൯         (3) 

The calibration coefficient was computed as a product of a time-evolving calibration coefficient of toluene 𝑆௧௢௟௨௘௡௘(𝑡) 150 

and a species-specific calibration coefficient 𝑆௜(𝑡଴) normalised to toluene computed during the one-off calibration 

before the campaign or taken from the Koss et al. (2018) dataset. 𝑆௧௢௟௨௘௡௘(𝑡) was computed as the slope of the regression 

(with intercept forced to zero) between 𝐶௧௢௟௨௘௡௘,௣௧௥ and the prescribed mixing ratio of toluene during periodic 

calibrations with a cylinder containing 102 ppbv of benzene, 104 ppbv of toluene, 130 ppbv of ethylbenzene and 336 
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ppbv of xylene (122 ppbv ortho, 121 ppbv meta, 123 ppbv para; BTEX, Messer, France). Only toluene was used because 155 

other compounds had confounding fragments. Gas from this cylinder was diluted with synthetic air (alphagaz 1, Air 

Liquide, France) using a fluorinert coated mass flow controller (Bronkhorst, The Netherlands). The calibration factor 

𝑆௧௢௟௨௘௡௘(𝑡) varied between 2.11  0.015 on 4 May and 2.37  0.029 on 23 June (see Table S01 in Supplementary 

Material for details). For a few BVOC, we made a one-off calibration with a standard cylinder containing 14 compounds 

(containing, 990 ppb methanol, 990 ppb acetonitrile, 950 ppb acetaldehyde, 1000 ppb ethanol, 1010 ppb acroleine, 980 160 

ppb acetone, 950 ppb isoprene, 1010 ppb crotonaldehyde, 990 ppb 2-butanone, 990 ppb benzene, 990 ppb toluene, 1020 

ppb o-xylene, 1010 ppb chlorobenzene, 1010 ppb α-pinene, 1020 ppb 1,2- dichlorobenzene, Ionicon, Austria) and for 

methanol by comparing against a PTR-HR-MS that returned from an ACTRIS inter-comparison exercise (Holzinger et 

al., 2019). The calibration factors are given in Table S02 in supplementary material. The calibration factors reported by 

Koss et al. (2018) were used to compute the calibration factors for 145 other compounds, as a compromise discussed in 165 

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 equations (3) and (4) (Table S02). The background 

mixing ratio 𝐶௜,௣௧௥
௭௘௥௢ି௔௜௥ was determined every 30 minutes by passing the sampled air through a hydrocarbon filter 

(Supelco ref 22445-12) for 2 minutes, averaging the last 30 seconds. 

The BVOC eddy covariance flux was computed based on standard eddy-covariance procedures following Loubet et al. 170 

(2022): 

𝐹௜ =
௣ೌ

೏തതതതതത

ோ்ೌതതത
𝑤ᇱ𝐶ప

ᇱതതതതതത        (4) 

Where 𝐹௜ is the flux (nmol m−2 s−1), w is the vertical wind component (m s−1), 𝑇௔
തതത is the air temperature (K), 𝑝௔

ௗതതതതത is the 

dry air pressure (Pa), and R is the ideal gas constant (8.31 J mol−1 K−1). Overbars (    ഥ ) denote averages, and primes 

denote fluctuations around the mean following Reynolds decomposition rules. Here 𝑤ᇱ was calculated by applying two 175 

rotations following Aubinet et al. (2000). The covariance between 𝐶௜
ᇱ and 𝑤ᇱ was calculated after dephasing the two 

signals with a lag time τ computed as the time at which the correlation function 𝑤ᇱ(𝑡)𝐶ప
ᇱ(𝑡 − 𝜏)തതതതതതതതതതതതതതതതതതത was the largest in 

absolute value (Langford et al., 2015). The time lag was 3.55 s and did not differ between a selection of BVOC and was 

therefore set equal for all of them. 

The random uncertainty on the flux (RUi) was calculated as the standard deviation over a 10 s period of the covariance 180 

function 𝑐𝑜𝑟𝑟௪ᇲ஼೔
ᇲ  (𝑡) around 𝑡 = 80𝑠  and 𝑡 = −80𝑠 as described by Spirig et al. (2005). The mean hourly fluxes ( 𝐹ప

ഥ ௛
) 

and random uncertainty 𝑅𝑈𝚤തതതതത௛ were computed based on the 5-min data. The flux was averaged, but the random 

uncertainty was computed using a quadratic mean (Langford et al., 2015) as : 

𝑅𝑈𝚤തതതതത୦ =
ଵ

ே
ඥ∑ 𝑅𝑈𝑖ଶே

௜ୀଵ                (5) 

Where N is the number of 5-min periods in an hour, which was 8 or below since 20 min per hour was dedicated to 185 

profile and calibration measurements.  

Flux high-frequency losses generated by the sampling tube and the instrument were evaluated to be below 5 % by 

Loubet et al. (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). 190 
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Figure 1: Flux footprint for the measurement campaign period (9 May – 30 June 2017) showing that at least 90 

% of the flux contribution originates from the investigated rapeseed crop area (located north and north-west of 

the agricultural path appearing on this satellite 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 195 

masts, and the field lab are also shown. 

2.3 BVOC mixing ratio profiles and BVOC fluxes computation with the aerodynamic resistance approach 

A BVOC mixing ratio profile was installed in the rapeseed field, comprising 5 lines positioned at 0.05 m, 0.25 m, 0.80 

m, 1.55 m and 3 m above the ground, the rapeseed vegetation being 1.55 m height surrounding the mast. Every 30 

minutes, each height was sequentially scanned by the PTR-Qi-TOF-MS for 1 minute using an 8 port ¼” VICI valve. 200 

The air was drawn from each of these lines (1/4’’ external diameter, 1/8’’ internal diameter; 30 m length) with a Busch 

SV1010 pump at 6 NL min−1 in each line using a flow splitter. The BVOC mixing ratio at each level was determined as 

the average mixing ratio over the last 30 s of sampling at this level. BVOC mixing ratio were calculated in the same 

way as explained at section 2.2.  

The profile mixing ratio was further used to compute the flux based on the aerodynamic resistance approach using the 205 

two uppermost sampling heights (1.55 and 3.0 m), to serve as a diagnostic for the EC flux. Indeed, according to the 

resistance analogy the BVOC profile flux (𝑃𝑟𝑜𝑓𝑖𝑙𝑒_𝐹𝑙𝑢𝑥௜ , nmol m−2 s−1) above the canopy is equal to the difference in 

mixing ratios divided by the aerodynamic resistance (Flechard et al. 2013). Acknowledging that the BVOC 

concentration is equal to the mixing ratio divided by the molar volume of air (𝑅𝑇௔
തതത/𝑝௔

ௗതതതതത), we find: 
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𝑃𝑟𝑜𝑓𝑖𝑙𝑒_𝐹𝑙𝑢𝑥௜ = −
஼೔(ଷ ௠)ି஼೔(ଵ.ହହ ௠)

ோೌ(ଵ.ହହ ௠,   ଷ ௠)
×

௣ೌ
೏തതതതതത

ோ்ೌതതത
                              (6) 210 

Where 𝐶௜(3 𝑚) and 𝐶௜(1.55 𝑚) (ppb) are the BVOC mixing ratios measured at 3 m and 1.55 m height, and Ra (s m−1) 

is the aerodynamic resistance which was approximated as 𝑅௔(1.55 𝑚, 3 𝑚)~
ଵ

௞ ୳∗
ln ቀ

ଷିௗ

ଵ.ହହିௗ
ቁ ~

ଵ.଴ଶ

௞ ୳∗
, with u∗ being the 

friction velocity (m s−1), d the displacement height (m), and κ the von Kármán constant (0.4), neglecting thermal 

stratification for simplification in this diagnostic approach. During the experiment the canopy height was 1.7 m height, 

the displacement height d and the roughness height zo were evaluated as 1.4 and 0.17 m respectively, where d was 215 

evaluated from Verhoef et al. (1997). 

2.4 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 220 

rainfall (model ARG100, Campbell, UK) were recorded.  

CO2 and H2O fluxes were measured by eddy-covariance following the ICOS protocol (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 

regular intervals. The leaf area index (LAI) and above-ground biomass were determined on three dates (11 November 225 

2016, 16 March 2017 and 19 April 2017) with destructive samplings and planimeter measurements. The LAI was 5.2 ± 

1.5 𝑚௟௘௔௙ 
ଶ 𝑚௦௢௜௟

ିଶ  during the experiment (rapeseed plants were at their maximum leaf development when the experiment 

started), of which 80 % were leaves, and 20 % stems. 

2.5 Data treatment and analysis 

2.5.1 Selection of compounds with significant fluxes 230 

In order to take into account, as much as possible, the possible variability of exchanged compounds over the whole 

measurement period (9 May - 30 June), we computed the 7-day running means of  𝐹ప
ഥ ௛

 ( 𝐹ప
ഥ ଻ௗ

) and 𝑅𝑈𝚤തതതതത୦ (𝑅𝑈𝚤തതതതത଻ௗ) using 

the same quadratic averaging as in eq. (5) for 𝑅𝑈𝚤തതതതത୦. and retained the BVOC for which  𝐹ప
ഥ ଻ௗ

> 3 × 𝑅𝑈𝚤തതതതത଻ௗ. By using 

moving windows, it was possible to detect singularities in the dataset. Finally, in order to apply this selection process 

to the whole measurement period, the selected BVOC were those which were retained by the above-mentioned criteria 235 

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 Gómez et al. (2019) were withdrawn from the list of 

selected BVOC. 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 therefore uncertain: it could be dimethylsulfide (DMS) instead of 240 

methaneperoxoic acid. 

2.5.2 Defining sub-periods for data analysis and interpretation 

Data analysis of the whole measurement period was separated into four sub-periods, in order to take account of (i) crop 

development stages and (ii) the observation of unusually large eddy-covariance deposition fluxes of some compounds 

during specific periods. First, as the vegetation was in continuous development during the measurement period, which 245 

is likely to have influenced the nature of exchanged BVOC, results interpretation was separated in two sub-periods: 9 
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May – 30 May, during which the vegetation was in the fruit development period (BBCH (Biologische Bundesanstalt, 

Bundessortenamt und CHemische Industrie) stages 70s, AHDB, 2023), and 9 – 30 June, during which the rapeseed crop 

entered and pursued senescence (BBCH stages 80s to 90s). Second, as unusually large deposition fluxes of certain 

BVOC species were observed with our eddy-covariance system – but not with the profile system (see further in the 250 

Results and Discussion sections) – over the periods 9-10 May and 23-30 May, it was decided to split the May data into 

three sub-periods so as to be able to better interpret the observed data. Therefore, eventually, the whole dataset was split 

into the four following sub-periods in the Results and Discussion sections:  

(1) Sub-period 1 (11 – 22 May 2017), representative of the rapeseed fruit development period 

(2) Sub-period 2 (9 – 30 June 2017), representative of the rapeseed senescence period 255 

(3) Sub-period 3 (9 and 10 May 2017,) focusing on the first unusually large eddy-covariance deposition fluxes 

observed for some compounds 

(4) Sub-period 4 (22 – 30 May 2017), focusing on the second unusually large eddy-covariance deposition 

fluxes observed for some compounds 

2.4.4 Calculation of Standard Emission Factors 260 

As BVOC emissions by vegetation are driven by both temperature and light or solely by temperature, these emissions 

can be normalised by light and temperature functions to produce standardised emission factors (SEF), which are helpful 

for comparison with previous studies. The SEF were calculated for sub-periods 1 and 2 (see section 2.5.2) based on 

Guenther et al. (1995) and Guenther (1997) as described by Gonzaga Gomez et al. (2019). For fluxes depending on 

light and temperature, such as isoprene, the SEF for each compound i (μg m−2 h−1) is defined by:   265 

𝑆𝐸𝐹௜ =
ா೔

஼ಽ ஼೅
            (7) 

Where 𝐸௜ is the measured BVOC flux per leaf surface (μg m−2 h−1), and 𝐶௅ and 𝐶் are the temperature and light response 

function of the BVOC emissions, defined as:  

𝐶் =  
ୣ୶୮ ൤

಴೅భ(೅ష೅ೄ)

ೃ ೅ೄ೅
൨

ଵା ୣ୶୮ ൤
಴೅మ(೅ష೅ಾ)

ೃ ೅ೄ ೅
൨
    𝑎𝑛𝑑       𝐶௅  =  

஑ ஼ಽభ୐

ඥଵା஑మ୐మ
       (8) 

Where 𝐶்ଵ = 95000 J mol−1, 𝐶்ଶ = 230000 J mol−1, 𝑇ெ = 314 K, α = 0.0027, 𝐶௅ଵ = 1.066 are empirically derived 270 

constants, T is the leaf experimental temperature (K), 𝑇ௌ is the leaf temperature at standard condition (303 K), R the gas 

law constant (8.314 1 J mol−1 K−1), and L is the photosynthetically active radiation (PAR) flux (μmol photon m−2 s−1).  

For BVOC emissions depending only on temperature (e.g. monoterpenes), the SEF was determined using the following 

equation (Eq. 9) with the empirical constant β set to 0.09 K-1:  

𝑆𝐸𝐹௜ =
୉౟

ୣ୶୮൫ఉ(்ି்ೄ)൯ ୣ୶୮൫ఉ(்ି்ೄ)൯
          (9) 275 

To compute the SEF, the BVOC flux per leaf surface, 𝐸௜ (μg m−2 h−1), was computed from the molar flux  𝐹ప
ഥ ௛

 (nmol 

m−2 s−1), the molar mass Mi (g mol−1) of compound i, and the leaf area index (LAI, m2 m−2) as: 

E୧ =
ଷ଺଴଴

ଵ଴଴଴
×

ெ೔

௅஺ூ
×  𝐹ప

ഥ ௛
           (10) 
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Where the ratio 3600/1000 converts seconds to hours and ng to µg. It should be noticed that the SEF computed in this 

study represent the ecosystem and not the plants alone since the eddy-covariance fluxes integrate over the whole 280 

ecosystem.  

The SEF calculated for all the compounds showing a significant emission for both sub-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):  

MEGAN2.1 is a widely used model that provides estimates of BVOC flux exchanges between the terrestrial biosphere 285 

and the atmosphere. This model categorises ecosystems 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 BVOC into individual (e.g. methanol, isoprene, acetone) and 

compound classes (bidirectional BVOC, stress BVOC, etc.) according to chemical characteristics. Although we did not 

strictly use the same model as MEGAN2.1 to compute the SEF from the measured fluxes, the equations are comparable 290 

in Guenther et al. (1995) and MEGAN2.1.  

Havermann et al. (2022) measured BVOC fluxes using large chambers deployed on three crop species (maize, rapeseed 

and ryegrass). They then calculated the SEF based on empirical light- and temperature-dependent relationships. Since 

they report SEF on a dry weight basis, we divided their SEF by the leaf specific area for rapeseed they report (39.6 

m2 kg−1) to retrieve the SEF per unit leaf area. It has to be noted that the leaf specific area measured in the present study 295 

is 20 ± 1 m2 kg−1, 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, wheat 

and maize at the same site and field campaign as the one reported in the present study. They calculated the SEF based 

on the empirical light- and temperature-dependent relationships from Guenther et al. (1995). 

2.4.5 Calculation of the OH reactivity flux 300 

The total OH reactivity R (s−1) is usually calculated as Eq. 11 (Gros and Zannoni, 2022): 

𝑅 = ∑ 𝑘ைுା௜௜ × 𝑁௔௩௢ ×
௉

ோ × ்
× 10ିଵ × 𝐶௜        (11) 

Where 𝑘ைுା௜  (cm3 molecule−1 s−1) is the rate constant of the reaction between OH and BVOC i (Table 2 and references 

therein), 𝑁௔௩௢ (6.022 1023 molecule mol−1) is the Avogadro number, P (101325 Pa) is the atmospheric pressure, R (8.314 

J K−1 mol−1) is the gas law constant, T (298 K) is the air temperature, 10ିଵହ is a conversion factor, and Ci (nmol mol−1) 305 

is the mixing ratio of BVOC i. 

To compare the OH reactivity resulting from the SEF found in this study to those resulting from literature emission 

factors, we computed a standard OH reactivity flux (here indicated as RF). It is representative of a total net OH reactivity 

that would result from the emitted BVOC. It was computed as Eq. 12: 

𝑅𝐹 = ∑ 𝑘ைுା௜௜ × 𝑁௔௩௢ ×
௉

ோ × ்
× 10ିଵ × ቀ𝑆𝐸𝐹௜ × 𝑉௠௢௟

௔௜௥ ×
௅஺ூ

ெ೔
×

ଵ଴଴଴

ଷ଺଴଴
ቁ                  (12) 310 

Where SEFi in μg m−2 h−1 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−1 m s−1, which leads to RF being in m s−2, that is the unit of the OH 

reactivity (s−1) multiplied by an exchange velocity (m s−1). 𝑉௠௢௟
௔௜௥  (m3 mol−1) is the air molar volume, Mi (g mol−1) is the 

molar mass of BVOC i and LAI is the leaf area index (m2 m−2). 
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In this study, we used the OH reactivity flux to compare the impact of BVOC SEF computed here with the SEF available 315 

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 320 

photosynthesising, as shown by the Net Ecosystem Exchange (NEE) fluxes being largely negative during daytime (Fig. 

2). The investigated period was also characterised by significant evaporation (latent heat, LE, Fig. 2) during the whole 

time. As of June, gradual decreases in the CO2 flux (from about - 20 to 0 µmol m−2 s−1) 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 

temperature was variable during the whole measurement period, and comprised between 2.9 and 34.7 °C, with an 325 

average value of 16.9 °C. A few short rain events punctuated the measurement period, especially around mid-May and 

early June.  

 

Figure 2: CO2, H2O fluxes and meteorological conditions during the field campaign: net ecosystem exchange 

(NEE), latent heat (LE), air temperature (Tair), relative humidity (RH), short-wave incoming radiation (SW_in), 330 

precipitation (P) and Albedo (ratio). 

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

Out of more than 500 detected ions, 42 BVOC (corresponding to 62 ions when including isotopes and fragments), 

exhibited significant fluxes (Table 1 for the list of the twenty most exchanged BVOCs during sub-periods 1 and 2, and 

Table S03 and Fig. S04 for the whole list and flux (black) + random error (red) temporal courses of the 42 BVOC, 335 

respectively). Overall, 30 BVOC were emitted, 7 were deposited, and 5 were bidirectional (Table S03).  
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Among the emitted BVOC, m/z 33.033 (methanol) was by far the most emitted one for both sub-periods (Tables 1 and 

S03, Fig. 3), representing between 90 and 93 % of the total emissions on a molar basis (Table 1). The magnitude of 

methanol emissions was twice larger during the senescent sub-period than during the end of fruit development period 

(Table 1, Fig. 3). The other three most emitted BVOC were m/z 137.129 (monoterpenes), m/z 59.049 (acetone) and m/z 340 

69.070 (isoprene) in the fruit development sub-period, and m/z 31.018 (formaldehyde), m/z 59.049 (acetone) and m/z 

49.014 (methanethiol) in the senescence sub-period, with these compounds representing between 0.4 and 5.8 % of 

emissions (on a molar basis) during these two respective sub-periods (Table 1). 
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Figure 3: Air temperature (Tair), short wave incoming radiation (SW_in), net ecosystem exchange (NEE), 380 

Precipitation (P), and BVOC exchanged fluxes of a selection of 4 most emitted and 2 most deposited BVOC 

over sub-period 1 (left) and 2 (right). BVOC are named after their m/z ratio, on the right-hand side of each 

graph (see Table 1 for correspondence. Units of each variable are given on the left-hand side of the graphs.  

Along these main compounds, many other BVOCs belonging to different chemical compound classes were 

observed to be emitted and tentatively identified (Table S03). (i) Two other terpenoid compounds than isoprene 385 

and monoterpenes was seen to be significantly emitted during sub-periods 1 and 2 (Fig. S04): 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 during the senescence period. (ii) Possible 

other sulphur compounds than methanethiol (m/z 49.014) were also emitted in significant amounts during both 

sub-periods 1 and 2: m/z 63.006 (which could actually be m/z 63.026, identified as dimethylsulfide, see section 390 

2.5.1), m/z 75.025, possibly identified as methyl-vinyl sulfide, m/z 93.035, possibly identified as 2-

methylmercaptoethanol but which could also be (C6H4O)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 

patterns over the whole measurement campaign (m/z 60.048, possibly identified as acetamide, and m/z 62.029, 

possibly identified as nitromethane, and clear diurnal pattern particularly during sub-period 1 (m/z 118.074, which 395 

could be indole, a quite reactive compound). (iv) Many oxygenated compounds were also seen to be emitted 

during both sub-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 400 
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caprolactone (Table S03). (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 (Fig. 3, Fig. S04) during sub-periods 1 and 2: they are formic acid 

(m/z 47.013), which represented about 45-50 % of the deposited BVOC flux in each sub-period, m/z 77.005, 

possibly identified as thioacetic acid, m/z 99.008, possibly identified as maleic anhydride, and much heavier 405 

compounds like m/z 223.057, m/z 297.071 and m/z 355.051 possibly identified as D3-siloxane, D4-siloxane and 

D5-fragment of siloxane compounds, respectively. 

Some BVOC switched from deposition to emission, or vice-versa, between sub-periods. One BVOC 

(formaldehyde, m/z 31.018) was seen to be deposited in small amounts during sub-period 1, then switched to 

emissions during sub-period 2. The quantification of formaldehyde fluxes should be considered with caution due 410 

to its proton affinity (712.9 kJmol−1; NIST database, 2023) being close to that of water (691 kJmol−1; NIST 

database, 2023), potentially making it more difficult to detect it using the PTR-MS technique adequately (Loubet 

et al., 2022). Conversely, three BVOC (m/z 57.069 (possibly butene), m/z 61.029 (identified as acetic acid) and 

m/z 167.052 (possibly identified as thiocresol)) were emitted during the end of the flowering period, then deposited 

during the senescence period (Table 1, Fig. S04).  415 

All the detected compounds exhibited diel emission or deposition patterns during both sub-periods (Fig. 3 and 

S04). BVOC fluxes increased (in absolute value) during the day and decreased to lower nocturnal emission rates 

following radiation and temperature variations. During sub-period 1, a rain event occurring between the 17th and 

18th of May, together with a temperature drop, likely caused reductions in all the detected BVOC emission rates 

(Fig. 2, 3 and S04). Formaldehyde and formic acid deposition rates were also reduced during that specific event. 420 

The short rain events during sub-period 2 did not decrease BVOC emissions, probably because rain intensity was 

smaller than in sub-period 1 and air temperatures remained high. During sub-period 2, a temperature increase that 

started around mid-June, together with bright sun conditions, could have triggered larger fluxes for the majority 

of BVOC (Fig. 3, Fig. S04). 

As observed in Fig. 3 and in Fig. 4 (panels A, B and C), most BVOC fluxes peaked around noon. However, a few 425 

BVOC 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 sub-period 1, and for methanol, methanethiol and acetic 

acid during sub-period 2. During sub-period 1, NEE flux and radiation also peaked earlier than noon (Fig. 4, panels 

D and E), while this was not the case in the second sub-period. Concerning nocturnal emissions of methanol, we 

noticed smaller (about 50 %) emission fluxes during senescence compared to the end of flowering period, while 430 

diurnal emissions of this compound were more than twice larger during senescence compared to end of flowering.
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Figure 4: Diel cycles of main BVOC fluxes and micro-meteorological variables during sub-periods 1 and 2: 

A, stacked hourly BVOC fluxes (nmol m−2 s−1) for the 10 most emitted and deposited BVOC; B, same as A, 435 

without methanol (m/z 33.033); C, BVOC fluxes divided by their daily maximum; D, net CO2 fluxes (NEE) 

and Air temperature (Tair); E, latent heat fluxes (LE) and global incoming radiation (SW_in). Index 1 refers 

to sub-period 1 (fruit development), and index 2 refers to sub-period 2 (senescence). 

3.3 Emission factors and OH reactivity fluxes 

The calculated standard emission factors (SEF) showed much larger values for methanol than for other oxygenated 440 

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 sub-period 2 as 

compared to sub-period 1 (reduction factors varying from 1.2 (acetaldehyde) to about 20 (sesquiterpenes and 

indole). Only methanol and acetone – and to a smaller extent m/z 101.059 – SEFs were increased from sub-period 

1 to sub-period 2, by factors between 1.2 and 2.8. 445 

Compared to values taken into consideration in the MEGAN2.1 model (Guenther et al., 2012), the SEFs calculated 

in the present study exhibited values ~35 %, 3 times and 10 times smaller for methanol, acetone and acetaldehyde, 

respectively, on average over both sub-periods. On the contrary, they were in the same range (acetaldehyde) or 2.5 

(acetone) to 3.5 (methanol) times larger than values reported by Havermann et al. (2022). Also, much smaller SEF 

values than in MEGAN2.1 were reported in the present study for more reactive compounds like indole, 450 

methanethiol and m/z 101.059. On the other side, much larger SEF values for monoterpenes (10 times, during the 

fruit development period), isoprene (13 and 6.5 vs 1, during both sub-periods, respectively), MBO (10 to 200 

times) and formaldehyde (25 % larger) were observed in the present study, compared to those in MEGAN2.1. The 

isoprene and monoterpenes SEFs reported in the present study was also generally larger, or in the same range of 

values, as compared to SEFs reported by Gonzaga Gomez et al. (2019) and Havermann et al. (2022). 455 
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The OH reactivity fluxes (RF) computed using MEGAN2.1 SEF or this study SEF were differing in the same way 

as the SEF with smaller MEGAN2.1 OH reactivity flux for isoprene, MBO, monoterpenes and formaldehyde, and 

larger MEGAN2.1 OH reactivity flux for methanol, acetone, sesquiterpenes, 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 SEF on these last three compounds, we chose not to include these compounds 460 

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, formaldehyde dominated and contributed in similar 

proportions to what can be evaluated with MEGAN2.1 SEFs. Contribution of monoterpenes to the total OH 

reactivity flux was then seen to be much larger (more than 8 times) based on results from the present study as 

compared to results obtained with MEGAN2.1 evaluation, for which contributions are mainly shared in the same 465 

range (27-33 %) by other BVOC like methanol, formaldehyde and acetaldehyde. 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 SEF. 
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3.4 Fluxes by aerodynamic resistance approach during sub-periods 1 and 2 

Fluxes measured either by the eddy-covariance method (EC_Flux) or by the aerodynamic resistance approach 480 

(Profile_Flux) were generally in good agreement for emission behaviours, as for example for methanol and 

monoterpenes over the periods 11-22 May (Fig. 5 and Fig. S05b) and 9-30 June (Fig. 5 and Fig. S05d). Differences 

in magnitude were however observed for deposited compounds over the period 9-30 June (Fig. 5 and Fig. S05d), 

with Profile_Flux being larger e.g. for formic acid (m/z 47.013) and acetic acid (m/z 61.029). For some compounds 

(m/z 75.025, 115.078), the flux direction is even different between both estimations over the period from 9 to 30 485 

June (Fig. S05d), with emission observed by the EC method and deposition observed with the aerodynamic 

resistance approach. Such differences were not observed during sub-period 1 (Fig. S05b). 

 

Figure 5: Comparison of BVOC fluxes measured by eddy-covariance (black lines) or with the aerodynamic 
resistance approach (red lines) for four BVOC during both flowering (sub-period 1) and senescence (sub-490 
period 2) vegetation stages. a and b: methanol (m/z 33.033). c and d: formic acid (m/z 47.013). e and f: 
isoprene (m/z 69.070). g and h: monoterpenes (m/z 137.129). 

3.5 Identification of potential fast gas-phase chemical reactions for BVOC at the site 
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We observed that, most of the time, mixing ratios were in good agreement between EC and profile measurement 

systems sampling at the same height of 3 m, for the majority of compounds during all four sub-periods (Fig. S05a-495 

d). However, during sub-periods 3 (9-10 May), and 4 (23-30 May), the mixing ratios were up to 15 times higher 

in the EC line, indicating a very strong gas-phase reaction occurring for some BVOC, and in particular terpenes 

and siloxanes during these periods, combined with high mixing ratios of these compounds (Fig. S05a and S05c). 

The reason for these differences may be due to chemical reactions in the gas-phase occurring during the transport 

in the tubes. Indeed, given the difference in inlet lines length and flow rates in those lines, the transport time was 500 

t_EC = 3.6 s in the EC set-up and t_profile = 11.3 s in the profile set-up. This led to BVOC being either consumed 

or produced in differing amounts in the two tubing systems. Assuming a first-order reaction with a non-limiting 

reactant mixing ratio, the reaction constant of a compound i in the atmosphere katm_i (s−1) could be computed as 

katm_i = ln(C_EC / C_profile) / (t_profile – t_EC), with t_profile – t_EC = 7.7 s.  

We find reaction rates varying up to 0.04 s-1, 0.12 s-1 and 0.25 s-1 during the sub-periods 3 and 4 for isoprene, 505 

monoterpenes and D3-siloxane, respectively (see Fig. S09 for reaction rates for all compounds during the 

experiment).  

We also observed during these sub-periods 3 and 4, that some BVOC, and in particular, monoterpenes, isoprene, 

siloxanes, exhibited large eddy-covariance deposition fluxes that followed a diel pattern (Fig. 6, S05a and S05c). 

510 

Figure 6: Fluxes of isoprene (m/z 69.070, a), monoterpenes (m/z 137.129) and D3-siloxanes (m/z 223.057) 
measured with the eddy-covariance (black curves) and the aerodynamic resistance approach (red curves) 
during sub-periods 3 (a, c, e) and 4 (b, d, f). 

For monoterpenes, these deposition fluxes reached about 10 times the magnitude of emitted fluxes for the same 

compounds during sub-periods 1 and 2, and deposition velocities (Vd, m s−1) were far above the maximum 515 

exchange deposition velocity (Vmax, m s−1) indicating clearly a gas phase reaction mechanism to explain the 

observed apparent deposition velocity (Fig. S06a for isoprene and Fig. S06b for monoterpenes). During these 
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episodes, we further observed that the compounds exhibiting large EC deposition fluxes showed a mixing ratio 

much larger (and variable) in the EC setup than in the profile setup at the same sampling height of 3 m. This was 

in particular true for siloxane compounds (D3-siloxane, m/z 223.057 and isotopes, and D4-siloxane, m/z 297.071 520 

and isotopes + fragments), and terpenes for all four sub-periods. Furthermore, during these periods, the fluxes 

computed with the aerodynamic resistance approach for these compounds showed no or slight deposition when 

compared to the large EC deposition fluxes, even for BVOC that are usually seen to be deposited like formic acid 

or acetic acid (Fig. 6, and S05a).  

To investigate the origin of these atypical fluxes, meteorological conditions during sub-periods 3 and 4 were looked 525 

into details. While no atypical events were observed for rain, air humidity or air temperature (Fig. 2), wind 

direction was always in the North-East sector (0 – 100 deg/N, Fig. S07). Polar plots of BVOC mixing ratios 

measured in the eddy-covariance line (Conc_EC) over the whole measurement campaign, showed that those 

BVOC showing atypically large deposition in sub-periods 3 and 4, showed peaking mixing ratios with wind from 

the north-east sector, which strongly suggests a local source of these compounds in that direction (Fig. 7 and S08). 530 

We further see in Fig. 7 that for monoterpenes (m/z 137.129) and D3-siloxane (m223.057) the concentration 

increases for wind speeds above a certain threshold (~1 m s-1 for D3-siloxane), indicating advection from a local 

source of a highly reacting compound.  

 

Figure 7: Polar plots of the mixing ratios of six selected BVOC, as measured by the eddy-covariance set-up 535 
over the whole measurement campaign (9 May – 30 June).  The radius variable is the wind speed. The first 
row shows compounds that do not exhibit atypical fluxes in subperiods 3 and 4 (m/z 33.033, m/z 45.033 and 
to a lesser extent m/z 69.070) while the second row shows such compounds (m/z 137.129, m/z 223.057 and 
m/z 297.071). The complete set of polar plots for all significant BVOC in this study is displayed in Fig. S08 
in the Supplementary Material. 540 

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 BVOC, and its 

contribution varied between 90 and 93 % of the summed BVOC emitted fluxes on a molar basis. This compound 545 

is known to be produced during plant growth and cell wall elongation (Fall and Benson, 1996). The prevalence of 
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methanol emissions from vegetated ecosystems (generally at least 50 % of emissions), 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), Wiß 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 550 

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 

during 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 555 

with chambers, either not including (Gonzaga Gomez et al., 2019) or including (Havermann et al. 2022) soil, this 

difference suggests that the share of methanol emissions from the soil would be larger than from the vegetation. 

In a lab experiment 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 560 

100 nmol m−2 s−1, and averaged 8 nmol m− 2 s−1. This agrees reasonably well with Das et al. (2003) for maize 

(vertical gradient technique, 29 ± 12 nmol m−2 s−1). It is however much larger than those reported by Havermann 

et al. (2022) for rapeseed (chambers, average 2.5 nmol m−2 s−1), and by Loubet et al. (2022) for winter wheat (EC, 

0 to 4 nmol m−2 s−1), as well as by Bachy et al. (2016, 2018, 2020) for maize and wheat (EC, 2.1 to 3 nmol m−2 

s−1). However, these fluxes were about five times smaller than those reported by Gonzaga Gomez et al. (2019) 565 

during the same experimental campaign (plant chambers, average flux of 37 to 39 nmol m− 2 s−1, considering a 

measured plant biomass of 780 g (dry matter) m−2 at maturity). Such a difference is explained by the higher 

temperature in the chambers leading to larger emissions. As suggested by the authors, scaling to the soil 

temperature would lead to a closer much agreement between eddy-covariance and chamber measurements (see 

Appendix K in Gonzaga Gomez et al. (2019)).  570 

4.2 Exchange of other oxygenated BVOC 

This study reported significant emission fluxes of two other oxygenated BVOC 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). Voyard et al. (2024) also reported acetaldehyde emissions as one of the most emitted compounds from 575 

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 development period in this study, 

corroborates the chamber observations from Abis et al. (2021) that rapeseed leaf litter are a significant source. 

According to Seco et al. (2007), acetaldehyde emissions may result from various mechanisms, among which 

reactions to physical stress (cutting and drying of harvested crop material, which could be assimilated to drying 580 

leaf litter).  

At the ecosystem scale, emission fluxes of acetaldehyde and acetone were reported on other crop species than 

rapeseed. In maize, Das et al. (2003) and Graus et al. (2013) reported acetone as the second most importantly 

emitted oxygenated BVOC, 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 development and then progressive reduction 585 

(even deposition) as the crop reaches late stages, which they attributed to a reduction in the soil source contribution. 

In a winter wheat crop, Bachy et al. (2020) also observed bidirectional fluxes of acetone and acetaldehyde, with 
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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 emission of methanol, 

acetone and acetaldehyde. 590 

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 quantification, the fluxes observed in the present 

study were significant and showed a clear daily pattern (e.g. Fig. 4 C1 and C2). The formaldehyde behaviour 

switching from deposition during fruit development period to emission during senescence is similar to what was 595 

observed by Loubet et al. (2022) in a winter wheat field. Deposition fluxes of formaldehyde were also observed 

by Brilli et al. (2016) during the whole eddy-covariance measurement campaign performed in a poplar plantation. 

On the contrary, formaldehyde 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 deposition not included in plant chambers, or higher temperatures in these devices 600 

than in the surrounding field (Gonzaga Gomez et al., 2019). Observations regarding acetic acid will be discussed 

in section 4.4.  

Other oxygenated BVOC 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 vegetation stages. MEK and GLV were also 605 

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 BVOC 

Emissions of terpenoid compounds, including isoprene, monoterpenes, sesquiterpenes and their associated 

fragments, were observed in the present study. Butcher et al. (1994, 1995) and Jakobsen et al. (1994), performed 

measurements of BVOC composition of the floral fragrances with Tenax TA and GC on different rapeseed 610 

flowering stages but did not report fluxes quantified at the plant level. Butcher et al. (1994, 1995) reported that 

terpenoids represented 59 to 74 % of the summed GC peaks, while Jakobsen et al. (1994), reported that 

sesquiterpenes and monoterpenes represented up to 90 % of the total measured floral BVOC flux of 45 ng flower−1 

hour−1, a unit difficult to compare 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 615 

terpenoids they found compared to our study. More recently, Havermann et al. (2022) reported that monoterpenes, 

sesquiterpenes and oxygenated monoterpenes contributed to about 1 % in moles to total emitted BVOC, an amount 

comparable to our study. 

A few emitted compounds detected by the PTR-Qi-TOF-MS were identified as BVOC possibly containing sulphur 

or nitrogen atoms. These were methanethiol (m/z 49.014), nitromethane (m/z 62.029), methyl vinyl sulphide (m/z 620 

75.025), dimethyl sulfone (m/z 95.015), indole (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 indole by parasited rapeseed plants at various nitrogen crop fertilization rates. 

4.4 Deposition of BVOC  625 

Much fewer BVOC 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 BVOC seen to be deposited in Loubet et al. (2022), only formic acid 

https://doi.org/10.5194/egusphere-2026-401
Preprint. Discussion started: 2 March 2026
c© Author(s) 2026. CC BY 4.0 License.



23 
 

and acetic acid exhibited similar behaviour in the present study, the latter 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 630 

stage, but showed small (down to -0.05 nmol m−2 s−1) nocturnal deposition fluxes and large daily emissions (up to 

0.2 nmol m−2 s−1) during fruit development period. Kesselmeier et al. (1998) showed that uptake of acetic and 

formic acids in crop plants were related to the stomatal opening for crops like corn, pea and barley (rapeseed was 

not investigated), which is not fully consistent 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 635 

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, suggesting 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 (m/z 83.049) 640 

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 compounds and small deposition fluxes compared to Loubet et al. (2022) could be explained by 645 

the closed-canopy structure of rapeseed compared to winter wheat, which would prevent methanol and other 

soluble BVOC from being absorbed by the soil.  

4.6 BVOC flux diel patterns 

All BVOC in this study exhibited diel emission or deposition patterns (Fig. 4 and S04). The peak emission times 

occurred between mid-day and early afternoon for most compounds, confirming the roles played by radiation 650 

and/or temperature in driving BVOC emissions, as it was also observed in previous works (e. g. Guenther et al., 

1995). However, differences between BVOC in the timing of emission increase at the beginning of the day were 

observed. Methanol (in both sub-periods) and methanethiol (in sub-period 2) exhibited emission increases starting 

as of 6 am UTC, as radiation also started to increase (Fig. 4 E1 and E2). The coincidence of the flux increase with 

solar radiation suggests a stomatal pathway for these compounds. The emission burst would be explained by the 655 

release from plant water where these compounds 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; Hüve et al., 2007; Mozaffar et al., 2017). However, while emission bursts in the morning were 

also reported for other BVOC like acetaldehyde and acetone in a poplar forest equipped with cuvettes (Brilli et al., 

2014a), this was observed for these compounds in the present study. 660 

4.7 Effect of senescence on BVOC emissions 

The absolute magnitude of the fluxes of oxygenated compounds like methanol, acetone, acetaldehyde, 

formaldehyde, formic acid, acetic acid increased during the senescence period. This can be related to both 

environmental and plant physiological characteristics. All these oxygenated soluble compounds make them more 

storable in foliar water pools (Niinemets et al., 2004), which makes them prone to be released during senescence 665 

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 
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rapeseed, 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 670 

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 during 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, 675 

were seen to slightly decrease (e.g. sesquiterpenes, Fig. S04) 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 senescence period. 

4.8 BVOC standard emission factors (SEF) and implication for OH reactivity 680 

SEF (standard emission factor) estimates for crops are scarce in the literature. In the MEGAN2.1 model, the BVOC 

(biogenic volatile organic compound) emission profile is assumed to be nearly identical across all crop species, 

with the exception that some crops do not emit isoprene. Moreover, MEGAN2.1 does not differentiate between 

crop developmental 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 685 

2). Methanol SEFs were about 30% larger during senescence compared to fruit development, but they were about 

30 % to 50 % smaller than the values used in MEGAN2.1 (Guenther et al., 2012) and three to four times higher 

than those reported by Havermann et al. (2022). For terpenoids, isoprene and monoterpene SEFs were 2 to 13 

times higher than in MEGAN2.1, while isoprene SEFs were on average in the same range as those reported by 

Gonzaga Gomez et al. (2019). Sesquiterpenes SEFs were comparable to MEGAN2.1 estimates.  690 

Our findings suggest that the contributions of methanol and acetaldehyde to OH reactivity may be overestimated 

by MEGAN2.1 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 importance of accounting for crop development stages when evaluating BVOC emissions. In 

MEGAN2.1, OH reactivity is mainly attributed to green leaf volatiles and stress-related BVOCs such as indole. 695 

However, indole SEFs are about 300 times higher in MEGAN2.1 than in our study (Table 2). Guenther et al. 

(2012) acknowledged the uncertainties in SEFs for such compounds, due to both limited measurements and their 

sensitivity to plant damage. Our results indicate that these emissions are likely minimal during late stages of oilseed 

rape. The OH reactivity constant of indole 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 700 

to be 50–60 times higher in MEGAN2.1 than in this study (Table 2). In MEGAN2.1, these compounds significantly 

contribute to OH reactivity, while our data suggest they are minor sources. They are thought to originate from leaf 

surface waxes exposed to ozone and UV (Fruekilde et al., 1998). 

Although methanol contributed substantially to total BVOC emissions from rapeseed, its role in OH reactivity was 

limited (about 18%), consistent with Bsaibes et al. (2020). The larger contribution (about 30 %) to total OH 705 

reactivity by formaldehyde was similarly observed through this study and MEGAN2.1 estimates. However, as 

mentioned earlier in this study, there exists uncertainties in formaldehyde quantification, which tend to prevent 

robust conclusions to be drawn for this compound. Instead, rapeseed was found to be a stronger source of 
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terpenoids than previously assumed in MEGAN2.1. Because terpenoids have OH reaction constants about 100 

times higher than methanol (Atkinson and Arey, 2003), they dominated OH reactivity, accounting for 44 % of the 710 

total. This is in the same range as the 40 % isoprenoid contribution reported by Bsaibes et al. (2020) in the same 

field experiment, who based their estimates on concentrations rather than emissions. These figures are more than 

five times larger than what is assumed in MEGAN2.1 for these compounds. This suggests that MEGAN2.1 

underestimates the role of terpenoids and isoprenoids. This underestimation could have implications for secondary 

organic aerosol (SOA) formation, as terpenoids and isoprenoids (isoprene, monoterpenes, sesquiterpenes) are far 715 

more effective SOA precursors than methanol, acetone, or acetaldehyde (Sakulyanontvittaya et al., 2008). 

4.9 Hypothesis to explain the observed uncommon large deposition fluxes of isoprenoids and siloxanes 

We found overall good agreement in both magnitude and temporal dynamics between the mixing ratios measured 

with the EC and profile setups at the same sampling height of 3.0 m (Fig. S05a–d) for most compounds. Moreover, 

isoprene mixing ratios were consistent in both dynamics and magnitude compared to those from a permanent air 720 

quality station in Paris (V. Gros, pers. comm.). These good agreements strengthen confidence in the accuracy of 

BVOC quantification during the campaign, and in turn in the observed high deposition fluxes during sub-periods 

3 and 4 for compounds typically considered as emitted species (Fig. 6). 

The hypothesis of a regional pollution event from Paris seems unlikely, given the high reactivity of the compounds 

involved (e.g., monoterpenes, isoprene; Table 2). A more plausible explanation is the local advection of a plume 725 

enriched in siloxanes and terpenes (Fig. 7). Such a plume would also contain other highly reactive species, to 

explain the strong chemical sinks of these compounds observed in the profile tubes. To explore this possibility, 

we gathered information on agricultural operations (e.g., pesticide applications, fertilizer use) in adjacent fields, 

and found that maize was planted in a nearby field located north-east of the site during the campaign. This suggests 

that herbicides may have been applied, as this is a common practice in the region. Herbicide formulations contain 730 

adjuvants and solvents, sometimes including organo-silicone compounds such as siloxanes (e.g. Li et al., 2019; 

Chen et al., 2022) like the commercial product Silwet® (EPHY, 2025) which we know was occasionally applied 

at the farm scale (e.g., Silwet,). In addition, herbicide application damages or destroys plants, which can trigger 

large pulses of terpenoid emissions, similar to those observed after herbivory (Piesik et al., 2011; Kammer et al., 

2019) or extreme meteorological events (Bamberger et al., 2011). Based on this evidence, we hypothesise that 735 

herbicide application in adjacent fields may have generated a plume containing siloxanes and terpenes, leading to 

the observed concentration peaks and deposition fluxes at our site. While plausible, this explanation remains 

speculative and would require further targeted experiments to be confirmed. 

 5 Conclusion 

To our knowledge, this study is the first one to report BVOC fluxes measured by the eddy-covariance technique 740 

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 BVOC, and above all, methanol, are the main BVOC 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 acetone, monoterpenes, isoprene, formaldehyde and methanethiol. Few compounds were seen to 745 

be deposited during both fruit development and senescence periods, among which formic and acetic acids were 

the most deposited ones. BVOC diel emission patterns were related to air temperature and solar radiation 

dynamics.  
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Uncommonly large deposition fluxes of certain BVOC (among which monoterpenes, isoprene, and siloxanes) 

were observed over two specific and short periods in May. Wind direction, reactivity analysis, and local 750 

management suggest local advection of these compounds from agricultural activity in the neighbouring fields may 

be the cause of this atypical deposition observation. Our results further suggest that the use of two lines with 

differing time responses at the same height (EC and profiles) mixing ratio could be useful to investigate BVOC 

atmospheric reactivity in the field. 

The standard emission factors (SEF) computed in this study are based on a non-invasive method (eddy-covariance) 755 

and representative of the whole ecosystem. The methanol SEF calculated in the present study were about 30 % 

smaller than those proposed in the model MEGAN2.1 for crops, while terpenoid SEF were larger by a factor 

between 2 and 13 compared to crops SEF in MEGAN2.1. These new emission factors would substantially modify 

the contribution of rapeseed to atmospheric OH reactivity, for which the contribution of terpenoids would be more 

critical than previously reported, therefore playing a significant role in SOA formation. 760 
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