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Abstract. This study investigates the effects of tropospheric
ozone (0O3), a potent greenhouse gas and air pollutant, on
European forests, an issue lacking comprehensive analysis at
the site level. Unlike other greenhouse gases, tropospheric O3
is primarily formed through photochemical reactions, and it
significantly impairs vegetation productivity and carbon fix-
ation, thereby affecting forest health and ecosystem services.
We utilise data from multiple European flux tower sites and
integrate statistical and mechanistic modelling approaches to
simulate O3 impacts on photosynthesis and stomatal con-
ductance. The study examines six key forest sites across
Europe — Hyytidld and Virrio (Finland), Brasschaat (Bel-
gium), Fontainebleau-Barbeau (France), and Bosco-Fontana
and Castelporziano 2 (Italy) — representing boreal, temper-
ate and Mediterranean climates. These sites provide a diverse
range of environmental conditions and forest types, enabling
a comprehensive assessment of O3 effects on gross primary
production (GPP). We calibrated the Joint UK Land Envi-
ronment Simulator (JULES) model using observed GPP data
to simulate different O3 exposure sensitivities. Incorporating
O3 effects improved the model’s accuracy across all sites,
although the magnitude of improvement varied depending
on site-specific factors such as vegetation type, climate and
ozone exposure levels. The GPP reduction due to ozone ex-
posure varied considerably across sites, with annual mean
reductions ranging from 1.04 % at Virrio to 6.2 % at Bosco-

Fontana. These findings emphasise the need to account for
local environmental conditions when assessing ozone stress
on forests. This study highlights key model strengths and
limitations in representing O3—vegetation interactions, with
implications for improving forest productivity simulations
under future air pollution scenarios. The model effectively
captures the diurnal and seasonal variability of GPP and its
sensitivity to O3 stress, particularly in boreal and temperate
forests. However, its performance is limited in Mediterranean
ecosystems, where pronounced O3 peaks and environmental
stressors such as high vapour pressure deficit exacerbate GPP
declines, pointing to the need for improved parameterisation
and representation of site-specific processes. By integrating
in situ measurements, this research contributes to developing
targeted strategies for mitigating the adverse effects of O3 on
forest ecosystems.

1 Introduction

Ground-level ozone (O3) is a greenhouse gas and an air
pollutant with a strong oxidative capacity that is responsi-
ble for negatively impacting human health (Nuvolone et al.,
2018; Lu and Yao, 2023), water and carbon cycles (Sitch et
al., 2007; Lombardozzi et al., 2015), agriculture and crop
production (Van Dingenen et al., 2009; Feng et al., 2022),
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and vegetation productivity (Ainsworth et al., 2012; Yue
and Unger, 2014; Ainsworth et al., 2019; Savi et al., 2020).
In the troposphere, O3 is not emitted directly, contrary to
other greenhouse gases, such as carbon dioxide (CO;) and
methane (CHy). The majority of O3 (about 90 %) is gener-
ated by the photochemical oxidation of its precursor gases
(natural and anthropogenic), such as CH4, carbon monoxide
(CO) and volatile organic compounds (VOCs) in the pres-
ence of nitrogen oxides (NOx). The remaining 10 % is from
the influx of ozone from the stratosphere. On the other hand,
tropospheric O3 is primarily removed through chemical de-
struction and dry deposition to terrestrial surfaces that occur
via stomatal (Fowler et al., 2013; Ducker et al., 2018; Clifton
et al., 2020) and non-stomatal (Zhang et al., 2003) pathways.

Stomatal O3 uptake damages vegetation by causing cell
death and decreasing carbon fixation (Li et al., 2019), which
in turn leads to reduced productivity (Ainsworth et al., 2012)
and early senescence (Gielen et al., 2007). In particular, it re-
duces gross primary production (GPP), the gross carbon up-
take via photosynthesis, a measure of ecosystem productivity
(Proietti et al., 2016; Cailleret et al., 2018; Grulke and Heath,
2019). Exposure to O3 leads to reductions in photosynthesis
and stomatal conductance, thereby decreasing both gross pri-
mary production and transpiration. These physiological im-
pacts have broader consequences for climate, including re-
duced carbon uptake, decreased latent heat flux (LE), and
diminished water vapour release. Additionally, lower stom-
atal conductance reduces dry deposition of ozone, which
can exacerbate near-surface ozone concentrations. Therefore,
incorporating a representation of ozone damage to plants
in land surface models (LSMs) and Earth system models
(ESMs) is essential because many regions experience po-
tentially damaging O3 concentrations. However, while most
studies agree that O3 exposure results in significant reduc-
tions in GPP, the reduction varies with the measurement loca-
tion or assumptions used in the models. For example, Sitch et
al. (2007) predicted a decline in global GPP of 14 %-23 % by
2100. Lombardozzi et al. (2015) predicted a 10.8 % decrease
in present-day (2002-2009) GPP globally. Similarly, Yue and
Unger (2014) reported that ozone damage reduced GPP by an
average of 4 %—-8 % across the eastern United States, with lo-
calised reductions reaching as high as 11 %—17 % along the
US East Coast.

In Europe, surface O3 pollution poses a significant chal-
lenge to air quality, particularly in southern Europe, where
high solar radiation and anthropogenic emissions — mainly
from traffic and industrial activity — enhance photochemical
O3 formation (Sicard et al., 2016). Currently, the European
standard used to protect vegetation against negative impacts
of O3 is the Accumulated Ozone over a Threshold of 40 ppb
(AOT40), i.e. the cumulative exposure to hourly O3 concen-
trations above 40 ppb over the daylight hours of the growing
season (Anav et al., 2016; Proietti et al., 2016). However,
the O3 uptake through stomata is a better metric for assess-
ing plant damage because it estimates the actual quantity of
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O3 entering the leaf tissues (Anav et al., 2016; Sicard et al.,
2016). High ambient O3 levels may not damage plants when
drought and/or other environmental stressors limit the stom-
atal aperture (Shang et al., 2024). Therefore, flux-based ap-
proaches were developed to assess the effects of O3 on veg-
etation. This method quantifies leaf O3 uptake and the dose
that actually enters the plant tissue via stomata and considers
the environmental constraints that may limit optimal stomatal
conductance. For example, Proietti et al. (2016) performed a
comprehensive study on 37 European forest sites during the
period of 2000-2010 to assess surface O3 effects on GPP.
In that study, the DO3SE (Deposition of O3 and Stomatal
Exchange) model (Emberson et al., 2001) was used to esti-
mate ozone uptake/stomatal ozone flux using the Jarvis mul-
tiplicative method for stomatal conductance (Jarvis, 1976).
The results showed that GPP was reduced between 0.4 % and
30 % annually across different sites. Also, Anav et al. (2011)
showed, using a land surface model coupled with a chem-
istry transport model, a 22 % reduction in yearly GPP and a
15 %-20 % reduction in leaf area index (LAI) due to O3 ex-
posure, with the most substantial impacts occurring during
the summer months.

Interestingly, not all studies have found significant nega-
tive effects of O3 on GPP. For instance, research on a Scots
pine stand in Belgium over 15 years found no significant
O3 effects on GPP despite high stomatal O3 uptake (Ver-
ryckt et al., 2017). This suggests that the impact of O3 may
vary depending on the specific forest types (Sorrentino et al.,
2025) and local conditions (Lin et al., 2019; Otu-Larbi et al.,
2020). Satellite observations have also been utilised to assess
Os-induced GPP reductions, estimating a decrease of 0.4 %—
9.6 % across European forests from 2003-2015. These find-
ings align with previous estimates and highlight soil moisture
as a critical interacting variable influencing GPP reductions,
particularly in Mediterranean regions (Vargas et al., 2013).
Therefore, while the negative effects of O3 on GPP in Eu-
ropean forests are well-documented, the extent of these im-
pacts can vary significantly based on regional conditions, for-
est types and methodological approaches, and it is not clear
what drives the local differences. Understanding these vari-
ations is crucial for accurately assessing the broader impli-
cations of O3 on forest productivity and ecosystem services.
This gap in the literature underscores the need for detailed
studies that evaluate the influence of ozone on forest pro-
ductivity in Europe using advanced process-based models.
This study provides a detailed, site-level analysis of O3 im-
pacts on GPP across European forests, leveraging local in
situ measurements of O3, CO; exchange and meteorological
data to optimise the Joint UK Land Environment Simulator
(JULES) model. Our objectives are to quantify Oz-induced
GPP limitations and assess model improvements through the
incorporation of ozone damage mechanisms. Specifically, we
aim to address the following research questions:
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1. To what extent can we improve GPP simulations for Eu-
ropean forests of a process-based model by incorporat-
ing plant sensitivity to ozone?

2. To what extent does ozone limit GPP across European
forests?

3. How do ozone impacts interact with other environmen-
tal factors, and how can an optimised model help us un-
derstand these mechanisms, particularly on high-ozone
days?

To achieve these objectives, we combined a multi-year
eddy covariance flux tower dataset across a latitudinal gra-
dient in Europe across six sites in boreal, temperate, and
Mediterranean forests and statistical and process-based mod-
els, providing a comprehensive understanding of ozone’s ef-
fects on GPP.

2 Materials and methods
2.1 Study area

We investigated six sites along a European latitudinal gradi-
ent in four countries, i.e. Finland, Belgium, France and Italy
(Fig. 1, Table 1), belonging to the Integrated Carbon Obser-
vation System (ICOS, https://www.icos-cp.eu/, last access:
20 September 2024). These sites span boreal, temperate and
Mediterranean climates, representing diverse forest ecosys-
tems with varying ozone exposure, productivity and environ-
mental conditions.

The Virrio site (FI-Var) of the University of Helsinki is
located in the Virrio strict nature reserve, Salla, Finnish Lap-
land. The area lies 130 km north of the Arctic Circle and 6 km
from the Finnish—Russian border. The flux tower is located at
the arctic—alpine timberline on the top plateau of the hill of
Kotovaara, at 395 ma.s.1., and surrounded by a homogeneous
and relatively open 10 m tall Scots pine (Pinus sylvestris L.)
forest. The leaf area index (LAI) varies between 0.0013 and
0.68 m?> m~2 (Dengel et al., 2013). The Hyytiili forest (FI-
Hyy) boreal site is located 220 km NW from Helsinki, Fin-
land. The station is dominated by Scots pine (Pinus sylvestris
L.), Norway spruce and birch on a slightly hilly terrain. The
LAI varies between 0.45 and 3.04 m? m—2 (Schraik et al.,
2023). The Brasschaat site (BE-Bra) is a forest located 20 km
northeast of Antwerp, Belgium. The study site consists of
a 150 ha mixed coniferous/deciduous forest dominated by
Scots pine. The LAI varies between 1 and 1.5m? m~2 (Op de
Beeck et al., 2010). Fontainebleau-Barbeau forest (FR-Fon)
is located 53 km southeast of Paris, France. Fontainebleau-
Barbeau is a deciduous forest mainly composed of mature
sessile oak (Quercus petraea (Matt.) Liebl). The average
LAI over the 2012-2018 period was 5.8 m?> m~2, ranging
from 4.6 to 6.8 m*>m~2 (Soudani et al., 2021). The Bosco-
Fontana site (IT-BFt) is a 233 ha forest composed mainly
of mature Oak-Hornbeam (Carpinus betulus) at Po Valley,
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a few kilometres from Mantova, Italy. The LAI ranges be-
tween 0.9 and 3.0 m2 m~2 (Gerosa et al., 2022). The Castel-
porziano 2 site (IT-Cp2) is located in the Presidential Estate
of Castelporziano, around 25 km southwest of the centre of
Rome, Italy. Castelporziano covers an area of about 6000 ha
of undisturbed Mediterranean maquis, oak and pine forests.
The experimental site is located inside a pure Holm Oak
(Quercus ilex) stand with some shrubs in the understory. The
LAI varies between 0.5 and 4.5 m?2 m~2 (Gratani and Cres-
cente, 2000). More details about each site are available in
Table 1.

2.2 Meteorological, ozone and ecosystem flux datasets

For each site, the following meteorological variables were
available on the ICOS data portal: air temperature (TA,
°C), relative humidity (RH, %), short-wave radiation (SW,
Wm’z), precipitation (P, mm), atmospheric pressure (PA,
kPa) and vapour pressure deficit (VPD, kPa). Measured half-
hourly O3 concentration data (ppb, Fig. 2) were provided by
site principal investigators. The half-hourly gross primary
production (GPP, pmol m~2s~1) and latent heat flux (LE,
W m~2) were derived from eddy covariance measurements at
each site. GPP was estimated from net ecosystem exchange
(NEE) using standard partitioning techniques implemented
in the ICOS ONEFlux processing pipeline (Warm Winter
2020 Team, 2022). LE was derived from water vapour fluxes
measured by the same system. All meteorological, GPP and
LE data are publicly available via the ICOS data portal.
The data follow the standard format of ICOS L2 ecosys-
tem products and are fully compatible with FLUXNET2015.
Data processing was performed using the ONEFlux pipeline
(https://github.com/icos-etc/ONEFlux, last access: 29 June
2024). Basic site-level statistics and data coverage are re-
ported in Table 1.

2.3 Statistical analysis: partial correlations

To investigate the specific impact of Oz on GPP, we used a
partial correlation analysis, which measures the strength of a
relationship between two variables while controlling for the
effect of one or more other variables. This analysis isolates
the effects of O3 on GPP, independent of key environmen-
tal drivers such as air temperature, short-wave radiation and
vapour pressure deficit (VPD). Despite this control, subset-
ting the dataset remains valuable for examining the resid-
ual impacts of O3 under specific environmental conditions.
These subsets — summer months and midday hours — repre-
sent periods of peak biological activity and photochemical
reactions and, therefore, potential O3 damage. For example,
during the summer, ozone concentrations and GPP are gener-
ally higher, while during midday, radiation and photosynthe-
sis peak, likely increasing O3 uptake through stomata. Sub-
setting, therefore, helps reveal context-specific dynamics and
whether the impacts of O3 are amplified under these condi-
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Figure 1. Geographical locations of the six study sites across Europe: (a) Virrio, Finland (FI-Var), (b) Hyytidld, Finland (FI-Hyy), (c)
Brasschaat, Belgium (BE-Bra), (d) Fontainebleau-Barbeau, France (FR-Fon), (e) Bosco-Fontana, Italy (IT-BFt), and (f) Castelporziano 2,
Italy (IT-Cp2). All photos were retrieved from the ICOS website (https://www.icos-cp.eu/, last access: 20 September 2024).
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Figure 2. Diurnal (a) and seasonal (b) cycles of ozone concentrations at each site. Shaded areas indicate 95 % confidence intervals. Site
acronyms are defined in Table 1.

tions. We used the Python package Pingouin (Vallat, 2018) to 2. Using summer months only (June, July and August)
perform the partial correlations and compute the correlation when O3z levels are elevated and foliage is fully devel-
coefficients and their corresponding significance levels (p- oped.

values). All partial correlations were computed using only o ) )

the observed flux and meteorological datasets, independent 3. Restricting the analysis to the period between 12:00 and

16:00 LT, coinciding with peak radiation, photosynthe-

of the model simulations. To assess the relationship between .
sis and O3 levels.

GPP and O3, partial correlations were computed under four

configurations for each site: 4. Combining conditions (2) and (3), focusing on summer

1. Using the entire dataset across all seasons. midday data.
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Table 1. Overview of the study sites.
Site Virrio Hyytidlda Brasschaat Fontainebleau- ~ Bosco-Fontana  Castelporziano
Barbeau 2

Acronym FI-Var FI-Hyy BE-Bra FR-Fon IT-BFt IT-Cp2

Country Finland Finland Belgium France Italy Ttaly

Latitude (°) 67.75 61.85 51.30 48.47 45.19 41.70

Longitude (°) 29.61 24.29 4.52 2.78 10.74 12.36

Elevation (ma.s.1.) 395 181 16 103 23 19

Koppen—Geiger classification Subarctic (Dfc)  Subarctic (Dfc)  Marine west Marine west Humid Hot-summer

coast (Cfb) coast (Cfb) subtropical Mediterranean
(Cfa) (Csa)

Forest type Evergreen Evergreen Mixed forests Deciduous Deciduous Evergreen
needleleaf needleleaf broadleaf broadleaf broadleaf forest
forests forests forests forests

Meteorological dataset 2017-2023 1996—present 1996—present 2005—present 2013-2020 2012—present

O3 concentration 2017-2023 1996—present 1996-2020 2014-2020 2013-2020 2013-2014

Fluxes (GPP, LE) 2017-2023 1996—present 1999—present 2005—present 2012—-present 2012—present

Mean annual temperature (°C) -0.5 3.5 10.5 114 14.5 16.43

Mean annual precipitation (mm) 601.0 711.0 920.7 678.9 697.0 601.0

Mean annual O3 concentration (ppb)  31.85 28.37 23.78 30.08 34.47 27.72

Maximum O3 concentration (ppb) 109.57 89.32 143.0 139.25 144.71 119.84

Mean summer AOT40 (ppb hours) 336.96 1538.42 5406.77 41912.28 20084.90 13172.03

Mean summer O3 (ppb) 28.37 32.17 31.67 71.71 42.30 45.98

Mean annual GPP (tC ha=! yr—1) 470.1 470.1 1181 1452.9 2069.3 1683.6

Peak LAI (m2 m_z) 0.68 (Dengel et 3.04 (Schraik 1.31 (Op de 6.8 (Soudani et 3.0 (Gerosa et 4.76 (Fares et
al., 2013) etal., 2023) Beeck et al., al., 2021) al., 2022) al., 2013)

2010)

2.4 JULES land surface model

This study utilises JULES version 7.4, a community land
surface model widely applied as both a standalone model
and the land surface component of the Met Office Unified
Model (https://jules.jchmr.org/, last access: 14 July 2024).
We employed the offline version of JULES, prescribing in
situ observed meteorological, CO; and O3 datasets as exter-
nal forcing inputs. Detailed descriptions of JULES can be
found in Best et al. (2011), Clark et al. (2011) and Harper et
al. (2016). The Farquhar photosynthesis scheme (Farquhar et
al., 1980), as implemented by Oliver et al. (2022), models the
leaf-level biochemistry of photosynthesis (A, kg Cm~2s~1)
for C3 vegetation, while the Medlyn scheme (Medlyn et al.,
2011) is used to calculate stomatal conductance (gp, m s,
The Medlyn approach optimises the stomatal aperture to bal-
ance carbon gain with water loss. The stomatal conductance
(gp» ms~1) is represented as

A
gp = L.6RT} : M
Ca—Cj
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where the factor 1.6 accounts for the ratio of diffusivities of
H,0 to CO, through stomata, converting stomatal conduc-
tance from CO; to water vapour units (gp), as required for ac-
curately estimating ozone uptake. R is the universal gas con-
stant (Jmol~! K—1), 7j is the leaf surface temperature (K),
and ¢, and ¢; (both Pa) are the leaf surface and internal CO;
partial pressures, respectively. In this scheme, c;j is calculated
as

81
Ci=Ca— == 2

g1+d,
where d,; is the specific humidity deficit at the leaf surface
(kPa) and g; (kPa) represents the sensitivity of gp to the
assimilation rate, which is plant functional type (PFT) de-
pendent. Photosynthesis and stomatal conductance are mod-
elled to respond to changes in environmental drivers (tem-
perature, VPD, incoming radiation, CO, concentration and
water availability). The impact of soil moisture availability
on stomatal conductance is modelled using a dimensionless
soil water stress factor (3, unitless) related to the actual soil
water content in each layer (6, m3 m—3) and the critical wa-
ter content (Oit, m3 m’3) and water contents at the wilting
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point (Byil, m3 m’3) and the point at which the plant starts
to become water stressed (Oupp, m> m~3). The variables Oy
and 6, are derived from soil matric potentials of —1.5 and
—0.033 MPa, respectively (Harper et al., 2021):

ot 16 > Qupp, k

k—Owilt, k .

B= Bupp, £ —Owilt, k 9W11t,k <6 < eupp,k . 3
00k < Owitt,

Bupp 18 a function of Oy, and po (unitless), a PFT-dependent
parameter, is a threshold at which the plant starts to experi-
ence water stress:

Bupp = Owilt + (Oerit — Owite) (1 — po) - “4)

In this study, the soil drought stress factor 8 is calculated
from the model-simulated soil moisture in JULES. This ap-
proach ensures internal consistency with the model’s soil
properties, hydraulic structure and root zone distribution.
Observed soil moisture was not used, even where partially
available, due to inconsistent quality, limited depth coverage
and a lack of harmonised measurements across sites.

2.4.1 JULES: ozone damage scheme

The ozone damage scheme implemented in JULES follows
the approach of Sitch et al. (2007), incorporating a damage
factor (F) to quantify Oz-induced reductions in photosyn-
thesis and stomatal conductance. The modified equations for
photosynthesis (Aypet) and stomatal conductance (gs) under
O3 stress are

Anet =AF, (5)
8s=gpk, (6)

where A and g, are the photosynthesis and the stomatal con-
ductance without O3 effects, respectively. In JULES, photo-
synthesis and stomatal conductance are first calculated based
on standard environmental inputs (e.g. light, temperature,
VPD and CO»), without considering ozone. Ozone damage
is then applied as a separate multiplicative reduction based
on the instantaneous stomatal ozone flux. The damage factor
is given by

F:l—amaX[Fos_FOmin]’ ™

where Fo, is the O3 deposition flux through stomata
(nmolm~2s~1), Fo,_, is the threshold for stomatal O3 up-
take (nmolm~2 s~ ') and “a” is the gradient of the O3 dose—
response function (nmol~!' m? s). Both a and Fo, ., are plant
functional type (PFT) specific parameters (Table 2). The pa-
rameter a determines the slope of the ozone dose-response
function and represents how sensitive photosynthesis and
stomatal conductance are to O3z uptake. In JULES, a has
two default values for each PFT, corresponding to “high” and
“low” sensitivities to ozone. These two values allow for the

exploration of variability in plant responses to ozone stress,
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providing a range of potential outcomes. The flux of O3 to the
stomata (Fp,) is modelled using a flux gradient approach:

(O3]

kO ’
3
r+_
a gs

Fo, =

3

®)

where [O3] is the molar concentration of Oz above the
canopy (nmolm~2), r, is the aerodynamic and boundary
layer resistance (s m~!), and ko, = 1.67 (dimensionless) ac-
counts for the relative difference in diffusivities of O3 and
H,O through leaf stomata.

2.4.2 Calibration of JULES with and without ozone

In this study, we applied an optimisation approach to cali-
brate the photosynthesis and stomatal conductance modules
in JULES for each site using flux tower datasets. This calibra-
tion was performed at a half-hourly resolution, ensuring that
the optimisation captures short-term variability in GPP re-
sponses to environmental drivers. We focused on the summer
months (June to August) when O3 concentrations are typi-
cally higher (Table 1, Fig. 2), leaves are fully developed and
phenological effects that strongly influence seasonal GPP
trends are minimised. At each site, 70 % of the available GPP
and meteorological data were randomly selected for model
calibration, with the remaining 30 % reserved for indepen-
dent validation. This random sampling was applied across the
observational period (see Table 1), ensuring that both subsets
captured a representative range of seasonal and interannual
variability.

Optimisation approach

We employed a two-step calibration approach, conducting
separate simulations with and without O3 effects. We used
the Limited-memory Broyden—Fletcher—Goldfarb—Shanno
with Bound constraints (L-BFGS-B) algorithm (Liu and No-
cedal, 1989). This computationally efficient method approx-
imates the Hessian using a subset of past gradients. This
makes it particularly suitable for optimising a large number
of parameters under bound constraints. The objective func-
tion was the root mean square error (RMSE) between ob-
served and modelled GPP. Optimisation was implemented in
Python using the scipy.optimize.minimize interface and cou-
pled to JULES via scripted automation. Simulations were
monitored using cylc scan to ensure successful completion.
Convergence was defined as either an RMSE change < 1 x
10710 or a maximum of 1000 iterations. The initial values
were drawn from JULES defaults (Table 2), and parameter-
specific lower and upper bounds were defined based on plau-
sible biophysical ranges (Table S1). The full list of optimised
parameters and their boundaries is provided in Table S1. All
parameter trajectories, RMSE values and convergence diag-
nostics were robustly logged. A safeguard mechanism was
included to prevent runaway iteration or crashes due to I/O
interruptions.
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Table 2. Default parameter values of the JULES model for each site.

Parameter Name Unit

FI-Hyy FI-Var BE-Bra FR-Fon IT-BFt IT-Cp2

g1 Sensitivity of the KkPa0-
stomatal conductance
to the assimilation rate

2.35 2.35 2.35 4.45 4.45 3.37

Jmax : Vemax  Ratio of Jmax to Vemax ~ — 1.48 1.48 1.48 1.78 1.78 1.63
at 25°C
iy Intercept of the linear umol CO, m2s~! 6.32 6.32 6.32 5.73 5.73 3.90

relationship between
Vemax and Ny

Sy Slope of the linear pumol CO gN_l s~1
relationship between
Vemax and Ny

18.15 18.15 18.15 29.81 29.81 28.40

2 Threshold at which the — — 0 0 0 0 0 0
plant starts to
experience water stress

Fos i Critical flux of O3 to nmolm—2 s~} 1.6 1.6 1.6 1.6 1.6 1.6
vegetation

“High” a PFT-specific O3 nmol~! m?s 0.075  0.075 0.075 0.15 0.15 0.15
sensitivity parameter

“Low” a PFT-specific O3 nmol~! m? s 0.02  0.02 0.02 0.04 0.04 0.04

sensitivity parameter

Step 1: optimisation without O3 effects

For the simulations without O3z, we optimised a total of five
physiological parameters related to stomatal conductance,
photosynthesis and plant water stress response (Table 2):

1 gi: a parameter related to the stomatal conductance
model, which determines the sensitivity of stomatal
conductance to the assimilation rate.

2 Three photosynthetic parameters:

— Jmax : Vemax: the ratio of the maximum potential
electron transport rate at 25°C (Jpax) to Rubisco’s
maximum rate of carboxylation at 25°C (Vemax)-

— iy and sy: the intercept and slope of the linear rela-
tionship between Vimax and N,, i.e. the leaf nitro-
gen per unit area:

Vemax = iy +SyNa 9

where N, is calculated as the product of the leaf
mass per unit area and the top-leaf nitrogen con-
centration.

3 po: a parameter describing the plant transpiration re-
sponse to soil moisture, representing the threshold at
which the plant begins to experience drought stress.
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Step 2: optimisation with O3 effects

For simulations with O3, we extended the optimisation to in-
clude two additional ozone-specific parameters:

1. Fo,,: the critical flux of O3 to vegetation, representing

the threshold above which O3 begins to damage photo-
synthesis and stomatal conductance.

2. a: an empirical PFT-specific O3 sensitivity parameter

that determines the slope of the O3 dose-response func-
tion.

The optimisation process for simulations with O3 involved
two steps:

1. Initial optimisation: the same five physiological param-

eters as in the no-O3 simulations were optimised, along
with Fo, ., and a.

2. Local refinement: to further improve model accuracy

under Oj3 stress conditions, we performed a local refine-
ment of Fo,_, and a. Using the optimised parameter set
from the initial step, we systematically explored a fine
grid of values around the best-performing Fo, ., and a.
Step sizes ranging from 0.005 to 0.025 were used to re-
fine the parameter estimates. Model performance was
evaluated for each simulation using RMSE, and the best
parameter set was selected based on its agreement with
observed half-hourly GPP values.

Biogeosciences, 22, 6205-6223, 2025
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In total, we considered four model configurations (Ta-
ble 3): default and optimised simulations, each with and
without ozone. For each site, this setup enabled a direct com-
parison of model skill under default and optimised parameter
sets, as well as the mechanistic contribution of ozone effects.

Model evaluation

In order to evaluate the model performance, JULES was
forced with the meteorology, CO, and O3 observed at each
site and evaluated against flux GPP data. In all simulations,
the vegetation cover was prescribed using JULES default
PFTs. In each simulation, the phenology was simulated prog-
nostically, allowing the model to simulate the dynamic evo-
lution of the maximum leaf area index (LAI). Prior to run-
ning the simulations, the model underwent a 50-year spin-up
phase to ensure that the model state variables were repre-
sentative of steady-state conditions. We used the root mean
square error (RMSE) and the coefficient of determination
(r?) to quantify the differences between the outputs from the
various model simulations and the observations.

2.4.3 High-O3 days analysis

To address our third research question — how ozone impacts
interact with other environmental factors and how an opti-
mised model can help elucidate these mechanisms — we fo-
cused on days when ambient ozone concentrations exceeded
40 ppb at each site. These high-ozone events typically coin-
cide with elevated solar radiation and vapour pressure deficit
(VPD), which can enhance stomatal ozone uptake and inten-
sify physiological stress. For each site, we analysed the di-
urnal cycles of observed GPP, modelled GPP with and with-
out ozone effects, and modelled stomatal conductance, la-
tent heat flux (LE), VPD, soil moisture stress factor (8), and
ozone flux to vegetation (Fo,). The flux Fo, represents the
actual rate of ozone uptake through stomata, computed in
JULES from canopy-level ozone concentrations and stom-
atal plus aerodynamic resistances. The variable S is a dimen-
sionless scaling factor (ranging from O to 1) that modulates
stomatal conductance in response to soil moisture availabil-
ity. It reflects the degree of physiological drought stress as
perceived by the plant and is derived from the soil water con-
tent and site-specific hydraulic thresholds (e.g. wilting point,
po). We used B instead of raw plant-available soil mois-
ture because it is directly integrated into the stomatal con-
ductance formulation in JULES, ensuring model-consistent
representation of water stress. Unlike absolute soil mois-
ture, which varies with soil texture and rooting depth, B
normalises water limitation in a physiologically meaningful
and site-comparable way. This diagnostic framework enabled
us to evaluate how well the optimised model captures dy-
namic interactions between ozone exposure and environmen-
tal stressors during high-risk periods. We compared observed
and simulated GPP responses across different environmen-
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tal regimes and examined site-specific optimised parameters,
including g1, po, a and Fo, . Our aim was to determine
whether GPP reductions are primarily driven by (a) stomatal
limitation due to drought and/or high VPD, (b) biochemical
ozone damage due to high cumulative ozone uptake, or (c)
the simultaneous presence of multiple environmental stres-
SOrS.

The inclusion of modelled stomatal conductance and Fo,
allows direct tracing of ozone uptake, while the soil moisture
stress factor 8 provides a mechanistic indicator of water limi-
tation. This approach supports a process-level understanding
of the mechanisms underlying ozone impacts on carbon up-
take during extreme conditions.

2.4.4 GPP reductions due to ozone

To quantify the overall impact of Oz on GPP, we calculated
the relative reduction in GPP for each site using the opti-
mised simulations and the configuration without O3 impact
as the baseline. This calculation was performed each year to
account for interannual variability, and the results were av-
eraged to obtain the mean relative reduction over the study
period. We define forest sensitivity to O3 as the percentage
reduction in mean annual GPP between the optimised simu-
lations with and without ozone effects. Additionally, we use
partial correlation coefficients between observed GPP and
ozone concentrations, while controlling for temperature, ra-
diation and vapour pressure deficit, as a complementary in-
dicator of site-level sensitivity or resilience. Together, these
metrics provide a consistent, quantitative framework for clas-
sifying sites as either ozone-sensitive or ozone-resilient and
are applied throughout the paper in both the model evaluation
and the interpretation of site-specific responses.

3 Results
3.1 Statistical analysis: partial correlations

The results of the partial correlation analysis highlight vary-
ing degrees of GPP sensitivity to ozone across the inves-
tigated sites (Fig. 3). Hyytidla (FI-Hyy), Virrio (FI-Var),
Brasschaat (BE-Bra), Fontainebleau-Barbeau (FR-Fon) and
Bosco-Fontana (IT-BFt) exhibited consistently negative cor-
relations between GPP and O3, indicating a significant vul-
nerability to ozone pollution. The negative impact of ozone
on GPP is particularly pronounced during specific condi-
tions, such as the summer months (June, July and August)
and midday hours, when radiation and temperature are high.
While partial correlations control for key environmental vari-
ables such as temperature, radiation and VPD, subsetting the
dataset allows for an investigation of the residual impacts
of O3 under specific ecological conditions. These subsets,
such as summer months or midday hours, represent periods
of peak biological activity and potential O3 damage, making
them ecologically and practically relevant. O3 concentrations
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Table 3. Overview of the two types of simulations considered in this study. Default simulations represent site-level runs with model default
parameters with or without O3 effects. Simulations with optimised parameters are also run with and without O3 effects. In the optimised
simulations without ozone, five parameters were calibrated: the sensitivity of stomatal conductance to the assimilation rate (g1), the intercept
(iy) and the slope (sy) of the linear relationship between Vemax and N,, the ratio between the carboxylation rate and the rate of electron
transport at 25 °C (Jmax : Vemax), and the threshold at which the plant starts to experience drought stress (pg). For configurations with O3,
we also add the critical flux of O3 to vegetation (Fp, ;) and the PFT-specific O3 sensitivity parameter (a).

Configuration O3 effects  Optimised parameters
Default (no O3) No None
Default (with O3) Yes None

Optimised (no O3) No
Optimised (with O3)  Yes

81> Jmax : Vemax, iv, Sv, Po
81> Jmax : Vemax. iv, Sv, PO FO5 o0 @

tend to peak during summer due to enhanced photochemical
production from increased solar radiation, higher tempera-
tures and elevated emissions of ozone precursors (NO, and
VOCs). While plant activity contributes to biogenic VOC
emissions, it also increases ozone deposition via stomatal
uptake, leading to complex and site-dependent seasonal pat-
terns. Subsetting ensures that the analysis captures O3 im-
pacts under these seasonal conditions. Similarly, during mid-
day hours, when radiation and photosynthesis peak, O3z up-
take through stomata may also reach its highest levels. This
approach allows us to determine whether O3 impacts are con-
sistent across varying contexts or are amplified under specific
conditions of heightened environmental and biological ac-
tivity. Across the sites, FI-Hyy showed weak but significant
negative correlations across all subsets, indicating a mild sen-
sitivity to ozone. FI-Var exhibited slightly stronger negative
correlations than FI-Hyy, particularly during midday hours
in the summer, emphasising the vulnerability of boreal forest
ecosystems to ozone stress under specific conditions. BE-Bra
and IT-BFt demonstrated the most pronounced negative cor-
relations during the combined summer and midday subsets,
suggesting that these conditions heighten the vulnerability of
these sites to ozone pollution. Notably, BE-Bra showed the
strongest correlation during the summer midday period, un-
derscoring the importance of environmental stressors in ex-
acerbating ozone effects. FR-Fon also displayed significant
negative correlations, although the magnitude was generally
lower than at BE-Bra and IT-BFt, indicating a moderate sen-
sitivity to ozone.

Conversely, the Castelporziano 2 (IT-Cp2) site showed a
negative correlation when using the full dataset; however,
correlations for the subset periods became positive and non-
significant. This may be due to the limited data availability
for IT-Cp2 and specific site characteristics, such as partial
stomatal closure in response to drought and high VPD during
warm seasons. These factors may obscure the direct relation-
ship between ozone and GPP at this Mediterranean site.

Overall, the results emphasise the varying impacts of
ozone across different environmental contexts and site-
specific conditions. Subsetting the data to account for periods
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of peak biological activity enhances our understanding of the
residual effects of O3 on GPP after controlling for other crit-
ical environmental variables. This nuanced approach offers
valuable insights into the dynamics of ozone stress across
various European forest ecosystems.

3.2 JULES GPP simulations

The default JULES model configuration (default parameters;
Table 4 and Fig. 4) generally exhibits higher variability and
larger deviations from observed GPP values across all sites.
The optimisation significantly improves model performance
by reducing RMSE and increasing r2 values across most sites
(Table 4). However, the incorporation of O3 effects yields
mixed results, with improvements in RMSE at certain sites
(e.g. FR-Fon, IT-BFt) but little to no improvement at others,
such as FI-Hyy and BE-Bra (Table 4).

At FI-Hyy, both default and optimised models perform
well, with slight improvements in RMSE and 2 follow-
ing optimisation. The optimised simulation with O3 achieves
the greatest reduction in RMSE (2.11 yumol CO, m~2s~1),
a 27 % decrease relative to the optimised no-Osz case
(2.88 umol CO, m—2 s™1) and an increase in r2 to 0.86
(+3.6 %). These improvements reflect the model’s ability to
adjust to local conditions with minimal parameter changes
(Fig. 6), particularly in boreal settings. However, the inclu-
sion of O3 does not significantly alter RMSE, suggesting that
GPP at this site is not highly sensitive to ozone stress. This
limited impact is consistent with the relatively low ambient
ozone concentrations observed at FI-Hyy, which reduce the
potential for strong Oz-induced reductions in GPP.

At FI-Var, optimisation reduces underestimations during
midday peaks and aligns simulated GPP with observations.
Therefore, the optimised configuration achieves a 1.65 umol
CO> m—2s~! RMSE (=32 % relative to 2.41) and an r2 value
of 0.75 (+2.7 %). Key parameter adjustments, such as in-
creases in gl and decreases in pg (Fig. 5a and e), contribute
to these improvements. The incorporation of O3 effects only
slightly improves RMSE at FI-Var, suggesting moderate sen-
sitivity to ozone impacts at this boreal site.

Biogeosciences, 22, 6205-6223, 2025
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Figure 3. Partial correlation coefficients (unitless) between GPP and O3 — after controlling for air temperature, short-wave radiation and
vapour pressure deficit. The calculations were performed for all datasets (salmon bars), including summer only (blue bars, June, July
and August), midday only (green bars, 12:00-16:00LT) and midday summer only (purple bars, combined). The significance levels: p-
value < 0.001***, p-value < 0.01**, p-value < 0.05*, non-significant (ns).

Table 4. Summary of model evaluation metrics: root mean square error (RMSE, pmol CO, m~2s~!) and coefficient of determination (r

2)

values for each site. The metrics are calculated for default and optimised simulations with and without ozone impacts.

FI-Hyy FI-Hyy FI-Var FI-Var BE-Bra BE-Bra FR-Fon FR-Fon IT-BFt IT-BFt IT-Cp2 IT-Cp2
Default
Metrics RMSE r2 RMSE 2 RMSE r2  RMSE r2 RMSE r2 RMSE r2
Without O3 2.88 0.83 387 063 4.06 0.76 9.53 0.39 6.30  0.53 3.81 0.65
With O3 2.85 0.83 3.08  0.65 3.97 0.77 8.85 0.48 578  0.60 3.73 0.69
Optimised
Metrics RMSE r2  RMSE r2  RMSE r2  RMSE r2  RMSE r2  RMSE r?
Without O3 2.88 0.83 2.41 0.73 3.92 0.77 8.72 049 435 0.75 3.69 0.70
With O3 2.11 0.86 165 075 3.36 0.81 5.71 0.60 378 0.82 2.85 0.72

At BE-Bra, the default configuration performs well,
and optimisation further reduces RMSE and improves r2.
The optimised simulation achieves an RMSE of 3.36 umol
CO,m 25! (=143% from 3.92) and an r? of 0.81
(+5.2% from 0.77), highlighting the importance of fine-
tuning parameters such as g1 and sy (Fig. 5a and d). However,
the inclusion of O3 has a minimal impact on RMSE at this
site, suggesting relatively low ozone sensitivity compared to
other locations.

At FR-Fon, the default simulations significantly underes-
timate GPP during peak hours, especially under high ozone
stress. The optimisation improves model accuracy, showing
a reduction in RMSE (5.71 pmol CO, m~2s~!, —359% from
8.72) and an increase in r2 (0.60, +22.4 % from 0.49). De-
spite these improvements, some underestimation remains, in-
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dicating that additional refinement of O3 response mecha-
nisms or GPP modelling may be needed at this site.

At IT-BFt, the default model exhibits large variability
in GPP, reflecting the challenges of modelling Mediter-
ranean ecosystems. The optimised configuration achieves
the greatest improvements, reducing RMSE to 3.78 umol
CO,m 257! (—=13.1% from 4.35) and increasing r? to
0.82 (+9.3 % from 0.75). Adjustments of Fo, ., a and pg
(Fig. 51, g and e) enhance performance by accounting for the
combined effects of ozone and water stress, which act as co-
limiting factors during the summer and jointly contribute to
reduced GPP at this site.

At IT-Cp2, the default model underestimates GPP during
midday peaks, particularly under ozone stress. The optimised
configuration achieves the best results, reducing RMSE to
2.85 umol CO, m 25! (=22.8% from 3.69) and increas-
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Figure 4. Comparison of the observed and simulated GPP diurnal cycles across all sites, averaged over the full year: (a) FI-Hyy, (b) FI-Var,
(¢) BE-Bra, (d) FR-Fon, (e) IT-BFt and (f) IT-Cp2. Shaded areas encompass plus and minus one standard deviation. The black line represents
the observed GPP. The default simulated GPP is shown as the dashed purple line (without O3) and dashed green line (with O3), and the
optimised simulated GPP is shown as the purple line (without O3) and green line (with O3).

ing 7 to 0.72 (+2.9 % from 0.70). Adjustments to Fo, .
and a play a critical role in capturing ozone impacts at this
Mediterranean site, demonstrating the necessity of refining
these parameters in high-ozone environments.

Overall, parameter optimisation improves model accuracy
and reliability across all sites. However, the inclusion of O3
effects leads to site-specific responses, with improvements
in RMSE at some sites (e.g. FR-Fon, IT-BFt) but minimal
changes in r? across most locations. Figure 4 highlights that
in some cases, simulations including O3 effects exhibit in-
creased model biases, despite RMSE values suggesting only
slight degradation in performance. These findings underscore
the need for continued refinement of ozone response mech-
anisms to improve model accuracy, particularly in Mediter-
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ranean regions where ozone exposure and water stress are
strongly coupled.

3.3 Interaction of O3 with environmental factors on
GPP during high-ozone days

For high O3 days (above 40 ppb), across all sites, the ob-
served GPP shows a characteristic peak around midday, with
simulated GPP that includes O3 effects generally aligning
more closely with the observed data compared to simulations
that exclude Os effects (Fig. 6). However, the magnitude of
this improvement varies by site.

Ozone concentrations follow a diurnal cycle, peaking in
the afternoon (12:00-16:00LT) across all sites. This peak
reflects the influence of high solar radiation, temperature

Biogeosciences, 22, 6205-6223, 2025
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Figure 5. Comparison of default and optimised parameters. The fig-
ure presents a comparison between the default (salmon bars) and
optimised parameter values: without ozone (blue bars) and with
ozone (green bars) for the six sites. The parameters include (a)
stomatal conductance sensitivity to the assimilation rate (g;), (b)
ratio of the maximum potential electron transport rate to the maxi-
mum carboxylation rate (Jmax : Vemax), (€) and (d) parameters re-
lated to leaf nitrogen (iy and sy), (e) soil moisture stress threshold
(po), () critical ozone flux (FOy it)» and (g) sensitivity parameter

(a).

and boundary layer dynamics, including the entrainment of
ozone-rich free tropospheric air masses that contribute to sur-
face ozone enhancement. The impact of O3 on GPP is modu-
lated by interactions with key environmental factors such as
VPD, latent heat flux (LE) and soil moisture stress (3), each
influencing stomatal conductance (gs) and thereby ozone up-
take (Fop,). LE reflects evaporative demand and water avail-
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ability, while B provides a direct measure of the soil moisture
constraint on stomatal opening. Fo, represents the actual flux
of ozone into the leaves via stomata, and g integrates the
stomatal response to multiple environmental drivers, includ-
ing VPD and soil water availability. Around midday, when
VPD and LE typically peak, stomatal conductance may de-
cline as a protective response to water loss. However, the
simultaneous increase in radiation and temperature can ele-
vate ambient O3 concentrations and photosynthetic demand.
These competing environmental influences affect O3 uptake
and its impact on photosynthesis, depending on site-specific
conditions and plant water regulation strategies.

Figure 6 highlights these dynamics using averaged diurnal
cycles of GPP, O3, VPD, LE, g;, Fo, and 8 during high-
O3 days. At the two boreal sites (FI-Hyy and FI-Var), ozone
peaks reach moderate levels (~ 46 and 44 ppb, respectively),
but their impacts on GPP differ (Table 5). FI-Var shows mini-
mal response to ozone, with an RMSE reduction of just 0.9 %
(from 3.10 to 3.07 umol CO> m~2 s~ 1), suggesting low eco-
logical sensitivity. g; and Fp, values remain relatively low
throughout the day, and g values are near 1, indicating no
significant soil moisture limitations or stomatal downregu-
lation. In contrast, FI-Hyy exhibits a large RMSE improve-
ment, from 9.97 to 0.52 umol CO, m~2s~! (a 94.8 % reduc-
tion), when ozone effects are included. However, this perfor-
mance gain does not reflect sustained biological sensitivity.
Instead, it stems from a systematic overestimation of GPP
by the ozone-free model during high-O3; episodes. These
episodes are rare (see Table 1), but when they do occur, the
model without ozone consistently overestimates GPP. The in-
clusion of ozone damage corrects this bias. The partial cor-
relation analysis, combined with the limited ambient ozone
exposure outside these rare events, supports this interpreta-
tion. We therefore distinguish between improved model—data
agreement due to structural correction and true ecological
ozone sensitivity, the latter being more clearly limited at FI-
Var.

At BE-Bra, GPP reductions due to ozone are more pro-
nounced, with RMSE dropping from 7.57 to 3.09 pmol CO,
m~2s7 1 a592% improvement when O3 effects are consid-
ered. This improvement highlights the need to include ozone
stress in GPP simulations, particularly in temperate forests
where stomatal ozone uptake remains substantial. In Fig. 6,
gs and Fo, both exhibit midday peaks despite elevated VPD,
indicating that stomatal conductance is not fully downregu-
lated under higher evaporative demand, thus allowing more
ozone to enter the leaf and cause damage. Interestingly, at
FR-Fon, while ozone peaks coincide with midday GPP de-
clines, the difference between with and without O3 simula-
tions is small. This is confirmed by the minor RMSE reduc-
tion from 5.60 to 5.47 umol CO, m~2 s~! (2.3 %), suggesting
that other factors, such as phenology or local climate con-
ditions, play a dominant role in regulating GPP at this site
and that actual ozone uptake is likely limited despite ambi-
ent concentrations. Mediterranean sites (IT-BFt and IT-Cp2)
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Figure 6. Averaged diurnal cycles of gross primary production (GPP), ozone (O3), vapour pressure deficit (VPD), latent heat flux (LE),
stomatal conductance (gs), ozone flux into leaves (Fp,) and the soil moisture limitation factor (8) across high-ozone days (O3 above 40 ppb)
at six forest sites: (a—c) FI-Hyy, (d—f) FI-Var, (g-i) BE-Bra, (j-1) FR-Fon, (m-o0) IT-BFt and (p-r) IT-Cp2. The left panels show observed
GPP (black) and simulated GPP from the optimised model without O3 (purple) and with O3 (green), along with ozone concentrations (blue
dashed line). The middle panels show VPD (olive) and LE (magenta). The right panels show gs (orange), Fo, (brown) and 8 (dark slate

grey).

Table 5. Performance of optimised JULES without O3 and with O3 for O3 levels above 40 ppb for each site.

Fl-Hyy FI-Hyy FI-Var FI-Var BE-Bra BE-Bra FR-Fon FR-Fon IT-BFt IT-BFt IT-Cp2 IT-Cp2
Metrics RMSE 2 RMSE 2 RMSE 2 RMSE 2 RMSE 2 RMSE r2
Without O3 9.97 0.46 3.10  0.65 7.57 0.60 5.60 0.55 5.88 0.42 5.45 0.70
With O3 0.52 0.85 .18 070 3.09 0.73 5.47 0.59 2.31 0.65 1.93 0.77
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experience the highest ozone peaks (> 60 ppb). At IT-BFt,
the JULES-simulated GPP exhibits a pronounced midday de-
cline, particularly in the optimised configuration with ozone
effects, indicating a strong response to midday ozone stress.
In these simulations, gs shows a clear midday drop, while
Fo, remains high during that period, suggesting that ozone
uptake still occurs despite partial stomatal closure. However,
the observed GPP shows only a slight morning dip and con-
tinues increasing into the afternoon. This divergence points
to a potential overestimation of midday stomatal limitation
or ozone effects in the model. At IT-Cp2, no distinct midday
depression is observed in either the simulated or partitioned
GPP. Fo, is modest, and 8 remains close to 1 throughout
the day, indicating minimal water stress and limited ozone
uptake. While these sites do show noticeable reductions in
RMSE after including ozone effects, i.e. 0.8 % at IT-BFt
(from 5.88 to 5.83umol CO; m~2s~!) and 64.6 % at IT-
Cp2 (from 5.45 to 1.93 umol CO> m~2 s~ 1), these improve-
ments are not the largest among all sites. Indeed, FI-Hyy and
BE-Bra show greater RMSE reductions during high-ozone
days. This suggests that while Mediterranean sites face high
ozone concentrations, the degree of ozone-induced GPP re-
duction may vary depending on the interplay of environ-
mental stressors and model representation. The results high-
light the importance of site-specific calibration and caution
against generalising Mediterranean sites as the most ozone-
sensitive solely based on ozone concentration levels. Inter-
estingly, although JULES simulates strong midday GPP de-
clines at Mediterranean sites, Fig. 5 shows that the ozone
sensitivity parameters are generally lower for Mediterranean
forests. This pattern may reflect the fact that high VPD and
limited soil moisture in these regions reduce stomatal con-
ductance during midday, thereby lowering actual ozone up-
take and mitigating its physiological effects, despite high am-
bient O3 concentrations. This dynamic, documented in sev-
eral previous studies (Lee et al., 2013), suggests that the ob-
served midday GPP reduction may be driven more by water
stress than by direct ozone damage. At IT-BFt, the JULES-
simulated GPP exhibits a sharp midday reduction, especially
when ozone effects are included, suggesting a modelled com-
pound stress due to high VPD and ozone uptake. However,
the partitioned GPP at this site increases during the same
period (after 10:00 LT), indicating that stomatal closure due
to VPD is not occurring to the extent the model assumes.
This divergence suggests a potential overestimation of mid-
day water limitation in the model configuration. At IT-Cp2,
neither the modelled nor observed GPP shows a distinct mid-
day dip, indicating that ozone and VPD effects are less pro-
nounced or not synchronised enough to produce a compound
stress response. These site-specific dynamics reinforce the
need for a more accurate representation of stomatal regula-
tion under co-occurring stresses in Mediterranean systems.
In addition to evaluating RMSE and r2, we examined
residuals between observed and simulated GPP to identify
systematic biases. At several sites, such as IT-BFt, residuals
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Annual Mean GPP Reduction (%)

Fl-Hyy Fl-Var BE-Br: FR-Fon IT-BFt Im-Cp2
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Figure 7. Annual mean GPP reduction due to ozone exposure (%).
The bar plot represents the annual mean reduction in gross primary

production (GPP) as a percentage for each site: FI-Hyy, FI-Var, BE-
Bra, FR-Fon, IT-BFt and IT-Cp2.

indicated that modelled GPP tended to underestimate peak
values during high O3 periods, particularly around midday.
This aligns with the observed mismatch in diurnal dynamics
(Fig. 6), suggesting that while optimisation improves overall
fit, specific stress responses (e.g. compound O3z and VPD ef-
fects) may still be underestimated or mistimed. These resid-
ual diagnostics support the need for further refinement in the
representation of ozone damage under variable environmen-
tal conditions.

3.4 GPP reductions due to O3 effects

The mean annual GPP reduction varies significantly across
the sites, suggesting a site-specific exposure and response
to ozone stress (Fig. 7). The negative values indicate a de-
crease in GPP, highlighting the impact of ozone as a stressor
on plant productivity.

FI-Hyy and FI-Var show relatively small reductions in
GPP, with annual mean decreases of —1.36 % and —1.04 %,
respectively. This suggests that these northern sites are
less sensitive to ozone stress, possibly due to lower back-
ground O3 concentrations (Fig. 2, Table 1) or lower stomatal
ozone uptake, which limits the damaging effects on GPP. In
contrast, IT-BFt and IT-Cp2 exhibit the highest reductions
(—6.2 % and —5.4 %, respectively), which can be attributed
to higher ozone exposure (Fig. 2) and greater ozone uptake,
exacerbating stress on photosynthesis and stomatal function.
Similarly, temperate forests (BE-Bra and FR-Fon) exhibit
moderate reductions in GPP, with declines of —5.22 % and
—2.62 %, respectively. While ozone effects at FR-Fon are
lower than those at BE-Bra, they are still significant, un-
derscoring that broadleaf deciduous forests also experience
ozone-induced productivity losses. The stronger impact at
BE-Bra may be linked to higher stomatal ozone uptake, as
suggested by the site’s parameter sensitivity (Fig. 6).
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These findings highlight the need for region-specific ozone
mitigation strategies, particularly in Mediterranean ecosys-
tems where ozone-induced reductions in GPP exceed —5 %
annually. The combination of high ozone, VPD and wa-
ter stress in these regions may further amplify productivity
losses, making them particularly vulnerable to future climate
and air quality changes.

4 Discussion and conclusions

This study underscores the importance of incorporating
ozone effects into the JULES model to enhance its accuracy
in simulating gross primary production (GPP) across diverse
European forest ecosystems. By including ozone effects,
the model demonstrated improved performance, particularly
during high O3 events and at central and southern European
sites where ozone stress is most pronounced. For example,
reductions in RMSE at FR-Fon (from 9.53 to 5.71), IT-BFt
(from 6.30 to 3.78) and IT-Cp2 (from 3.81 to 2.85) highlight
the significant role of ozone in modulating plant productivity.
These findings confirm previous observations that ozone ex-
posure strongly influences plant photosynthesis and carbon
sequestration, particularly in Mediterranean climates (Sitch
et al., 2007). However, the minimal differences at northern
European sites (FI-Hyy and FI-Var) suggest boreal forests’
lower sensitivity to ozone, aligning with prior research show-
ing lower ozone uptake in cooler, high-latitude environments
(Wittig et al., 2009). The annual mean GPP reductions due
to ozone exposure reveal a clear spatial gradient, with north-
ern sites showing minimal reductions (—1.04 % to —1.36 %)
and southern sites experiencing more pronounced decreases
(—5.4% to —6.2 %). This gradient reflects the interplay of
higher ambient ozone concentrations, greater stomatal con-
ductance, and compounding environmental stressors such as
high temperatures and vapour pressure deficit in Mediter-
ranean climates (Proietti et al., 2016). Central European sites
(e.g. BE-Bra and FR-Fon) exhibited intermediate reductions,
consistent with transitional climatic conditions that modulate
ozone impacts. These patterns emphasise the importance of
considering regional climatic variables in modelling ozone
effects on GPP. Although Mediterranean species may pos-
sess physiological adaptations to mitigate ozone stress, such
as conservative stomatal behaviour, these mechanisms may
be insufficient under conditions of sustained high ozone and
environmental stress.

A key insight from our study is the potential overestima-
tion of ozone impacts in prior modelling efforts. For ex-
ample, Anav et al. (2011) estimated a 22 % reduction in
annual GPP across Europe using the ORCHIDEE model,
while Oliver et al. (2018) simulated that GPP was reduced
by 10% to 20 % in temperate regions and by 2% to 8 %
in boreal regions using JULES. These discrepancies likely
stem from differences in the resolution and accuracy of
ozone and GPP datasets. By integrating high-resolution in

https://doi.org/10.5194/bg-22-6205-2025

6219

situ ozone, meteorology and GPP measurements, our study
provides more precise estimates, reducing the biases inherent
in purely simulation-based approaches. For instance, Gerosa
et al. (2022) reported GPP reductions of 2.93 % to 6.98 % at
IT-BFt using statistical models based on in situ data, aligning
closely with our finding of a —6.2 % GPP reduction. Similar
conclusions were found by Conte et al. (2021), who adopted
statistical models based on dynamic seasonal thresholds of
ozone doses to reduce the bias between observed and mod-
elled GPP. These results highlight the critical role of empiri-
cal data in refining model predictions.

This study’s diurnal GPP, ozone, VPD and LE patterns
provide additional insights into the interaction between
ozone and environmental stressors. Across all sites, ozone
concentrations peaked in the late afternoon, coinciding with
periods of high VPD and LE. This temporal alignment high-
lights the role of atmospheric conditions, including high solar
radiation and temperatures, in driving ozone formation and
stomatal ozone uptake. Southern sites, such as IT-BFt, exhib-
ited a pronounced midday decline in simulated GPP, reflect-
ing modelled ozone sensitivity and the interacting influence
of high ozone concentrations and elevated VPD. However,
the partitioned GPP at this site does not exhibit the same
midday depression; instead, it increases gradually into the
afternoon. At IT-Cp2, no midday dip is observed in either
the simulated or observed GPP. These findings align with the
work of Ainsworth et al. (2012), who demonstrated that mul-
tiple stressors can exacerbate the physiological impacts of
ozone on plants. At BE-Bra, however, we observed a negative
partial correlation between GPP and ozone (Sect. 3.1). Yet,
the inclusion of ozone effects in the model resulted in only
modest performance improvements. This contrast may arise
from differences in timescale and model sensitivity. Verryckt
et al. (2017), who conducted a detailed study at the same
Scots pine stand, found no significant long-term GPP re-
duction attributable to ozone, despite frequent exceedance of
critical exposure thresholds such as AOT40 and POD1. How-
ever, their residual analysis suggested short-term GPP reduc-
tions of up to 16 % following days with high stomatal O3
uptake, particularly in late spring and early summer. These
results support the idea that ozone effects at BE-Bra may
be episodic and confounded by co-occurring environmental
stressors, such as light and temperature. The modest RMSE
reduction in our simulations may thus reflect a structural lim-
itation of the JULES damage formulation in capturing such
short-lived physiological responses under temperate, humid
conditions.

In contrast, boreal sites such as FI-Hyy exhibited mini-
mal midday GPP reductions, consistent with their relative re-
silience to ozone stress under cooler atmospheric conditions.
This supports prior research suggesting that boreal species
often operate under a narrower range of stomatal conduc-
tance, limiting ozone uptake even during peak stress periods
(Hoshika et al., 2013; Rannik et al., 2012). The variability
in ozone impacts across sites emphasises the need for re-
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gional calibration of land surface models like JULES. This
study optimised key parameters, including the critical ozone
flux, stomatal conductance sensitivity and ozone sensitivity
coefficient, to improve model performance. While the re-
sults of this study are specific to the JULES model frame-
work and the six European forest sites, some spatial trends,
such as increasing ozone sensitivity (a) and decreasing criti-
cal ozone flux thresholds (Fo, ;) toward southern latitudes,
may reflect broader physiological adaptations to environ-
mental stress gradients. These patterns could inform the un-
derstanding of ozone responses in other forest ecosystems
with comparable climatic and ecological conditions. How-
ever, we explicitly caution against the direct application of
these site-calibrated parameter values to other regions with-
out local validation, as species traits, soil properties and cli-
matic variability shape ozone responses. Notably, several of
the physiological parameters optimised in this study, such
as stomatal sensitivity (g1), the photosynthetic capacity ra-
ti0 (Jmax : Vemax) and the soil moisture stress threshold (po),
are shared across multiple land surface and ecosystem mod-
els. This overlap suggests broader relevance, but these pa-
rameters must still be used with caution, as their values and
effects can vary depending on the model structure. Although
the quantitative results are JULES-specific, the methodolog-
ical approach, i.e. site-level optimisation using in situ ozone
and GPP data with a stomatal flux-based damage formula-
tion, is transferable and could improve ozone—vegetation rep-
resentation in other modelling frameworks.

The JULES ozone damage scheme, as applied in this
study, uses the instantaneous stomatal flux of ozone to com-
pute a damage factor (F) that is applied equally to net
photosynthesis (A) and stomatal conductance (gp). This ap-
proach enables a simple and efficient integration into the
model but may not fully capture the temporal dynamics of
ozone-induced damage. Many other modelling frameworks
use cumulative ozone uptake metrics — such as the phytotoxic
ozone dose above a threshold (POD6) — to represent damage
accumulation over time (Wittig et al., 2009; Lombardozzi et
al., 2012a). Moreover, empirical evidence indicates that A
and g, may respond differently to ozone, with distinct sen-
sitivities and temporal responses (Lombardozzi et al., 2012a,
b). Future versions of JULES could benefit from decoupling
these effects by estimating separate sensitivity parameters (a)
and critical thresholds (Fo,.,,) for A and g, and by transi-
tioning toward cumulative flux-based ozone stress formula-
tions.

Our study highlights the importance of integrating long-
term in situ measurements into land surface models to im-
prove their accuracy and reliability. Expanding such mea-
surements’ spatial and temporal coverage is essential for cap-
turing the full variability of ozone impacts across biomes and
climatic conditions. Future research should also prioritise re-
fining ozone response mechanisms in land surface models,
particularly in regions where multiple stressors interact to
influence plant productivity. For example, incorporating dy-
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namic responses to heat waves, droughts and other extreme
events could provide a more comprehensive understanding
of how ozone stress interacts with climate change.

Code availability. JULES-vn7.4 was used for all simulations. The
JULES model code and suite used to run the model are available
from the Met Office Science Repository Service (MOSRS). Reg-
istration is required, and the code is available to anyone for non-
commercial use (for details of licensing, see https://jules.jchmr.
org/code, last access: 29 June 2024). Visit the JULES website
(https://jules.jchmr.org/getting-started, last access: 29 June 2024)
to register for an MOSRS account. Documentation for the JULES
model is located at https:/jules-1sm.github.io/vn7.4/ (last ac-
cess: 29 June 2024). Site-level simulations used the rose suite
u-dg903 (https://code.metoffice.gov.uk/trac/roses-u/browser/d/g/9/
0/3, last access: 15 July 2025, at revision 289677), which is
a copy of the u-al752 JULES suite for FLUXNET 2015 and
LBA sites described at https://code.metoffice.gov.uk/trac/jules/
wiki/FluxnetandLbaSites (last access: 29 June 2024) and down-
loaded from https://code.metoffice.gov.uk/trac/roses-u/browser/a/l/
7/5/2/ (last access: 1 June 2025, Harper et al., 2024) at revision
286601. Suites can be downloaded from MOSRS once the user has
registered for an account.

Data availability. The ICOS data (meteorological variables, fluxes
and carbon dioxide concentration) used to run JULES are available
for download from https://www.icos-cp.eu/observations (last ac-
cess: 29 June 2024). The ozone data were obtained via request from
the PlIs of each site, except Virrio, obtained through the SMEAR
I research station (https://doi.org/10.23729/6dd3e1bf-22f3-4{83-
aed3-a39da5181d29, Kolari et al., 2024), and Hyytiéld, available
from the SMEAR II Hyytidld forest meteorology, greenhouse gases,
air quality and soil dataset (https://doi.org/10.23729/23dd00b2-
b9d7-467a-9cee-b4al22486039, Aalto et al., 2023).

Supplement. The supplement related to this article is available on-
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