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Abstract.

Volatile organic compounds (VOCs) and ozone (O3) are key constituents of tropospheric chemistry, affecting both air qual-
ity and climate. Forests are major emitters of biogenic VOCs (BVOCs), yet large uncertainties remain regarding the diversity
of exchanged compounds, the drivers of their bidirectional fluxes, and their in-canopy chemistry. Long-term and comprehen-
sive in situ datasets remain scarce, limiting our understanding of these complex processes. We conducted a three-year field
campaign (2022—2024) at the Integrated Carbon Observation System forest station of Vielsalm (BE-Vie), combining vertical
concentration profile and eddy covariance flux measurements above and below the canopy. Using a PTR-ToF-MS and a ded-
icated open-source processing pipeline, we identified 51 significantly exchanged VOCs. The vertical and diurnal gradients of
the mixing ratios reflected the interplay between emission, deposition, chemistry, and transport. Combined with a profile of tur-
bulence statistics, these observations offer an opportunity to investigate their behaviour within the canopy. The forest acted as
anet VOC source in summer (~ 1.25 g m~2 s~1), while deposition dominated in autumn. Many oxygenated VOCs displayed
bidirectional exchange. Monoterpenes, isoprene, and methanol were the most abundant flux contributors, but 15—30 (30—43)
compounds were needed to account for 90% of total emissions (depositions), depending on the season. Below-canopy BVOC
and Oj fluxes reached ~ 10% of above-canopy ones, with proportionally enhanced below-canopy ozone uptake at night. This
study provides one of the most detailed long-term datasets of VOC and O3 exchange in a temperate forest and serves as a key

reference for improving process-based models of biogenic, physical, and chemical exchange in forest ecosystems.

1 Introduction

Volatile organic compounds (VOCs) form a heterogeneous group of reactive trace gases that play a key role in atmospheric
chemistry. Together with nitrogen oxides (NOx), they contribute to both the formation and destruction of tropospheric ozone
(Stockwell and Forkel, 2002), influencing regional ozone pollution. By reacting with hydroxyl and peroxy radicals, VOCs

also affect the atmospheric oxidizing capacity and the lifetime of methane (Yoon et al., 2025), the second most important
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radiatively active gas after carbon dioxide (Canadell et al., 2021). In addition, VOCs are precursors in the formation and
growth of secondary organic aerosols (SOA) (Mahilang et al., 2021), thereby degrading air quality, impacting human health,
and influencing climate through interactions with radiation and serving as cloud condensation nuclei.

Each year, terrestrial ecosystems emit over 1000 Tg of organic carbon in the form of biogenic VOCs (BVOCs), excluding
methane (Guenther et al., 2012). This exceeds global emissions of methane (~ 550 Tg yr~!) (Saunois et al., 2016) and anthro-
pogenic VOCs (~ 200 Tg yr—') (Huang et al., 2017). Forests are the dominant BVOC emitters among terrestrial ecosystems
(Isidorov et al., 2022, and references therein) and have therefore long been a major focus of atmospheric research.

Ozone (03), in addition to its role in radiative forcing as a potent greenhouse gas (Rowlinson et al., 2020), is toxic to both hu-
mans and plants. In terrestrial ecosystems, it undergoes various dry deposition pathways—including stomatal and non-stomatal
processes such as uptake by leaf cuticles, soil, snow, or water surfaces (Clifton et al., 2020). Ozone deposition contributes sig-
nificantly to reducing tropospheric ozone levels. However, when ozone enters leaves through stomata, it generates reactive
oxygen species (ROS), which can damage plant cells, accelerate senescence, and reduce carbon assimilation via photosynthe-
sis (Fiscus et al., 2005).

Despite decades of research into ozone uptake partitioning (Padro, 1996; Cieslik, 1998; Lamaud et al., 2002; Zhang et al.,
2002; Mikkelsen et al., 2004; Fares et al., 2014; Horvath et al., 2017; Zhou et al., 2017b; Finco et al., 2018; Gerosa et al.,
2022b), significant uncertainties remain. One such uncertainty lies in the reactions of ozone with BVOCs, which constitute an
increasingly recognized atmospheric sink. This process, however, remains highly variable and difficult to quantify (Kurpius
and Goldstein, 2003; Goldstein et al., 2004; Wolfe et al., 2011; Vermeuel et al., 2021).

Unlike ozone, BVOCs can undergo both emission and deposition. Early research primarily focused on isoprene and monoterpenes—

the two most widely emitted isoprenoids globally (Guenther et al., 2012)—whose fluxes were long considered exclusively
upward, driven by light and temperature (Guenther et al., 1995). Later studies extended global emission inventories to include
oxygenated VOCs (OVOCs, e.g., methanol, ethanol, acetone, acetaldehyde, formaldehyde, formic and acetic acids), sesquiter-
penes, and isoprenoid oxidation products (Niinemets et al., 2014; Guenther et al., 2012), but largely continued to focus on
emissions rather than deposition. Yet, in situ studies have highlighted non-negligible deposition fluxes of BVOCs (Karl et al.,
2010; Bamberger et al., 2011; Jardine et al., 2011; Ruuskanen et al., 2011; Laffineur et al., 2012; Park et al., 2013a; Nguyen
etal., 2015; Wohlfahrt et al., 2015; Zhou et al., 2017b), which are now recognized as significant in global budgets. For instance,
Safieddine et al. (2017) estimated that 460 Tg C yr~! of reactive organic carbon is removed from the atmosphere via physical
deposition. A regional simulation over the U.S. further showed that dry and wet deposition of organic vapours accounted for
60-75% of the removal of tropospheric SOA burden in summer 2010 (Hodzic et al., 2014).

It is now well established that many BVOCs undergo bidirectional exchange. Yet, emissions and depositions are generally
modelled separately in chemical transport models (CTMs), despite being driven by similar environmental variables (Forkel
et al., 2015). Emissions are typically simulated using the MEGAN model, which combines species-specific emission potentials
with responses to light, temperature, COs inhibition, and leaf age (Guenther et al., 2012). Deposition, in contrast, is usually
calculated as the product of ambient concentration and deposition velocity, using an Ohm’s law analogy introduced by We-

sely (1989). This approach depends on deposition velocity estimates, which are still scarce, uncertain, and rarely incorporate
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seasonal variation (Niinemets et al., 2014). Other frameworks based on compensation points require precise knowledge of
intercellular VOC concentrations and stomatal behaviour, and are difficult to upscale to the ecosystem level (Niinemets et al.,
2014).

An additional process often overlooked in surface exchange models is in-canopy chemistry, which can significantly alter
fluxes of highly reactive compounds such as sesquiterpenes (Forkel et al., 2015). VOCs can be lost between their point of
release and the atmosphere above the canopy (Rinne et al., 2007; Zhou et al., 2017b), affecting CTM predictions of atmospheric
concentrations in ways that are not yet adequately represented (Vermeuel et al., 2024; Link et al., 2024). Accounting for these
reactions also requires identifying the vertical distribution of sources and sinks within the canopy. Although several studies have
applied inverse modelling to approach this question, few ecosystems and tracers have been characterized to date (Karl et al.,
2004b; Tiwary et al., 2007; Wada et al., 2020; Petersen et al., 2023). Overall, there is a growing call for a unified framework to
model bidirectional BVOC exchange, integrating altogether dry and wet deposition, direct emissions, and in-canopy chemistry
(Pleim and Ran, 2011; Niinemets et al., 2014; Forkel et al., 2015).

While emission models such as MEGAN have become increasingly sophisticated, they still represent only a fraction of
the chemical diversity of atmospheric VOCs. For example, MEGAN?2.1 includes 147 compounds (Guenther et al., 2012),
whereas most CTMs simulate only 30—45 species (Millet et al., 2018). This limited representation contrasts starkly with
field observations: Goldstein and Galbally (2007) estimated that between 10* and 10° distinct organic compounds have been
detected in the atmosphere. Flux measurements have also revealed remarkable chemical diversity, with over 500 VOC-related
ions observed over an orange orchard (Park et al., 2013a) and 377 over a temperate forest (Millet et al., 2018).

Improving VOC exchange parametrizations requires in situ, ecosystem-scale flux measurements across a diversity of ecosys-
tems and environmental conditions. Traditionally, such measurements relied on disjunct eddy covariance with PTR-Quad-MS
instruments (Miiller et al., 2010; Laffineur et al., 2011, 2012, 2013; Rinne et al., 2007; Yang et al., 2013; Seco et al., 2015; Bachy
et al., 2016, 2018; Seco et al., 2017). This method allowed the monitoring of a limited number of pre-selected compounds and
could not resolve isobaric interferences. As a consequence, this technique was mostly used to investigate well-known BVOCs
(Schallhart et al., 2016). More recently, the advent of PTR-ToF-MS coupled with eddy covariance enabled the simultaneous de-
tection of fluxes for hundreds of VOCs with improved sensitivity and mass resolution, allowing isobar separation (Ruuskanen
et al., 2011; Kaser et al., 2013; Park et al., 2013a, b; Brilli et al., 2014, 2016; Schallhart et al., 2016; Juran et al., 2017; Millet
et al., 2018; Schallhart et al., 2018; Jensen et al., 2018; Fischer et al., 2021; Manco et al., 2021; Loubet et al., 2022; Petersen
et al., 2023; Vermeuel et al., 2023b). However, many studies remained compound-targeted, and the technical complexity of
PTR-ToF-MS operation and data processing limited their temporal coverage (Rinne et al., 2016). As a result, long-term flux
measurements across seasons and under variable conditions remain scarce.

In this study, we revisit a temperate mixed forest in southern Belgium (Vielsalm station, BE-Vie), more than ten years after
the first PTR-Quad-MS flux measurements (Laffineur et al., 2011, 2012, 2013), with the aim of expanding the existing dataset.

Using a PTR-ToF-MS and ozone analysers, we conducted a three-year measurement campaign to obtain:

(i) 1-minute concentrations of BVOCs and O3 above the canopy and at ground level,
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(i) 30-minute fluxes of BVOCs and O3 at the same two levels,
(iii) vertical profiles of BVOC and O3 concentrations at seven levels from the trunk space to above the canopy, and
(iv) vertical profiles of sonic anemometers at eight levels to characterize in-canopy turbulence.

We provide a detailed description of the VOC data processing workflow—including newly developed and openly available
processing tools—from raw PTR-ToF-MS signal treatment to compound identification, quantification, flux calculation, and
data flagging, following a non-targeted and comprehensive approach. Ozone flux data processing is also described in detail,
and methodological issues raised in earlier studies (Muller et al., 2010; Zhu et al., 2015) are discussed.

To our knowledge, this study presents the longest combined VOC and ozone flux dataset publicly available to date, span-
ning three years and covering seasonal transitions from spring to summer and summer to autumn. Combined with additional
open-access measurements at the site (extensive meteorological and phenological characterization, BTEX, HAPs, NOx, fine
particles, and aerosols), this structured database offers a unique opportunity to address key knowledge gaps. These include
quantifying the magnitude and diversity of BVOC exchange in temperate forests, their influence on ozone levels, the dynam-
ics of bidirectional fluxes, the spatial distribution of sources and sinks, and the role of in-canopy chemistry. As a result, it
provides a strong basis for improving current parametrizations in surface exchange models and CTMs, and to advancing our

understanding of VOC and ozone interactions in the Earth system.

2 Material & Methods
2.1 Study site

The study site (BE-Vie) is a mature mixed forest ecosystem, located in Vielsalm in the Belgian Ardenne region (50°18’N,
6°00’E; altitude 470 m a.s.l.). This site is part of several gas measurement networks: ICOS (class 2 ecosystem station) (https:
/Iwww.icos-cp.eu/), ACTRIS (for particle and gas in situ) (https://www.actris.eu/), and EMEP (level 1 station) (https://www.
emep.int/). Its climate is temperate maritime and the 50-100 cm deep soil is classified as a dystric cambisol. The vegetation
within the target area (that is, the area that contributes the most to fluxes measured at the flux tower) is a mixture of coniferous
species, mainly Norway spruce (Picea abies [L.] Karst.), Douglas fir (Pseudotsuga menziesii [Mirb.] Franco) and Silver fir
(Abies alba Miller); and deciduous species, mainly beeches (Fagus sylvatica L.). The understory vegetation is very sparse or
absent in some areas. Fig. 1 gives a distribution of dominant tree species in most of the target area. This classification is based
on multispectral images acquired with a drone in 2018 (Lanssens, 2019). The dominant winds blow from the south-west (sector
dominated by Fagus sylvatica) and the north-east (sector dominated by Picea abies and Pseudotsuga menziesii). The footprint
climatology was obtained using the model by (Kljun et al., 2015) and is shown in Fig. 1.

The study site is located in a rural area with low anthropogenic activity, except for a sawmill 3 km south-west of the flux
tower and two small industrial hubs around 7 km north-east and south-east. ICOS-related measurements are carried out on the

51 m high flux tower and its close surroundings. Another measurement station, operated by the Walloon Scientific Institute
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Figure 1. Map of the study site with details about (i) dominant tree distribution, (ii) footprint climatology (50, 70 and 80% isopleths) and

(iii) research infrastructures (flux tower and ISSeP station). The grey line represents the border of the ICOS target area.

for Public Service (ISSeP)—the regional environmental authority—is located in the same forest, approximately 250 m from

the flux tower. Measurements carried out at the ISSeP station are detailed in Sect. 2.5.1. More information about the study site

are available in Aubinet et al. (2001, 2018). Note that all times reported in this paper are given in local time (LT), defined as

Central European Time (UTC+1) without daylight saving time (DST).

2.2 Experimental setup

Three setups were operated at BE-Vie from 2022 to 2024: the TOP system, the TRUNK system, and the PROFILE system.

These are described below, and details about the related analytical techniques are provided in Sect. 2.3, while flux computations

are discussed in Sect. 2.3.3 and 2.4.
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Figure 2. Schematic representation of the concentration and sonic anemometer profile setup, including a zoom on the pneumatical system.
Instruments include: FOS — fast ozone analyser; T400 — slow ozone analyser; PTR-ToF-MS — fast VOC analyser; HS-50 & R3-50 — sonic
anemometers; CB — calibration bottle; MFC — mass flow controller; CC — catalytic converter; MN — manometer; MP — membrane pump;
MFM - mass flow meter; BV — buffer volume; NV — needle valve. Line colours indicate function: purple — ozone line, red — 0zone/VOC line,
blue — background line, orange — calibration line, brown — exhaust line. The positions of the solenoid valves are indicated by NO (normally

open, i.e. open without electrical activation) and NC (normally closed, i.e. open only when electrically activated).

2.2.1 TOP system

To characterize the bidirectional fluxes of BVOCs and O3 above the canopy, a first setup was installed at the top of the 51 m high
flux tower (level H7 in Fig. 2). Flux measurements were performed using the eddy covariance (EC) technique, which is based
on fast measurements of the vertical wind velocity and the mixing ratio of the tracer of interest.

At the top of the tower, a 3D HS-50 sonic anemometer (Gill Instrument Ltd, UK) was used to record 3D wind components
at a frequency of 10 Hz (see Table 1 for a summary of the instruments used). To measure BVOC and O3 mixing ratios, ambient
air was sampled at level H7 close to the HS-50 measurement volume and pumped to a wooden shelter at ground level through
60 m long and 6.4 mm inner-diameter PFA (perfluoroalkoxy alkane) tubing (Fluortechnik-Deutschland, Germany) at a flow
rate of about 10 SLM (litre per minute, under standard conditions of pressure (100 kPa) and temperature (273.15 K)). This line
was heated and thermally insulated to prevent condensation. A PFA raincap and a PTFE (polytetrafluoroethylene) particulate
filter (2 pm pore size, Pall Corp, Port Washington, NY, USA) were placed at the tubing inlet. The filter was replaced monthly.

In the shelter, ambient air was subsampled towards a PTR-ToF-MS 4000 (lonicon Analytik GmbH, Innsbruck, Austria)

instrument for fast measurements (10 Hz) of VOC mixing ratios. On the same line, air was also subsampled towards a T400



145

150

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

UV Absorption O3 analyser (Teledyne Technologies Inc, San Diego, CA, USA) for low-frequency measurements (every 6 s) of
ozone. Sect. 2.2.4 provides more information about the pneumatic system inside the shelter.

The T400 instrument was used to obtain absolute and stable measurements of ozone, but its measurement frequency was not
suitable for flux computation. Therefore, an additional Fast Ozone Analyser (FOS, Sextant Technology Ltd, Wellington, New
Zealand) was installed at the top of the tower. Ambient air was sampled close to the sampling point of the VOC/Oj3 line and
brought to the FOS analyser through a 6.5 m long and 6.4 mm inner-diameter PFA tube with a flow rate of about 3.5 SLM.
This line was also heated, thermally insulated, and protected by a PFA raincap and a PTFE particulate filter. The FOS signal

was recorded at a frequency of 10 Hz.

Table 1: Overview of instruments and related measurements. The access to the four distinct datasets (groups i, ii, iii and iv) are

given in Sect. Code and data availability.

Compound/ Instrument Measurement Acquisition frequency  Variable Heights(s)

Parameter (manufacturer) principle (aggregation frequency) type [ma.g.l]

(i) Main measurements (present study)

vOC PTR-ToF-4000 proton-transfer 10 Hz Conc. 3-11-19-27-
(Ionicon Analytik)  mass spectro. (35 min) profile 35-43-51
10 Hz Conc.
51
(1 min or 30 min) & Flux
10 Hz Conc. "
(1 min or 30 min) & Flux
T400 . 6s Conc. 3-11-19-27-
O3 UV absorption
(Teledyne) (35 min) profile 35-43-51
6s Conc.
51
(1 min or 30 min) & Flux
6s Conc.
3a
(1 min or 30 min) & Flux
FOS chemi- 10 Hz
O3 Flux 51
(Sextant) luminescence (30 min)
FOS chemi- 10 Hz
O3 Flux 3
(Sextant) luminescence (30 min)
. HS-50 ultrasonic 10 Hz
3D wind - 6-18-51
(Gill) time-of-flight (30 min)

Table 1 (continued)




155

160

165

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Compound/ Instrument Measurement Acquisition frequency ~ Variable Heights(s)
Parameter (manufacturer) principle (aggregation frequency) type [ma.gl]
. R3 ultrasonic 10 Hz
3D wind - 3-12-24-30-36
(Gill) time-of-flight (30 min)

(ii) ICOS measurements
Comprehensive set of meteorological and phenological variables

A complete description of ICOS variables is available along with the downloaded dataset.

(iii) ISSeP measurements
Set of atmospheric pollutants: VOC, PAH, O3, NO, NO,, CO, SO,, Hg, PM2.5, PM10, ultrafine particles, aerosols

For the complete list of compounds, instruments, acquisition frequency and heights, see Table S1.

(iv) Remote-sensing measurements
Tropospheric column + vertical profile of HCHO, NO,, aerosols
For the complete list of compounds, instruments, acquisition frequency and heights, see Table S1.

2 Not available in 2022

2.2.2 TRUNK system

The lowest level of the VOC/Oj3 profile (H1, see Sect. 2.2.3) was located on a 3 m high mast installed in 2022 in the beech
sector, approximately 10 m west of the tower. Ambient air was sampled through a 60 m long tube leading to the shelter. In
2023, a second FOS instrument (5 m long and 6.4 mm inner-diameter PFA tube, flowrate of 3.5 SLM) and a 3D R3-50 sonic
anemometer (Gill Instrument Ltd, UK) were added to the 3-m mast to establish a system compatible with EC measurements.
This configuration, referred to as the TRUNK system, samples air from within the trunk space of the forest, primarily to
characterize the VOC and ozone fluxes exchanged by the soil. However, a small part of this space is occupied by young woody

vegetation, as shown in Fig. 3.
2.2.3 PROFILE system

The characterization of exchange processes inside the canopy is based on two types of profiles: (i) a VOC and O3 concen-
tration profile and (ii) a turbulence profile measured using 3D sonic anemometers. The two 60 m long lines installed for the
TRUNK and TOP systems were supplemented by five additional tubes of the same length, material and diameter, resulting in
a concentration profile with seven evenly distributed sampling points. The measurement heights for levels H7-H1 are given in
Table 1. All of these lines were made of PFA, heated, and connected to a manifold inside the shelter. The TOP and TRUNK
sonic anemometers were supplemented by an additional HS-50 and R3-50 sonic anemometers, respectively mounted on 3 m
and 2 m long aluminium arms attached to the tower. These sonic anemometers were rotated over the three-year measurement

period to characterize turbulence at as many heights as possible. The corresponding heights are listed in Table 1.
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Figure 3. Panoramic view (360°) taken from the mast of the TRUNK system in summer 2023.

2.2.4 Pneumatical setup

In the shelter, a manifold system made of seven three-way PFA solenoid valves was used to sequentially sample ambient air
from levels H7 to H1. During TOP (H7) and TRUNK (H1) system measurements, air was sampled for at least 30 minutes
to apply the EC method. In PROFILE mode, air was sequentially sampled from levels H6 to H1, for respective periods of 5
minutes. To obtain a complete concentration profile, the last 5 minutes of a preceding TOP mode were included in the PROFILE
cycle.

Downstream of the manifold, air was subsampled towards the PTR-ToF-MS and T400 instruments. Due to the pressure drop
along the 60 m sampling line, the inlet pressure of the T400 becomes too low for proper operation. To compensate for this, a
membrane pump (KNF NS86KT.18, KNF Neuberger GmbH, Freiburg, Germany) was installed upstream of the T400 to bring
the sampled air to atmospheric pressure. The PTR-ToF-MS requires regular calibration and background measurements. For
background measurements, the ambient air subsampled from the H7 line was sent through a catalytic converter (Parker, type
HPZA-3500, Haverhill, MA, USA) to remove VOC before being analysed. For calibration, a user-defined flow rate of a VOC
standard (Apel-Riemer Environmental Inc., FL, USA) was mixed with zero-VOC air from the background line. More details on
VOC quantification are given in Sect. 2.3.2. A total flow of about 10 SLM was pumped through the selected sampling line by a
membrane pump (MDI12C NT, Vacuubrand, Germany) and manually controlled by a needle valve. A buffer volume was added
between the needle valve and the flow meter to dampen the flow and pressure variations caused by the pump. The non-selected

sampling lines were continuously flushed with ambient air to allow for fast switching between lines.
2.2.5 Data coverage

During the three years of measurements, the VOC and O3 analytical instruments were operated as simultaneously as possible,
with particular emphasis on the spring, summer, and autumn periods. Figure 4 summarizes the monthly percentages of half-

hour intervals that were successfully measured by each system.



190

195

200

205

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

% of data coverage

0 20 40 60 80 100
L |
TOP
8
o) TRUNK
>
PROFILE
TOP
m
o) TRUNK
PROFILE
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12 6 7 8 9 10 11 12
2022 2023 2024

Figure 4. Percentage of half-hours covered per month and per year for measurements shared between the TOP, TRUNK and PROFILE

systems.

In 2022, the PTR-ToF-MS and the T400 instruments sequentially measured 30-minute periods at the TOP level and in
PROFILE mode. On average, TOP measurements were performed 3.5 times more frequently than PROFILE measurements.
Background VOC measurements were systematically performed for 30 minutes every 4 hours, and single-point VOC calibra-
tions were performed every 3 to 4 days. These procedures limited data coverage for other measurement systems.

In 2023 and 2024, TRUNK measurements were added. In this updated sequence, TOP measurements occurred on average
2.5 times more frequently than PROFILE or TRUNK measurements.

Overall, ozone flux measurements at the TOP and TRUNK levels were more frequent than those for VOCs, since the two
FOS analysers operated continuously, while the PTR-ToF-MS had to alternate between levels. This will be discussed further
in Sect. 2.4.2.

2.3 VOC measurements
2.3.1 PTR-ToF-MS settings

The PTR-ToF-MS analyser was operated in the H;0* mode. Air was subsampled by the instrument through a 1.2 m long
silcosteel capillary (1 mm inner diameter). The drift tube reactor was operated at a pressure of 3.3 hPa and a reduced electric
field (E/N) of 135 Td (1 Townsend = 102! V m?). Both the inlet line and the drift tube reactor were kept at 353 K. The inner
part of the drift tube has an EVR (Extended Volatility Range) coating to minimize losses of sticky compounds to the surfaces
of the reactor. A hexapole ion guide is used to efficiently transport ions from the drift tube to the mass analyser section.

The Time-of-Flight mass analyser was operated at an extraction time and frequency of 2 us and 40 kHz, respectively,
allowing for a mass-to-charge (m/z) range of 7-392. A small flow of diiodobenzene, provided by a built-in permeation device
(PerMaSCal) was constantly added to the drift tube for frequent mass scale calibration based upon the position of protonated

diiodobenzene (at m/z 330.848), its fragment (at m/z 203.943), and H3'30* (at m/z 21.022) on the detector. Time-of-flight mass

10
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spectra were integrated over 100 ms to allow for EC flux calculations. A maximal mass resolution (m/Am) of 4200 was obtained
for the high mass range. At m/z 59.049 (protonated acetone) and m/z 137.132 (protonated monoterpenes), the mass resolution
was about 3400 and 3800, respectively. The peak area related to primary ion signals ranged from 8766-25554 (m/z 21.022
related to H;0%) to 11-619 (m/z 38.033; H30"(H,0)) counts per second (cps) over the three years of measurements. By
considering the relative transmission of the instrument at m/z 21.022 and 38.33 (respectively 9—15% and 29-43% relative to
the transmission at m/z 180.937), together with the relative abundance of the H3'3O* and Hs'’0'°0* + DH,'°0,™ isotopes

(respectively 488 and 669), this results in a transmission-corrected source ion count rate of 40-105 — 110-10° cps.
2.3.2 Signal processing and quantification

Peak identification and integration of recorded spectra were performed on a near-daily basis with the Ionicon Data Analyzer
software (IDA; 2022, v 1.0.0.2; 2023, v 2.0.1.2; 2024, v 2.2.1.1). Subsequent data processing was performed in a python-based
framework referred to as the Peak Area Processing software (PAP) which was used for non-targeted peak selection, instrument
characterization, and quantification of mixing ratios with related uncertainties at both 10 Hz and 1 min time resolution. A
general overview of these processes is given below. An extended version of the discussion on how VOCs were quantified and
details on the configuration of the PAP software and instrument operations can be found in Sect. S2.
Mass selection
The mass scale was calibrated in the IDA software every 60 s and peak-shapes were considered stable over the course of
1 hour. Independent peak identification was performed for each IDA analysis with up to 8 m/z values identified per peak system
(collection of isobaric peaks with the same nominal mass). A peak system was only considered for analysis if its maximum ion
signal intensity exceeded 0.1 cps. To obtain a list of non-targeted m/z ratios, Density-Based Spatial Clustering of Applications
with Noise (Ester et al., 1996), or DBSCAN, was employed to identify mass-to-charge ratios where peaks were regularly
observed. An automated selection of ion m/z values has been performed based on (i) the width of the DBSCAN intervals
centred around the mass (stability of peak identification by IDA), (ii) the fraction of data above the limit of quantification
(significance of concentrations), and (iii) the m/z localization (interpretability of the data). Afterwards, a manual selection to
discard m/z values related to isotopes or hydrated ion species was done. Compound attribution was performed by making use
of PTR-MS databases (Pagonis et al., 2019; Yafiez-Serrano et al., 2021) and measurements reported at ecosystem sites (Kim
et al., 2010; Hellén et al., 2018; Schallhart et al., 2018; Pfannerstill et al., 2021) to identify the compounds most likely to
contribute to the observed signal.
Instrument characterization

Calibrations were performed every 3—4 days to characterize the instrument transmission and calculate calibration factors for
compounds included in the calibration bottle (Table S2). Instrument transmission (relative to the one at m/z 21.022) was
calculated using a subset of compounds (associated to m/z 33.033, 42.034, 45.033, 59.049, 79.054, 93.070, 107.086, and
180.937) included in the calibration bottle. The transmission curve between m/z 21.022 and 180.937 was defined through
linear interpolation of transmissions obtained during calibrations. At high m/z, the transmission curve becomes more stable

and we assumed a constant behaviour (1'7,,,,~180.9037 = 17180.937)-
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Mixing ratio calculation
The mixing ratio of compounds was calculated using either the kinetic or the calibration approach, similar to the discussion
in the ACTRIS measurement guidelines for VOC analysis with PTR-MS instruments (Dusanter S. et al., 2025). In both cases,
integrated peak areas (cps) obtained from IDA were corrected for ion transmission, and normalized with respect to a source
ion peak area of 105 cps to account for variations in the source ion production. VOC volume mixing ratios (VMR) were
calculated by dividing the background-subtracted transmission-corrected normalized peak areas (tc-ncps) by the compound-
dependent sensitivities (tc-ncps ppbv—!). For compounds present in the calibration standard, sensitivities were calculated at
every calibration. At m/z values not related to compounds available in the standard, sensitivities were derived from calculated
H3;0%/VOC reaction rate constants and product ion distributions, as well as drift tube reactor conditions, as explained in more
detail in Sect. S2.1.3.

Uncertainty quantification
The expanded or combined uncertainty (with a coverage factor of 2) of the calculated VOC mixing ratios combines both the

precision of the peak areas and systematic errors (accuracy) associated with instrument calibration or sensitivity calculations:

expanded uncertainty = 2 - \/ precision® 4 accuracy? (1)

The precision of the peak areas can be determined from Poisson statistics and approximated by the square root of the
integrated counts over the measurement interval. However, peak areas obtained with IDA are inherently baseline-subtracted
and can be negative for small peaks, hereby invalidating the above-mentioned approach. For 1-min averaged data, the precision
was therefore approximated by the precision of the mean 100 ms peak area over the averaging interval, assuming a normal
distribution.

The systematic uncertainty (accuracy) of the volume mixing ratios for compounds included in the calibration standard
was obtained by combining the stated uncertainty on the mixing ratios of those compounds in the standard (~ 2.5%) with
the uncertainty of the dilution factor (~ 1.5%). A conservative systematic uncertainty of ~ 56% was used for mixing ratios
quantified using the kinetic approach, due to large uncertainties on the calculated H;0*/VOC rate constants (~ 25%) and on
the product ion distributions (~ 50%). This accuracy is close to results by Sekimoto et al. (2017) which showed that measured
sensitivities agreed within 20-50% with theoretical sensitivities calculated using molecular mass, elemental composition, and
functional group of the analyte.

For the combined uncertainty, Simon et al. (2023) included an additional 5% uncertainty due to relative humidity effects.
However, as the H;0"(H,0) signal was generally less than 3% that of H;O*+H;0"(H,O) (Fig. S4), the impact of relative
humidity was assumed to be small and this additional uncertainty is not considered here.

The limit of detection (quantification) for concentrations is defined as three (ten) times the precision of the associated
background measurement, of which we only considered the last 5 min to assure equilibrium. The mean and standard deviation
of the measurement distribution during these 5 min were used to define the background value and its precision, respectively.

More details on uncertainty characterization are given in Sect. S2.1.4.
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2.3.3 Flux computation

Half-hourly VOC fluxes were computed following the general procedure commonly used for eddy covariance flux calculation.
This included raw data despiking and gap filling, block averaging, coordinate rotation of wind components, time-lag estimation
by maximizing covariance and data shifting, covariance calculation and correction for high-frequency spectral losses.

EC fluxes are commonly filtered under low turbulence conditions, particularly for CO, fluxes, using a friction velocity (u*)
threshold. However, given the different nature of VOC exchange processes compared to CO;, no u* filtering was applied in
this study. Additional information and justification for this choice are provided in Sect. S3.1.

All flux computations, from raw sonic anemometer data and processed VOC concentrations, were performed using the GEd-
dySoft ("Gembloux Eddy-covariance Software") software. GEddySoft was initially developed from the open source InnFlux
software (Striednig et al., 2020), which supports both conventional and disjunct eddy covariance analyses. The original MAT-
LAB® code was converted to Python, and the software has been continuously expanded with additional data handling and flux
processing features. For this study, version 4.0 of GEddySoft was used and is publicly available (see Code and data availability
section).

Unless explicitly stated, the same procedure was applied to both the TOP and TRUNK systems. One exception concerns the
tilt correction of the sonic anemometers: the double rotation method was used for the TOP system, while the sector-wise planar
fit method was applied to the TRUNK system. Below-canopy turbulence was sometimes low, so applying the double rotation
method at the half-hourly scale could result in high rotation angle values and erroneous fluxes (notably artificially high absolute
fluxes; see Fig. S6, where the effect is most visible for O3 fluxes). The sector-wise planar fit method, which computes a single
set of tilt angles based on long-term time series, was able to solve this issue and was therefore applied to TRUNK fluxes (with
tilt angles determined for 2023 and applied to both 2023 and 2024). Details about both methods are given in Wilczak et al.
(2001). The structure at the back of the sonic anemometer used for the TOP system (HS-50) can act as an obstacle to airflow.
Consequently, fluxes coming from a £10° wind sector around the sonic anemometer arm were discarded, following the ICOS
protocol (Sabbatini et al., 2018). No filtering was applied to TRUNK fluxes, which were measured with an omnidirectional
sonic anemometer.

The main steps of flux computation described above were also applied to ozone fluxes. However, considering the differ-
ences in the measurement setup, several methodological aspects diverged between the two flux calculations. These aspects are
detailed in the present Section for VOCs and in Sect. 2.4.1 for ozone.

Lag-time determination
The lag time between the vertical wind component fluctuations w’ and the VOC concentration fluctuations ¢'—resulting from
inlet-to-detector transit time and instrument response—was determined by maximizing their covariance within a physically
plausible window (11-15 s) for each flux window and each m/z. If the maximum covariance occurred at the edge of the
window, a fixed lag of 13 s was assigned. This default value corresponds to both the centre of the window and the median lag

time observed for monoterpenes (VOC with the highest signal-to-noise ratio, SNR) across the entire measurement campaign.

13



310

315

320

325

330

335

340

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

It is also consistent with expectations based on tube dimensions and flow rates (first-order estimate of the residence time, ~ 10
S).

To refine lag estimation and reduce spurious detections under low SNR conditions, the covariance function was smoothed
using a 15-sample (1.5 s) moving average prior to the search. This approach, as recommended by Taipale et al. (2010) and
Langford et al. (2015), effectively mitigates “mirroring” effects associated with low fluxes while preserving sensitivity to
time-varying lags.

The stability of lag times was assessed visually across all campaigns and for all m/z values. Under high SNR conditions,
lag times were found to be highly stable, with the exception of two ions species: 33.033 (protonated methanol) and 47.049
(protonated ethanol) (as well as H30" and its hydrates, which were excluded from the analysis). For these two m/z, a small but
systematic dependence on air relative humidity (RH) was observed. When RH exceeded 95%, the lag time tended to increase
in absolute value, shifting from —13 s up to —20 s (data not shown). Consequently, the centre of the lag-search window was
parametrized as a function of RH for these two ions.

Correction for flux high-frequency losses
An experimental co-spectral approach was adopted to correct for high-frequency attenuation, and was applied in three steps.
First, a transfer function was derived by dividing the normalized mean co-spectrum of wc (attenuated) by that of w71’ (con-
sidered ideal), and was then fitted using a Lorentzian function to obtain a single cut-off frequency. Second, to derive a flux
correction factor at the half-hour scale, the area under the w7 co-spectrum (representing the non-attenuated flux) was divided
by the area under the same co-spectrum multiplied by the transfer function (representing the attenuated flux). Third, these
correction factors, obtained for a limited number of half-hours after drastic data filtering (see Sect. S3.3), were sorted and
averaged into five wind speed classes for unstable and stable atmospheric conditions separately. These two lookup tables were
then used to assign a correction factor for each individual half-hour, depending on its wind speed and atmospheric stability. The
procedure was applied to monoterpenes to benefit from their high SNRs. Since the correction characterizes the experimental
setup in combination with the flow characteristics, without any expected compound-specific aspects, it was then applied to all
other compounds.

The choice of a co-spectral, rather than spectral, approach was motivated by its capacity to empirically integrate all causes
of signal attenuation—tube damping, instrumental response, and sensor separation—without relying on a theoretical transfer
function for sensor separation. Furthermore, our method does not require a reference co-spectrum, whose formulation and abil-
ity to represent real conditions at the site are often subject to discussion. It should be noted that, following the recommendations
of Peltola et al. (2021), the square root of the transfer function was used rather than the transfer function itself to derive both
the cut-off frequency (step one) and the correction factor (step two), in order to correctly account for the phase shift introduced
by our lag-time determination method.

For the TRUNK system, step one could not be applied due to generally low fluxes and associated low SNRs across all com-
pounds. However, given that the cut-off frequency reflects the setup alone and that the TRUNK and TOP configurations were
identical, the cut-off frequency derived from the TOP system was applied. Steps two and three were executed independently

for the TRUNK level, as atmospheric turbulence is location-specific.
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This procedure led to correction factors ranging from 1.10 to 1.26 for the TOP system, and from 1.10 to 1.40 for the TRUNK
one. More details are provided in Sect. S3.3.

Flux quality control

Flux quality was assessed at two levels. First, the high-frequency inputs used for flux computation—VOC mixing ratios
and sonic anemometer data—were (in)validated based on statistical tests developed by Vitale et al. (2020). These tests have
the advantage, compared to the more traditional tests of Vickers and Mahrt (1997), of being completely automatable, not
requiring user choices on, for example, threshold values. Adapted from the open-source RFlux toolbox (https://github.com/
icos-etc/RFlux), they were integrated in our GEddySoft processing pipeline. The combination of the tests present in RFlux and
described in (Vitale et al., 2020) (HFs, HF;, HDs, KID) led to the creation of an instrumental flag, hereafter named flag_instr.
Only a few half-hour periods were flagged for instrumental issues (Fig. S12), with a maximum of 12% of fluxes flagged for
m/z 80.058 in the TOP system.

Other instrumental tests available in the RFlux toolbox—including AL1, DIP, and DDI—although implemented in the ICOS
standard processing pipeline, were not applied here. These tests tended to flag excessively long periods, including VOC fluxes
with low SNR, as well as those displaying clear and reasonable diurnal dynamics. Furthermore, they have not yet been described
in peer-reviewed literature and have never been validated for compounds with inherently lower SNR such as VOCs. For these
reasons, they were considered unsuitable for our dataset and were excluded from the present analysis.

Second, a quality flag was assigned to the computed fluxes based on steady-state (stationarity) and integral turbulence char-
acteristic tests, following the methodology developed by Mauder and Foken (2004). This flag, named flag_MF (for Mauder
and Foken), can take three values: 0 indicates high-quality fluxes; 1 corresponds to fluxes suitable for general analysis; and 2
denotes poor-quality fluxes. For stationarity, we preferred the test proposed by Mahrt (1998) over that of Foken and Wichura
(1996), as it proved more effective at flagging anthropogenic influences (see Sect. 2.3.4). Fluxes flagged at level 2 were dis-
carded for the remainder of this study. The percentage of half-hours discarded according to flag_MF reached up to 20% for the
TOP system and 33% for the TRUNK system, both cases for m/z 137.132. This filtering is primarily due to the influence of
anthropogenic sources (see Sect. 2.3.4), an effect further described in Sect. S3.4.

A combined flag (flag_tot) was created by integrating flag_instr and flag_MF, as well as an additional flag (flag_plume)
designed to filter out periods affected by anthropogenic emissions (see Sect. 2.3.4). Only fluxes passing all three flag criteria
were assigned a value of O for flag_tot and retained for further analysis in this study.

Correction for density fluctuation
VOC fluxes can be biased by fluctuations in temperature and water vapour, which affect air density. These effects can be ac-
counted for using the Webb—Pearman—Leuning (WPL) corrections (Webb et al., 1980). In our setup, temperature fluctuations
were considered attenuated due to the length of the sampling lines, which largely exceeded the 3.20 m minimum recommended
by Rannik et al. (1997). Moreover, during flux measurements using a PTR-ToF-MS, Loubet et al. (2022) reported that correc-
tions for water vapour fluctuations were very small (less than 2% for 75% of the time). For these reasons, WPL corrections

were not applied to VOC fluxes in this study.
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Flux storage
To obtain the net exchange of VOCs, a storage term should be added to the turbulent flux. The storage flux represents the
temporal variation of the mixing ratio of the compound below the EC measurement height, and is expected to be non-negligible
for tall towers and under low turbulence conditions, such as at night. The storage term was calculated following the procedure

described by Montagnani et al. (2018):

N Ac;
Si;pdi(m)jAzﬁ )

ACi
At

where S, is the storage flux for tracer ¢ (nmol m~2 s—1), pd; is the dry air density of layer j, ( )j is the temporal variation of
mixing ratio for tracer ¢ (nmol mol 1) at height j over a time period At (s), and Az; is the thickness of layer j (m). Temporal
changes in mixing ratios were derived from concentration profiles measured every 2 to 2.5 hours.

The resulting storage fluxes exhibited erratic temporal dynamics and, for many VOCs, their magnitudes often exceeded those
of the turbulent flux. We consider that calculating temporal variations in concentrations over 2 to 2.5 hour intervals is unlikely
to accurately capture true storage processes within the canopy, particularly for reactive compounds with short atmospheric

lifetimes. This limitation likely results in unreliable storage flux estimates. To avoid degrading the overall data quality, storage

fluxes were therefore not included in the net flux calculation.
2.3.4 Filtering of anthropogenic sources

Over the three years of measurements, we occasionally observed abnormally high VOC mixing ratios under winds from the
230-270° sector. This phenomenon had already been reported for monoterpenes and methanol during earlier campaigns in
2009 and 2010 (Laffineur et al., 2011, 2012), and was attributed to a wood panel factory located 3 km south-west of the tower.
Although outside of the flux footprint, this facility was deemed a dominant VOC source compared to surrounding biogenic
emissions, with magnitude sufficient to influence local measurements.

In the present study, this anthropogenic influence was mostly observed at night, yet occurred irregularly and did not af-
fect all VOCs uniformly, with many of the detected ions not being impacted at all. The most affected ions included proto-
nated monoterpenes (e.g. m/z 137.132), as well as fragments and isotopes, sesquiterpenes, and potential derivatives such as
m/z 135.117 (likely p-cymene). A few low molecular weight oxygenated compounds—methanol, formaldehyde, and acetic
acid—were also affected, though to a lesser extent. During plume events, the affected VOCs exhibited elevated mixing ra-
tios and mixing ratio variances, and occasionally large negative fluxes (i.e. apparent deposition), which are not expected for
compounds like monoterpenes.

To identify such episodes, Laffineur et al. (2011) proposed an upper threshold on the 30-min variance of monoterpene mixing
ratios in the 230-270° wind sector, assuming that incomplete mixing between anthropogenic and biogenic sources led to higher
variability in mixing ratios. However, extending this method would require manually identifying all impacted ions and setting

compound-specific thresholds, which is subjective and impractical.
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To address this limitation, we developed an automatic flagging procedure. For each VOC, we computed ggg, the 99th per-
centile of its 30-min mixing ratio variance calculated across all wind directions except 180-300°, which is subject to sawmill
influence. Then, any half-hour within the 180-300° sector with a variance exceeding gg9 was flagged as potentially affected
(Fig. S11). This approach successfully identified affected VOCs (7% of half-hours flagged for monoterpenes or methanol, see
Fig. S12) while leaving unaffected compounds mostly untouched (e.g. only 0.3% flagged for isoprene). Although many spoiled
half-hours had already been identified by the stationarity test (flag_MF), this new flag_plume completed the identification of
such events.

While some fluxes exhibited a well-defined lag time during plume events—suggesting real turbulent deposition, as also ob-
served by Bamberger et al. (2011)—these episodes showed erratic dynamics and no consistent relationship with environmental
drivers. Therefore, to focus the analysis on biogenic VOC exchange, we excluded flagged fluxes from further processing.

Similarly, concentrations flagged by flag_plume were not considered in the rest of this study.
2.3.5 Identification of significant exchanges

Among the m/z retained by the DBSCAN algorithm, not all ions exhibited significant fluxes. To determine whether a compound
is significantly exchanged, it is common practice to compare half-hourly fluxes with their corresponding flux limit of detection
(LODy). In this study, LOD; was estimated at the 99% confidence level as three times the random flux error, calculated in
GEddySoft following the method described in Finkelstein and Sims (2001).

Extrapolating such comparisons from the half-hourly scale to longer periods, in order to assess whether a compound is
consistently exchanged, is not straightforward. Loubet et al. (2022) addressed this by comparing the mean flux of VOCs with
an averaged LO Dy, itself calculated as the square root of the sum of squared individual LO Dy values, divided by the number
of records (Langford et al., 2015). While this approach allows a simple comparison over an entire campaign, it may fail to
detect compounds significantly exchanged only during short periods.

To overcome this limitation, we developed a novel three-step methodology, applied individually to all m/z values. First, each
half-hour period was flagged as significant if the absolute flux exceeded its LODy. Second, a day was considered significant
if at least 25% of the daytime half-hourly periods (defined as 08:00-20:00 LT) were significant. Finally, we considered the
number of consecutive significant days. Given that the mechanisms responsible for VOC emission or deposition are unlikely to
occur on a single day, we selected m/z values for which at least three consecutive days of significant exchange were observed

during the measurement period.
2.4 Ozone measurements
2.4.1 Raw ozone fluxes

Ozone flux measurements were performed with a fast ozone analyser (FOS). In the instrument, O3 molecules present in ambient
air react with a coumarin disc (solid or dry phase), thereby producing a light signal (chemiluminescence reaction) recorded in

units of Volts (V) at a high frequency (10 Hz). Coumarin discs were produced from silica plates impregnated with a solution of
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coumarin, methanol and ethylene glycol. Since the efficiency of the chemiluminescence reaction decreases over time, coumarin
discs were replaced on average once a week during the 2022 and 2023 campaigns. In 2024, disc replacements were less frequent
considering the important workload (up to 36 days between disc replacements).

Raw ozone fluxes were computed using the EddyPro® software, applying the same processing steps as described in Sect. 2.3.3.
As for VOCs, no u* filtering was applied. Given the differences in the measurement setup, certain aspects of the flux compu-
tation differ and are detailed below.

Lag time determination
As for VOCs, the physical lag time between w’ and ¢’ was determined by maximizing the covariance function within a prede-
fined lag window. When no clear extremum was found within this window, a nominal lag value was applied. Due to the higher
SNR of O; fluxes compared to many VOCs, no smoothing of the covariance function was necessary. Across the different
measurement campaigns, the median lag time was close for the O3 TOP and TRUNK systems, with values of 2.2 s and 2.0 s,
respectively.

Correction for flux high-frequency losses
The three-step experimental co-spectral approach applied to VOCs was also used for ozone. The only difference is that, due
to more pronounced ozone fluxes measured at the TRUNK level compared to VOCs, it was possible to determine a cut-off
frequency for the TRUNK system.

Correction factors ranged from 1.12 to 1.37 for the TOP system, and from 1.03 to 1.28 for the TRUNK one. Further details
are provided in Sect. S3.3.

Flux quality control
An instrumental flag was generated by combining the individual tests developed by Vickers and Mahrt (1997) and implemented
in EddyPro®. The attack angle and non-steady wind tests were excluded, as they tended to over-flag data that did not appear
problematic upon visual inspection. Very few half-hour periods (<1%) were affected by instrumental issues (Fig. S12).

EddyPro® also computes a flux quality flag similar to the previously described flag_MF, based on the stationarity test of
Foken and Wichura (1996). Over the three-year period, 9% of the fluxes were flagged as level 2 (poor quality) for the TOP
system, and 17% for the TRUNK system (Fig. S12).

No influence from the wood factory was detected in the ozone data; therefore, no flag_plume was applied. Data flagged by
flag_tot were excluded from further analysis in this study.

Correction for density fluctuation
From the original WPL equation (Webb et al., 1980), we neglected temperature fluctuations—assumed to be attenuated through
the sampling tubing, as for VOCs—and only assessed the impact of water vapour fluctuations. The latter resulted in a correction
of less than 1% of the raw fluxes on average. This value is much lower than the one reported in Gerosa et al. (2022a)—where
temperature-related corrections could not be neglected considering the large-diameter tubing—and also well below our flux
random uncertainty estimated according to Finkelstein and Sims (2001). For these reasons, no WPL correction was applied.

Flux storage

The ozone storage was computed with Eq. 2. For TOP storage, 7 layers were considered (H1 to H7, see Fig. 2). Profile
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measurements were taken every 2 or 2.5 hours, so half-hourly storage values were linearly interpolated between adjacent
measurements. Since profiles were not continuously scanned throughout the measurement campaigns, a gap-filling approach
was required. For TOP storage, we used the storage computed from TOP mixing ratio (which was available at least once
every three half-hours) as a proxy for the actual storage term. In combination with other predictors (friction velocity u*, air
temperature, incoming PPFD at the top of the canopy, hour of the day, and month number), we trained a Random Forest
regression model to estimate and gap-fill storage fluxes derived from the concentration profile. This procedure represents an
improvement over the methodology used by Aubinet et al. (2018), who employed look-up tables to gap-fill missing storage
data.

No model was required to gap-fill TRUNK storage fluxes. Since only one layer was considered, the storage flux was com-
puted directly when the T400 was in PROFILE mode (using level H1) or TRUNK mode. The missing half-hour values were
linearly interpolated between adjacent data points, provided that gaps were shorter than 3 hours.

Unlike for VOCs, ozone storage showed a consistent diel pattern (Fig. S14, similar to that observed by (Finco et al., 2018)).
We therefore decided to add the storage flux to the calibrated turbulent flux (calibration described in Sect. 2.4.2) to obtain the

net ozone flux.
2.4.2 Ozone flux calibration

Since the FOS analyser provides only relative ozone concentrations, the raw fluxes were calibrated using a T400 UV absorption
analyser, which delivers absolute and stable O3 mixing ratios in ppbv (nmol mol~!). The T400 instrument was calibrated
annually before each measurement campaign, and automatic zero and span checks were performed nightly to monitor potential
drifts.

As noted in Muller et al. (2010) and Zhu et al. (2015), calibration procedures for FOS-based ozone fluxes are rarely detailed,
despite their significant impact on data quality. The FOS analyser’s sensitivity decreases over time due to the consumption of
coumarin molecules in the chemiluminescence reaction with ozone. This sensitivity loss is therefore non-linear (Giisten and
Heinrich, 1996), varies from one disc to another, and may include an offset between fast and slow signals.

Muller et al. (2010) compared three post-processing calibration methods (see Table 2) by comparing fast and slow ozone
signals (1) at the half-hourly scale without considering an offset (Ratio Method, RM), (2) at the half-hourly scale with an
offset determined for each coumarin disc (Ratio Offset Method, ROM) and (3) over the lifetime of a coumarin disc using a
single regression (Disc Calibration Method, DCM). The RM captures changes in FOS sensitivity more effectively than the
DCM, which assumes a stable response throughout the disc lifetime. The ROM represents a compromize; although it applies a
half-hourly ratio, the offset remains fixed over the disc’s life and may not follow short-term sensitivity shifts.

Zhu et al. (2015) later introduced the Regression Variance Method (RVM), which identifies an optimal averaging window
between the FOS and T400 signals using Allan-Werle variance analysis. A 3-minute period was found to best track sensitivity
changes, but it is also more susceptible to white noise than RM and ROM (30-min windows), and especially DCM (multi-day
windows). Both RM and RVM assume zero offset between fast and slow signals—an assumption invalidated by observations
from Muller et al. (2010) and Zhu et al. (2015).
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An important practical constraint in our study was the limited temporal overlap between fast and slow ozone measurements.
The T400 analyser alternated between TOP, TRUNK, and PROFILE modes, preventing continuous half-hourly reference data
at any one level. Therefore, we developed a new approach: the Period Calibration Method (PCM). Inspired by DCM, PCM
accounts for potential offsets and reduces sensitivity to high-frequency noise. However, unlike DCM, it identifies optimal
sub-periods during which the FOS sensitivity remained consistent, allowing more accurate tracking of temporal variability in
analyser performance.

With the PCM (Period Calibration Method), calibrated fluxes were computed as:
PrFraw

Umol

Fcal = (3)

where F.,; is the calibrated flux (nmol m~2 s~1), F,4,, is the raw flux obtained from FOS measurements (V m s~1), 3; is
the slope of the regression curve established between T400 and the FOS measurements (nmol mol~! V1), and v,,,.; is the
air molar volume (m® mol~!). Note that while regressions between the T400 and FOS measurements were established with an
intercept, this constant term does not intervene in Eq. 3 because it does not correlate with w’.

The overall uncertainty associated with the calibrated flux was estimated from Eq. 3:

ﬁ'e.raw2+FTaw'5 2
e = YO 3 l( o) 4)

where € ¢, 1s the calibrated flux uncertainty (nmol m2s 1), e F,raw 18 the raw flux random error as estimated by Finkelstein
and Sims (2001) (V m s™'), and €31 is the standard error of the slope estimate (nmol mol~! V~1). The first term under the
square root represents the random flux error and the second term represents the calibration error. On average, the calibration
error contributed less than 3% of the total uncertainty. This is in accordance with the observations made by (Horvéth et al.,
2017).

The procedure to establish the regressions between FOS and T400 data comprised four steps:

1. Data validation

FOS and T400 measurements were automatically validated or invalidated based on instrumental parameters such as
pressure, flow rate, temperature, and UV lamp status (for the T400). Measurements from the T400 were discarded
during the first 3 minutes following a mode switch (e.g., PROFILE or TRUNK to TOP, PROFILE to TRUNK) due to

sensitivity to pressure variations. This delay allowed for pressure stabilization.

2. Data averaging

The FOS signal was averaged to match the T400’s resolution at a 6 s timestamp. Unlike the 15-minute averaging used by
Muller et al. (2010), this finer resolution captured more variability and increased the number of data points for regression.

Both T400 and FOS time series were visually inspected to ensure data quality.

3. Data shifting
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Table 2. Comparison of O3 fluxes calibration methods.

Calibration method

Ratio Ratio Offset Ratio Variation = Disc Calibration Period Calibration
(RM) (ROM) (RVM) (DCM) (PCM)
Miiller 2010  Miiller 2010 )
Authors Zhu 2015 Miiller 2010 This study

Zhu 2015 Zhu 2015

user choice

Period of comparison 30 min 30 min + disc 3 min disc

(1h up to disc lifetime)
Level of calibration 30 min 30 min 10 Hz 30 min 30 min
Offset considered False True False True True
Shift of sensitivity considered True True & False True False True
Sensitivity to white noise Moderate Moderate High Very low Low

A time lag was observed between the two 6 s time series, attributed to the difference in tubing lengths (approximately 6 m
for the FOS versus 60 m for the T400). To enhance regression quality, the FOS data was shifted by a time lag determined
for each regression using covariance maximization. If a clear covariance maximum was not observed, a nominal time

lag estimated for the entire measurement campaign was applied.

. Regression optimization

Linear regressions were established using least-squares fits. Equation 3 was applied only when a satisfactory correlation
(R? > 0.5) between relative (FOS) and absolute (T400) O3 concentrations was achieved, as in Muller et al. (2010).
Selecting the optimal regression period was a trade-off between maximizing the number of half-hour intervals meeting
the R? criterion and minimizing calibration-associated uncertainty (Eq. 4). Initially, increasing the regression period
(from 1 h up to 24 h) enhanced the R? values and reduced slope errors, as the larger dataset countered random fluctuations
(white noise). However, beyond a certain period, shifts in the T400-FOS relationship over time reduced R?, while slope
errors plateaued or increased. To balance these behaviours, different regression windows were tested, and for each year
and system, an optimal period was selected (Sect. S3.5). Final regression slopes (/1) and their associated uncertainty

were then used to calibrate raw fluxes and compute the associated uncertainties.

555 2.5 Ancillary measurements

2.5.1 Other trace gas and particle measurements

Besides the high temporal resolution VOC and O3 concentration and flux measurements, which are the main focus of this

paper, numerous other in sitt—both online and offline—measurements of short-lived climate forcers were conducted at the
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nearby ISSeP air quality station. In addition, remote sensing measurements of NO,, HCHO, and aerosols were carried out from
the top of the tower. For completeness, these variables and their associated instrumentation are listed in Table 1.

Furthermore, during the period covered by the high-resolution VOC and ozone datasets, two pan-European Intensive Mea-
surement Campaigns on VOCs and O3 were organized.

The first campaign, coordinated by the EMEP Task Force on Measurements and Modelling (TFMM), took place from 12
to 19 July 2022 and focused on ozone formation under heatwave conditions. It was conducted in close collaboration with
the ACTRIS and RI-URBANS European research infrastructures. Among other objectives, this campaign aimed at intensified
VOC measurements at selected sites, including the BE-Vie site (BEOOO7R). In addition to continuous online PTR-ToF-MS
measurements, ambient air was sampled daily around noon or in the early afternoon at the ISSeP air quality station for sub-
sequent offline analysis in reference laboratories. Air collected in Silcosteel canisters was analysed by GC-MS, while VOCs
adsorbed on TENAX-TA or HPLC cartridges were analysed by GC-MS and HPLC, respectively. More details on the analytical
methods, as well as some preliminary data on NMHCs, OVOCs, and terpene concentrations at BE-Vie during this campaign,
can be found in Fagerli et al. (2023).

A second EMEP/ACTRIS/RI-URBANS campaign, the “EUROpe-wide Intensive Campaign on Volatile Organic Com-
pounds” (EUROVOC), was held in September 2024. This campaign aimed at gaining deeper insights into VOC emissions,
including their temporal variability and chemical speciation, by deploying high-resolution measurements at sites located near

emission sources (e.g., urban, industrial, traffic, harbour, and forest areas), including the Vielsalm site.
2.5.2 Sonic anemometer profiles

Raw data from the sonic anemometer profiles were processed using the EddyPro® software to compute key turbulence-related
variables along the soil-canopy—atmosphere continuum. These include wind speed, wind direction, friction velocity (u*),
the standard deviation of the vertical wind component (o), turbulent kinetic energy (TKE), Monin—Obukhov length, and
atmospheric stability. The Lagrangian integral time scale (77,), which is not included in EddyPro®, was calculated separately
as the time integral of the autocorrelation function of w(t), where w is the vertical wind component (Raupach, 1989). These
variables—particularly o, and T7—may be especially relevant for inferring the vertical positioning of sources and sinks from
concentration profiles (Karl et al., 2004a; Leuning, 2000; Nemitz et al., 2000; Tiwary et al., 2007; Wada et al., 2020; Petersen
etal., 2023).

2.5.3 ICOS data

As part of the ICOS network, a series of additional measurements were available at BE-Vie during the three measurement
campaigns (Vincke et al., 2025). Turbulent fluxes of CO, and H,O were measured at 51 m a.g.l. using an infrared gas analyser
(LI-7200, LI-COR, Lincoln, NE, USA) coupled with the HS-50 sonic anemometer described previously.

Following the ICOS protocol, a comprehensive set of meteorological measurements was collected at BE-Vie, both above

and within the canopy. These included air temperature and humidity, atmospheric pressure, incoming and outgoing longwave
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and shortwave radiation, incoming and outgoing photosynthetic photon flux density (PPFD), soil temperature and moisture,
precipitation, and CO, and H,O mixing ratio profiles along the tower.

Vegetation development was monitored using images captured every three days by a StarDot NetCam SC (PhenoCam)
installed at the top of the flux tower and oriented towards the north-west sector (mixture of beech and Norway spruce). These
images were processed using the vegindex Python package (https://python-vegindex.readthedocs.io/en/latest/) to extract the
Green Chromatic Coordinate (GCC), also known as the "greenness index." Seasonal variations in the GCC provide a reliable

proxy for vegetation onset and senescence. Further methodological details are provided in Seyednasrollah et al. (2019).

3 Results and discussion
3.1 Meteorological and phenological conditions

Throughout the three measurement campaigns, certain meteorological and phenological events stand out. While mean diel
evolutions appear broadly similar across the years, some distinct year-to-year features are also apparent (Fig. 5).

In 2022, a heatwave that lasted eight consecutive days was observed from August 9 to August 16. This period was charac-
terized by higher temperatures and radiation compared to the other years, and by lower relative humidity, partly due to very
low precipitation (data not shown). From early December of the same year, temperatures were consistently below 0 °C for an
extended period of days—a phenomenon not observed in the other years.

The year 2023 was marked by the two hottest months ever recorded in Belgium (June and September). At the end of May
and beginning of June, a month-long period of anticyclonic conditions brought warm and dry air from the north-east sector.

Latent heat and carbon fluxes followed the expected patterns for a mixed temperate forest. Photosynthesis (Fig 5f) and
transpiration (Fig Se) were enhanced by the increase in temperature and radiation during the transition from spring to summer.
The evolution of GCC (Fig 5g) served as a proxy for leaf expansion in deciduous trees (Fagus sylvatica). A strong development
of vegetation was observed between April 24 and May 8. Visual inspection of images captured from the top of the flux
tower indicated that budburst occurred around April 28, with little variation between years. In 2022, the onset of leaf fall
was estimated between October 20 and October 26. Warmer conditions in 2023 delayed leaf fall compared to 2022, with
observations indicating a period between November 2 and November 8. Phenological images were not available for 2024 to

determine the leaf fall period.
3.2 Diversity of VOCs
3.2.1 Number of detected VOCs

In total, 76 m/z values were retained by the DBSCAN algorithm. These ion species are listed in Table S3, along with their
chemical formula, tentative compound identification, and parameters related to sensitivity computation.
It is important to note that compounds can give rise to signals at multiple ion masses, which may correspond either to

isotopes associated with the chemical formula or to ion species resulting from the fragmentation of nascent, excited protonated

23



625

630

635

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

—— 2022 —— 2023 —— 2024
-G 20 (a) ﬁ%ﬁ@ﬁﬁﬁﬁﬁwﬁﬁ
°1 b~
®) : -
L IAANAANAAAAAAAA AL L T5
C
(d) “WM J’"‘:j Al ﬁm Pl e T o= = §§8 =
R (e) 7
=01 INAIAANAIALALALALALA LA L al |
(f) ) 20 T
) R R e e e s -

Figure 5. Average diel patterns (in LT) of meteorological and phenological conditions for each two-week period. Solid lines represent hourly
means, and shaded areas indicate the standard deviation around the mean. (a) Air temperature. (b) Incoming global radiation. (c¢) Relative
humidity. (d) Wind direction. (e) Latent heat flux. (f) Net CO, flux. (g) Greenness index. All variables where measured at the top of the flux
tower (TOP system). The greenness index (GCC) was measured once per day, so no diel pattern is shown for this variable and a single mean

is provided for each two-week period.

molecules (i.e., fragment ions). When reporting total VOC fluxes or concentrations, it is crucial to consider only one ion per
compound to avoid double counting.

In general, isotopes were not taken into account and have been excluded when compiling the list of ion masses considered
(Table S2). One notable exception is benzene (m/z 79.054), whose peak is entangled with that of protonated hydrated acetic
acid (m/z 79.039). At their respective isotope masses (m/z 80.042 and 80.058), this entanglement is reduced due to the relatively
higher abundance of the benzene isotope. As aresult, only the benzene isotope signal was considered for benzene quantification,
eliminating any risk of double counting.

In contrast, both protonated molecules and their fragment ions are listed in Table S2 and were included when representing
the diversity of detected ion species (Fig. 6). However, for the summed fluxes shown in Figs. 8 and 9, only one signal was taken
into account for each compound. To assure the best possible quantification, we used the mass related to the highest PT/fragment
yields (Table S3), ending up with 65 ions used for the quantification of total VOC exchange.

Among the 76 detected m/z values, 57 ion species were identified as significantly exchanged at the top of the tower, based
on the three-step comparison of fluxes with LOD/ described in Sect. 2.3.5. The algorithm performed well in identifying ions

with clear flux dynamics, with only a few exceptions: two m/z values were found by the algorithm but displayed erratic flux
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patterns (m/z 97.028 (CsH4O,H") and m/z 107.086 (CsH;oH")), while five others exhibited consistent diurnal trends but were
not detected by the algorithm (m/z 97.065 (C¢HgOH"), 99.044 (CsHsO,H"), 101.023 (C4H,O3H"), 103.075 (CsH;(O,H"),
and 115.075 (C¢H;oO,H")). The latter were manually included, and the former excluded, resulting in a final list of 60 m/z
values considered significantly exchanged for the TOP system. When removing multiples ions related to a same compound
(fragments and protonated compounds), we ended up with a list of 51 significantly exchanged compounds.

This number is intermediate in comparison to other studies using a PTR-ToF-MS instrument. Some reported hundreds of
ions with significant fluxes: 494 over an orange orchard in California (Park et al., 2013a); 377 above a mixed temperate forest
in the USA (Millet et al., 2018); around 200 with a PTR3-ToF-MS above a boreal forest in Hyytiild, Finland (Fischer et al.,
2021); and 123 over a winter wheat field in France (Loubet et al., 2022). In contrast, other studies reported lower numbers
than in the present work: 29 in a deciduous forest in Northern Italy (Schallhart et al., 2016); between 10 and 20 over a similar
forest in the same region (Jensen et al., 2018); 25 above a boreal forest in Finland (Schallhart et al., 2018); and 18 compounds
distributed over 43 ion species at a grassland site in Austria during harvest (Ruuskanen et al., 2011). These large differences
can be explained by the sensitivity of the PTR-ToF-MS instrument but also by the ecosystem type—for example, an orange
orchard may emit substantially more VOCs than a temperate forest (Loubet et al., 2022). However, even for similar ecosystems
and climatic conditions, Millet et al. (2018) reported six times more significant compounds than in the present study. This raises
questions not only about instrumental capabilities, but also about the criteria used to determine whether a flux is considered
significant or not (Schallhart et al., 2016; Jensen et al., 2018).

For the TRUNK fluxes, only 31 m/z values were identified as significantly exchanged. No visual inspection was applied to

adjust this list, as the TRUNK flux dynamics were more difficult to assess visually.
3.2.2 Order of magnitudes

The mass range of the 76 detected ions, as well as the range of average mixing ratios and mean absolute fluxes of the tentatively
associated compounds, are illustrated in Fig. 6. It must be noted that in this study, VOC fluxes are reported in mass units
(ug m—2 s~ 1), allowing for straightforward aggregation and carbon budget assessments.

The PTR-ToF-MS instrument was able to detect and quantify protonated VOCs with mass-to-charge ratios ranging from
31.018 (formaldehyde) to 205.195 (sesquiterpenes). In terms of average mixing ratios, concentrations span several orders of
magnitude from approximately 3 ppbv for methanol down to pptv level for the least abundant compounds. Mixing ratios
measured at the TRUNK level remain in the same range, although somewhat smaller than the ones acquired at the top of the
flux tower. The top-left area of Fig. 6 is occupied by low molecular weight oxygenated compounds which are listed in Table
3: methanol (m/z 33.033), acetic acid and its fragment (m/z 61.028 and 43.018 respectively), acetone (m/z 59.049), ethanol
(m/z 47.049), formaldehyde (m/z 31.018), formic acid (m/z 47.013), and acetaldehyde (m/z 45.033). These present the highest
mixing ratios, across all seasons, although lower in autumn.

VOC concentrations show a clear decreasing trend with increasing m/z, both above the canopy (TOP system, panel a) and

near ground level (TRUNK system, panel b). This pattern largely reflects the lower volatility of heavier compounds, which

25



670

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Earth System
Science

Data

Open Access

Mean absolute flux
llgm=2s7]

(a)
10°
=
o)
Q
s
o
< -1
5 10
£
=
£
c
@
[}
= -2
10 .
1 1
T T
100+ .‘
- ° o
3 oo [
g ° [ ] ()
2 e )
i R oo
o 10 . o o °
= € 8 ° .,
£ o ® ° M @
c . . °
@ . L] .
g . e® ° o °
107 F . * - oy .
[} . o 4 ®e c.
. . . L .
M .
1 1 1 1 1 1 1 1
T T T T T T T T
25 50 75 100 125 150 175 200

.

o

5e-05

5e-04

5e-03

5e-02

most exchanged

m/z

O st
O 137432
O 9070
O 33033
O 4103
O 47049

135.117
O  59.049

suoIssnosIq

Figure 6. Mean VOC mixing ratio over the whole campaign (in log scale) as a function of mass-to-charge ratio m/z for the 76 detected ions.

(a) TOP system. (b) TRUNK system. For each m/z, the circle size is weighted by the corresponding absolute mean flux. The eight most

exchanged ions (in terms of absolute mean flux) are highlighted on the graph.

limits their ability to remain in the gas phase and accumulate in the atmosphere. Additionally, higher reaction rate constants

with atmospheric oxidants contribute to the reduced concentrations of heavier BVOCs.

Local emissions also influence this pattern, as suggested by the circle sizes. Most of the strongest emissions correspond

to ions with m/z values below 80, while heavier compounds tend to show weaker emissions. Despite the overall trend, some

compounds deviate from the expected decrease, exhibiting higher concentrations than those associated with neighbouring m/z

values. Notable examples include m/z 137.132 (sum of monoterpenes) and m/z 135.115 (CoH4H", potentially p-cymene).

675 These anomalies are associated with high fluxes, indicating an effect of local emissions on ambient VOC concentrations.

The seasonal dynamics of VOC ambient concentrations and fluxes will be further described in Sect. 3.3 and 3.4, respectively.
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Table 3: Seasonal mean fluxes and concentrations of VOCs and ozone measured at the TOP system during 2022, 2023, and

2024. Only VOC ions exhibiting significant exchange are reported and listed in descending order of flux magnitude. A tentative

compound attribution is provided for ions with relatively high confidence. For others, candidates are listed in Table S3. Note

that ozone fluxes are reported in nmol m~2 s~ as in the rest of the manuscript, while VOC fluxes were transformed from

pgm~2 s~ tong m~2 s7! to improve scaling.
lonm/z Tentative Mean flux Mean mixing ratio
24h (day/night) 24h
(Da) attribution Spring Summer Autumn Spring  Summer Autumn
nmol m~2 s~1 ppbv
O3 -6.33 -6.55 -5.43 37.8 40.5 30.4
ozone (-8.96/-3.69) (-9.42/-3.77) (-6.48/-4.26)
ngm 25! ppbv
81.070  CgHgHT 58.7 134 31.6 0.219 0.353 0.187
fragm. monoterpene (86.1/27.8) (211/50.1) (42.8/19.7)
137.132  CyoHigHT 43.5 115 23.7 0.149 0.257 0.134
monoterpenes (63.1/21.0) (183/39.9) (32.0/14.8)
69.070  CsHgH™ 28.3 75.3 13.0 0.128 0.272 0.0773
isoprene (49.4/6.31) (136/14.4) (24.8/1.17)
33.033 CH4OHT 34.5 11.6 -12.1 4.88 4.47 1.50
methanol (56.7/11.5) (23.4/-0.487) (-9.86/-14.5)
41.039  CzH4H™ 19.7 46.9 7.17 0.404 0.532 0.288
fragm. isoprene (33.6/5.15) (84.6/9.72) (15.0/-0.776)
47.049  CyHgOHT 8.61 5.25 -11.1 1.55 1.46 0.973
ethanol (14.8/2.15) (10.1/0.416) (-9.08/-13.3)
135.117  CyoHy4HT 8.98 20.5 6.33 0.156 0.222 0.152
p-cymene (14.1/3.88) (32.8/8.01) (8.35/4.29)
59.049  C3HgOH™ 13.9 15.4 -4.19 1.61 2.10 1.12
acetone (21.0/6.33) (24.0/6.57) (-1.84/-6.60)
43.018  CyH,OHT 4.13 5.46 -5.93 1.60 2.39 0.813
fragm. acetic acid (7.33/0.786) (10.3/0.701) (-5.97/-5.90)
61.028  CoH4OHT 5.05 3.53 -3.60 1.50 1.76 0.577

Table 3 (continued)
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lonmiz Tentative Mean flux Mean mixing ratio
24h (day/night) 24h
(Da) attribution Spring Summer Autumn Spring  Summer Autumn
ngm2s! ppbv
acetic acid (6.97/3.00) (5.04/2.04) (-4.07/-3.12)
80.058  13C'2CsHgH™ 1.82 5.81 1.19 0.120 0.144 0.152
benzene isotope (3.46/0.215) (9.53/2.06) (1.52/0.857)
31.018 CH,OHT -5.33 -6.63 -6.75 1.33 1.48 0.641
formaldehyde (-7.56/-2.98) (-9.36/-3.87) (-8.25/-5.20)
45.033  CoH,OH* 6.03 4.77 -2.42 0.651 0.707 0.379
acetaldehyde (9.7712.05) (7.66/1.87) (-1.87/-2.99)
149.132  CyiHyjgH™ 2.35 2.89 1.12 0.0154  0.0149  0.0146
fragm. SQT (3.56/1.02) (4.64/1.10) (1.40/0.821)
93.070  C;HgH™ 3.39 5.77 1.76 0.0854  0.0971 0.0845
(4.80/1.94) (8.74/2.72) (2.30/1.21)
95.086  C;HjoH™ 3.22 743 1.81 0.0225  0.0375  0.0181
(4.80/1.52) (12.1/2.60) (2.44/1.15)
47.013  CHyO.HT 0.863 0.957 -0.342 0.636 0.773 0.279
formic acid (1.76/-0.00507)  (2.14/0.000928) (-0.616/-0.0860)
83.086  CgHjoH™ 5.38 3.94 0.882 0.0568  0.0570  0.0271
fragm. CgH;2OHT (7.90/2.74) (5.87/1.97) (1.26/0.498)
77.023  CyH,O3HT -2.94 -3.40 -1.78 0.119 0.162 0.0511
(-4.25/-1.61) (-4.73/-2.07) (-2.25/-1.30)
77.060  C3HgOoHT 2.32 2.53 -0.0964 0.109 0.131 0.0654
(3.79/0.787) (4.19/0.893) (0.298/-0.490)
67.054  CsHgH™ 1.72 3.89 0.836 0.0196  0.0325  0.0137
(2.75/0.616) (6.59/1.06) (1.35/0.316)
57.070  C4HgH™ 1.70 2.04 0.505 0.165 0.169 0.139
(2.67/0.705) (3.34/0.754) (0.876/0.133)
73.065  C4HgOH™ 0.933 1.26 -1.14 0.153 0.159 0.0967
MEK (1.56/0.284) (2.10/0.430) (-0.991/-1.29)
205.195 CisHayHT 1.36 1.67 0.757 0.00632  0.00842  0.00696

Table 3 (continued)
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lonmiz Tentative Mean flux Mean mixing ratio
24h (day/night) 24h
(Da) attribution Spring Summer Autumn Spring  Summer Autumn
ngm2s! ppbv
sesquiterpenes (2.06/0.550) (2.52/0.754) (0.952/0.557)
71.049  C4HgOHT 1.26 0.930 -0.390 0.0845 0.253 0.0638
MVK + MACR (2.11/0.394) (1.98/-0.0362) (-0.0627/-0.719)
87.044  C4HgOH™ 0.951 1.07 -0.157 0.0825 0.119 0.0411
(1.51/0.362) (1.63/0.489) (0.0321/-0.351)
87.080  Cs;H;(OH* 1.88 2.08 0.0286 0.0547  0.0543  0.0318
(3.00/0.726) (3.31/0.840) (0.246/-0.190)
151.112  CyoHy4OHT 0.480 1.03 0.280 0.0284  0.0377  0.0172
fragm. C1oH;02HT (0.784/0.147) (1.51/0.502) (0.334/0.224)
85.101  CgHioHT 0.828 0.792 0.260 0.0255  0.0265  0.0210
fragm. CgHy 4 OHT (1.24/0.395) (1.16/0.417) (0.353/0.165)
101.060 CsHgOH™ 1.23 1.39 0.121 0.0648  0.0808  0.0238
(2.05/0.368) (2.23/0.536) (0.322/-0.0829)
89.060 C4HgO H™ 0.502 0.550 -0.529 0.0833  0.0962  0.0434
(0.804/0.184) (1.02/0.0741) (-0.410/-0.648)
137.060 CgHgOH™ 0.128 0.643 0.152 0.00868 0.00947 0.00474
(0.248/0.00346) (1.18/0.0849) (0.181/0.121)
65.023  CH4O3H* 0.531 0.623 0.0751 0.0498  0.0621 0.0210
(0.989/0.0649) (1.14/0.120) (0.154/-0.00441)
115.075 CgHyoOoHT 0.305 0.608 0.0859 0.0313  0.0391 0.0133
(0.583/0.0217) (1.01/0.201) (0.151/0.0203)
99.080  CgH;oOHT 0.920 0.860 0.103 0.0308  0.0352  0.0150
(1.39/0.422) (1.34/0.365) (0.227/-0.0231)
101.023 C4H4O3H™ -0.0604 0.110 -0.00878 0.0297  0.0338  0.0112
(-0.122/0.00301) ~ (0.253/-0.0330)  (0.00323/-0.0209)
123.117  CoHy4HT 1.49 0.841 0.233 0.0117  0.0145  0.00606
(2.33/0.629) (1.32/0.347) (0.306/0.159)
75.044  C3HgOoHT 0.370 0.336 -0.348 0.0812 0.123 0.0380

Table 3 (continued)
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lonmiz Tentative Mean flux Mean mixing ratio
24h (day/night) 24h
(Da) attribution Spring Summer Autumn Spring  Summer Autumn
ngm2s! ppbv
hydroxyacetone (0.566/0.164) (0.593/0.0781) (-0.312/-0.386)
71.086  CsHpjoHT 0.493 0.732 0.163 0.0288  0.0314  0.0240
(0.769/0.207) (1.12/0.330) (0.248/0.0772)
121.101  CgHioHT 0.454 0.466 0.162 0.0188  0.0237  0.0209
(0.708/0.194) (0.769/0.162) (0.232/0.0922)
97.065  CgHgOH™ 0.303 0.488 0.0780 0.0172  0.0229  0.00966
(0.520/0.0776) (0.761/0.212) (0.126/0.0284)
101.096 CgH;20HT 0.924 0.704 0.178 0.0143  0.0153  0.00827
(1.33/0.504) (0.977/0.424) (0.254/0.102)
83.049  C;HgOH™ 0.615 0.867 0.228 0.0267  0.0489  0.0144
3-methylfuran (0.999/0.211) (1.37/0.359) (0.340/0.113)
42.034  CyH3NH™ -0.0605 -0.131 -0.774 0.0801 0.129 0.104
acetonitrile (-0.0549/-0.0664)  (-0.0615/-0.201) (-0.805/-0.743)
111.117 CgHy4HT 0.343 0.390 0.128 0.00395 0.00434 0.00224
fragm. CgH;gOH™ (0.525/0.157) (0.627/0.153) (0.179/0.0767)
133.101  CyoH;oHT 0.298 0.537 0.172 0.00637 0.00829  0.00540
p-cymenene (0.447/0.140) (0.876/0.181) (0.232/0.110)
141.127 CgH;gOHT 0.745 0.308 0.0723 0.00618 0.00629 0.00234
(1.19/0.300) (0.513/0.104) (0.103/0.0402)
139.112  CgH;4,OHT 0.393 0.760 0.126 0.0174  0.0407  0.0110
(0.655/0.121) (1.33/0.191) (0.193/0.0588)
49.028  CH4O.HT -0.765 -0.692 -0.492 0.0265  0.0251  0.0115
(-1.16/-0.361) (-1.02/-0.366) (-0.633/-0.347)
143.143  CoH;3OH™ 0.926 0.498 0.0485 0.00648 0.00534 0.00157
nonanal (1.54/0.320) (0.783/0.213) (0.0871/0.00944)
97.101  C;HjHT 0.700 0.617 0.141 0.00791 0.00891  0.00460
fragm. C;H;,OH™ (1.08/0.303) (0.922/0.311) (0.218/0.0631)
53.040 C4H4HT 0.252 0.477 0.107 0.0103  0.0143  0.00852

Table 3 (continued)
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(0.410/0.0883) (0.827/0.124) (0.188/0.0243)
99.044  CsHgOHT 0.290 0.410 0.0286 0.0188  0.0337  0.00984
(0.454/0.122) (0.677/0.142) (0.0751/-0.0188)
117.091 CgH;20-,H™ 0.268 0.285 0.00694 0.0104  0.0106  0.00458
(0.419/0.114) (0.434/0.134) (0.0495/-0.0360)
153.127 C1oH;gOHT 0.366 0.677 0.227 0.00767  0.0124  0.00774
camphor (0.549/0.169) (1.08/0.264) (0.312/0.140)
153.055 CgHgO3H™ 0.727 0.648 0.0327 0.0124  0.0105 0.00174
methyl salicylate (1.23/0.216) (1.12/0.177) (0.0661/-0.000800)
103.075 CsHyoOoHT 0.250 0.230 -0.00872 0.0141 0.0127  0.00481
(0.364/0.134) (0.350/0.111) (0.0190/-0.0368)
63.044  CoHgOH™ 0.534 0.496 -0.0562 0.0246  0.0296  0.0123
1,2-ethanediol (0.862/0.190) (0.816/0.167) (0.0122/-0.125)
115.112  C;H;4,OH* 0.306 0.298 0.0408 0.00620  0.00701  0.00307
(0.481/0.124) (0.442/0.152) (0.0751/0.00609)
85.065 CsHgOH™ 0.320 0.381 0.0230 0.0146  0.0178  0.00706

(0.507/0.126)

(0.619/0.139)

(0.0890/-0.0436)

3.3 Ambient concentrations

Although the present study focuses on biogenic VOC and ozone exchange, the analysis of ambient concentrations provides

valuable insights into some of the mechanisms driving the observed fluxes. Among the many measured compounds, a selection

of chemical species with characteristic diel patterns is presented in Fig. 7. These exhibit pronounced cycles, albeit with differing

phases and amplitudes, likely reflecting distinct sources, sinks, and reactivity. Additionally, their vertical concentration profiles

may help identify sources and sinks at different heights.

Across seasons, average ozone concentrations ranged between 20 and 60 ppbv (Fig.7b), consistent with values reported

by Vermeuel et al. (2021) in a mixed temperate forest. Concentrations peaked in summer (June) and reached a minimum in

autumn. This seasonal behaviour, along with the intra-daily variations described below, confirms the photochemical origin of

ozone, which depends on solar radiation and temperature (Pellegrini et al., 2007). During the day, O3 mixing ratios increase

progressively after sunrise and peak in mid-afternoon (typically 16:00-18:00 LT), driven by photochemical production in-
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volving NO, photolysis and reactions with biogenic VOCs (Stockwell and Forkel, 2002; Faiola et al., 2024). After peaking,
concentrations decline steadily into the evening, due to the cessation of photochemistry and titration by NO, along with ongo-
ing deposition. In a maritime pine forest, Kammer et al. (2018) observed nighttime ozone levels dropping below the detection
limit (0.5 ppbv), suggesting efficient removal by highly reactive and abundant BVOCs. A similar phenomenon was reported by
Andersen et al. (2024), but attributed to thermal inversion, which limited ozone replenishment from above; in this case, chem-
ical loss alone was considered insufficient to explain the low nighttime ozone levels. In the present study, however, nighttime
O3 levels remained relatively high (on average between 10 and 20 ppbv).

Ozone concentrations were generally lowest near the ground. Vertical stratification was especially evident in the morning and
evening, when atmospheric mixing was reduced. The decrease near ground level may be attributed to continuous deposition
from the canopy top downward (Zhou et al., 2017a), which was also observed at night in this study (Sect. 3.5). Furthermore,
reduced photochemical production due to radiation attenuation within the canopy likely contributes to lower ozone levels close
to the ground during the day.

In contrast, NOx concentrations (Fig. 7a) showed a nocturnal pattern, peaking at night and in early morning. This accumu-
lation likely results from soil NO emissions (Min et al., 2014) in combination with a stable nocturnal boundary layer that limits
vertical mixing. As NOx measurements were conducted at the ISSeP station, vertical concentration profiles are not available
in this dataset, preventing direct verification of this hypothesis. After sunrise, NOx levels decrease rapidly due to oxidation
and dilution, occurring concurrently with ozone production. The amplitude of average NO x concentrations ranged from O to a
maximum of 5 ppbv, confirming the rural character of the site, with limited seasonal variation except in December, when peak
values were observed—possibly due to reduced NO, photolysis or increased wintertime anthropogenic NO emissions.

Although chemically distinct from NO x, many VOCs displayed similar diel behaviour, characterized by nighttime accumu-
lation followed by a daytime minimum. These include ethanol (m/z 47.049) as well as heavier compounds, potentially includ-
ing xylenes (m/z 107.086), trimethylbenzene (m/z 121.101), p-cymenene (m/z 133.101), p-cymene (m/z 135.117), nonanal
(m/z 143.143), and camphor (m/z 153.127). This pattern is illustrated for ethanol in Fig. 7d. The observed nighttime increase
may reflect emissions under limited mixing conditions, supported by the stratification observed in vertical profiles. The daytime
decrease, however, is more difficult to interpret, especially given the upward fluxes of ethanol measured during the day (Fig. 8d)
and its relatively low reactivity (estimated atmospheric lifetime of 2.8 days, (Naik et al., 2010)). One possible explanation is
that background concentrations are sufficiently high that local emissions do not result in noticeable concentration increases.

In contrast to ethanol, methanol concentrations increased after sunrise (around 06:00 LT) and peaked in the evening before
declining at night (Fig. 8c). The diel patterns of both OVOCs are broadly similar, but offset in time. This timing difference
may arise from differing emission dynamics—methanol being among the most strongly exchanged VOCs (Table 3)—and
differences in atmospheric reactivity (methanol’s estimated lifetime of 4.7 days (Millet et al., 2008)). Both compounds also
showed decreasing vertical concentrations from above-canopy to ground level at night.

Methanol and ethanol concentrations were highest in May, whereas isoprene (Fig. 8e), methyl vinyl ketone (MVK) and
methacrolein (MACR) (Fig. 8f), and monoterpenes (Fig. 8g) peaked in June, July, and August. These differences likely reflect

distinct emission processes, further discussed in Sect. 3.4.
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Isoprene and its oxidation products (MVK + MACR) exhibited diurnal profiles similar to that of ozone. Isoprene concen-
trations followed the expected light- and temperature-dependent emission patterns (Guenther et al., 2012), but showed a slight
delay compared to solar radiation and isoprene fluxes. Peak concentrations typically occurred in the early afternoon (between
13:00 and 16:00 LT), whereas incoming radiation peaked around noon, isoprene fluxes near 13:00 LT, and air temperature
somewhat later (15:30-16:00 LT). This pattern suggests that isoprene emissions (fluxes) closely track solar radiation, while
atmospheric concentrations respond with a delay of a few hours following emissions. Vertically, maximum isoprene concentra-
tions were not observed at the top of the flux tower (51 m a.g.1.) but rather near the canopy top, around 31 m a.g.l., indicating
that emissions were primarily localized within or just above the canopy. From November onward, isoprene concentrations
declined sharply, consistent with the strong seasonality of its emissions.

MVK + MACR differed from isoprene in timing and vertical distribution. Their concentrations peaked approximately 0
to 3 hours after those of isoprene, consistent with their secondary formation through isoprene oxidation (estimated isoprene
lifetime of ~ 1.4 h, based on an average daytime OH concentration of 2-10% molec. cm~3(Jensen et al., 2018)). While isoprene
concentrations were highest near the top of the canopy, MVK and MACR peaked slightly higher, around 51 m a.g.l., near the
top of the measurement profile. This vertical offset may reflect enhanced isoprene oxidation above rather than inside the canopy.

Finally, monoterpenes displayed less pronounced diel patterns compared to the other species. Their emissions, which are
predominantly temperature-driven (Guenther et al., 2012), also occurred at night. This may contribute to the lower diel vari-
ability in their mixing ratios relative to isoprene. Uniquely, monoterpenes reached maximum concentrations near ground level,
a pattern also observed in a boreal forest by Petersen et al. (2023). This could reflect continuous nighttime emissions that
accumulate within a shallow nocturnal boundary layer. Around sunrise (06:00-07:00 LT), concentrations increased at higher
levels, possibly due to the onset of turbulent mixing.

While the above interpretations offer plausible explanations for the observed diel and vertical patterns, they remain limited
by the complexity of the processes involved. In particular, ambient concentration dynamics results from the interplay between
emissions, depositions, atmospheric transport, and chemical transformations. Disentangling the different factors affecting this
type of dataset require either methods to isolate specific features or more integrative approaches. For instance, to isolate
where sources/sinks are located within the forest canopy, one can use Lagrangian modelling in combination with vertical
concentration and turbulence profile measurements (Karl et al., 2004b; Tiwary et al., 2007; Wada et al., 2020; Petersen et al.,
2023). Source apportionment studies can identify the impact of specific sources on local concentrations by using positive matrix
factorisation(Song et al., 2024), by looking at meso-scale transport affect the concentration dataset (Simon et al., 2023), or by
using a combination of both (Verreyken et al., 2021). The disadvantage of matrix factorisation is that chemical degradation
is not explicitly taken into account. To overcome this, chemically aged masses related to a specific source can be designated
as separate factors and ageing regarded as a linear combination between both (Verreyken et al., 2021; Song et al., 2024). To
identify the impact of chemistry on trace gas concentrations, one can use atmospheric chemistry models in various setups.
Simple 0-D chemistry models can quantify chemical losses occurring at a specific site (Andersen et al., 2024). However, when
characterizing a forest canopy, more integrative 1-D canopy exchange models (Ashworth et al., 2016; Zhou et al., 2017b)

better represent the various processes occurring in the ecosystem. Unfortunately, 1-D canopy exchange models often neglect
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Figure 7. Average diel evolution (in LT) of vertical concentration profiles of selected trace gases for each month of the 2022, 2023, and
2024 field campaigns. (a) Nitrogen oxides (NO + NO3). (b) Ozone. (¢) Methanol. (d) Ethanol. (e) Isoprene. (f) MVK + MACR. (g) Sum
of monoterpenes. Median values of 1-hour aggregated data were computed, then interpolated horizontally (over time) and vertically (over

height). The dashed line represents the median concentration measured at the TOP system.

or strongly simplify the effect of advection of plumes originating from sources outside the forest. To get a broader picture of
chemistry processes, the use of 3-D chemistry and transport models (Poraicu et al., 2025) are valuable tools for constraining
the regional BVOC budget. However, they often lack a detailed representation of forest canopy structure, which can limit their
accuracy in simulating in-canopy mechanisms. Altogether, combining multiple approaches remains essential to fully capture

the complexity of trace gas dynamics within and above forest canopies.
3.4 VOC fluxes

3.4.1 Flux balance

BVOC:s can both be emitted by the ecosystem (positive fluxes) and removed from the atmosphere through deposition (negative
fluxes) via different biological, physical and chemical pathways. The total ecosystem exchange resulting from the balance
between these two processes is illustrated in Fig. 8, across eight representative two-week periods.

Note that only the 65 unique ions, representing each a single compound, were considered in this figure to avoid skewing
the mass balance. The description below focuses first on the year 2023, for which the measurement coverage was the most
continuous.

During spring and summer, the net BVOC exchange was largely dominated by emissions (panels f, g, and h), with a peak

in mid-June (panel h), reaching a maximum mean value of ~ 1.25 g m~2 s~!—more than three times higher than in May.
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Similar magnitudes were observed in July and August (not shown, but comparable to panel h). These maxima correspond to
~ 0.9 ug C m~2 s~! (carbon mass basis) or ~ 18 nmol m—2 s~! (molar basis). This value is twice as high as the summed
flux of 494 detected ions in an orange orchard in summer (Park et al., 2013a). This difference is attributed to isoprene and
monoterpenes, which contributed to most of the exchange in the present study while being very low in the orange orchard.
Our maximum total flux of 18 nmol m~2 s~! is closer to ranges reported by (Schallhart et al., 2016) in a Mediterranean
oak-hornbeam forest (between 25 and 30 nmol m~2 s~ 1), where isoprene emissions were dominant and much higher.

Expressing VOC fluxes on a carbon mass basis can be useful for assessing their contribution to atmospheric carbon. For
comparison, daytime CO, uptake was about 20 zmol m~2 s~1 which is equivalent to 240 g C m~2 s~1, such that the total
carbon emitted as VOCs represents only 0.37% of the carbon captured by the ecosystem as CO,.

From September onward, the observed net fluxes decreased and approached a balance between emissions and depositions
(panels i and j). This seasonal transition is attributed both to meteorological factors—namely decreasing temperature and solar
radiation, which are key drivers of BVOC production—and to phenological changes such as vegetation senescence. Although

Fig. 8 might suggest that downward fluxes were enhanced in autumn, they varied little across seasons and remained close to
~—=01pugm 2s tor~—0.05 g Cm~2s~ ! or~ —2nmol m~2 s~!. These seemingly constant depositions are probably the
result of compensating mechanisms. Lower mixing ratios and reduced stomatal aperture in autumn compared to spring (Fig. 7)
would be expected to decrease stomatal VOC uptake (Niinemets et al., 2014). However, higher autumn humidity may enhance
the deposition of water-soluble VOCs onto canopy water films followed by a (bacterial) consumption process (Laffineur et al.,
2012), potentially compensating for the reduced stomatal uptake. This implies that downward VOC fluxes are less sensitive to
seasonal variation than emissions, though a comprehensive modelling approach is needed to disentangle these effects.

At the diurnal scale, transitions from net uptake during the night to net release during the day are also evident. This diel
pattern was particularly clear at the start of the 2023 campaign (panel f). During the night and early morning, depositions
were observed for small oxygenated compounds such as methanol (m/z 33.033), ethanol (47.049), acetone (59.049), acetic
acid (61.028), acetaldehyde (45.033), and formic acid (47.013). As shown in Fig. 5c, humidity was higher at night, creating
conditions favouring the adsorption of such compounds on water films. Higher concentrations found at night (Fig. 7 could
also have induced downward fluxes, although stomatal closure exerts a strong control on the stomatal sink. At night, isoprene
flux (m/z 69.070), which is light-dependent, was not detected in the absence of solar radiation. In contrast, temperature-driven
compounds such as monoterpenes (m/z 137.132) and m/z 135.117 (CjoH4H*, potentially p-cymene) were still emitted at
night, as illustrated in panels i and j.

From around 07:00 LT, total emissions increased, primarily driven by monoterpenes and isoprene, which were the dominant
daytime BVOC sources in this ecosystem. Concurrently, net fluxes of small oxygenated BVOCs switched from negative to
positive shortly after sunset. Niinemets et al. (2014) describes this transition as the result of the outgassing of VOCs from water
films to the gas phase and stomatal opening. However, it is important to note here that the eddy covariance technique provides
net exchange measurements; hence, this shift does not imply the absence of deposition, but rather that emission rates surpass
deposition. This bidirectional behaviour—nighttime net uptake followed by daytime net release—has been previously docu-

mented (Millet et al., 2018; Schallhart et al., 2016) and confirms the existence of two-way exchange mechanisms. Compounds
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exhibiting this pattern are referred to as “bidirectional BVOCs.” Their relative contribution was particularly high in May, fol-
lowing the canopy leaf-out. In panel g, methanol emissions even exceeded those of isoprene and monoterpenes, which may
reflect leaf expansion, as methanol is known to be produced by pectin demethylation during cell wall expansion (Kreuzwieser,
2002; Wohlfahrt et al., 2015). After the summer, these compounds generally reverted to net deposition over the full day.

Among all of the detected VOCs, formaldehyde was the only compound presenting downward fluxes at all seasons and
every hour. However, one should note that the quantification of formaldehyde concentrations and fluxes comes with high
challenges and uncertainties. Protonated formaldehyde can undergo back reactions with water vapour in the PTR-ToF-MS
instrument (Inomata et al., 2008), making its quantification sensitive to relative humidity. In the present study, the sensitivity of
our PTR-ToF-MS to formaldehyde was estimated from a comparison with HPLC analyses performed during the EMEP2022
campaign (Fagerli et al. (2023) and Sect. 2.5.1), which resulted in a very good correlation. However, this comparison was made
over samples taken during 6 warm days in July. The estimated sensitivity does therefore not take different classes of relative
humidities into account. This humidity-dependent sensitivity can lead to fluctuations in high-frequency data which skew fluxes
computed with the EC technique. Loubet et al. (2022) estimated that the impact of water vapour variations on fluxes was
negligible for most VOCs except formaldehyde, which should be considered with caution. The same advice is given in the
present study.

BVOCs not individually represented in Fig. 8 still contributed substantially to the overall flux (see the "other > 0" and
"other < 0" categories). In summer, between 15 and 20 species were required to capture 90% of the total upward flux expressed
in carbon mass units. In comparison, Millet et al. (2018) found that only 5 ions were sufficient to represent 90% of the summed
emissions in July, despite considering 377 ions in the total flux. In both cases, this indicates that strong emitters are followed
by a long tail of VOCs with very low upward fluxes, although this phenomenon is more pronounced in Millet et al. (2018).
In autumn, 30 compounds were needed to capture 90% of the total upward flux, as the relative importance of the top emitters
(isoprene, monoterpenes) decreased. To account for 90% of the summed depositions, between 30 and 43 compounds were
necessary. This confirms the observation by Millet et al. (2018) that the total deposition flux is composed of a larger number of
contributing species.

Vermeuel et al. (2023a) expanded the suite of VOCs measured over a coniferous forest by combining PTR-ToF-MS with
iodide chemical ionization mass spectrometry (ICIMS) flux measurements. While upward fluxes of VOC species detected with
PTR-ToF-MS and included in CTMs were accurately simulated by GEOS-Chem, many additional species not represented
in CTMs contributed significantly to the total downward VOC flux. This led to an underestimation of the reactive carbon
sink by GEOS-Chem. Notably, downward fluxes of VOCs detected by PTR-ToF-MS alone accounted for only 63% of the
total deposition, indicating that 37% would have been missed without the inclusion of ICIMS measurements. The compounds
missed without ICIMS include oxidation products of isoprene and of 232-MBO, as well as >C2 organic acids. These findings
suggest that the results presented in the present study may underestimate part of the total VOC deposition.

The seasonal and diel trends described for 2023 were also observed in 2022 and 2024, with some differences that can be
attributed to varying meteorological conditions and the differing contributions of tree species to the measured fluxes (discussed

in Sect. 3.4.2). In early May 2022, warmer and sunnier weather favoured stronger emissions compared to the same period
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in 2023 (panels a-b vs. f—g). Conversely, in June 2024, emission levels were much lower (panel 1) than those in June 2022
(panel c) and 2023 (panel h)—a difference of nearly a factor of three—further highlighting the high sensitivity of BVOC
fluxes to light and temperature. Notably, the relatively warm autumn conditions in 2024 sustained active emissions into early
November (panel 0), in contrast to 2023 where emissions did not show any clear dynamics (panel k).

The maximum monoterpene flux observed in the present study (1.63 g m~2 s~1) exceeded the value previously reported at
the same site in 2009 using a PTR-Quad-MS (0.69 ug m~2 s~!) (Laffineur et al., 2011). In both cases, these maxima occurred
under air temperatures exceeding 30 °C. From 2022 to 2024, only 0.1% of the monoterpene fluxes exceeded the 2009 value

2

of 0.69 g m~2 s~1. In contrast, the maximum isoprene flux in the present study was lower (1.18 g m~2 s~1) than in 2009

(1.96 pg m~2 s~1). Methanol was another compound reported in 2009 and 2010 (Laffineur et al., 2012). While the 24-hour

—2 -2 —1

average maximum emissions were similar in both studies (approximately 0.07 ;g m~2 s~! in spring and 0.02 ug m—2 s
in summer), methanol deposition fluxes reported by Laffineur et al. (2012) were roughly twice those measured in the present
dataset. Methanol concentrations, however, were comparable in both studies, and no unusual meteorological event was reported
in 2009 or 2010 that could explain these differences. Given the many factors that may have varied between the two measurement
periods—including vegetation type and cover, climatic conditions, and instrumental characteristics—it is difficult to draw firm
conclusions based solely on the observed differences in monoterpene, isoprene, and methanol fluxes.

Below-canopy fluxes measured by the TRUNK system exhibited a seasonal transition similar to that observed at the TOP
level (Fig. 9). However, the net balance was already dominated by deposition at the beginning of the campaign (panel a). The
dominant emissions observed in late spring and early summer (panels b and c¢) declined earlier and more steeply, resulting in a
faster shift towards net deposition in subsequent periods (panels d, e, and f).

Flux magnitudes (maximum diel values) were at least ten times lower than those observed at the top of the canopy, and across

2 571, reflecting the more limited production capacity below

all periods. Maximum emission values rarely exceeded 0.01 ug m™
the canopy. Importantly, no additional significant BVOC signals appeared in the TRUNK data that were not already detected
in the TOP dataset. This suggests that the same suite of compounds is involved in the exchange processes, albeit at reduced
intensity.

The diurnal flux dynamics observed above the canopy were much less pronounced in the TRUNK system. A clear daytime
emission peak was only visible in panels b and ¢, corresponding to late May and mid-June. During the remainder of the year, no
systematic diurnal pattern emerged, suggesting that the below-canopy environment is governed by mechanisms other than those
controlling foliar emissions. Isidorov and Zaitsev (2022) list a variety of biotic and abiotic drivers of leaf litter decomposition
and soil-atmosphere VOC exchanges, many of which remain poorly characterized. Given the diversity of processes involved, a
large variability in VOC exchanges measured near the ground is expected. Nonetheless, owing to its continuity and coverage of
a wide range of environmental conditions, the present dataset may offer an opportunity to disentangle some of these (a)biotic
controls.

Finally, we emphasize that TRUNK measurements do not solely represent soil and litter emissions, as some understorey
vegetation (including young trees) was present below 3 m a.g.l. (Fig. 3). This vegetation may explain the daytime upward

fluxes observed in panels b and ¢, which follow the evolution of temperature and light.
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Figure 8. Seasonal evolution of VOC fluxes measured by the TOP system over the years 2022, 2023, and 2024. For each m/z value and hour

of the day (in LT), mean fluxes are calculated only when at least 25% of the expected half-hourly data are available within the corresponding

period. The 10 most exchanged m/z values are shown individually (see legend), while the remaining compounds are grouped into emission

("other > 0") and deposition ("other < 0") categories. Subplots aligned vertically correspond to the same seasonal period and share identical

y-axis limits to allow for direct visual comparison. The same figure with variable y-axis is available in Sect. S3.7 for a distinct type of

visualization.
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3.4.2 Flux dynamics

Figures 8 and 9 provide an overview of total BVOC exchange but do not highlight the specific temporal dynamics that could
shed light on production and deposition mechanisms. A more detailed analysis of the flux time series allows for the identifi-
cation of different categories of BVOCs based on their flux temporal behaviour. To illustrate these patterns, a selection of five
m/z values is presented in Fig. 10.

Isoprene and monoterpenes (panels a and b) exhibit the clearest and least noisy flux signals. Another m/z value associated
with well-defined emissions is 153.055 (CgHgOs;H*, potentially methyl salicylate), although its flux magnitude is approxi-
mately 100 times lower (data not shown). As discussed previously, the emission of isoprene and monoterpenes peaked in
summer, between June 5 and August 14. Isoprene and monoterpenes showed similar flux magnitudes, but some differences
are noteworthy. For instance, from June 5 to June 19, fluxes of monoterpenes were higher in 2022 than in 2023, whereas the
opposite was true for isoprene. Temperature and radiation were comparable during this period in both years (Fig. 5), how-
ever, differences in the prevailing wind direction may partly explain the observed patterns. In 2022, the winds predominantly
originated from the south-west sector, where Fagus sylvatica is the dominant tree species (Fig. 1). Measurements conducted
in 2009 at the same site by Laffineur et al. (2011) identified Fagus sylvatica as the main monoterpenes emitter among the
species present at BE-Vie. The higher monoterpenes emissions in 2022 appear to support this finding. Conversely, in 2023,
winds mainly originated from the north-east sector, dominated by Picea abies. The increased isoprene fluxes during that period
suggest that Picea abies may act as an isoprene emitter at BE-Vie, in line with the findings of Filella et al. (2007), although
this could not be confirmed by Laffineur et al. (2011).

Another possible explanation for the increased emissions of m/z 69.070 in 2023 compared to 2022 is provided by the signal
at m/z 87.080 (panel d), to which 2-methyl-3-buten-2-ol (MBO) may contribute. Between May 22 and June 19, m/z 87.080
also showed higher upward fluxes in 2023. MBO emissions have been reported from Norway spruce forests by Juran et al.
(2017), and since this compound is known to fragment at m/z 69.070, the enhanced fluxes observed in panel b under winds
from the Picea abies sector may reflect MBO emissions. Interestingly, emissions at m/z 87.080 developed earlier in the season
than those of isoprene, and showed only limited variation throughout spring and summer. If MBO is indeed contributing to the
signal at m/z 87.080, this observation contrasts with the estimates from Guenther et al. (2012), which suggest similar light and
temperature dependencies for both isoprene and MBO.

The differences in emission patterns observed between the two years, and their apparent link to prevailing wind directions
and stand composition, illustrate the challenges and opportunities of working in a heterogeneous forest ecosystem. While such
heterogeneity complicates the attribution of observed fluxes to specific sources, it reflects the reality of many temperate forests
and is likely to become even more common as forest management moves away from monocultures towards more resilient,
mixed-species stands (Seliger et al., 2023, and references therein). At BE-Vie, this heterogeneity is not evenly spread but rather
organized in species-dominated patches. Future efforts to refine flux interpretation could build on the existing high-resolution
tree species distribution map (Fig. 1) combined with footprint-weighted flux disaggregation approaches, to better attribute

observed fluxes to their biogenic sources.
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Figure 10. Average diel patterns (in LT) of BVOC TOP fluxes for each two-week period. (a) Sum of monoterpenes. (b) Isoprene. (c)
Methanol. (d) MBO. (e) CsHoH". The five m/z values shown exhibit distinct exchange behaviours. Solid lines represent hourly mean fluxes,
and shaded areas indicate the standard deviation around the mean. For each two-week period, the diel pattern is displayed only if data were

available for at least 25% of the expected hours.

The methanol flux (panel c) is a clear example of the bidirectional behaviour typical of some BVOCs, with weak nighttime
deposition followed by daytime emissions. Methanol fluxes rise earlier and more rapidly than those of isoprene or monoter-
penes, peaking between May 22 and June 5. This early increase and subsequent decline after June 19 likely reflect leaf devel-
opment and cell expansion processes (Wohlfahrt et al., 2015).

In panel e, m/z 83.086 (C¢H oH", potentially a fragment of hexenol or hexanal) exhibited an unexpected emission peak in
2023, between May 8 and May 22. This peak resulted from exceptionally high upward fluxes recorded over two days (May
9-11) and was also observed for other C6-C9 aldehydes and alcohols: m/z 101.096 (C¢H;,OH", likely protonated hexenol
or hexanal), m/z 143.143 (CoH;sOH", potentially nonanal), and two additional ions probably related to nonenal, m/z 123.117
(CoH4H*) and m/z 141.127 (CoH;sOH"). These emission bursts were likely triggered by a hailstorm that occurred during this
period in 2023, which caused significant canopy damage and left many broken branches and leaves on the forest floor. The
above-mentioned ion species are commonly referred to as green leaf volatiles (GLVs) (Dudareva et al., 2013) and may have
originated from wounded plant tissues—a well-documented source of GLV emissions (Scala et al., 2013; Niinemets et al.,
2014). During this burst, the GLVs reached peak fluxes ranging from 18 times (for m/z 101.096) to 37 times (for m/z 123.117)

their median positive fluxes, highlighting the substantial enhancement of their emissions under stress conditions.
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Figure 11. Same as Fig. 10 but for O3 fluxes. (a) TOP system. (b) TRUNK system.

3.5 Ozone fluxes

As expected, ozone fluxes were always negative, representing a net deposition into the ecosystem (Fig. 11). Unlike for VOCs,
O; fluxes were expressed in molar units, which is a common practice, to directly reflect the number of molecules involved in
atmospheric chemical reaction.

For the TOP system, O3 depositions showed a clear diurnal pattern, with a maximum absolute flux found mostly around
11:00 LT and 12:00 LT. This evolution from nighttime to daytime depositions can be attributed to the stomatal aperture and
subsequent ozone uptake, which is known as a major O3 deposition pathway (Clifton et al., 2020). Average daytime ozone
uptake rapidly increased from spring (8.96 nmol m~2 s~1) until reaching maximum values in summer (9.42 nmol m~2 s~ 1,
Table 3). This reflects elevated O3 concentrations (Fig. 7) and leaf development among deciduous species, which began in
late April/early May. During summer, Oz depositions varied to a small extent and started decreasing from October to reach
24h-averaged fluxes of -5.43 nmol m~2 s~! in autumn. Again, this is primarily due to the onset of leaf senescence—with leaf
fall typically occurring in late November—combined with lower ozone levels in ambient air.

Nighttime depositions showed less variation than daytime ones (in terms of mean values and standard deviations). The non-
zero values indicate a continuous uptake, even when stomata where closed. These nighttime fluxes remained relatively stable
throughout the seasons compared to daytime depositions, although the phenology of the forest did evolve. This supports the
idea of non-stomatal deposition pathways, such as uptake by leaf cuticles, soil and water (Clifton et al., 2020).

Overall, the inter-annual variability of TOP fluxes was small. Daytime ozone uptake reached a maximum in 2022 in the
fortnight from July 31 to August 14 with a maximum mean value of 20 nmol m~2 s~!. This can be directly attributed to the
heatwave encountered at that time—as ozone reached concentrations above 70 ppbv -, despite the fact that stomatal conduc-
tance must have been reduced under these conditions.

Below-canopy fluxes also exhibited a diurnal pattern, with an increase from non-zero nighttime depositions to maximum

daytime depositions around 14:00 LT on average—Tlater than observed for the TOP system. This delay may be attributed to
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ozone concentrations taking longer to rise after sunrise at the TRUNK level compared to above the canopy (Fig. 7), possibly
due to delayed photochemical activity near the forest floor.

Both in 2023 and 2024, TRUNK fluxes rapidly declined from July 3 and remained in the same order of magnitude for the
rest of the campaign. This contrasts with above canopy fluxes which maintained high deposition values and seemed more
sensitive to meteorological and phenological conditions. The explanation for this decrease remains unclear. As a reminder,
TRUNK fluxes were measured 3 m above ground level, and therefore primarily reflect non-stomatal deposition pathways, such
as uptake by soil, litter, or water surfaces (Clifton et al., 2020). These processes would be expected to persist even during
summer.

TRUNK fluxes represented on average approximately 10% of the above-canopy fluxes, although large variations were
observed—from 0 to 50%. This is broadly consistent with the range of 5 to 39% reported by Fares et al. (2014), and ref-
erences therein. The relative contribution of TRUNK fluxes was often higher at night, in agreement with observations from
the Landes forest by Lamaud et al. (2002), likely due to the reduced importance of stomatal deposition in the total ozone sink
during the night.

In 2023, we observe a little boost of below-canopy O3 uptake from November 6 until November 20. This period exactly
coincides with the fall of dead leaves from deciduous trees. An explanation of this increased consumption might be linked to
a reaction of ozone with compounds present on the surface of senescent and/or dead leaves. This phenomenon was observed
both in situ and in vitro by Potier et al. (2015, 2017) and was attributed to ascorbate leaching out from senescent and dead

leaves.

4 Conclusions

This study presents a three-year field campaign (2022-2024) of VOC and ozone dynamics at the extensively instrumented
ICOS forest station of Vielsalm (BE-Vie), combining a vertical profile with eddy covariance fluxes above and below the
canopy. A new open-source processing pipeline (PAP and GEddySoft) was developed to quantify VOC mixing ratios and
fluxes using a PTR-ToF-MS instrument. Various critical steps of the eddy covariance methodology applied to VOC and ozone
flux measurements were addressed, including data quality flagging, storage corrections, sonic anemometer rotation within the
trunk space, and ozone flux calibration.

The processing of VOC data resulted in the identification of 60 significantly exchanged ions, among 76 VOC-related signals.
These included both well-known biogenic VOCs and lesser-studied compounds, reflecting the chemical and functional diversity
of VOC exchange in forest ecosystems. The number of significantly exchanged ions is intermediate in comparison to other
studies using a PTR-ToF-MS instrument—while Park et al. (2013a); Millet et al. (2018); Fischer et al. (2021); Loubet et al.
(2022) identified hundreds of compounds, others found tens of VOCs exhibiting significant fluxes (Ruuskanen et al., 2011;
Jensen et al., 2018; Schallhart et al., 2018). Despite potential differences in ecosystem signatures and instrumental capabilities,

this raises questions about the criteria used to determine whether a flux is considered significant or not.
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980 Ambient mixing ratios revealed clear vertical and diurnal gradients shaped by the interplay of emission, deposition, pho-

tochemistry, and atmospheric transport. Ozone and NOx exhibited tightly coupled patterns, with daytime O3 formation and
nighttime NO x accumulation. VOCs showed compound-specific behaviour: ethanol remained relatively constant due to high
background levels, methanol followed a daytime emission pattern, and isoprene peaked near the canopy with oxidation prod-
ucts (MVK + MACR) accumulating at higher altitudes. At night, monoterpenes accumulated near the forest floor, indicating
985 sustained temperature-driven emissions and limited mixing. These observations highlight the value of high-resolution datasets
for exploring the spatial and temporal dynamics of reactive trace gases within a forest ecosystem.
The forest acted as a net source of VOCs for most of the measurement period, with peak emissions in summer exceeding
1.25 ug m~2 s~1. Monoterpenes, isoprene, and methanol dominated the fluxes. However, between 15 and 30 compounds were
needed to capture 90% of the total emissions (depending on the season), and between 30 and 43 for deposition, confirming the
990 importance of considering a broad range of compounds beyond a few dominant species. According to Vermeuel et al. (2023a),
up to 37% of the total downward flux of VOCs would be missed when relying on PTR-ToF-MS measurements alone. Therefore,
while the upward fluxes reported in this study are likely representative of total ecosystem emissions, the total deposition should
be regarded as a lower limit of the actual ecosystem sink.

The total VOC deposition remained relatively stable across seasons (~ —0.1 g m~2 s~1), while emissions showed stronger

995 seasonal variability. Many oxygenated VOCs exhibited bidirectional behaviour, switching from nighttime deposition to day-
time emission—especially in spring after budburst—underlining the importance of biological processes and environmental
conditions.

The interannual variability in flux magnitudes—such as the markedly lower emissions observed in June 2024 compared
to previous years—further emphasizes the sensitivity of VOC exchange to meteorological and phenological drivers. Fluxes

1000 measured near the forest floor were generally close to equilibrium between emissions and depositions, except in late spring
and early summer, when upward fluxes increased.

Additional insights were gained into species-specific emission patterns, with wind direction modulating isoprene and monoter-
pene fluxes. For instance, Picea abies was identified as a likely isoprene and MBO emitter at this site. A short-lived burst of
green leaf volatiles following a hailstorm also illustrated the ecosystem’s capacity for rapid VOC responses to disturbance. The

1005 spatial heterogeneity of the forest, while challenging for flux attribution, also offers an opportunity to improve our understand-
ing of species-specific emissions in realistic, mixed-species stands.

Ozone fluxes remained consistently downward, with the strongest uptake in spring and early summer. Below-canopy de-
position accounted for ~ 10% of the above-canopy flux on average, although this ratio was variable. These patterns point to
persistent non-stomatal uptake processes, both above and below the canopy, and suggest opportunities for further partitioning

1010 of ozone sinks.

Overall, this study provides one of the most detailed long-term characterizations of trace gas exchange in a temperate

mixed forest. The diversity of behaviours observed across compounds, seasons, and canopy levels offers a unique dataset for

the development and calibration of process-based models, including bidirectional biogenic, physical and chemical exchange
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schemes. Such models are essential for improving predictions of VOC—ozone—aerosol interactions and their feedbacks on air

quality and climate.

5 Code and data availability

Four distinct groups of datasets are available for the BE-Vie site during the 2022-2023-2024 period:

(i) Main measurements (present study). 1-min concentrations of VOCs and O; are available at https://doi.org/10.18758/
NVFBAT74V (Verreyken et al., 2025); 30-min concentrations and fluxes (TOP & TRUNK) of VOCs and O3 are available
at https://doi.org/10.18758/KHV8ZXU2 (Dumont et al., 2025a); vertical profiles of VOC and O3 concentrations and
turbulence are available at https://doi.org/10.18758/BED4Q2VY (Dumont et al., 2025b).

(i) ICOS measurements. Flux and meteorological data were downloaded from the ETC L2 ARCHIVE on the ICOS Carbon
portal https://doi.org/10.18160/S6HM-CP8Q (Vincke et al., 2025).

(iii) ISSeP measurements. Data from the ISSeP air quality station were downloaded from the wallonair platform https://data.

wallonair.be/. More information available upon request from b.bergmans @issep.be.
(iv) Remote-sensing measurements. Data available upon request from alexis.merlaud @aeronomie.be.

Results from the EMEP campaigns (VOC analysis by GC-MS and HPLC) will be made available through the EBAS data
repository (http://ebas.nilu.no/).

The Peak Area Processing software (PAP, used for non-targeted peak selection, instrument characterization, and quantifica-
tion of mixing ratio’s with related uncertainties) is available here: https://github.com/bverreyk/Peak AreaProcessing. GEddySoft
(software used to process VOC fluxes with the eddy covariance method) is available here: https://github.com/BernardHeinesch/
GEddySoft.

Author contributions. This study was conceptualized by CA, NS, BH, CD and BV. VOC measurements were supervised by CA, NS, and
BYV, and ozone measurements by CD. PTR-ToF-MS data were curated by BV, CA, and NS, and mixing ratios were computed by BV and
CA (formal analysis). VOC fluxes were calculated and post-processed by BH and CD (formal analysis). Data curation and formal analysis
of ozone concentrations and fluxes, as well as of the turbulence profile, were carried out by CD. CD and BV performed the formal analysis
and visualization of the final datasets, and wrote the first draft of the manuscript. All authors participated in the review and editing process

of the final paper version. BH, CA, and NS contributed to funding acquisition. BH and CA supervised the research activities.

Competing interests. The contact author has declared that none of the authors has any competing interests.

44



Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

1040 Acknowledgements. The authors gratefully acknowledge the Belgian Federal Science Policy Office (BELSPO) for supporting the ACTRIS-
BE project (FSIRI/00/AC1) and the BIRA/ULiege FED-tWIN project BERTRAC (Prf-2021-034_BERTRAC#2), as well as the Public Ser-
vice of Wallonia for their support to the ICOS-Wallonia project (1217769). The authors thank the Carbon Portal (CP) for providing access
to the ETC L2 ARCHIVE, and Caroline Vincke (PI of the BE-Vie station) for facilitating access to the Vielsalm site. We also thank ISSeP
for providing access to their NO x measurements. We thank the technical team at the Royal Belgian Institute for Space Aeronomy (Sam De

1045 Pauw, Tom Egerickx, Gerry Pieck and Octavian Miron) for designing and installing the concentration profile setup. Finally, we thank Henri
Chopin for his support with the technical aspects of ozone measurements, and Ariane Faures for her advice on spectral corrections and for
sharing the corresponding data management code. The authors also acknowledge the use of the Al language model ChatGPT-4 for assistance
with Python coding during data analysis and for language refinement of the manuscript. All scientific interpretations and conclusions remain

those of the authors.

45



1050

1055

1060

1065

1070

1075

1080

1085

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

References

Andersen, S. T., McGillen, M. R., Xue, C., Seubert, T., Dewald, P., Tiirk, G. N., Schuladen, J., Denjean, C., Etienne, J. C., Garrouste,
0., Jamar, M., Harb, S., Cirtog, M., Michoud, V., Cazaunau, M., Bergé, A., Cantrell, C., Dusanter, S., Picquet-Varrault, B., Kukui, A.,
Mellouki, A., Carpenter, L. J., Lelieveld, J., and Crowley, J. N.: Measurement report: Sources, sinks, and lifetime of NOx in a suburban
temperate forest at night, Atmospheric Chemistry and Physics, 24, 11 603—11 618, https://doi.org/10.5194/acp-24-11603-2024, 2024.

Ashworth, K., Chung, S. H., McKinney, K. A., Liu, Y., Munger, J. W., Martin, S. T., and Steiner, A. L.: Modelling bidirectional fluxes
of methanol and acetaldehyde with the FORCAST canopy exchange model, Atmospheric Chemistry and Physics, 16, 15461-15484,
https://doi.org/10.5194/acp-16-15461-2016, 2016.

Aubinet, M., Chermanne, B., Vandenhaute, M., Longdoz, B., Yernaux, M., and Laitat, E.: Long term carbon dioxide exchange above a mixed
forest in the Belgian Ardennes, Agricultural and Forest Meteorology, 108, 293-315, https://doi.org/10.1016/S0168-1923(01)00244-1,
2001.

Aubinet, M., Hurdebise, Q., Chopin, H., Debacq, A., De Ligne, A., Heinesch, B., Manise, T., and Vincke, C.: Inter-annual variability of Net
Ecosystem Productivity for a temperate mixed forest: A predominance of carry-over effects?, Agricultural and Forest Meteorology, 262,
340-353, https://doi.org/10.1016/j.agrformet.2018.07.024, 2018.

Bachy, A., Aubinet, M., Schoon, N., Amelynck, C., Bodson, B., Moureaux, C., and Heinesch, B.: Are BVOC exchanges in agricultural
ecosystems overestimated? Insights from fluxes measured in a maize field over a whole growing season, Atmospheric Chemistry and
Physics, 16, 5343-5356, https://doi.org/10.5194/acp-16-5343-2016, 2016.

Bachy, A., Aubinet, M., Amelynck, C., Schoon, N., Bodson, B., Moureaux, C., Delaplace, P., De Ligne, A., and Heinesch, B.:
Methanol exchange dynamics between a temperate cropland soil and the atmosphere, Atmospheric Environment, 176, 229-239,
https://doi.org/10.1016/j.atmosenv.2017.12.016, 2018.

Bamberger, 1., Hortnagl, L., Ruuskanen, T. M., Schnitzhofer, R., Miiller, M., Graus, M., Karl, T., Wohlfahrt, G., and Hansel, A.: Deposition
fluxes of terpenes over grassland, Journal of Geophysical Research Atmospheres, 116, 1-13, https://doi.org/10.1029/2010JD015457, 2011.

Brilli, F., Gioli, B., Zona, D., Pallozzi, E., Zenone, T., Fratini, G., Calfapietra, C., Loreto, F., Janssens, I. A., and Ceulemans, R.: Simultaneous
leaf- and ecosystem-level fluxes of volatile organic compounds from a poplar-based SRC plantation, Agricultural and Forest Meteorology,
187, 22-35, https://doi.org/10.1016/j.agrformet.2013.11.006, 2014.

Brilli, F., Gioli, B., Fares, S., Terenzio, Z., Zona, D., Gielen, B., Loreto, F., Janssens, I. A., and Ceulemans, R.: Rapid leaf development drives
the seasonal pattern of volatile organic compound (VOC) fluxes in a "coppiced’ bioenergy poplar plantation, Plant Cell and Environment,
39, 539-555, https://doi.org/10.1111/pce.12638, 2016.

Canadell, J., Monteiro, P., Costa, M., Cotrim da Cunha, L., Cox, P., Eliseev, A., Henson, S., Ishii, M., Jaccard, S., Koven, C., Lo-
hila, A., Patra, P, Piao, S., Rogelj, J., Syampungani, S., Zaehle, S., and Zickfeld, K.: Global Carbon and other Biogeochem-
ical Cycles and Feedbacks, p. 673-816, Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,
https://doi.org/10.1017/9781009157896.007, 2021.

Cieslik, S.: Energy and ozone fluxes in the atmospheric surface layer observed in Southern Germany highlands, Atmospheric Environment,
32, 1273-1281, https://doi.org/https://doi.org/10.1016/S1352-2310(97)00190-8, 1998.

Clifton, O. E., Fiore, A. M., Massman, W. J., Baublitz, C. B., Coyle, M., Emberson, L., Fares, S., Farmer, D. K., Gentine, P., Gerosa, G.,
Guenther, A. B., Helmig, D., Lombardozzi, D. L., Munger, J. W., Patton, E. G., Pusede, S. E., Schwede, D. B., Silva, S. J., Sorgel, M.,

46



1090

1095

1100

1105

1110

1115

1120

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Steiner, A. L., and Tai, A. P. K.: Dry Deposition of Ozone Over Land: Processes, Measurement, and Modeling, Reviews of Geophysics,
58, https://doi.org/10.1029/2019RG000670, 2020.

Dudareva, N., Klempien, A., Muhlemann, J. K., and Kaplan, I.: Biosynthesis, function and metabolic engineering of plant volatile organic
compounds, New Phytologist, 198, 16-32, https://doi.org/10.1111/nph.12145, 2013.

Dumont, C., Verreyken, B. W. D., Schoon, N., Amelynck, C., and Heinesch, B.: 3-years of (O)VOC and ozone flux measurements at a mixed
temperate forest at the Vielsalm ICOS ecosystem station (Belgium), https://doi.org/10.18758/KHV8ZXU2, 2025a.

Dumont, C., Verreyken, B. W. D., Schoon, N., Heinesch, B., and Amelynck, C.: 3-years of (O)VOC, ozone, and turbulence profile measure-
ments at a mixed temperate forest at the Vielsalm ICOS ecosystem station (Belgium), https://doi.org/10.18758/BED4Q2VY, 2025b.

Dusanter S., Holzinger R., Klein F., Salameh T., and Jamar M.: Measurement Guidelines for VOC Analysis by PTR-MS, https://www.actris.
eu/sites/default/files/inline-files/PTRMS %20SOP%20%28 April2025%29.pdf, 2025.

Ester, M., Kriegel, H.-P., Sander, J., and Xu, X.: A Density-Based Algorithm for Discovering Clusters in Large Spatial Databases with Noise,
www.aaai.org, 1996.

Fagerli, H., Benedictow, A., Van Caspel, W., Gauss, M., Ge, Y., Jonson, J. E., Klein, H., Nyiri, A., Simpson, D., Tsyro, S., Valdebenito, A.,
Wind, P., Aas, W., Hjellbrekke, A., Solberg, S., Tgrseth, K., Espen Yttri, K., Matthews, B., Schindlbacher, S., Ullrich, B., Wankmiiller,
R., Klimont, Z., Scheuschner, T., Kuenen, J. J. P, Hellén, H., Jaffrezo, J.-L., Tusha, D., Mothes, F., Salameh, T., van Drooge, B. L., and
Wegener, R.: EMEP Status report: Transboundary particulate matter, photo-oxidants, acidifying and eutrophying components, Tech. rep.,
Norwegian Meteorological Institute, ISSN 1504-6192, https://emep.int/publ/reports/2023/EMEP_Status_Report_1_2023.pdf, 2023.

Faiola, C., Ossola, R., and McGlynn, D.: Chapter 5 - The role of biogenic volatile organic compounds and plant surfaces in
the formation and scavenging of ozone and particulate matter, including secondary organic aerosol, in: Biogenic Volatile Or-
ganic Compounds and Climate Change, edited by Brilli, F. and Decesari, S., pp. 165-195, Elsevier, ISBN 978-0-12-821076-5,
https://doi.org/https://doi.org/10.1016/B978-0-12-821076-5.00004-5, 2024.

Fares, S., Savi, F,, Muller, J., Matteucci, G., and Paoletti, E.: Simultaneous measurements of above and below canopy ozone fluxes help
partitioning ozone deposition between its various sinks in a Mediterranean Oak Forest, Agricultural and Forest Meteorology, 198-199,
181-191, https://doi.org/10.1016/j.agrformet.2014.08.014, 2014.

Filella, I., Wilkinson, M. J., Llusia, J., Hewitt, C. N., and Pefiuelas, J.: Volatile organic compounds emissions in Norway spruce (Picea abies)
in response to temperature changes, Physiologia Plantarum, 130, 58-66, https://doi.org/10.1111/j.1399-3054.2007.00881.x, 2007.

Finco, A., Coyle, M., Nemitz, E., Marzuoli, R., Chiesa, M., Loubet, B., Fares, S., Diaz-Pines, E., Gasche, R., and Gerosa, G.: Characterization
of ozone deposition to a mixed oak—hornbeam forest — flux measurements at five levels above and inside the canopy and their interactions
with nitric oxide, Atmospheric Chemistry and Physics, 18, 17 945-17 961, https://doi.org/10.5194/acp-18-17945-2018, 2018.

Finkelstein, P. L. and Sims, P. F.: Sampling error in eddy correlation flux measurements, Journal of Geophysical Research: Atmospheres,
106, 3503-3509, https://doi.org/10.1029/2000JD900731, 2001.

Fischer, L., Breitenlechner, M., Canaval, E., Scholz, W., Striednig, M., Graus, M., Karl, T. G., Petdjd, T., Kulmala, M., and Hansel, A.: First
eddy covariance flux measurements of semi-volatile organic compounds with the PTR3-TOF-MS, Atmospheric Measurement Techniques,
14, 8019-8039, https://doi.org/10.5194/amt-14-8019-2021, 2021.

Fiscus, E. L., Booker, F. L., and Burkey, K. O.: Crop responses to ozone: uptake, modes of action, carbon assimilation and partitioning, Plant,
Cell Environment, 28, 997-1011, https://doi.org/10.1111/j.1365-3040.2005.01349.x, 2005.

Foken, T. and Wichura, B.: Tools for quality assessment of surface-based flux measurements, Agricultural and Forest Meteorology, 78,

83-105, https://doi.org/10.1016/0168-1923(95)02248-1, 1996.

47



1125

1130

1135

1140

1145

1150

1155

1160

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Forkel, R., Guenther, A., Ashworth, K., Bedos, C., Delon, C., Lathiere, J., Noe, S., Potier, E., Rinne, J., Tchepel, O., and Zhang, L.:
Bi-directional Exchange of Volatile Organic Compounds, pp. 169-179, Springer Netherlands, Dordrecht, ISBN 978-94-017-7285-3,
https://doi.org/10.1007/978-94-017-7285-3_8, 2015.

Gerosa, G. A., Bignotti, L., and Marzuoli, R.: Effect of corrections for water vapor sensitivity of coumarin targets and for density fluc-
tuations (WPL) on O3 fluxes measured with the eddy covariance technique, Bulletin of Atmospheric Science and Technology, 3,
https://doi.org/10.1007/s42865-022-00053-0, 2022a.

Gerosa, G. A., Marzuoli, R., and Finco, A.: Interannual variability of ozone fluxes in a broadleaf deciduous forest in Italy, Elementa: Science
of the Anthropocene, 10, 1-22, https://doi.org/10.1525/elementa.2021.00105, 2022b.

Goldstein, A. H. and Galbally, I. E.: Known and Unexplored Organic Constituents in the Earth’s Atmosphere, Environmental Science Tech-
nology, 41, 1514-1521, https://doi.org/10.1021/es072476p, 2007.

Goldstein, A. H., McKay, M., Kurpius, M. R., Schade, G. W., Lee, A., Holzinger, R., and Rasmussen, R. A.: Forest thinning experi-
ment confirms ozone deposition to forest canopy is dominated by reaction with biogenic VOCs, Geophysical Research Letters, 31, 1-4,
https://doi.org/10.1029/2004GL021259, 2004.

Guenther, A., Hewitt, C. N., Erickson, D., Fall, R., Geron, C., Graedel, T., Harley, P., Klinger, L., Lerdau, M., Mckay, W. A., Pierce,
T., Scholes, B., Steinbrecher, R., Tallamraju, R., Taylor, J., and Zimmerman, P.: A global model of natural volatile organic compound
emissions, Journal of Geophysical Research: Atmospheres, 100, 8873-8892, https://doi.org/10.1029/94JD02950, 1995.

Guenther, A. B, Jiang, X., Heald, C. L., Sakulyanontvittaya, T., Duhl, T., Emmons, L. K., and Wang, X.: The Model of Emissions of Gases
and Aerosols from Nature version 2.1 (MEGAN?2.1): an extended and updated framework for modeling biogenic emissions, Geoscientific
Model Development, 5, 1471-1492, https://doi.org/10.5194/gmd-5-1471-2012, 2012.

Giisten, H. and Heinrich, G.: On-line measurements of ozone surface fluxes: Part I. Methodology and instrumentation, Atmospheric Envi-
ronment, 30, 897-909, https://doi.org/10.1016/1352-2310(95)00269-3, 1996.

Hellén, H., Praplan, A. P.,, Tykkd, T., Ylivinkka, I., Vakkari, V., Béck, J., Petdjd, T., Kulmala, M., and Hakola, H.: Long-term measurements
of volatile organic compounds highlight the importance of sesquiterpenes for the atmospheric chemistry of a boreal forest, Atmospheric
Chemistry and Physics, 18, 13 839-13 863, https://doi.org/10.5194/acp-18-13839-2018, 2018.

Hodzic, A., Aumont, B., Knote, C., Lee-Taylor, J., Madronich, S., and Tyndall, G.: Volatility dependence of Henry’s law constants of
condensable organics: Application to estimate depositional loss of secondary organic aerosols, Geophysical Research Letters, 41, 4795—
4804, https://doi.org/10.1002/2014GL060649, 2014.

Horvith, L., Koncz, P, Mdring, A., Nagy, Z., Pintér, K., and Weidinger, T.: An Attempt to Partition Stomatal and Non-stomatal Ozone
Deposition Parts on a Short Grassland, Boundary-Layer Meteorology, 167, 303-326, https://doi.org/10.1007/s10546-017-0310-x, 2017.

Huang, G., Brook, R., Crippa, M., Janssens-Maenhout, G., Schieberle, C., Dore, C., Guizzardi, D., Muntean, M., Schaaf, E., and Friedrich, R.:
Speciation of anthropogenic emissions of non-methane volatile organic compounds: A global gridded data set for 1970-2012, Atmospheric
Chemistry and Physics, 17, 7683-7701, https://doi.org/10.5194/acp-17-7683-2017, 2017.

Inomata, S., Tanimoto, H., Kameyama, S., Tsunogai, U., Irie, H., Kanaya, Y., and Wang, Z.: Technical Note: Determination of formaldehyde
mixing ratios in air with PTR-MS: laboratory experiments and field measurements, Atmospheric Chemistry and Physics, 8, 273-284,
https://doi.org/10.5194/acp-8-273-2008, 2008.

Isidorov, V. A. and Zaitsev, A. A.: Reviews and syntheses: VOC emissions from soil cover in boreal and temperate natural ecosystems of the

Northern Hemisphere, Biogeosciences, 19, 4715-4746, https://doi.org/10.5194/bg-19-4715-2022, 2022.

48



1165

1170

1175

1180

1185

1190

1195

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Isidorov, V. A., Piroznikow, E., Spirina, V. L., Vasyanin, A. N., Kulakova, S. A., Abdulmanova, 1. F.,, and Zaitsev, A. A.: Emission of
volatile organic compounds by plants on the floor of boreal and mid-latitude forests, Journal of Atmospheric Chemistry, 79, 153-166,
https://doi.org/10.1007/s10874-022-09434-3, 2022.

Jardine, K., Yafiez Serrano, A., Arneth, A., Abrell, L., Jardine, A., Artaxo, P., Alves, E., Kesselmeier, J., Taylor, T., Saleska, S., and
Huxman, T.: Ecosystem-scale compensation points of formic and acetic acid in the central Amazon, Biogeosciences, 8, 3709-3720,
https://doi.org/10.5194/bg-8-3709-2011, 2011.

Jensen, N. R., Gruening, C., Goded, 1., Miiller, M., Hjorth, J., and Wisthaler, A.: Eddy-covariance flux measurements in an Italian de-
ciduous forest using PTR-ToF-MS, PTR-QMS and FIS, International Journal of Environmental Analytical Chemistry, 98, 758-788,
https://doi.org/10.1080/03067319.2018.1502758, 2018.

Juran, S., Pallozzi, E., Guidolotti, G., Fares, S., gigut, L., Calfapietra, C., Alivernini, A., Savi, F., VeCefovd, K., Kiimal, K., VeCefa, Z., and
Urban, O.: Fluxes of biogenic volatile organic compounds above temperate Norway spruce forest of the Czech Republic, Agricultural and
Forest Meteorology, 232, 500-513, https://doi.org/10.1016/j.agrformet.2016.10.005, 2017.

Kammer, J., Perraudin, E., Flaud, P.-M., Lamaud, E., Bonnefond, J., and Villenave, E.: Observation of nighttime new particle formation over
the French Landes forest, Science of The Total Environment, 621, 1084—1092, https://doi.org/10.1016/j.scitotenv.2017.10.118, 2018.

Karl, T., Potosnak, M., Guenther, A., Clark, D., Walker, J., Herrick, J. D., and Geron, C.: Exchange processes of volatile organic compounds
above a tropical rain forest: Implications for modeling tropospheric chemistry above dense vegetation, Journal of Geophysical Research:
Atmospheres, 109, https://doi.org/10.1029/2004JD004738, 2004a.

Karl, T., Potosnak, M., Guenther, A., Clark, D., Walker, J., Herrick, J. D., and Geron, C.: Exchange processes of volatile organic compounds
above a tropical rain forest: Implications for modeling tropospheric chemistry above dense vegetation, Journal of Geophysical Research:
Atmospheres, 109, https://doi.org/10.1029/2004JD004738, 2004b.

Karl, T., Harley, P., Emmons, L., Thornton, B., Guenther, A., Basu, C., Turnipseed, A., and Jardine, K.: Efficient atmospheric cleansing of
oxidized organic trace gases by vegetation, Science, 330, 816-819, https://doi.org/10.1126/science.1192534, 2010.

Kaser, L., Karl, T., Guenther, A., Graus, M., Schnitzhofer, R., Turnipseed, A., Fischer, L., Harley, P., Madronich, M., Gochis, D., Keutsch,
F. N., and Hansel, A.: Undisturbed and disturbed above canopy ponderosa pine emissions: PTR-TOF-MS measurements and MEGAN 2.1
model results, Atmospheric Chemistry and Physics, 13, 11 935-11 947, https://doi.org/10.5194/acp-13-11935-2013, 2013.

Kim, S., Karl, T., Guenther, A., Tyndall, G., Orlando, J., Harley, P., Rasmussen, R., and Apel, E.: Emissions and ambient distributions of
Biogenic Volatile Organic Compounds (BVOC) in a ponderosa pine ecosystem: interpretation of PTR-MS mass spectra, Atmospheric
Chemistry and Physics, 10, 1759-1771, https://doi.org/10.5194/acp-10-1759-2010, 2010.

Kljun, N., Calanca, P., Rotach, M. W., and Schmid, H. P.: A simple two-dimensional parameterisation for Flux Footprint Prediction (FFP),
Geoscientific Model Development, 8, 3695-3713, https://doi.org/10.5194/gmd-8-3695-2015, 2015.

Kreuzwieser, J.: Biosynthesis of aldehydes and organic acids, pp. 101-114, Springer Netherlands, Dordrecht, ISBN 978-94-015-9856-9,
https://doi.org/10.1007/978-94-015-9856-9_5, 2002.

Kurpius, M. R. and Goldstein, A. H.: Gas-phase chemistry dominates O3 loss to a forest, implying a source of aerosols and hydroxyl radicals
to the atmosphere, Geophysical Research Letters, 30, 2-5, https://doi.org/10.1029/2002GL016785, 2003.

Laffineur, Q., Aubinet, M., Schoon, N., Amelynck, C., Miiller, J. E, Dewulf, J., Van Langenhove, H., Steppe, K., Simpraga, M.,
and Heinesch, B.: Isoprene and monoterpene emissions from a mixed temperate forest, Atmospheric Environment, 45, 3157-3168,

https://doi.org/10.1016/j.atmosenv.2011.02.054, 2011.

49



1200

1205

1210

1215

1220

1225

1230

1235

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Laffineur, Q., Aubinet, M., Schoon, N., Amelynck, C., Miiller, J. F., Dewulf, J., Van Langenhove, H., Steppe, K., and Heinesch, B.:
Abiotic and biotic control of methanol exchanges in a temperate mixed forest, Atmospheric Chemistry and Physics, 12, 577-590,
https://doi.org/10.5194/acp-12-577-2012, 2012.

Laffineur, Q., Aubinet, M., Schoon, N., Amelynck, C., Miiller, J. F, Dewulf, J., Steppe, K., and Heinesch, B.: Impact of dif-
fuse light on isoprene and monoterpene emissions from amixed temperate forest, Atmospheric Environment, 74, 385-392,
https://doi.org/10.1016/j.atmosenv.2013.04.025, 2013.

Lamaud, E., Carrara, A., Brunet, Y., Lopez, A., and Druilhet, A.: Ozone fluxes above and within a pine forest canopy in dry and wet
conditions, Atmospheric Environment, 36, 77-88, https://doi.org/10.1016/S1352-2310(01)00468-X, 2002.

Langford, B., Acton, W., Ammann, C., Valach, A., and Nemitz, E.: Eddy-covariance data with low signal-to-noise ratio: Time-lag determi-
nation, uncertainties and limit of detection, Atmospheric Measurement Techniques, https://doi.org/10.5194/amt-8-4197-2015, 2015.

Lanssens, B.: Estimation de la biomasse par espece forestiere par télédétection : application a la validation d’un modele dynamique de
végétation, Master’s thesis, University of Liege, http://hdl.handle.net/2268.2/8298, 2019.

Leuning, R.: Estimation of Scalar Source/Sink Distributions in Plant Canopies Using Lagrangian Dispersion Analysis: Correc-
tions for Atmospheric Stability and Comparison with a Multilayer Canopy Model, Boundary-Layer Meteorology, 96, 293-314,
https://doi.org/10.1023/A:1002449700617, 2000.

Link, M. E,, Pothier, M. A., Vermeuel, M. P., Riches, M., Millet, D. B., and Farmer, D. K.: In-Canopy Chemistry, Emissions, Deposition, and
Surface Reactivity Compete to Drive Bidirectional Forest-Atmosphere Exchange of VOC Oxidation Products, ACS EST Air, 1, 305-315,
https://doi.org/10.1021/acsestair.3c00074, 2024.

Loubet, B., Buysse, P, Gonzaga-Gomez, L., Lafouge, F., Ciuraru, R., Decuq, C., Kammer, J., Bsaibes, S., Boissard, C., Durand, B., Gueudet,
J.-C., Fanucci, O., Zurfluh, O., Abis, L., Zannoni, N., Truong, F., Baisnée, D., Sarda-Esteve, R., Staudt, M., and Gros, V.: Volatile organic
compound fluxes over a winter wheat field by PTR-Qi-TOF-MS and eddy covariance, Atmospheric Chemistry and Physics, 22, 2817-
2842, https://doi.org/10.5194/acp-22-2817-2022, 2022.

Mahilang, M., Deb, M. K., and Pervez, S.: Biogenic secondary organic aerosols: A review on formation mechanism, analytical challenges
and environmental impacts, Chemosphere, 262, 127 771, https://doi.org/10.1016/j.chemosphere.2020.127771, 2021.

Mahrt, L.: Flux Sampling Errors for Aircraft and Towers, Journal of Atmospheric and Oceanic Technology, 15, 416-429,
https://doi.org/10.1175/1520-0426(1998)015<0416:FSEFAA>2.0.CO;2, 1998.

Manco, A., Brilli, F., Famulari, D., Gasbarra, D., Gioli, B., Vitale, L., di Tommasi, P., Loubet, B., Arena, C., and Magliulo, V.: Cross-
correlations of Biogenic Volatile Organic Compounds (BVOC) emissions typify different phenological stages and stressful events in a
Mediterranean Sorghum plantation, Agricultural and Forest Meteorology, 303, https://doi.org/10.1016/j.agrformet.2021.108380, 2021.

Mauder, M. and Foken, T.: Documentation and Instruction Manual of the Eddy-Covariance Software Package TK2, Abt. Mikrome-
teorologie, pp. 60, ISSN 1614-8916, http://nbn-resolving.de/urn/resolver.pl?urn:nbn:de:bvb:703-opus-8665%S5Cnhttp://opus4.kobv.de/
opus4-ubbayreuth/frontdoor/index/index/docld/681, 2004.

Mikkelsen, T., Ro-Poulsen, H., Hovmand, M., Jensen, N., Pilegaard, K., and Egelgv, A.: Five-year measurements of ozone fluxes to a Danish
Norway spruce canopy, Atmospheric Environment, 38, 2361-2371, https://doi.org/https://doi.org/10.1016/j.atmosenv.2003.12.036, new
methods of risk assessment for ozone impacts on vegetation, 2004.

Millet, D. B., Jacob, D. J., Custer, T. G., de Gouw, J. A., Goldstein, A. H., Karl, T., Singh, H. B., Sive, B. C., Talbot, R. W., Warneke, C.,
and Williams, J.: New constraints on terrestrial and oceanic sources of atmospheric methanol, Atmospheric Chemistry and Physics, 8,

6887-6905, https://doi.org/10.5194/acp-8-6887-2008, 2008.

50



1240

1245

1250

1255

1260

1265

1270

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Millet, D. B., Alwe, H. D., Chen, X., Deventer, M. J., Griffis, T. J., Holzinger, R., Bertman, S. B., Rickly, P. S., Stevens, P. S., Léonardis,
T., Locoge, N., Dusanter, S., Tyndall, G. S., Alvarez, S. L., Erickson, M. H., and Flynn, J. H.: Bidirectional Ecosystem—Atmosphere
Fluxes of Volatile Organic Compounds Across the Mass Spectrum: How Many Matter?, ACS Earth and Space Chemistry, 2, 764-777,
https://doi.org/10.1021/acsearthspacechem.8b00061, 2018.

Min, K.-E., Pusede, S. E., Browne, E. C., LaFranchi, B. W., and Cohen, R. C.: Eddy covariance fluxes and vertical concentration gradient
measurements of NO and NO 2 over a ponderosa pine ecosystem: observational evidence for within-canopy chemical removal of NO x,
Atmospheric Chemistry and Physics, 14, 5495-5512, https://doi.org/10.5194/acp-14-5495-2014, 2014.

Montagnani, L., Griinwald, T., Kowalski, A., Mammarella, 1., Merbold, L., Metzger, S., Sedldk, P., and Siebicke, L.: Estimating the storage
term in eddy covariance measurements: the ICOS methodology, International Agrophysics, 32, 551-567, https://doi.org/10.1515/intag-
2017-0037, 2018.

Muller, J. B., Percival, C. J., Gallagher, M. W., Fowler, D., Coyle, M., and Nemitz, E.: Sources of uncertainty in eddy covariance
ozone flux measurements made by dry chemiluminescence fast response analysers, Atmospheric Measurement Techniques, 3, 163-176,
https://doi.org/10.5194/amt-3-163-2010, 2010.

Miiller, M., Graus, M., Ruuskanen, T. M., Schnitzhofer, R., Bamberger, 1., Kaser, L., Titzmann, T., Hortnagl, L., Wohlfahrt, G., Karl,
T., and Hansel, A.: First eddy covariance flux measurements by PTR-TOF, Atmospheric Measurement Techniques, 3, 387-395,
https://doi.org/10.5194/amt-3-387-2010, 2010.

Naik, V., Fiore, A. M., Horowitz, L. W., Singh, H. B., Wiedinmyer, C., Guenther, A., de Gouw, J. A., Millet, D. B., Goldan, P. D., Kuster,
W. C,, and Goldstein, A.: Observational constraints on the global atmospheric budget of ethanol, Atmospheric Chemistry and Physics, 10,
5361-5370, https://doi.org/10.5194/acp-10-5361-2010, 2010.

Nemitz, E., Sutton, M. A., Gut, A., San José, R., Husted, S., and Schjoerring, J. K.: Sources and sinks of ammonia within an oilseed rape
canopy, Agricultural and Forest Meteorology, 105, 385-404, https://doi.org/10.1016/S0168-1923(00)00205-7, 2000.

Nguyen, T. B., Crounse, J. D., Teng, A. P., Clair, J. M., Paulot, F., Wolfe, G. M., and Wennberg, P. O.: Rapid deposition of oxidized biogenic
compounds to a temperate forest, Proceedings of the National Academy of Sciences of the United States of America, 112, E392-E401,
https://doi.org/10.1073/pnas.1418702112, 2015.

Niinemets, U., Fares, S., Harley, P., and Jardine, K. J.: Bidirectional exchange of biogenic volatiles with vegetation: Emission sources,
reactions, breakdown and deposition, Plant, Cell and Environment, 37, 1790-1809, https://doi.org/10.1111/pce.12322, 2014.

Padro, J.: Summary of ozone dry deposition velocity measurements and model estimates over vineyard, cotton, grass and deciduous forest in
summer, Atmospheric Environment, 30, 2363-2369, https://doi.org/https://doi.org/10.1016/1352-2310(95)00352-5, fourth International
Conference on Atmospheric Science and Applications to Air Quality, 1996.

Pagonis, D., Sekimoto, K., and de Gouw, J.: A Library of Proton-Transfer Reactions of H 3 O + Ions Used for Trace Gas Detection, Journal
of the American Society for Mass Spectrometry, 30, 1330—1335, https://doi.org/10.1007/s13361-019-02209-3, 2019.

Park, J.-H., Goldstein, A. H., Timkovsky, J., Fares, S., Weber, R., Karlik, J., and Holzinger, R.: Active Atmosphere-Ecosystem Exchange of
the Vast Majority of Detected Volatile Organic Compounds, Science, 341, 643-647, https://doi.org/10.1126/science.1235053, 2013a.

Park, J. H., Goldstein, A. H., Timkovsky, J., Fares, S., Weber, R., Karlik, J., and Holzinger, R.: Eddy covariance emission and deposition flux
measurements using proton transfer reaction ndash; Time of flight ndash; Mass spectrometry (PTR-TOF-MS): Comparison with PTR-MS
measured vertical gradients and fluxes, Atmospheric Chemistry and Physics, 13, 1439-1456, https://doi.org/10.5194/acp-13-1439-2013,
2013b.

51



1275

1280

1285

1290

1295

1300

1305

1310

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Pellegrini, E., Lorenzini, G., and Nali, C.: The 2003 European Heat Wave: Which Role for Ozone? Some Data from Tuscany, Central Italy,
Water, Air, and Soil Pollution, 181, 401-408, https://doi.org/10.1007/s11270-006-9310-z, 2007.

Peltola, O., Aslan, T., Ibrom, A., Nemitz, E., Rannik, U., and Mammarella, I.: The high-frequency response correction of eddy covariance
fluxes - Part 1: An experimental approach and its interdependence with the time-lag estimation, Atmospheric Measurement Techniques,
14, 5071-5088, https://doi.org/10.5194/amt-14-5071-2021, 2021.

Petersen, R., Holst, T., Molder, M., Kljun, N., and Rinne, J.: Vertical distribution of sources and sinks of volatile organic compounds within
a boreal forest canopy, Atmospheric Chemistry and Physics, 23, 7839-7858, https://doi.org/10.5194/acp-23-7839-2023, 2023.

Pfannerstill, E. Y., Reijrink, N. G., Edtbauer, A., Ringsdorf, A., Zannoni, N., Aradjo, A., Ditas, F., Holanda, B. A., S4, M. O., Tsokankunku,
A., Walter, D., Wolff, S., Lavri¢, J. V., Péhlker, C., Sorgel, M., and Williams, J.: Total OH reactivity over the Amazon rainforest: variability
with temperature, wind, rain, altitude, time of day, season, and an overall budget closure, Atmospheric Chemistry and Physics, 21, 6231—
6256, https://doi.org/10.5194/acp-21-6231-2021, 2021.

Pleim, J. and Ran, L.: Surface Flux Modeling for Air Quality Applications, Atmosphere, 2, 271-302, https://doi.org/10.3390/atmos2030271,
2011.

Poraicu, C., Miiller, J.-F., Stavrakou, T., Amelynck, C., Verreyken, B. W. D., Schoon, N., Vigouroux, C., Kumps, N., Brioude, J., Tulet, P.,
and Mouchel-Vallon, C.: Constraining the budget of NO, and volatile organic compounds at a remote tropical island using multi-platform
observations and WRF-Chem model simulations, Atmospheric Chemistry and Physics, 25, 6903—-6941, https://doi.org/10.5194/acp-25-
6903-2025, publisher: Copernicus GmbH, 2025.

Potier, E., Ogée, J., Jouanguy, J., Lamaud, E., Stella, P., Personne, E., Durand, B., Mascher, N., and Loubet, B.: Multilayer modelling of
ozone fluxes on winter wheat reveals large deposition on wet senescing leaves, Agricultural and Forest Meteorology, 211-212, 58-71,
https://doi.org/10.1016/j.agrformet.2015.05.006, 2015.

Potier, E., Loubet, B., Durand, B., Flura, D., Bourdat-Deschamps, M., Ciuraru, R., and Ogée, J.: Chemical reaction rates of
ozone in water infusions of wheat, beech, oak and pine leaves of different ages, Atmospheric Environment, 151, 176-187,
https://doi.org/10.1016/j.atmosenv.2016.11.069, 2017.

Rannik, U., Vesala, T., and Keskinen, R.: On the damping of temperature fluctuations in a circular tube relevant to the eddy covariance
measurement technique, Journal of Geophysical Research: Atmospheres, 102, 12 789-12 794, https://doi.org/10.1029/97JD00362, 1997.

Raupach, M.: Applying Lagrangian fluid mechanics to infer scalar source distributions from concentration profiles in plant canopies, Agri-
cultural and Forest Meteorology, 47, 85-108, https://doi.org/10.1016/0168-1923(89)90089-0, 1989.

Rinne, J., Taipale, R., Markkanen, T., Ruuskanen, T. M., Hellén, H., Kajos, M. K., Vesala, T., and Kulmala, M.: Hydrocarbon fluxes above a
Scots pine forest canopy: Measurements and modeling, Atmospheric Chemistry and Physics, 7, 3361-3372, https://doi.org/10.5194/acp-
7-3361-2007, 2007.

Rinne, J., Karl, T., and Guenther, A.: Simple, stable, and affordable: Towards long-term ecosystem scale flux measurements of VOCs,
Atmospheric Environment, 131, 225-227, https://doi.org/10.1016/j.atmosenv.2016.02.005, 2016.

Rowlinson, M. J., Rap, A., Hamilton, D. S., Pope, R. J., Hantson, S., Arnold, S. R., Kaplan, J. O., Arneth, A., Chipperfield, M. P., Forster,
P. M., and Nieradzik, L.: Tropospheric ozone radiative forcing uncertainty due to pre-industrial fire and biogenic emissions, Atmospheric
Chemistry and Physics, 20, 10937-10951, https://doi.org/10.5194/acp-20-10937-2020, 2020.

Ruuskanen, T. M., Miiller, M., Schnitzhofer, R., Karl, T., Graus, M., Bamberger, 1., Hortnagl, L., Brilli, F., Wohlfahrt, G., and Hansel, A.:
Eddy covariance VOC emission and deposition fluxes above grassland using PTR-TOF, Atmospheric Chemistry and Physics, 11, 611-625,
https://doi.org/10.5194/acp-11-611-2011, 2011.

52



1315

1320

1325

1330

1335

1340

1345

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Sabbatini, S., Mammarella, I., Arriga, N., Fratini, G., Graf, A., Hortnagl, L., Ibrom, A., Longdoz, B., Mauder, M., Merbold, L., Metzger, S.,
Montagnani, L., Pitacco, A., Rebmann, C., Sedldk, P., gigut, L., Vitale, D., and Papale, D.: Eddy covariance raw data processing for CO2
and energy fluxes calculation at ICOS ecosystem stations, International Agrophysics, 32, 495-515, https://doi.org/10.1515/intag-2017-
0043, 2018.

Safieddine, S. A., Heald, C. L., and Henderson, B. H.: The global nonmethane reactive organic carbon budget: A modeling perspective,
Geophysical Research Letters, 44, 3897-3906, https://doi.org/10.1002/2017GL072602, 2017.

Saunois, M., Bousquet, P., Poulter, B., Peregon, A., Ciais, P.,, Canadell, J. G., Dlugokencky, E. J., Etiope, G., Bastviken, D., Houweling, S.,
Janssens-Maenhout, G., Tubiello, F. N., Castaldi, S., Jackson, R. B., Alexe, M., Arora, V. K., Beerling, D. J., Bergamaschi, P., Blake, D. R.,
Brailsford, G., Brovkin, V., Bruhwiler, L., Crevoisier, C., Crill, P,, Covey, K., Curry, C., Frankenberg, C., Gedney, N., Hoglund-Isaksson,
L., Ishizawa, M., Ito, A., Joos, F., Kim, H. S., Kleinen, T., Krummel, P., Lamarque, J. F., Langenfelds, R., Locatelli, R., Machida, T.,
Maksyutov, S., McDonald, K. C., Marshall, J., Melton, J. R., Morino, 1., Naik, V., O’Doherty, S., Parmentier, F. J. W., Patra, P. K., Peng,
C., Peng, S., Peters, G. P, Pison, L., Prigent, C., Prinn, R., Ramonet, M., Riley, W. J., Saito, M., Santini, M., Schroeder, R., Simpson, L. J.,
Spahni, R., Steele, P., Takizawa, A., Thornton, B. F., Tian, H., Tohjima, Y., Viovy, N., Voulgarakis, A., Van Weele, M., Van Der Werf,
G. R., Weiss, R., Wiedinmyer, C., Wilton, D. J., Wiltshire, A., Worthy, D., Wunch, D., Xu, X., Yoshida, Y., Zhang, B., Zhang, Z., and Zhu,
Q.: The global methane budget 2000-2012, Earth System Science Data, 8, 697-751, https://doi.org/10.5194/essd-8-697-2016, 2016.

Scala, A., Allmann, S., Mirabella, R., Haring, M. A., and Schuurink, R. C.: Green leaf volatiles: A plant’s multifunctional weapon against
herbivores and pathogens, International Journal of Molecular Sciences, 14, 17 781-17 811, https://doi.org/10.3390/ijms 140917781, 2013.

Schallhart, S., Rantala, P., Nemitz, E., Taipale, D., Tillmann, R., Mentel, T. F.,, Loubet, B., Gerosa, G., Finco, A., Rinne, J., and Ruuska-
nen, T. M.: Characterization of total ecosystem-scale biogenic VOC exchange at a Mediterranean oak—hornbeam forest, Atmospheric
Chemistry and Physics, 16, 7171-7194, https://doi.org/10.5194/acp-16-7171-2016, 2016.

Schallhart, S., Rantala, P., Kajos, M. K., Aalto, J., Mammarella, I., Ruuskanen, T. M., and Kulmala, M.: Temporal variation of VOC fluxes
measured with PTR-TOF above a boreal forest, Atmospheric Chemistry and Physics, 18, 815-832, https://doi.org/10.5194/acp-18-815-
2018, 2018.

Seco, R., Karl, T., Guenther, A., Hosman, K. P., Pallardy, S. G., Gu, L., Geron, C., Harley, P., and Kim, S.: Ecosystem-scale volatile organic
compound fluxes during an extreme drought in a broadleaf temperate forest of the Missouri Ozarks (central USA), Global Change Biology,
21, 3657-3674, https://doi.org/10.1111/gcb.12980, 2015.

Seco, R., Karl, T., Turnipseed, A., Greenberg, J., Guenther, A., Llusia, J., Pefiuelas, J., Dicken, U., Rotenberg, E., Kim, S., and Yakir, D.:
Springtime ecosystem-scale monoterpene fluxes from Mediterranean pine forests across a precipitation gradient, Agricultural and Forest
Meteorology, 237-238, 150-159, https://doi.org/10.1016/j.agrformet.2017.02.007, 2017.

Sekimoto, K., Li, S.-M., Yuan, B., Koss, A., Coggon, M., Warneke, C., and de Gouw, J.: Calculation of the sensitivity of proton-transfer-
reaction mass spectrometry (PTR-MS) for organic trace gases using molecular properties, International Journal of Mass Spectrometry,
421, 71-94, https://doi.org/10.1016/j.ijms.2017.04.006, 2017.

Seliger, A., Ammer, C., Kreft, H., and Zerbe, S.: Diversification of coniferous monocultures in the last 30 years and implications for forest
restoration: a case study from temperate lower montane forests in Central Europe, European Journal of Forest Research, 142, 1353-1368,
https://doi.org/10.1007/s10342-023-01595-4, 2023.

Seyednasrollah, B., Young, A. M., Hufkens, K., Milliman, T., Friedl, M. A., Frolking, S., and Richardson, A. D.: Tracking vegetation
phenology across diverse biomes using Version 2.0 of the PhenoCam Dataset, Scientific Data, 6, 1-11, https://doi.org/10.1038/s41597-
019-0229-9, 2019.

53



1350

1355

1360

1365

1370

1375

1380

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Simon, L., Gros, V., Petit, J.-E., Truong, F., Sarda-Esteve, R., Kalalian, C., Baudic, A., Marchand, C., and Favez, O.: Two years of volatile
organic compound online in situ measurements at the Site Instrumental de Recherche par Télédétection Atmosphérique (Paris region,
France) using proton-transfer-reaction mass spectrometry, Earth System Science Data, 15, 1947-1968, https://doi.org/10.5194/essd-15-
1947-2023, 2023.

Song, J., Gkatzelis, G. I, Tillmann, R., Briiggemann, N., Leisner, T., and Saathoff, H.: Characterization of biogenic volatile organic com-
pounds and their oxidation products in a stressed spruce-dominated forest close to a biogas power plant, Atmospheric Chemistry and
Physics, 24, 13 199-13 217, https://doi.org/10.5194/acp-24-13199-2024, publisher: Copernicus GmbH, 2024.

Stockwell, W. R. and Forkel, R.: Ozone and volatile organic compounds: isoprene, terpenes, aldehydes, and organic acids, pp. 257-276,
Springer Netherlands, Dordrecht, ISBN 978-94-015-9856-9, https://doi.org/10.1007/978-94-015-9856-9_14, 2002.

Striednig, M., Graus, M., Mirk, T., and Karl, T.: InnFLUX-an open-source code for conventional and disjunct eddy covariance analysis
of trace gas measurements: An urban test case, Atmospheric Measurement Techniques, 13, 1447-1465, https://doi.org/10.5194/amt-13-
1447-2020, 2020.

Taipale, R., Ruuskanen, T. M., and Rinne, J.: Lag time determination in DEC measurements with PTR-MS, Atmospheric Measurement
Techniques, 3, 853-862, https://doi.org/10.5194/amt-3-853-2010, taipale, R. Ruuskanen, T. M. Rinne, J., 2010.

Tiwary, A., Fuentes, J. D., Barr, J. G., Wang, D., and Colls, J. J.: Inferring the source strength of isoprene from ambient concentrations,
Environmental Modelling Software, 22, 1281-1293, https://doi.org/10.1016/j.envsoft.2006.09.002, 2007.

Vermeuel, M. P., Cleary, P. A., Desai, A. R., and Bertram, T. H.: Simultaneous Measurements of O3 and HCOOH Vertical Fluxes Indicate
Rapid In-Canopy Terpene Chemistry Enhances O 3 Removal Over Mixed Temperate Forests, Geophysical Research Letters, 48, 1-15,
https://doi.org/10.1029/2020GL090996, 2021.

Vermeuel, M. P, Millet, D. B., Farmer, D. K., Pothier, M. A., Link, M. F, Riches, M., Williams, S., and Garofalo, L. A.: Closing the
Reactive Carbon Flux Budget: Observations From Dual Mass Spectrometers Over a Coniferous Forest, Journal of Geophysical Research:
Atmospheres, 128, 1-20, https://doi.org/10.1029/2023JD038753, 2023a.

Vermeuel, M. P, Novak, G. A., Kilgour, D. B., Claflin, M. S., Lerner, B. M., Trowbridge, A. M., Thom, J., Cleary, P. A., Desai, A. R.,
and Bertram, T. H.: Observations of biogenic volatile organic compounds over a mixed temperate forest during the summer to autumn
transition, Atmospheric Chemistry and Physics, 23, 4123-4148, https://doi.org/10.5194/acp-23-4123-2023, 2023b.

Vermeuel, M. P, Millet, D. B., Farmer, D. K., Ganzeveld, L. N., Visser, A. J., Alwe, H. D., Bertram, T. H., Cleary, P. A., Desai, A. R.,
Helmig, D., Kavassalis, S. C., Link, M. F., Pothier, M. A., Riches, M., Wang, W., and Williams, S.: A Vertically Resolved Canopy
Improves Chemical Transport Model Predictions of Ozone Deposition to North Temperate Forests, Journal of Geophysical Research:
Atmospheres, 129, https://doi.org/10.1029/2024jd042092, publisher: American Geophysical Union (AGU), 2024.

Verreyken, B., Amelynck, C., Schoon, N., Miiller, J.-F., Brioude, J., Kumps, N., Hermans, C., Metzger, J.-M., Colomb, A., and Stavrakou, T.:
Measurement report: Source apportionment of volatile organic compounds at the remote high-altitude Maido observatory, Atmospheric
Chemistry and Physics, 21, 12 965-12 988, https://doi.org/10.5194/acp-21-12965-2021, 2021.

Verreyken, B. W. D., Dumont, C., Schoon, N., Heinesch, B., and Amelynck, C.: 3-years of (O)VOC and ozone concentration measurements
at a mixed temperate forest at the Vielsalm ICOS ecosystem station (Belgium), https://doi.org/10.18758/NVFBA74V, 2025.

Vickers, D. and Mabhrt, L.: Quality control and flux sampling problems for tower and aircraft data, Journal of Atmospheric and Oceanic

Technology, 14, 512-526, https://doi.org/10.1175/1520-0426(1997)014<0512:QCAFSP>2.0.CO;2, 1997.

54



1385

1390

1395

1400

1405

1410

1415

1420

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Vincke, C., Bogaerts, G., Chebbi, W., Chebbi, W., Chopin, H., Demoulin, L., Douxfils, B., Engelmann, T., Faures, A., Heinesch,
B., Manise, T., Orgun, A., Piret, A., and Thyrion, T.: ETC L2 ARCHIVE from Vielsalm, 2020-2024, https://hdl.handle.net/11676/
HaUqvLvNC5h4zUO2UY4CMIfR, 2025.

Vitale, D., Fratini, G., Bilancia, M., Nicolini, G., Sabbatini, S., and Papale, D.: A robust data cleaning procedure for eddy covariance flux
measurements, Biogeosciences, 17, 1367-1391, https://doi.org/10.5194/bg-17-1367-2020, 2020.

Wada, R., Ueyama, M., Tani, A., Mochizuki, T., Miyazaki, Y., Kawamura, K., Takahashi, Y., Saigusa, N., Takanashi, S., Miyama, T., Nakano,
T., Yonemura, S., Matsumi, Y., and Kataka, G.: Observation of vertical profiles of NO, O3, and VOCs to estimate their sources and sinks by
inverse modeling in a Japanese larch forest, Journal of Agricultural Meteorology, 76, 1-10, https://doi.org/10.2480/agrmet.D-18-00029,
2020.

Webb, E. K., Pearman, G. 1., and Leuning, R.: Correction of flux measurements for density effects due to heat and water vapour transfer,
Quarterly Journal of the Royal Meteorological Society, 106, 85-100, https://doi.org/10.1002/qj.49710644707, 1980.

Wesely, M.: Parameterization of surface resistances to gaseous dry deposition in regional-scale numerical models, Atmospheric Environment
(1967), 23, 1293—-1304, https://doi.org/https://doi.org/10.1016/0004-6981(89)90153-4, 1989.

Wilczak, J. M., Oncley, S. P., and Stage, S. A.: Sonic anemometer tilt correction algorithms, Boundary-Layer Meteorology, 99, 127-150,
https://doi.org/10.1023/A:1018966204465, 2001.

Wohlfahrt, G., Amelynck, C., Ammann, C., Arneth, A., Bamberger, I., Goldstein, A. H., Gu, L., Guenther, A., Hansel, A., Heinesch, B., Holst,
T., Hortnagl, L., Karl, T., Laffineur, Q., Neftel, A., McKinney, K., Munger, J. W., Pallardy, S. G., Schade, G. W., Seco, R., and Schoon,
N.: An ecosystem-scale perspective of the net land methanol flux: synthesis of micrometeorological flux measurements, Atmospheric
Chemistry and Physics, 15, 7413-7427, https://doi.org/10.5194/acp-15-7413-2015, 2015.

Wolfe, G. M., Thornton, J. A., McKay, M., and Goldstein, A. H.: Forest-atmosphere exchange of ozone: Sensitivity to very reac-
tive biogenic VOC emissions and implications for in-canopy photochemistry, Atmospheric Chemistry and Physics, 11, 7875-7891,
https://doi.org/10.5194/acp-11-7875-2011, 2011.

Yariez-Serrano, A., Filella, 1., LLusia, J., Gargallo-Garriga, A., Granda, V., Bourtsoukidis, E., Williams, J., Seco, R., Cappellin, L., Werner,
C., de Gouw, J., and Pefiuelas, J.: GLOVOCS - Master compound assignment guide for proton transfer reaction mass spectrometry users,
Atmospheric Environment, 244, 117 929, https://doi.org/10.1016/j.atmosenv.2020.117929, 2021.

Yang, M., Beale, R., Smyth, T., and Blomquist, B.: Measurements of OVOC fluxes by eddy covariance using a proton-transfer- reaction mass
spectrometer-method development at a coastal site, Atmospheric Chemistry and Physics, 13, 6165-6184, https://doi.org/10.5194/acp-13-
6165-2013, 2013.

Yoon, J. Y. S., Wells, K. C., Millet, D. B., Swann, A. L. S., Thornton, J., and Turner, A. J.: Impacts of Interannual Isoprene Variations on
Methane Lifetimes and Trends, Geophysical Research Letters, 52, https://doi.org/10.1029/2025GL114712, 2025.

Zhang, L., Brook, J. R., and Vet, R.: On ozone dry deposition—with emphasis on non-stomatal uptake and wet canopies, Atmospheric
Environment, 36, 47874799, https://doi.org/10.1016/S1352-2310(02)00567-8, 2002.

Zhou, P., Ganzeveld, L., Rannik, U., Zhou, L., Gierens, R., Taipale, D., Mammarella, I., and Boy, M.: Simulating ozone dry deposition at a bo-
real forest with a multi-layer canopy deposition model, Atmospheric Chemistry and Physics, 17, 1361-1379, https://doi.org/10.5194/acp-
17-1361-2017, 2017a.

Zhou, P., Ganzeveld, L., Taipale, D., Rannik, , Rantala, P., Rissanen, M. P., Chen, D., and Boy, M.: Boreal forest BVOC exchange: emissions
versus in-canopy sinks, Atmospheric Chemistry and Physics, 17, 14 309-14 332, https://doi.org/10.5194/acp-17-14309-2017, 2017b.

55



Earth System
Science

Data

https://doi.org/10.5194/essd-2025-439
Preprint. Discussion started: 20 October 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

Zhu, Z., Zhao, F., Voss, L., Xu, L., Sun, X., Yu, G., and Meixner, F. X.: The effects of different calibration and frequency response correction
methods on eddy covariance ozone flux measured with a dry chemiluminescence analyzer, Agricultural and Forest Meteorology, 213,
114-125, https://doi.org/10.1016/j.agrformet.2015.06.016, 2015.

56



