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Abstract

Ozone (O3) is a toxic air pollutant that can injure plant leaves and substantially affect
plant growth and health. Tropospheric O3 concentrations multiplied from pre-industrial
values until the end of the 20th century in polluted areas, accompanied by an increase
of O3 precursors like nitrogen oxides (NOx ). Reactive forms of nitrogen like NOx are
a limited nutrient for plants and are assumed to constrain net primary production in
large parts of the world. Part of the NOx in the atmosphere is deposited back on land
and stimulates plant growth in nutrient limited regions. Despite the role of NOx as a
ozone precursor, previous studies focused on the growth stimulating effect of nitrogen
deposition and omitted the detrimental effects of ozone.

To assess the past and future capacity of the terrestrial biosphere as a carbon sink,
a realistic estimate of the effects of tropospheric O3 on gross primary production (GPP)
might be important. The combined implementation of the growth stimulating effect of
nitrogen deposition and the detrimental effects of O3 on plant growth and carbon storage
might yield a more realistic estimate of past and future terrestrial carbon uptake.

To better understand the impact of ozone damage on the terrestrial carbon cycle,
a module to estimate O3 uptake and damage of plants was developed for O-CN, a
state-of-the-art global terrestrial biosphere model. A comparison to literature values
demonstrates that the new model version produces realistic key characteristics of ozone
deposition. The use of this comparatively detailed ozone deposition scheme, which ac-
counts for non-stomatal as well as stomatal deposition when calculating surface O3

concentrations, substantially affects plant O3 uptake in O-CN. The application of the
updated model in a Europe-wide simulation of present day ozone damage to GPP and
transpiration indicates that the regional carbon and water cycling is less impacted than
expected from previous studies. Previously published simulated ozone induced reduc-
tions on GPP vary substantially between models and model versions. A possible reason
for this is the use of different injury functions which relate ozone uptake to plant damage.

The role that different injury functions play in determining the variability of the
estimated ozone impacts was investigated by including four previously published injury
functions into a standardised modelling framework, the O-CN model. Model versions
including different injury functions are evaluated in terms of their ability to simulated
whole-tree biomass responses observed in 23 ozone filtration/fumigation experiments
conducted with young trees from European tree species at sites across Europe with a
range of climatic conditions. The results show that none of these previously published
injury functions lead to simulated whole-tree biomass reductions in agreement with the
observed dose–response relationships derived from these field experiments and instead
lead to significant over- or underestimations of the ozone effect. By re-parameterising
these injury functions, I developed linear, plant-functional-type-specific dose–response
relationships, which provide accurate simulations of the observed whole-tree biomass
response across these 23 experiments.

The updated model including the ozone deposition scheme and two re-parameterised
injury functions was applied to simulate past and future impacts of air pollution (ozone
and nitrogen deposition) on the terrestrial carbon uptake and storage in the temperate
and boreal Northern Hemisphere. Two scenarios of future air pollution are simulated
in a factorial design to understand the effect of present and future changes in nitrogen
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deposition, and O3 concentrations against a background of changes in climate and carbon
dioxide concentrations (CO2) for the most optimistic and most pessimistic representative
concentration pathway scenario (RCP2.6 and RCP8.5 respectively). The simulations
showed that O3 damage considerably reduced northern hemispheric gross carbon uptake
(GPP) and long-term carbon storage in the past. The ozone effect on GPP and total
carbon storage peaked around the end of the 20th century with reductions of 4% and
9%, respectively. The CO2 fertilisation effect and its impact on stomatal conductance
restricts peak values of ozone uptake during the the 21st century and cause a decline in
ozone induced damage. By the end of the 21st century mean regional reductions of 0-1%
for GPP and 4-5% for total carbon biomass are simulated for both RCPs compared to
pre-industrial values. However, in hotspot regions like Eastern Asia a sustained decline
in GPP of more than 8% is simulated at the end of the 21st century and carbon storage
remains reduced by up to 15% in parts of Europe, the US and Eastern Asia.

The comparison of the effect of air pollution from O3 to that of nitrogen deposition
showed that ozone damage offsets the growth stimulating effect induced by nitrogen
deposition during a large fraction of the simulation period. The detrimental effect of O3

on GPP outweighs the stimulating effect of nitrogen deposition until the first half of the
21st century, after which nitrogen deposition starts to outweigh the effects of O3. The
detrimental effect of O3 on carbon biomass outweighs the stimulating effect of nitrogen
deposition during the entire simulation period.

In conclusion, the implementation of a relative detailed ozone deposition scheme
considerably impacts the estimates of ozone uptake in then O-CN model and thus has
the potential to strongly impact ozone induced damage estimates. The use of evaluated
ozone injury functions in models can help to prevent considerable over- or underesti-
mations of damage. The application of the updated model indicates that O3 damage
considerably slowed the increase of carbon uptake and storage in the past. However, past
and future estimates of ozone induced damage are lower than expected from previous
studies. Accounting for the stimulating effects of nitrogen deposition but omitting the
detrimental effect of O3 might lead to an over estimation of carbon uptake and storage.
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Zusammenfassung (German)

Ozon (O3) ist ein Luftschadstoff, welcher die Blätter von Pflanzen schädigen und deren
Bruttoprimärproduktion (GPP) senken kann. In verschmutzten Regionen haben sich
die Ozonkonzentrationen in der Troposphäre seit der Vorindustriellenzeit bis zum Ende
des 20. Jahrhunderts vervielfacht, begleitet von einem Anstieg in Vorläuferstoffen wie
Stickoxide. Reaktive Stickstoffverbindungen, wie zum Beispiel Stickoxide (NOx ), sind ein
begrenzter Pflanzennährstoff. Es wird angenommen, dass deren Verfügbarkeit die GPP
in weiten Teilen der Welt begrenzt. Ein Teil des in die Atmosphäre eingebrachten NOx

wird zurück auf das Land abgeschieden, wo es das Pflanzenwachstum stimulieren kann.
Obwohl NOx Vorläuferstoffe für O3 darstellen, haben sich bisherige Studien auf den
wachstumsstimulierenden Effekt von Stickstoffabscheidung konzentriert ohne gleichzeitig
den schädlichen Einfluss von O3 zu beachten.

Zur Schätzung der Kapazität der terrestrischen Biosphäre als Kohlenstoffsenke, könn-
te eine realistische Abschätzung der Einflüsse von Ozon auf die GPP eine wichtige
Rolle spielen. Die gemeinsame Implementierung der wachstumsstimulierenden Effekte
der Abscheidung von reaktiven Stickstoffverbindungen und der schädlichen Effekte von
Ozon auf Pflanzenwachstum und Kohlenstoffspeicherung könnte eine realistischere Ab-
schätzung vergangener und zukünftiger terrestrischer Kohlenstoffspeicherung ermöglichen.

Um den Einfluss von Ozon auf den terrestrischen Kohlenstoffkreislauf besser zu ver-
stehen, wurde ein Ozonabscheidungsschema in das Biosphärenmodell O-CN eingebaut,
welches Ozonaufnahme und -pflanzenschaden schätzt. Ein Vergleich mit veröffentlichten
Werten zeigt, dass dieses neue Modul realistische Werte für Schlüsselwerte der Ozon-
abscheidung produziert. Die Verwendung eines detaillierten Schemas welches bei der
Berechnung der bodennahen Ozonkonzentration die Abscheidung von Ozon in die Spaltöff-
nungen der Blätter und außerhalb dieser berücksichtigt, hat einen substantiellen Ein-
fluss auf die pflanzliche Ozonaufnahme in O-CN. Die Anwendung des aktualisierten
Modells im Rahmen einer europaweiten Simulation von gegenwärtigen Ozonschäden auf
GPP und Transpiration deutet an, dass der regionale Kohlenstoff- und Wasserkreislauf
geringer beeinflusst wird als auf Grund von bereits publizierten Studien zu erwarten
wäre. Verschiedene Modelle und Modellversionen unterscheiden sich jedoch erheblich in
ihren Abschätzungen des durch Ozon verursachten Schadens von GPP. Ein möglicher
Grund dafür ist die Verwendung verschiedener Schadensfunktionen, welche die Ozonauf-
nahme in Relation setzten zu Pflanzenschaden.

Die Auswirkung verschiedener Schadensfunktionen auf die Schwankung der geschätz-
ten Ozoneffekte wird untersucht in dem vier bereits veröffentlichte Schadensfunktionen in
ein standardisiertes Modelliergerüst eingebaut werden, das O-CN Modell. Verschiedene
Modellversionen werden untersucht hinsichtlich ihrer Fähigkeit die beobachteten Gesamt-
biomassereaktionen in 23 Ozon-Filtrierungs-Begasungsexperimenten mit jungen Bäumen
europäischer Baumarten an zehn Orten quer durch Europa zu simulieren. Die Ergebnisse
zeigen, dass keine vorab veröffentlichte Schadensfunktion zu einer Gesamtbiomassereak-
tionen führt, welche vereinbar ist mit den beobachteten Zusammenhängen in den Ex-
perimenten. Anstatt dessen wird eine erhebliche Überschätzung oder Unterschätzung
der Ozoneffekte simuliert. Durch eine Reparameterisierung dieser Schadensfunktionen
habe ich lineare, pflanzentypspezifische Schadenszusammenhänge entwickelt, welche eine
akkurate Simulation der beobachteten Gesamtbiomassereaktionen in den 23 Experi-
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menten ermöglicht.
Das aktualisierte Modell, welches das Ozonabscheidungsschema und zwei repara-

meterisierte Schadensfunktionen enthält, wurde genutzt um vergangene und zukünftige
Einflüsse von Luftverschmutzung, durch Ozon und Stickstoffabscheidung, auf die ter-
restrische Kohlenstoffaufnahme und -speicherung in temperaten und borealen Regio-
nen der Nordhalbkugel zu simulieren. In einem faktoriellem Versuchsplan werden zwei
zukünftige Szenarien der Luftverschmutzung simuliert um den Einfluss gegenwärtigen
und zukünftigen Änderungen in Stickstoffabscheidung und O3 Konzentrationen zu un-
tersuchen bei einem gleichzeitigem Wandel des Klimas und der Kohlendioxid (CO2)
Konzentrationen. Diese Simulationen werden jeweils für das optimistischste und pes-
simistischste Repräsentative Konzentrationspfad-Szenario (RCP2.6 und RCP8.8) durch-
geführt.

Die Simulationsergebnisse zeigen, dass in der Vergangenheit Ozonschäden die mit-
tlere regionale Kohlenstoffaufnahme (GPP) und -speicherung (Gesamtkohlenstoffbio-
masse) in der simulierten Region deutlich reduziert haben. Die maximale Reduktion
tritt um das Ende des 20. Jahrhunderts herum auf und beträgt ungefähr 4% für GPP
und 9% für Gesamtkohlenstoffbiomasse. Die durch den CO2 Düngeeffekt reduzierte
Spaltöffnungsbewegung von Pflanzen begrenzt die Aufnhame von Ozonspitzenwerten
und verursacht eine Reduktion von Ozonschäden während des 21. Jahrhunderts. Für
beide Verschmutzungszenarien werden am Ende des 21. Jahrhunderts im regionalen
Mittel Reduktionen von 0-1% für GPP 4-5% für Gesamtbiomasse simuliert im Ver-
gleich zu vorindustriellen Werten. In Schadensbrennpunkten werden am Ende des 21.
Jahrhunderts Reduktionen von mehr als 8% für GPP (Ostasien) und bis zu 15% für
Gesamtkohlenstoffbiomasse (in Teilen von Europa, dem Osten und Westen der USA
und Ostasien) simuliert.

Ein Vergleich der Auswirkung von Luftverschmutzung durch Ozon zu dem von Stick-
stoffabscheidung zeigte, dass Ozonschäden den wachstumsstimulierenden Effekt von
Stickstoffabscheidung während eines Großteils des simulierten Zeitraums ausgleicht. Die
schädliche Wirkung von Ozon wiegt den stimulierenden Einfluss von Stickstoffabschei-
dung auf GPP bis zur ersten Hälfte des 21. Jahrhunderts auf. Danach beginnt die stim-
ulierende Wirkung von Stickstoffabscheidung auf GPP zu dominieren. Die schädliche
Wirkung von Ozon auf die Gesamtkohlenstoffbiomasse überwiegt dem stimulierenden
Effekt von Stickstoffabscheidung währende des gesamten Simulationszeitraums.

Zusammenfassend ist zu sagen, dass die Implementierung eines relativ detaillierten
Ozonabscheidungsschemas die Schätzung der Ozonaufnahme in O-CN deutlich beein-
flusst und somit potentiell auch Schadensschätzungen. Die Verwendung von evaluierten
Schadensfunktionen in Modellen kann helfen eine erhebliche Über- oder Unterschätzun-
gen des Schadens zu verhindern. Die Anwendung des aktualisierten Modells zeigt, dass
Ozonschäden den Anstieg von Kohlenstoffaufnahme und -speicherung in der Vergan-
genheit deutlich reduziert haben. Hier präsentierte Schätzungen von gegenwärtigen
und zukünftigen Ozonschäden sind geringer als auf Grund vorheriger Studien zu er-
warten wäre. Der Einbezug des stimulierenden Effekts von Stickstoffabscheidung in die
Schätzung von Kohlenstoffaufnahme und -speicherung ohne die schädlichen Einflüsse
von Ozon zu beachten kann zu einer Überschätzung dieser führen.
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aus anderen Werken übernommene Inhalte als solche kenntlich gemacht.

3. Die Arbeit oder Teile davon habe ich bislang nicht an einer Hochschule des In- oder
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This thesis is submitted as a monograph and contains three results chapters (chapters
2-4). Chapter 2 and 3 are slightly adapted versions of previously published articles in
peer-reviewed journals.

Chapter 2: Development and evaluation of an ozone deposition scheme for
coupling to a terrestrial biosphere model, is based on the paper: Franz, M.,
Simpson, D., Arneth, A., and Zaehle, S.: Development and evaluation of an ozone de-
position scheme for coupling to a terrestrial biosphere model, Biogeosciences, 14, 45–71,
https://doi.org/10.5194/bg-14-45-2017, http://www.biogeosciences.net/14/45/2017/, 2017.

Chapter 3: Evaluation of simulated ozone effects in forest ecosystems against
biomass damage estimates from fumigation experiments, is based on the pa-
per: Franz, M., Alonso, R., Arneth, A., Büker, P., Elvira, S., Gerosa, G., Ember-
son, L., Feng, Z., Le Thiec, D., Marzuoli, R., Oksanen, E., Uddling, J., Wilkinson,
M., and Zaehle, S.: Evaluation of simulated ozone effects in forest ecosystems against
biomass damage estimates from fumigation experiments, Biogeosciences, 15, 6941-6957,
https://doi.org/10.5194/bg-15-6941-2018, 2018.

These published papers involve the work of co-authors. My contribution to both papers
is as follows: I contributed to the experiment design, extended the model O-CN model,
performed the simulations and analyses, and led the writing of both papers.
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Chapter 1

General introduction

1.1 The global carbon and nitrogen cycle

The global carbon cycle describes the reservoirs of carbon and the fluxes amongst them
(Schimel, 1995; Ciais et al., 2013). Carbon dioxide (CO2) emitted to the atmosphere is
at first rapidly (within years) distributed between the atmosphere, the upper ocean and
the vegetation; on longer time scales (within decades to millennia) it is moved to other
reservoirs like soils, the deep ocean and rocks (Ciais et al., 2013). The global carbon
cycle plays a key role in understanding climate change since about 60% of the observed
global warming can be attributable to the increase in carbon dioxide concentration from
pre-industrial to present day mixing ratios (Grace, 2004).

1.1.1 Carbon emissions and sinks

Since the beginning of the Industrial Era the atmospheric CO2 concentration has in-
creased from approximately 277 parts per million (ppm) in 1750 (Joos and Spahni, 2008;
Le Quéré et al., 2016) to 399.4 ppm in 2015 (Dlugokencky and Tans, 2016; Le Quéré
et al., 2016). Between 2002-2011 the atmospheric CO2 concentration increased by about
2 ppmyr−1 (Ciais et al., 2013). In 2015 9.9 GtC from fossil fuel emissions and industry
and 1.3 GtC from land-use change (mainly deforestation) were emitted to the atmo-
sphere (Le Quéré et al., 2016). The total cumulative emissions of fossil carbon and from
land-use change between 1870-2015 is estimated to 555±55 GtC (Le Quéré et al., 2016).
The atmosphere retained less than half of the emissions (235 ±5GtC), the rest was ab-
sorbed by the ocean (160±20 GtC) and the land (160± 60GtC) (Le Quéré et al., 2016).
Atmospheric CO2 rapidly exchanges with the CO2 dissolved in the surface layer of the
ocean and the terrestrial biosphere (Falkowski et al., 2000). About 90 GtC yr−1 are ex-
changed between the atmosphere and the surface ocean and cause a rapid equilibration
between both reservoirs (Falkowski et al., 2000). Rising atmospheric CO2 concentra-
tions cause a disequilibrium in the fluxes between the atmosphere, ocean and terrestrial
biosphere. This disequilibrium causes a net flux of CO2 into the ocean and on land has
the potential to stimulate photosynthesis (Ciais et al., 2013)
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1.1.2 The net land sink

The atmospheric CO2 growth rate increased from 1.7 GtC yr−1 in the 1960s to 4.5
GtC yr−1 during 2006-2015 (Le Quéré et al., 2016). The increase in atmospheric CO2

levels was paralleled by a similar increase in ocean and land uptake of CO2 (Le Quéré
et al., 2016). Between 2006-2015 44% of the total emissions remained in the atmo-
sphere, 26% were taken up by the ocean, and 30% by the terrestrial biosphere (Le Quéré
et al., 2016). Terrestrial Gross Primary Production (GPP) removes about 120 PgC yr−1

from the atmosphere (Beer et al., 2010). The terrestrial biosphere takes up carbon if
net primary productivity (NPP) exceeds carbon losses from heterotrophic decomposi-
tion processes in soils and disturbances (Arneth et al., 2010). This so called ’net land
sink’ is maintained through several processes for example stimulated photosynthesis by
increasing levels of atmospheric CO2, lengthening of the growing season in northern tem-
perate and boreal areas, nitrogen deposition and regional reforestation (Arneth et al.,
2010; Friedlingstein et al., 2006; Le Quéré et al., 2016). The net land sink is lowered
by processes/ factors that restrict CO2 uptake like deforestation and air pollution, for
example by ozone (Le Quéré et al., 2016; Oliver et al., 2018; Sitch et al., 2007; Simp-
son et al., 2014a). The relative contribution of them to the net land sink is uncertain.
The magnitude of the land sink is commonly estimated by subtracting the increase in
atmospheric CO2 concentrations and the ocean CO2 uptake of the fossil fuel emissions
and emissions via land-use change (Le Quéré et al., 2016). The land sink is generally
estimated to amount approximately 2 PgC yr−1 (Luyssaert et al., 2007; Le Quéré et al.,
2016). However, for the period of 2006-2015 the land sink is estimated to about 3.1
GtC yr−1 (Le Quéré et al., 2016).

1.1.3 The terrestrial biosphere

The terrestrial biosphere rapidly exchanges CO2 with the atmosphere (Falkowski et al.,
2000). Via photosynthesis carbon is taken up from the atmosphere and partly bound in
organic matter for example plant tissue and soil organic matter (Falkowski et al., 2000;
Ciais et al., 2013). Carbon is released back to the atmosphere through autotrophic
respiration by the plants, heterotrophic respiration by soil organisms and disturbances
like fire (Falkowski et al., 2000; Ciais et al., 2013). The terrestrial biosphere constitutes
a carbon sink if the CO2 uptake from the atmosphere exceeds the release to it. The
land sink is subject to considerable inter-annual variability and believed to be the main
driver of the inter-annual variability of the atmospheric CO2 growth rate (Gurney et al.,
2008; Jung et al., 2017). Causes for the existence of a land sink are likely increased
rates of photosynthesis at higher atmospheric CO2 concentrations, nitrogen deposition
and changes in climate that favour carbon sinks, for example longer growing seasons
(Stocker, 2014).

Forests cover about 30% of the land surface, sequester large amounts of carbon
annually and thus play an important role in the terrestrial carbon cycle (Luyssaert
et al., 2007; Bonan, 2008). The impact of forests and the entire terrestrial biosphere on
the global climate is difficult to investigate through observations and often origins from
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computer models (Bonan, 2008). Current generation models for example simulate the
carbon cycle, vegetation dynamics and a reciprocal impact of the atmosphere and land
biosphere (Bonan, 2008). However, processes that are not yet or poorly included might
induce unforeseen feedback loops (Bonan, 2008).

1.1.4 Climate effects on the global carbon cycle

Besides the biological processes that impact the carbon storage (for example photosyn-
thesis and decomposition) the global climate is furthermore impacted by biophysical pro-
cesses (Bonan, 2008). Plant evapotranspiration has a cooling effect and a drier climate
has the potential to reduce evapotranspiration and thereby amplify surface warming (Bo-
nan, 2008). The surface cover can have a cooling or warming effect through its impacts
on the albedo and hence the amount of energy that is retained at the surface. Forest
growth in boreal tundra regions increases local carbon uptake and induces evaporative
cooling, however it also decreases the albedo which has a warming effect (Bonan, 2008).
Elevated atmospheric CO2 concentrations have the potential to stimulate photosynthe-
sis and increase carbon uptake, but on the other hand decreases stomatal conductance
and transpirative cooling (Bonan, 2008). The net effect of all these and other factor is
unknown (Bonan, 2008).

The atmospheric CO2 concentration impacts the global temperature and hence cli-
mate via its impact on heat retention of the incoming solar radiation. The atmospheric
CO2 concentration and the carbon cycle are connected in a feedback loop since increases
in the atmospheric CO2 concentration induce climate change and climate change impacts
the atmospheric CO2 concentration (Friedlingstein et al., 2006). Climate change induces
a multitude of changes that impact both carbon uptake (photosynthesis) and carbon loss
(respiration). Soil warming leads to a stimulation of heterotrophic respiration and an
increased carbon release as well as to an increase in mineralisation of soil organic matter
which releases nutrients and can enhance carbon storage and compensate for the car-
bon losses and possibly exceed them (Melillo et al., 2002, 2011). Another example is
the stimulation of plant photosynthesis and productivity in the high northern latitudes
by climate change and an associated change in vegetation cover and a replacement of
herbaceous plants with forests, which increases carbon uptake in these regions (Forkel
et al., 2016).

1.1.5 The nitrogen cycle and the nitrogen fertilisation effect

A large fraction of the atmosphere (78%) consists of very unreactive nitrogen (N2). Re-
active forms of nitrogen are comparatively rare but are a limited nutrient for plants. The
availability of reactive nitrogen constrains net primary production in large parts of the
world (LeBauer and Treseder, 2008). The dependence of plant and soil microorganisms
on reactive nitrogen as a nutrient is an important point where the global carbon and
nitrogen cycle interlink. Reactive nitrogen is produced by natural processes in the ocean
(biological nitrogen fixation) and by natural (biological nitrogen fixation and lightning)
and anthropogenic (combustion, fertiliser production and agricultural biological nitrogen
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fixation) processes on land and in the atmosphere (Fowler et al., 2013). Reactive nitro-
gen comprises oxidised (NOy) and reduced (NHx ) nitrogen compounds (Simpson et al.,
2014b). Major NOy compounds are nitric oxide (NO) and nitrogen dioxide (NO2), which
are together referred to as nitrogen oxides (NOx = NO + NO2) (Simpson et al., 2014b).
Important NHx compounds are ammonia (NH3) and particulate ammonium (Simpson
et al., 2014b). Part of the reactive nitrogen produced in or emitted to the atmosphere is
deposited back on land where it might be taken up by plants or soil organisms or leached
to the ocean. Denitrification by soil organism produces N2 which is emitted back to the
atmosphere (see Fig. 2 in Fowler et al. (2013) for an overview of these processes).

Main natural sources of reactive nitrogen are lightening (5 TgN yr−1) and biologi-
cal nitrogen fixation (BNF) by bacteria, which amounts 58 TgN yr−1 on land and 140
TgN yr−1 in the ocean (Fowler et al., 2013). Anthropogenic activities produce further
reactive nitrogen for example by combustion processes (30 TgN yr−1), fertiliser produc-
tion (120 TgN yr−1) and the cultivation of crops and legumes which enhance biological
nitrogen fixation (agricultural BNF 60 TgN yr−1) (Fowler et al., 2013). In the three ma-
jor industrialised regions of the world (North America, Western Europe, eastern Asia)
nitrogen oxides (NOx ) emissions strongly increased between 1950 and 1970. Air cleans-
ing regulations slowed the rate of increase or decreased NOx emissions in the following
decades in Europe and North America whereas emissions kept on increasing in Asia
(Fusco and Logan, 2003). It is estimated that in 2010 the nitrogen cycling was doubled
compared to pre-industrial values by the creation of 203 TgN yr−1 anthropogenic reactive
nitrogen compared to 210 TgN yr−1 of natural fixed nitrogen (Fowler et al., 2013). Of
the ≈280 TgN yr−1 of terrestrial origin 60% is stored in the land biosphere, transported
by rivers or the atmosphere, deposited to the ocean or emitted as nitrous oxide, N2O
(Ciais et al., 2013). The smaller fraction of ≈40% (110 TgN yr−1) is converted to N2

by denitrification of microorganisms and released back to the atmosphere (Ciais et al.,
2013; Bouwman et al., 2013).

Nitrogen compounds emitted to the atmosphere reside there hours to days before
they are deposited back on land or into the ocean (Galloway et al., 1995). Estimates
suggest that of the ≈98 TgN yr−1 of NOx and NH3 that are emitted to the atmosphere
about ≈65 TgN yr−1 are deposited back to the continents (Galloway et al., 2004). Ap-
plying the assumption that in large parts of the world plant net primary production is
restrained by the availability of nitrogen (LeBauer and Treseder, 2008), the deposition
of reactive nitrogen from anthropogenic sources can be assumed to have increased plant
growth and carbon sequestration from the atmosphere, thereby slowing down climate
change (Norby, 1998). However, reactive nitrogen species (NOx ) are also precursors for
ozone formation (Derwent et al., 2002). Ozone is a toxic substance that can damage
plants and reduce carbon uptake and storage (see Wittig et al. (2007, 2009); Sitch et al.
(2007); Franz et al. (2017) and section 1.3 for more details). The role of NOx as precur-
sors for ozone formation might significantly reduce the mitigating effect of anthropogenic
nitrogen depositions on climate change due to decreases in terrestrial net primary pro-
duction caused by ozone damage to plants (Zaehle et al., 2011). The extend of this effect
is so far unconstrained and needs to be investigated.
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1.2 Tropospheric ozone concentrations and their impact
on plants

1.2.1 Ozone formation and cycling

In the 19th century, ozone was discovered by C.F. Schönbein (Professor for chemistry
in Basel, Switzerland) who developed a technique to measure the abundance of it in
the atmosphere (Cooper et al., 2014). Tropospheric ozone is highly toxic to plants and
animals because of its power as an oxidising agent (see subsection 1.3). It is formed in a
photochemical process by the oxidation of CO, CH4 or some volatile organic compounds
(VOCs) catalysed by nitrogen oxides (NOx = NO, NO2) (Derwent et al., 2002). At
high NOx levels, for example at polluted sites, O3 is destroyed through it’s reaction with
nitric oxide (NO), whereas at low NOx levels O3 is formed (Parrish et al., 2012). The
destruction of ozone mainly occurs in its reactions with water vapour and with hydrogen
peroxy and hydroxyl radicals (Stevenson et al., 2006). Ozone impacts the lifetime of trace
gases subject to oxidation by being the primary source of the hydroxyl radical (OH) in
the troposphere (Cooper et al., 2014). Hydroxyl radicals are the primary oxidant for
CH4, CO and VOCs in the troposphere (Parrish et al., 2012), which themselves are
precursors for ozone formation.

Tropospheric ozone is either photochemically formed in the troposphere from natural
and anthropogenic precursors or transported downwards from the stratosphere via the
Brewer-Dobson circulation, primarily at the mid-latitudes (Collins et al., 2003; Cooper
et al., 2014). The formation of ozone shows a pronounced diurnal and seasonal cycle,
an increase from the poles towards the equator, as well as an increase with altitude,
because higher temperatures and higher solar radiation intensify the photochemical pro-
cesses (Sanz et al., 2007). Increasing emissions of volatile hydrocarbons with increasing
temperature including emissions from the vegetation further amplify ozone formation
(Sanz et al., 2007).

The impact of stratospheric influx of ozone on tropospheric ozone concentrations
is still uncertain. The GEOS-CHEM model predicts that stratospheric influx in the
troposphere accounts for 15-20% of the ozone concentrations in winter and less than 5%
in summer at the northern mid-latitudes (Fusco and Logan, 2003). However, the ozone
influx from the stratosphere into the troposphere may have decreased by up to 30% due
to decreased stratospheric ozone concentrations in recent years (Fusco and Logan, 2003).

Continuous (day and night) anthropogenic emissions of NOx and VOCs can amplify
the diurnal cycle due to the increase of ozone formation at daytime and the enhanced
removal of ozone during nighttime caused by the continuing NO emissions (Zhang et al.,
2004). A typical 19th century seasonal pattern of ozone cycling at rural sites in the
Northern Hemisphere is characterised by a spring maximum of the concentrations which
is likely caused by enhanced photochemistry and/or downward transport from the strato-
sphere related to tropopause foldings at the end of winter or beginning of spring (Cooper
et al., 2014; Marenco et al., 1994; Vingarzan, 2004). At the end of the 20th century
peak ozone concentrations shifted to summer in polluted regions (Cooper et al., 2014).
Inter-annual variability of ozone concentrations is strongly dependent on meteorological
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variables like temperature, radiation, and cloudiness (Sanz et al., 2007).
Worldwide changes in the release of ozone precursors affect the formation of ozone.

The anthropogenic increase in NOx emissions primarily from combustion sources has
been identified as the major cause for the increasing near-surface ozone concentrations
between 1970-1995 in the mid-latitudes of the Northern Hemisphere (Fusco and Logan,
2003). Future climate conditions with increasing temperatures and reduced cloudiness
and precipitation will tend to increase ozone formation with increasing daily ozone peaks
and average concentrations in summer (Meleux et al., 2007).

The distance a pollutant is transported is determined by the geographic location of
its creation, the atmospheric circulation, and strongly depends on the lifetime of the
pollutant in the free atmosphere. A compound needs to have an atmospheric lifetime of
at least a week to be transported to another continent and thus become a global issue
(Akimoto, 2003). The lifetime of ozone of about 22 days enables a long-range transport
between continents all year long and hemispheric transport except in summer (Akimoto,
2003; Stevenson et al., 2006; Derwent et al., 2002) where increased atmospheric water
vapour concentrations decrease its lifetime (Parrish et al., 2012). Climate change might
reduce ozone lifetimes due to an increased ozone loss via the reaction with increasing
water vapour concentrations in the atmosphere (Stevenson et al., 2006).

The stronger convective activity over China compared to other industrialised regions
in the world facilitates the transport of ozone into the free atmosphere and can cause
an increase of background levels in the downwind direction (Fusco and Logan, 2003). In
the case of ozone, the transport of ozone precursors is an important issue in addition
to ozone transport itself. Carbon monoxide possesses an atmospheric lifetime allowing
for intercontinental and hemispheric transport (Akimoto, 2003) whereas nitrogen oxides
posses shorter lifetimes. NOx is in general only transported regionally and thus causes
for example low and rather constant ozone concentrations over the oceans (Derwent
et al., 2002).

1.2.2 Background concentrations

Local ozone background concentrations are to a large extend determined by the hemi-
spheric baseline but are additionally affected by the geographic location and elevation.
These concentrations are further altered (increased or decreased) by local and regional
processes, for example the extend of anthropogenic influence (Vingarzan, 2004; Jenkin,
2008). Knowing the background ozone concentration is essential to get an estimate
of longer-term concentration changes due to the effects of local and regional anthro-
pogenic emissions. Measurements in urban areas include anthropogenic impacts and
are important to assess the immediate exposure and damage for the biosphere. Aver-
age surface mixing ratios for the year 2000 for the Northern Hemisphere are estimated
to 33.7 ± 3.8 ppb (40 to 50 ppb over large parts of North America, southern Europe,
and Asia) and 23.7 ± 3.7 ppb for the Southern hemisphere (background values range
from 15-25 pbb) (Akimoto, 2003; Vingarzan, 2004; Dentener et al., 2006). Assuming
that in pre-industrial times surface ozone concentrations were mainly produced by nat-
ural sources and constitute a natural background, the comparison of pre-industrial and
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present day concentrations indicates the anthropogenic impact on today’s ozone concen-
trations. Present day ozone surface mixing ratios are measured at thousands of surface
stations around the globe. Vertical ozone profiles are obtained from measurements of
sondes, lidars, especially equipped aircraft and over a large part of the globe by satellites
(Cooper et al., 2014).

1.2.3 Trends

Surface ozone concentrations in 1860 amounted 15-25 ppb over the mid- and high-
latitudes of Eurasia and North America, and increased to 40-50 ppb in the present
(Akimoto, 2003). In Western Europe, tropospheric O3 levels have increased approxi-
mately by a factor 2 to 5 from pre-industrial values to the 1990s (Cooper et al., 2014;
Marenco et al., 1994; Staehelin et al., 1994), although the low values at the start of this
period are very uncertain. Between 1950 and the 1990s tropospheric O3 levels approxi-
mately doubled in the Northern Hemisphere (Parrish et al., 2012; Cooper et al., 2014).
In the last decades, the yearly rate of increase has been approximately 0.5-2% in the
mid latitudes of the Northern Hemisphere (Vingarzan, 2004; Parrish et al., 2012). The
observed increase in ozone concentrations coincides with an increase in it’s precursor
NOx by a factor of 4.5 between 1955 and 1985 (Cooper et al., 2014; Staehelin et al.,
1994). The longest quantitative measurements of O3 were conducted in Europe what
restricts statements on long-term changes to this region (Cooper et al., 2014).

The major causes for increased O3 formation are the increased emission of O3 precur-
sor trace gases such as NOx and CO, primarily from combustion sources, non-methane
volatile organic compounds from anthropogenic sources (combustion, solvents), and
methane emissions from agriculture and industry (Fusco and Logan, 2003; Vingarzan,
2004). Increased NOx and methane emissions seem to account for 10-20% and 3-4%
increase in O3 background levels since 1970, respectively (Vingarzan, 2004). Model runs
by Fusco and Logan (2003) suggest that 40% of the increase in O3 concentrations can
be attributed to increased NOx emissions and less than 20% to increases in methane
concentrations between 1970 and 1994. The stratospheric ozone influx into the tropo-
sphere on the contrary seems to have declined during the modelling period of 1970 to
1994 (Fusco and Logan, 2003). Intercontinental transport of ozone increases background
concentrations downwind of polluted sites and might account for increased ozone concen-
trations by 3–10 ppb in the western United States during spring due to Asian pollution
(Vingarzan, 2004).

An increase in tropospheric ozone concentrations is not observed everywhere and
trends vary between locations. Many background stations measured increasing levels
of ozone between the 1960s and 2000s, however some stations report declining levels
(Vingarzan, 2004). On average an upward trend can be observed due to the increasing
baseline trend and a decreasing trend of the removal of ozone by locally emitted nitric
oxide (Jenkin, 2008). Intercontinental transport seems to be an important factor in-
fluencing locally observed ozone trends (Vingarzan, 2004; Jenkin, 2008). For instance,
air cleaning policies to reduce anthropogenic NOx and VOC emissions have decreased
the occurrence of very high peak ozone concentrations in the UK, in spite of the in-
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crease of ozone concentrations at background sites due to the increasing global baseline
concentration (Jenkin, 2008).

Projections suggest worldwide increasing background ozone concentrations of 1.5 ±
1.2 ppb by 2030 under the CLE scenario (Current Legislation scenario: implementation
of current air quality legislation around the world) and 4.3± 2.2 ppb under the more
pessimistic IPCC SRES A2 scenario (Dentener et al., 2006). By 2100 mean monthly
ozone concentrations are projected to exceed 70 ppb in the summer months in large
parts of the Northern Hemisphere when applying the IPCC SRES A2 emission scenario
(Sitch et al., 2007). However, future trends of ozone concentrations are highly dependent
on the location.

1.3 Ozone effects on plants

Ozone occurring in the near-surface atmosphere enters plants primarily though the leafs
stomata, a process which is limited by the leaf boundary layer conductance and the stom-
atal conductance (Musselman et al., 2006). Factors that control stomatal conductance
for example photosynthetic capacity, incident light, vapour pressure deficit (VPD), and
temperature can thus be assumed to affect foliar ozone uptake. After entering the leaf
internal air spaces, ozone quickly dissolves into the aqueous phase surrounding the cells
and is rapidly consumed in the cell walls and/or the plasma membrane. This results
in a near zero leaf internal ozone concentration (Laisk et al., 1989). Initial target sites
for reactions are plasma membrane lipids, susceptible amino acids in proteins, plasma
membranes, apoplastic enzymes, or cell wall components (Fiscus et al., 2005). In these
reactions, reactive oxygen species (ROS) such as hydroxyl radicals (OH– ), superoxide
anions (O2

– ) and hydrogen peroxide (H2O2) are produced (Kangasjärvi et al., 1994).
These ROS then cause an abundance of observed effects: Amongst others they can act
as messengers and trigger hypersensitivity reaction resulting in programmed cell death
(Tausz et al., 2007) or induce stomatal closure (McAinsh et al., 2002; Fiscus et al., 2005).

1.3.1 Overview of types of effects

Effects of ozone on plants are generally investigated by ozone filtration/fumigation exper-
iments where plants exposed to different ozone concentrations are compared. Charcoal
filtered air is often used to simulate pre-industrial conditions, whereas a fumigation with
elevated ozone concentrations can be used to assess impacts at ozone hotspots or under
possible future conditions. The available empirical studies to investigate ozone effects
differ in their length, i.e. investigation of short-term effects versus the consequences of
chronic exposure, and in the exposure method, for instance using open top chambers
(Heagle et al., 1973; Fuhrer, 1994), or free air ozone fumigation systems (FACE), such as
combined free air ozone and CO2 enrichment experiments (Karnosky et al., 2003). The
observed injuries in the experiments cover a wide range of effects. Prominent adverse
effects are visible injury like lesion or chlorosis (Langebartels et al., 1991; Wohlgemuth
et al., 2002), reductions in photosynthetic capacity (Tjoelker et al., 1995; Wittig et al.,
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2007) and growth and yield (Grantz et al., 2006; Hayes et al., 2007; Feng and Kobayashi,
2009; Wittig et al., 2009; Leisner and Ainsworth, 2012). There is some evidence for
a shifted carbon allocation with a reduced allocation to roots, resulting in an altered
root:shoot-ratio (Grantz et al., 2006; Hayes et al., 2012). Conflicting results exist regard-
ing altered respiration rates, including reports of increasing, decreasing and unaltered
respiration rates (Tjoelker et al., 1995; Wittig et al., 2009; Lombardozzi et al., 2012b).
Many symptoms of ozone injury resemble senescence like chlorosis, chloroplast degrada-
tion, protein loss, ethylene emissions and decreases in photosynthetic capacity (see Pell
et al. (1997); Fuhrer and Booker (2003) and section 1.3.3). The commonly observed de-
cline in photosynthesis (Wittig et al., 2007) is often related to a decline in carboxylation
efficiency (Farage et al., 1991), electron transport as well as direct and indirect effects on
stomatal conductance (see Paoletti and Grulke (2005); Lombardozzi et al. (2012b) and
section 1.3.4). Reductions in carboxylation efficiency are assumed to be caused by re-
duced RuBisCO levels and activation, which in return can be caused either by enhanced
degradation or reduced production (Fiscus et al., 2005). Since stomatal conductance
and photosynthesis are affected, ozone has a direct effect on the plant’s transpiration
rate, and in the case of stomatal damage also on the plant’s water use efficiency (WUE)
(Wittig et al., 2007; Mills et al., 2009; Lombardozzi et al., 2012b). Not all ozone that
is taken up into the plants however directly damages them. Plants can activate defence
mechanism and physiological pathways to produce protective compounds like ascorbate
and polyamines which can detoxify at least part of the ozone (see Kangasjärvi et al.
(1994); Kronfuß et al. (1998); Tausz et al. (2007) and section 1.3.2).

1.3.2 Detoxification, respiration, repair

Defence mechanisms can detoxify at least part of the ozone that enters the plants stom-
ata. The effective ozone flux constitutes the remaining fraction that could not be detox-
ified and has the potential to injure the plant cells (Musselman et al., 2006). The ozone
dose (integral of instantaneous ozone stomatal flux over a period of time) thus can be
very different to the effective dose (integral of the effective flux over a period of time),
depending on the plant’s specific defence capabilities (Musselman et al., 2006).

Oxidative stress in plants occurs due to the uptake of pollutants like ozone, but also
occurs naturally under photo-oxidative stress. Plants have developed an antioxidant
defence system to control ROS which are produced by either process (Tausz et al.,
2007).

Detoxification agents can be classified in two broad categories - constitutive and
inductive - according to their mode of action (Musselman et al., 2006; Wieser and
Matyssek, 2007). Constitutive agents are present already when ozone enters the leaf
and directly detoxifies it. Ascorbate is often termed ’the first line of defence, as it is
present in the plant’s cell walls and directly detoxifies entering ozone (Smirnoff, 1996;
Tausz et al., 2007; Wieser and Matyssek, 2007). Other compounds additionally acting
as detoxifying agents are for instance polyamines (Langebartels et al., 1991; Kangasjärvi
et al., 1994), jasmonates (Overmyer et al., 2000) and isoprenoids (Vickers et al., 2009;
Fares et al., 2010). Inductive agents are produced on demand if the detoxifying capacity
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of the constitutive defence is insufficient. Since their production has to be induced, a
time lag occurs until they can act as protective agents.

Ozone injury is assumed to occur when the anti-oxidant system becomes overwhelmed
(Wieser and Matyssek, 2007). The level of ascorbate is considered as an indicator for
tolerance, but is also known to be insufficient for determining varying ozone tolerances
between species (Tausz et al., 2007). Dizengremel et al. (2008) suggests to consider the
cells ability to regenerate antioxidants and hence amongst others the level of reducing
power (NADPH) provided by photosynthesis additional to the ascorbate content. Inde-
pendent on the exact mechanism, detoxification of ozone and/or repair of ozone induced
injury likely increases the plant’s respiration costs and hence progressively reduces net
primary production with increasing cumulative ozone uptake (Wieser and Matyssek,
2007).

1.3.3 Injury

Ozone injury in plants can either manifest themselves in visible injury like chlorotic
spots of the leaf surface, or in an altered physiology without any visible symptoms
(Heath, 1994). An altered physiology in general develops due to chronic exposure to
low concentrations, and includes symptoms such as inhibition of photosynthesis, altered
stomatal conductance, a lack of responsiveness to absisic acid (ABA) and accelerated
senescence (Kangasjärvi et al., 1994; Dizengremel, 2001; Mills et al., 2009). Visible injury
in general results from unregulated or programmed cell death either due to short-term
exposure to high ozone concentrations that occurs within hours after the exposure (acute
effects), but can also be the consequence of chronic exposure to lower concentrations,
where the lesions develop over days or weeks (Fiscus et al., 2005).

Injury occurs when the amount of absorbed ozone exceeds the capacity of the anti-
oxidative defence system to detoxify it (see Musselman et al. (2006) and section 1.3.2).
This might happen if the costs for building up defence compounds exceeds the supply
with assimilates provided by photosynthesis (Wieser and Matyssek, 2007). The magni-
tude of the injury might be determined by the amount of ozone that is not detoxified.
For example, lesion formation was found to linearly increase with the ozone dose in
tobacco plants (Langebartels et al., 1991).

Injury formation results from triggering the pathogen-defence pathway, which leads
to a hypersensitivity response and can induce cell death due to a ROS accumulation
in the tissue termed an ’oxidative burst’ (Wohlgemuth et al., 2002). Existing lesions
expand by triggering ROS accumulation in neighbouring cells (Wohlgemuth et al., 2002).
Injury formation also correlates with an increase in ethylene levels after ozone exposure
in ozone-sensitive plants, whereas ethylene contents remain low at insensitive plants
(Tingey et al., 1976; Langebartels et al., 1991; Kangasjärvi et al., 1994). Ethylene is
involved in controlling the natural senescence of a leaf; it modulates pathogen defence
pathways and has the potential to prevent stomatal closure (Burg, 1968; Wilkinson and
Davies, 2009; McManus, 2012).

High ozone concentrations have the potential to cause direct adverse effects (Reich,
1987; Fiscus et al., 2005; Noormets et al., 2010). Peak ozone events might play an
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important role to determine potential injury. Several studies showed that plants exposed
to peak concentrations were more impacted than those exposed to smooth concentrations
(Stan and Schicker, 1982; Musselman et al., 1994). However crop responses seem to be
better related to intermediate ozone concentrations (hourly averages between 50-90 ppb)
because they occurred at times when atmospheric conditions favour a high stomatal
conductance and hence ozone uptake Krupa et al. (1995).

1.3.4 Impacts on stomatal conductance

Stomata control the leaf gas exchange and stomatal conductance is a major factor de-
termining the amount of ozone uptake besides the foliar area of a plant (Wieser and
Havranek, 1995). The near-surface atmospheric ozone concentration and the aerody-
namic and stomatal resistance to ozone transport determine the ozone dose [nmol O3 m−2

over a defined period of time] a plant experiences. Species with higher stomatal con-
ductance are subjected to higher ozone doses and are shown to be more prone to injury
(Reich, 1987; Wittig et al., 2009), what suggests a strong correlation between the ozone
dose and realised injury. Stomatal conductance is generally highest in the mid-morning
hours, due to high irradiance and low vapour pressure deficit (VPD), and decreases in
the afternoon. A mid-day-dip in stomatal conductance can result from a high midday
VPD (Pathre et al., 1998). Near-surface ozone concentrations are generally highest in
the late afternoon, as a result of the photochemical production process. Peak ozone con-
centrations thus do not generally coincide with peak values of ozone uptake (Musselman
et al., 2006; Heath et al., 2009; Fares et al., 2010). Night-time stomatal conductance is
often omitted in ozone assessments, because plants are assumed to have minimal stom-
atal conductance at night and because the lower turbulent air exchange between the
free atmosphere and the surface boundary layer during night-time additionally reduces
gas exchange. However it was shown for many species that stomata remain partly open
during the night, and that the nocturnal stomatal ozone flux can be an important factor
in the total plant ozone uptake (Musselman and Minnick, 2000; Musselman et al., 2006).

In general it is assumed that stomata close at high concentrations of ozone following
an inhibition of photosynthesis (Darrall, 1989), as both processes are tightly coupled.
However, stomata respond in general 10-100 times slower to changes in external con-
ditions than photosynthesis (Morison, 1998). Ozone induced reductions in stomatal
conductance are mediated by an increase in the leaf internal CO2 concentration caused
by an impaired photosynthetic apparatus (Darrall, 1989; Paoletti and Grulke, 2005,
2010). Besides such indirect effects on stomatal conductance, stomata can also be di-
rectly effected. Ozone-affected stomata respond much slower to environmental stimuli
than unaffected cells (Paoletti and Grulke, 2005), what can delay closure. In this case,
stomatal conductance and photosynthesis can become ’uncoupled’ (Reich, 1987; Tjoelker
et al., 1995; Lombardozzi et al., 2012b). This decoupling, also known as ’sluggishness’,
causes a higher ozone uptake and transpiration rates (Mills et al., 2009; Paoletti and
Grulke, 2010; Lombardozzi et al., 2012b). The increased transpiration and hence water
loss due to stomatal sluggishness can increase the risk of hydraulic failure under drought
stress (Sun et al., 2012). Exposure to short-term high concentrations of ozone can cause
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immediate reductions in photosynthesis and a parallel decline in stomatal conductance
whereas chronic exposure is assumed to lead to stomatal sluggishness (Farage et al.,
1991; Paoletti and Grulke, 2005).

1.3.5 Exposure indices

To assess the potential detrimental effect of tropospheric ozone on the biosphere, ex-
posure indices were developed starting with concentration based indices (see LRTAP-
Convention, 2017, for an overview). The classical example is the AOTX [ppm h], where
the free-air ozone concentration is related to observed plant damage. When calculating
the AOTX, the mean hourly ozone concentration exceeding a threshold of X ppb (gen-
erally 30 or 40 ppb) are summed for all daylight hours (radiation > 50 W m−2) for a
specified time period, for example the months when the vegetation is active. The ad-
vantage of a concentration-based metric is that it relies exclusively on easily observable
quantities like the ground level ozone concentration.

Models assessing ozone damage to gross or net primary production based on AOTX
have been used for many years and indicate that substantial reduction in plant growth
and carbon sequestration occurs globally and may reach reductions of more than 40%
at O3 hotspots (Felzer et al., 2004, 2005; Ren et al., 2011; Anav et al., 2011).

However, different species and their regional provenances differ vastly in their stom-
atal conductance and hence the amount of ozone uptake per time interval (’dose’) (Reich,
1987). The O3 dose has been observed to strongly correlate with the amount of injury of
a plant, suggesting that plants with a higher stomatal conductance are subject to higher
doses and hence are more susceptible to injury (Reich, 1987; Wittig et al., 2009). Stom-
atal flux-based models, such as for instance the DO3SE model (Emberson et al., 2000a),
estimate the uptake of ozone per time period as a function of surface ozone concentration
and the plant’s stomatal conductance. The latter is affected by various factors such as
incident light, atmospheric vapour pressure deficit (VPD), air temperature and phenol-
ogy. A commonly used flux-based index is the PODy [nmol m−2 s−1], which gives the
accumulated ozone flux above a threshold of y nmol m−2 s−1 for all daylight hours and
a given time period. Common threshold values for PODy range from 1-6 nmol m−2 s−1

(Pleijel et al., 2007; LRTAP-Convention, 2017; Mills et al., 2011b), depending on the
specific species sensitivity to O3. The AOTX and PODy both calculate a cumulated
value, which is then related to plant damage. Regions of high risk for potential damage
generally differ between both indices (Simpson et al., 2007; Emberson et al., 2000a).
Contrary to the exposure based AOTX, the uptake based PODy suggests high ozone
effects not only in for example southern Europe, but also in central and northern Eu-
rope, where climatic conditions favour a high stomatal ozone uptake (Mills et al., 2011a;
Simpson et al., 2007). Observed ozone damage in the field seems to be better correlated
to flux-based risk assessment compared to concentration based methods (Mills et al.,
2011a). Following this the, UNECE Convention on Long-range Transboundary Air Pol-
lution (LRTAP Convention) recommends flux based methods as the preferred tool for
risk assessment (see LRTAP-Convention, 2017).

A recent study by Feng et al. (2018) suggest that relating ozone uptake to leaf mass
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(termed PODx) better explains inter-specific ozone sensitivity compared to the already
established damage index PODy, where ozone uptake is related to the leaf area. However,
an independent confirmation of this observation is still missing and it is yet unclear if
this index will generally be used in future risk assessments.

1.4 Impacts of elevated CO2 concentrations on plants

Increasing atmospheric CO2 concentrations are a key aspect of climate change. As CO2

is a nutrient for plants, changes in the atmospheric abundance of CO2 impact plants.
A multitude of experiments with herbaceous and woody plants, exposed to elevated
CO2 (eCO2) concentrations for short or medium time spans, fumigated in chambers or
Free Air CO2 Enrichment systems (FACE) over the last decades suggests a multitude
of effects on plants, soil microbes and soil properties. It is shown that elevated eCO2

for example stimulates photosynthesis (Curtis and Wang, 1998; Medlyn et al., 1999;
Ainsworth and Long, 2005), increases total biomass (Curtis and Wang, 1998; King et al.,
2005; De Graaff et al., 2006), alters stomatal conductance (Medlyn et al., 2001; Paoletti
and Grulke, 2005), and thus possibly impacts soil moisture and run-off (Field et al.,
1995). There is some evidence that the biochemical composition of leafs is altered,
including an increase in starch content and a reduction in nitrogen content (Drake et al.,
1997; Curtis and Wang, 1998; Medlyn et al., 1999), and that dark respiration is decreased
(Drake et al., 1997). Foliar senescence might be delayed (Karnosky et al., 2003). Both,
an altered chemical foliar composition and soil moisture pattern, might impact litter
decomposition (Field et al., 1995). However a meta-analysis by Norby et al. (2001)
showed that despite a significant reduction in leaf nitrogen in the litter and an increased
lignin concentration no significant effect on decomposition was found.

Studies using different species and exposure systems (FACE or fumigation chambers)
or life stages observed different and sometimes contradictory effects (Ainsworth and
Long, 2005; De Graaff et al., 2006; Leakey et al., 2009, see for example). A meta-analyses
of FACE studies shows that functional groups differ in their response to FACE and that
trees responded stronger compared to herbaceous species (Ainsworth and Long, 2005).
Trees showed little photosynthetic acclimation to eCO2 and exhibited the largest increase
in dry matter production (Ainsworth and Long, 2005). Increases in the leaf area index
(LAI) could be observed in trees but not in herbaceous plants (Ainsworth and Long,
2005). However when considering these results one has to take into account that the
trees in the experiment were generally young and rapidly growing, what might impact
these findings (Ainsworth and Long, 2005). A general finding by Ainsworth and Long
(2005) is that light-saturated carbon uptake and carbon assimilation, growth and above-
ground production is increased, whereas specific leaf area and stomatal conductance is
decreased in eCO2. Increased growth induced by eCO2 induces a concurrent demand for
nutrients and might cause a depletion of for example soil nitrogen and ensued a reduction
in NPP (Hyvönen et al., 2007). The eCO2 induced stimulation of NPP is also found
to stimulate root growth and to increase the root:shoot ratio (Luo et al., 2006). The
probably expanded rooting system might increase the nitrogen uptake which has the
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potential to increase NPP (Hyvönen et al., 2007). Furthermore evidence exists for an
increased nitrogen use efficiency of plants under eCO2 (Leakey et al., 2009). Increases in
NPP simultaneously increase litter production and soil organic matter (Hyvönen et al.,
2007). Increased biomass and litter production under eCO2 is assumed to increase soil
respiration and hence CO2 release to the atmosphere (Hyvönen et al., 2007; De Graaff
et al., 2006). This CO2 release at least partly counterbalances increased rates of CO2

uptake due to the stimulated plant carbon uptake.
The CO2 fertilisation effect (increases in photosynthesis and carbon uptake induced

by eCO2) is generally assumed to only develop if CO2 is the most limiting resource
(Field et al., 1995). The stimulating effect of eCO2 on NPP might get severely reduced
or completely eliminated if other resources like water or nitrogen are limited (Reich
et al., 2014; De Graaff et al., 2006). The deposition of anthropogenic produced reactive
nitrogen thus has the potential to at least partly maintain the CO2 fertilisation effect in
nutrient poor ecosystems (Ciais et al., 2013). A study by Zak et al. (2011) indicates that
under eCO2 microbial decay and net N mineralisation are accelerated, which increases
the soil N-cycling and sustains increased rates of NPP (Zak et al., 2011). A greater
below ground plant growth induced by eCO2 hastened the organic matter decay and
enhanced the N supply to plants (Zak et al., 2011). If these increased rates of soil N
cycling are able to maintain increased rates of NPP is yet uncertain (Zak et al., 2011).

Stomata open or close depending on the leaf internal CO2 concentrations (Mott,
1988; Paoletti and Grulke, 2005), where photosynthesis (CO2 fixation) acts as a CO2

sink and stomatal opening as a CO2 source. meta-analyses indicate a reduction in
stomatal conductance under eCO2 (Curtis and Wang, 1998; Medlyn et al., 2001), what
might reduce transpiration, increase the plants water-use efficiency (WUE) and cause
less water uptake from the soil and hence an increase in soil water content (Drake
et al., 1997) and river runoff (Gedney et al., 2006). Where water is a limiting factor
for productivity, this increased soil moisture has the potential to increase productivity
and foliar area (Field et al., 1995). Increases in LAI can in return elevate stand-level
transpiration rates to levels comparable to ambient CO2 even though transpiration on
a leaf-level basis is reduced (Drake et al., 1997). The increase in WUE and leaf-level
transpiration potentially increases leaf temperatures due to a reduced loss of latent heat
(Drake et al., 1997), which through a feedback to near leaf VPD might cause an increase
in transpiration.

1.4.1 Coupled effects of elevated CO2 and O3

The coupled effects of elevated CO2 and elevated ozone (eO3) on plant traits and per-
formance are less well understood than the single effects. The stomatal closure induced
by eCO2 (Paoletti and Grulke, 2005) has the potential to limit O3 uptake and hence
damage. Contradictory evidence exists showing that either eCO2 ameliorated the neg-
ative effects of O3 on plants (Barnes and Pfirrmann, 1992; Broadmeadow and Jackson,
2000; Isebrands et al., 2001; Riikonen et al., 2004) or that there was little interaction
between both gases and the stimulating effect of eCO2 on NPP persisted (Talhelm et al.,
2014; Zak et al., 2011). However, results from the Aspen FACE indicate that stomatal
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conductance and ozone uptake were not reduced by eCO2 in their experiment (Uddling
et al., 2010).

Some studies observed reductions in injury (Barnes and Pfirrmann, 1992; Wustman
et al., 2001) and chlorophyll degradation (Broadmeadow and Jackson, 2000) under the
joint fumigation of eCO2 and eO3 (eCO2+eO3). Several studies find species specific
positive or negative impacts of eCO2+eO3 on photosynthesis (Noormets et al., 2001),
growth (Isebrands et al., 2001) and biomass (King et al., 2005). Ozone fumigation com-
pletely offset the growth enhancement observed in the eCO2 treatment for ozone sensitive
and tolerant clones in the ASPEN FACE (Karnosky et al., 2003). An amplification of
the negative effects of O3 under eCO2 on leaf chlorophyll content, nitrogen content and
electron transport capacity (Jmax) was observed in ozone sensitive and tolerant aspen
clones (Noormets et al., 2010). A possible reason for the amplification of ozone induced
negative effects under eCO2 is a possible down regulation or suppression of antioxidant
production under eCO2 and hence increased injury (Wustman et al., 2001; Karnosky
et al., 2003). All in all, a clear picture of the joint effects of eCO2+eO3 on plants or
plant groups is still lacking.

1.4.2 Coupled effects of elevated CO2, O3 and N availability

The coupled effects of O3 and N availability are rarely investigated. Nitrogen fertilisation
can stimulate plant photosynthesis and through this increase stomatal conductance.
Increased rates of stomatal conductance can enhance ozone uptake and hence ozone
induced injury what in return can reduce photosynthesis. Some studies find no or less
severe adverse effects of O3 in nitrogen limited treatments (Cardoso-Vilhena and Barnes,
2001; Utriainen and Holopainen, 2001). However, a meta-analyses on the combined
effects of N-availability and O3 showed that above-ground biomass, leaf area and root
biomass were stronger negatively affected by O3 when nitrogen was limited compared
to sufficient N-treatments (Yendrek et al., 2013). The joint impacts of CO2, O3 and N
availability are even less well investigated. A study with spring wheat showed that for
all tested nitrogen levels eCO2 counteracted the harmful effects of O3 on photosynthesis
and growth (Cardoso-Vilhena and Barnes, 2001). The observed reduction in damage
was associated with a decline in O3 uptake (Cardoso-Vilhena and Barnes, 2001).

1.5 Future projections of climate change

To investigate potential future impacts of air pollution and climate change on the ter-
restrial biosphere models need to be driven by potential future climate and atmospheric
compositions. Climate scenarios have been developed for several decades and are regu-
larly updated. Over the last decades the IPCC commissioned the development of several
scenarios, like the IS92 and SRES scenario (Nakicenovic et al., 2000; Moss et al., 2010).
Climate models have become more complex over the last decades and need an extended
and more detailed set of input (Moss et al., 2010) to create updated climate scenar-
ios. The climate modelling community developed a set of scenarios, the ’representative
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concentration pathways (RCPs)’, which contain possible future emissions and concentra-
tions of greenhouse gases and air pollutants as well as land-use trajectories necessary to
run Climate models and Integrated Assessment Models (van Vuuren et al., 2011). The
use of a common set of drivers of climate change facilitates the comparison of results
from different models.

1.5.1 Representative concentration pathways (RCPs)

The RCPs are trajectories of major drivers of climate change, that are developed to
span the full range (extreme and intermediate) of possible future climate scenarios in
the scientific literature (van Vuuren et al., 2011). Four pathways were produced for the
period 1850-2100 that lead to a radiative forcing of 2.6, 4.5, 6 and 8.5 W m−2 by the year
2100 (van Vuuren et al., 2011). The RCP8.5 is a high emission scenario containing a high
baseline of greenhouse gas emissions and medium-high air pollution (van Vuuren et al.,
2011). The RCP6 and RCP4.5 are intermediate emission scenarios with both containing
medium levels of air pollution and a medium and very low baseline of greenhouse gas
emissions, respectively (van Vuuren et al., 2011). The low emissions scenario RCP2.6
assumes very low emissions of greenhouse gases and medium-low levels of air pollution
(van Vuuren et al., 2011). All RCPs show declining trends of air pollution owed to the
assumption of more strict air pollution control and thus do not account for the possibility
of very little or no reduction of air polluting emissions (van Vuuren et al., 2011). The
global nitrogen deposition is projected to remain relatively constant in all RCP scenarios,
except RCP2.6, but changes occur on a regional basis (Ciais et al., 2013).

The RCP scenarios can be used by climate models to develop new climate scenarios
(Moss et al., 2010). Integrated Assessment Models can use the RCPs to investigate
various technological, socio-economic and policy futures that might lead to each of the
RCPs and the resulting change in radiative forcing (Moss et al., 2010).

1.5.2 Simulated changes during the 21st century

Within the Coupled Model Intercomparison Project Phase 5 (CMIP5) of the World
Climate Research Programme a large number of Earth system Models (ESM) and At-
mosphere–Ocean General Circulation Models (AOGCMs) conducted new climate model
simulations which constitute the core of the climate system projections (Stocker, 2014).
The models participating in the CMIP5 project base their simulations on the RCP sce-
narios described in the above section. The simulation results indicate with very high
confidence that by the end of the 21st century temperature changes over land will be
higher compared to over the ocean with the highest warming occurring in the Arctic
region (Stocker, 2014). With increasing global mean surface temperatures global precip-
itation will certainly increase on a global mean, where different regions will experience
deceases, increases or no changes (Stocker, 2014).

The ocean uptake of CO2 is projected to continue until the end of 21st century with
very high confidence (Stocker, 2014). The land carbon sink is projected to continue
until 2100 by most CMIP5 models but a minority of models predicts the terrestrial bio-

16



sphere to become a net CO2 source, due to the effects of climate and land-use change
(Stocker, 2014). The CMIP5 simulations furthermore suggests that elevated CO2 in-
creases the land carbon sink and climate effects will reduce CO2 uptake in the tropics
and mid-latitudes, both with medium confidence (Ciais et al., 2013). Since none of the
models included a representation of permafrost pools the sign and magnitude of climate
responses in high-latitudes is of low confidence (Ciais et al., 2013).

Nutrient availability will very likely limit the effect of rising atmospheric CO2 levels
on land carbon storage (Ciais et al., 2013; Stocker, 2014). Climate warming is projected
to increase soil organic matter decomposition and nitrogen mineralisation with high
confidence (Ciais et al., 2013). An enhanced availability of reactive nitrogen species
might increase carbon storage by vegetation (Ciais et al., 2013). With high confidence
nitrogen is projected to limit terrestrial carbon sequestration even when anthropogenic
nitrogen deposition is considered (Ciais et al., 2013; Stocker, 2014).

The simulation of future surface ozone concentrations based on the RCP scenarios
projects annual global mean reductions of 2 ppb by 2050 (compared to the levels of
the year 2000) contrary to a 4-6 ppb increase when applying the IPCC SRES scenarios
(Wild et al., 2012). Over most regions a substantial reduction in annual mean ozone
concentrations is expected except for South Asia where increases might be as high as 5
ppb (Wild et al., 2012).

1.6 Global terrestrial biosphere models

The impact of the terrestrial biosphere on the global climate is difficult to estimate
through direct observations (Bonan, 2008). Biosphere-atmosphere interactions can for
example be investigated by eddy covariance flux towers and field experiments on a local
scale. Large scale estimates of GPP can for example be derived from remote sensing
products like MODIS (Heinsch et al., 2006). The most common approach to investigate
the global interaction between atmosphere and biosphere is by applying models (Bonan,
2008). In this thesis the terrestrial biosphere model O-CN model is used to investigate
air pollution impacts on the terrestrial carbon and nitrogen cycling.

1.6.1 The O-CN model

O-CN is a further development of the land-surface-scheme ORCHIDEE (O) (Krinner
et al., 2005), and simulates the terrestrial coupled carbon (C), nitrogen (N) and water
cycles for twelve plant functional types driven by climate data, atmospheric composition
(N deposition, as well as atmospheric CO2 and O3 burden), and land use information
(land cover and fertiliser application).

In O-CN net photosynthesis is calculated for shaded and sun-lit leaves in a multi-
layer canopy with up to 20 layers (each with a thickness of up to 0.5 leaf area index).
Photosynthesis is calculated following a modified Farquhar-scheme in chapter 2 and the
Ball and Berry formulation in chapters 3 and 4. In both approaches the light profiles
of diffuse and direct radiation is considered (Zaehle and Friend, 2010). Photosynthetic
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capacity depends on leaf nitrogen concentration and leaf area, which are both affected
by ecosystem available N. Increases in the leaf nitrogen content increase Vcmax and Jmax

(nitrogen-specific rates of maximum light harvesting, electron transport) and hence max-
imum net photosynthesis and stomatal conductance per leaf area. This in turn affects
transpiration as well as O3 uptake and ozone damage estimates. The leaf N content
is highest at the top of the canopy and exponentially decreases with increasing canopy
depth (Friend, 2001; Niinemets et al., 2015). Following this, stomatal conductance and
O3 uptake is generally highest in the upper canopy and lowest in the bottom of the
canopy.

Canopy-integrated assimilated carbon enters a labile non-structural carbon pool,
which can either be used to fuel maintenance respiration (a function of tissue nitrogen),
storage (for seasonal leaf and fine root replacement and buffer of inter-annual variability
of assimilation) or biomass growth. The labile pool responds within days to changes
in GPP, the long-term reserve has a response time of several months, depending on its
use to support seasonal foliage and fine root development or sustain growth in periods
of reduced photosynthesis. After accounting for reproductive production (flowers and
fruits), biomass growth is partitioned into leaves, fine roots, and sapwood according to
a modified pipe-model (Zaehle and Friend, 2010), accounting for the costs of biomass
formation (growth respiration). In other words, changes in leaf-level productivity affect
the build-up of plant pools and storage, and thereby feed back on the ability of plants
to acquire carbon through photosynthesis, or nutrients through fine root uptake.

1.6.2 Modelling air pollution impacts in O-CN

As before this thesis the O-CN model accounted for nitrogen deposition and its effects on
plant growth but it did not account for the effects of ozone damage. To investigate the
impact of both air pollutants, nitrogen deposition and ozone, on the terrestrial carbon
and nitrogen cycling, an extended version of the O-CN model had to be developed which
accounts for ozone damage on plants. Crucial steps to simulate ozone damage are the
simulation of ozone uptake into the plants and the relation of the taken up ozone to
plant damage. To simulate ozone uptake into the plants a realistic estimate of canopy
level ozone concentrations is essential. The ozone concentrations provided by chemical
transport models as input for terrestrial biosphere models report ozone concentrations in
approximately 45 m above the surface. The canopy level ozone concentration is estimated
by including an ozone deposition scheme. The canopy level ozone concentration is used
to calculate ozone uptake into the leaf via the gas exchange between the plant and the
canopy air. The taken up ozone is assumed to accumulate in the plants and represents
potential accumulating damage. As plants are able to detoxify part of the taken up ozone
(see section 1.3.2) a flux threshold is implemented and only ozone uptake rates which
exceed the threshold are accumulated and thus accounted for in the damage calculation.
The accumulated ozone in the plants is related to plant damage via an injury function.
Different injury functions are evaluated in terms of their ability to reproduce observed
biomass damage relationships in fumigation/filtration experiments. The evaluation of
the injury functions finalised the model development and enabled the simulation of past,
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present and future impacts of both air pollutants (nitrogen deposition and ozone) on the
terrestrial carbon and nitrogen cycling.

The structure of the thesis is explained in the next section 1.7 together with the
investigated research questions during the development, evaluation and application of
the extended model.

1.7 Thesis structure and objectives

The objective of this thesis is to investigate the influence of air pollution, especially
tropospheric ozone and nitrogen deposition, on the ability of the terrestrial biosphere to
store carbon dioxide. Main research questions of the thesis are:

• What are key factors in the simulation of ozone damage that might explain the
strong variation in estimated ozone induced damage estimates found in the litera-
ture and how can they be improved to obtain more reliable damage estimates?

• How much impacted ozone damage and nitrogen deposition the terrestrial carbon
uptake and storage in the past since pre-industrial times?

• What is the extend of ozone damage and nitrogen deposition on the terrestrial
carbon uptake and storage during the 21st century in simulations based on RCP
scenarios?

To answer these question the thesis is structured into three main chapters (chapters
2-4). Each chapter consists of a brief introduction to the specific topic of the chapter,
a description of the methods used in the chapter, a presentation of the results, their
discussion and a conclusion.

In particular chapter 2 (Development and evaluation of an ozone deposition scheme
for coupling to a terrestrial biosphere model) describes the implementation, testing and
evaluation of a detailed ozone deposition included into the terrestrial biosphere model
O-CN. Specific research questions investigated in this chapter are:

• To which extend impacts the deposition scheme the estimates of ozone uptake and
hence potential damage estimates?

• What are key factors that determine the simulation of ozone uptake in the extended
model?

• How much ozone induced damage to carbon uptake (GPP) and transpiration is
estimated for the present when applying the new developed model version?

In chapter 3 the impact of different leaf-level injury functions, which relate simulated
ozone uptake to plant injury, on simulated ozone effects on forests are investigated and
evaluated. The addressed research questions are:
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• Can observed biomass damage relationships be reproduced in simulations run by
the O-CN model if previously published injury functions are applied in the damage
calculation?

• Do linear injury functions exist whose application permit a reproduction of ob-
served biomass damage relationships?

• Can injury functions developed from experiments with young trees be reliably
applied to estimate ozone damage of mature trees?

The model developed in chapter 2 and evaluated and updated in chapter 3 is applied
in chapter 4 to assess past and future impacts of air pollution on the terrestrial carbon
uptake and storage. The addressed research questions are:

• To which extend reduced ozone damage carbon uptake and storage in the past and
what are projected damage values for the 21st century?

• How much does the application of the ozone deposition scheme impact damage
estimates?

• What is the net effect of nitrogen deposition and ozone damage on carbon uptake
and storage?

Chapters 2 and 3 base on previously published papers which have been slightly
adapted to fit into the thesis. Chapter 2 is based on the paper ’Development and eval-
uation of an ozone deposition scheme for coupling to a terrestrial biosphere model’ by
Franz et al. (2017) published in Biogeosciences. Chapter 3 builds upon the paper ’Eval-
uation of simulated ozone effects in forest ecosystems against biomass damage estimates
from fumigation experiments’ by Franz et al. (2018) published in Biogeosciences. Both
papers are attached in the Appendix of this thesis. As chapters 2 and 3 involve input
from co-authors on the previously published versions of the chapters, I will use the term
’we’ instead of ’I’ in both chapters.

The final chapter 5 presents a general conclusion by summarising the answers to the
three main research questions of the thesis, indicating limitations and giving an outlook
to possible future work.
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Chapter 2

Development and evaluation of an
ozone deposition scheme for
coupling to a terrestrial biosphere
model

2.1 Introduction

A number of O3 exposure indices have been proposed to assess the potential detrimental
effect of tropospheric O3 on the plants (LRTAP-Convention, 2017; Mills et al., 2011b).
In Europe, the standard method of these indices is the concentration-based AOTX [ppb
h] (accumulated O3 concentration over a threshold of X ppb), which relates the free-air
O3 concentration to observed plant damage. Models assessing ozone damage to gross or
net primary production based on AOTX have been used for many years and indicate
that substantial reduction in plant growth and carbon sequestration occurs globally and
may reach reductions of more than 40% at O3 hotspots (Felzer et al., 2004, 2005; Ren
et al., 2011; Anav et al., 2011).

Accounting for the O3 dose rather than the O3 exposure in assessments of ozone dam-
age results in diverging regional patterns of ozone damage, as regions with the highest
exposure (O3 concentrations) do not always coincide with regions of high uptake (Em-
berson et al., 2000a; Mills et al., 2011a; Simpson et al., 2007). Observed ozone damage
in the field seems to be better correlated with flux-based risk assessment compared to
concentration-based methods (Mills et al., 2011a). Following this the LRTAP Convention
recommends flux-based methods (e.g. PODy [Phytotoxic Ozone Dose, nmol m−2 s−1])
as the preferred tool for risk assessment (LRTAP-Convention, 2017).

When calculating the O3 uptake into the plants, it is important to consider that stom-
atal uptake is not the only surface sink of O3. O3 destruction also occurs at non-stomatal
surfaces such as the leaves’ cuticle and soil surface. The stomatal flux represents approx-
imately half of the total O3 flux to the surface (Gerosa et al., 2004; Fowler et al., 2009;
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Cieslik, 2004; Simpson et al., 2003). Accounting for this non-stomatal O3 deposition re-
duces the amount of O3 uptake into the plants by reducing the surface O3 concentration
(Tuovinen et al., 2009) and thus has the potential to affect flux-based ozone damage
estimates.

Only a few terrestrial biosphere models have adopted the flux approach to relate O3

exposure to plant damage and thus estimate O3 induced reductions in terrestrial carbon
sequestration in a process-based manner. Sitch et al. (2007) developed a version of
the JULES model in which stomatal O3 uptake directly affects net primary production
(NPP), thereby ignoring the effect of reduced photosynthesis under elevated levels of O3

on water fluxes. Lombardozzi et al. (2015) proposed a revised version of the Community
Land Model (CLM), in which O3 imposes fixed reductions to net photosynthesis for two
out of three modelled plant types. Atmospheric O3 concentrations and the amount of
cumulated O3 uptake directly affect net photosynthesis only for one plant type.

In this chapter, a new, globally applicable model is presented to calculate O3 uptake
and damage in a process-oriented manner, coupled to the terrestrial energy, water, car-
bon, and nitrogen budget of the O-CN terrestrial biosphere model (Zaehle and Friend,
2010).

In this model, the canopy O3 abundance is calculated using aerodynamic resistance
and surface resistances to soil surface, vegetation surfaces, and stomatal cavities to take
account of non-stomatal O3 destruction. Canopy O3 abundance is used to simulate
stomatal O3 uptake given instantaneous values of net photosynthesis and stomatal con-
ductance. O3 uptake and its effect on net photosynthesis is then calculated based on
an extensive meta-analysis across 28 tree species by Wittig et al. (2007) considering the
ability of plants to detoxify a proportion of the O3 dose (Sitch et al., 2007).

We first give a detailed overview of the ozone scheme (Section 2.2.1); evaluate mod-
elled gross primary production (GPP), canopy conductance, latent heat fluxes, and leaf
area index (LAI) against data from the FLUXNET database (Baldocchi et al., 2001)
to test the ability of the model to simulate observed values of key components affecting
calculate O3 uptake (Section 2.3.1); evaluate the simulated O3 metrics against reported
values in the literature (Section 2.3.2); provide a sensitivity analysis of critical variables
and parameters of the deposition model to evaluate the reliability of simulated values of
O3 uptake (Section 2.3.3); give an estimate of the effect of the present-day O3 burden
on European GPP and transpiration (Section 2.3.4); and estimate the impact of using
the O3 deposition scheme on O3 uptake and cumulated uptake (Section 2.3.5).

2.2 Methods

We developed an ozone deposition and leaf-uptake module for the terrestrial biosphere
model O-CN (see section 1.6.1 for details).

The O3 and N-deposition data used for this study are provided by the EMEP MSC-W
(European Monitoring and Evaluation Programme Meteorological Synthesizing Centre -
West) chemical transport model (CTM) (Simpson et al., 2012). The O3 flux and deposi-
tion modules used in the EMEP model are advanced compared to most CTMs, and have
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been documented in a number of papers (Emberson et al., 2001; Tuovinen et al., 2004,
2009; Simpson et al., 2007, 2012; Klingberg et al., 2008). The ozone deposition scheme
for O-CN is adapted from the model used by EMEP MSC-W (Simpson et al., 2012) to fit
the land-surface characteristics and process descriptions of the ORCHIDEE model. The
leaf-level ozone concentrations computed by EMEP can not directly be used by O-CN,
since EMEP and O-CN differ in a number of properties, as for instance in the number
of simulated PFTs, and importantly their ecophysiological process representation. Both
models differ in the simulation of various ecosystem processes (e.g. phenology, canopy
processes, biogeochemical cycles, and vegetation dynamics, which are more explicitly
represented in O-CN), which in sum impact stomatal and non-stomatal ozone deposi-
tion and through this the leaf-level ozone concentration. A possible further development
of the updated O-CN model is the coupling to a CTM to allow for a consistent simulation
of tropospheric O3 burden and vegetation O3 uptake.

2.2.1 Ozone module

The ozone deposition scheme calculates O3 deposition to the leaf surface from the free
atmosphere, represented by the O3 concentration at the lowest level of the atmospheric
chemistry transport model (CTM), taken to be at 45 m above the surface. The total O3

dry deposition flux (Fg) to the ground surface is calculated as

Fg = Vgχ
O3
atm (2.1)

where χO3
atm is the O3 concentration at 45 m and Vg is the deposition velocity at that

height. In O-CN Vg is taken to be dependent on the aerodynamic resistance (Ra),
canopy-scale quasi-laminar layer resistance (Rb) and the compound surface resistance
(Rc) to O3 deposition.

Vg =
1

Ra +Rb +Rc
. (2.2)

Rb is calculated from the friction velocity (u∗) as

Rb =
6

u∗
. (2.3)

The Ra between 45 m height and the canopy is not computed by O-CN and is inferred
from the logarithmic wind profile. To calculate the O3 deposition of the free atmosphere
at the lowest level of the CTM (approximately 45 m) to the vegetation canopy, it is
necessary to know the aerodynamic resistance between these heights (Ra,45). These
data are model- and land-cover-specific, and thus not provided by the CTM. Instead, we
approximate Ra,45 from the wind speed at 45 m height (u45) and the friction velocity u∗
according to

Ra,45 =
u45
u∗2

(2.4)
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where u∗ is calculated from the wind speed at 10 m height (u10) using the atmospheric
resistance calculations of the ORCHIDEE model (Krinner et al., 2005). The wind at 45 m
(u45) is approximated by assuming the logarithmic wind profile for neutral atmospheric
conditions (Monteith and Unsworth, 2007) due to the lack of information on any other
relevant atmospheric properties at 45 m height:

u45 = u10
log(45z0 )

log(10z0 )
(2.5)

where z0 is the roughness length.
Rc is calculated as the sum of the parallel resistances to stomatal/canopy (1/GO3

c )
and non-stomatal O3 uptake (1/Gns) (Simpson et al., 2012, Eq. 55)

Rc =
1

GO3
c +Gns

. (2.6)

The stomatal conductance to O3 G
O3
st (m s−1) is computed by O-CN (Zaehle and Friend,

2010) as

GO3
st = g1

f(Θ)f(qair)f(Ci)f(height)An,sat

1.51
(2.7)

where GO3
st is calculated as a function of net photosynthesis at saturating Ci (An,sat),

where g1 is the intrinsic slope between An and Gst. It further depends on a number of
scalars to account for the effect of soil moisture (f(Θ)), water transport limitation with
canopy height (f(height)), and atmospheric drought (f(qair)), as well as an empirical
non-linear sensitivity to the internal leaf CO2 concentration (f(Ci)), all as described in
Friend and Kiang (2005). The factor 1.51 accounts for the different diffusivity of O3

from water vapour (Massman, 1998). The canopy conductance to O3 G
O3
c is calculated

by summing the GO3
st of all canopy layers. To yield reasonable conductance values in

O-CN compared to FLUXNET data (see Sect. 2.3.1), the original intrinsic slope between
An and Gc called α in Friend and Kiang (2005) is adapted such that g1 = 0.7α.

The non-stomatal conductance Gns follows the EMEP approach (Simpson et al.,
2012, Eq. 60) and represents the O3 fluxes between canopy-air space and surfaces other
than the stomatal cavities. The model accounts for O3 destruction on the leaf surface
(rext), within-canopy resistance to O3 transport (Rinc), and ground surface resistance
(Rgs)

Gns =
SAI

rext
+

1

Rinc +Rgs
(2.8)

where the surface area index (SAI) is equal to the LAI for herbaceous PFTs (grasses
and crops) and SAI = LAI + 1 for tree PFTs according to Simpson et al. (2012) in
order to account for O3 destruction on branches and stems. Unlike EMEP, we do not
apply a day of the growing season constraint for crop exposure to O3, which in O-CN
is accounted for by the simulated phenology and seasonality of photosynthesis. The
external leaf resistance (rext) per unit surface area is calculated as
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rext = rext,bFT (2.9)

where the base external leaf resistance (rext,b) of 2500 m s−1 is scaled by a low-temperature
correction factor FT and

FT = e−0.2(1+Ts) (2.10)

with 1 ≤ FT ≤ 2 and Ts the 2 m air temperature (◦C Simpson et al., 2012, Eq. 60). For
temperatures below -1 ◦C non-stomatal resistances are increased up to two times (Simp-
son et al., 2012; Zhang et al., 2003). The within-canopy resistance (Rinc) is calculated
as

Rinc = bSAI
h

u∗
(2.11)

where b is an empirical constant (set to 14 s−1) and h is the canopy height in m. The
ground-surface resistance Rgs is calculated as

Rgs =
1 − 2fsnow

FT R̂gs

+
2fsnow
Rsnow

(2.12)

(Simpson et al., 2012, Eq. 59). R̂gs represents base values of Rgs and takes values of
2000 s m−1 for bare soil, 200 s m−1 for forests and crops, and 1000 s m−1 for non-crop
grasses (Simpson et al., 2012, Suppl.). As in EMEP, the ground-surface resistance of O3

to snow (Rsnow) is set to a value of 2000 s m−1 according to Zhang et al. (2003). fsnow
is calculated from the actual snow depth (sd) simulated by O-CN, and the maximum
possible snow depth (sd,max):

fsnow =
sd

sd,max
(2.13)

with the constraint of 0 ≤ fsnow ≤ 0.5 to prevent negative values in the first fraction of
Eq. 2.12.sd,max is taken to be 10 kgm−2 (Ducoudré et al., 1993).

Given these resistances, the canopy O3 concentration (χO3
c , nmol m−3) is then cal-

culated based on a constant flux assumption:

χO3
c = χO3

atm(1 − Ra

Ra +Rb +Rc
). (2.14)

χO3
c and the stomatal conductance to O3 (GO3

st in m s−1) are used to calculate the O3

flux into the leaf cavities (Fst, nmol m−2 s−1):

Fst = (χO3
c − χO3

i )GO3
st . (2.15)

According to Laisk et al. (1989) the leaf internal O3 concentration (χO3
i ) is assumed to

be zero.
The O-CN implementation of deposition and flux described above is a simplification

of the deposition system used by EMEP in order to fit the process representation of
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ORCHIDEE, from which O-CN has inherited its biophysical modules. The external
leaf resistance is not included in the calculation of Fst (Tuovinen et al., 2007, 2009),
which results in an overestimation of stomatal O3 uptake. Further, O-CN’s calculation
of Ra is based upon neutral stability conditions, whereas the EMEP model makes use of
rather detailed stability correction factors. However, a series of calculations with the full
EMEP model have shown that the uncertainties associated with these simplifications are
small, typically 0.5-5 mmol m−2. As base-case values of POD0 are typically ca. 30-50
mmol m−2 in EU regions, these approximations do not seem to be a major cause of
error, at least in regions with substantial ozone (and carbon) uptake. The full coupling
of O-CN to a CTM would be desirable to eliminate this bias and allow for a consistent
calculation of tropospheric and surface near O3 burdens.

2.2.2 Relating stomatal uptake to leaf injury

An accumulation of Fst over time gives the accumulated uptake of O3 for a particular
canopy layer (CUOl, mmol m−2), or for l = 1 (top canopy layer) the phytotoxic O3 dose
(POD , mmol m−2):

dCUOl

dt
= (1 − fnew)CUOl + cFst,l (2.16)

where c = 10−6 converts from nmol to mmol and the integration time step is 1800
seconds.

The phenology of leaves is accounted for by assuming that emerging leaves are un-
damaged and by reducing the CUOl by the fraction of newly developed leaves per time
step and layer (fnew). Furthermore, deciduous PFTs shed all CUO at the end of the
growing season and grow uninjured leaves the next spring. Evergreen PFTs shed pro-
portionate amounts of CUO during the entire year whenever new leaves are grown.

The full canopy cumulative uptake of O3 is calculated by summing CUOl over all
present canopy layers (n):

CUO =

n∑
l=1

CUOl. (2.17)

The CUOl is used to approximate the injury to net photosynthesis (An) by using the
injury relationship of Wittig et al. (2007):

dO3
l =

0.22CUOl + 6.16

100
, (2.18)

where the factor 100 scales the percentage values of injury to fractions. Net photosyn-
thesis accounting for ozone injury (AO3

n ) is then calculated by subtracting the injury
fraction from the uninjured value of An:

AO3
n,l = An,l(1 − dO3

l ). (2.19)
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Since Gst and An are tightly coupled (see Eq. 2.7), an injury of An results in a simultane-
ous reduction in Gst. The canopy-scale O3 flux into the leaf cavities (FstC) is calculated
by summing Fst of all canopy layers, similar to the aggregation of An,l and Gst and
CUOl. Canopy O3 concentration, O3 uptake, canopy cumulative O3 uptake (CUO), and
injury to net photosynthesis are solved iterative to account for the feedbacks between
ozone injury, canopy conductance and canopy-air O3 concentrations.

Note that CUO and POD can be directly compared to estimates according to the
LRTAP-Convention (2017) notation when analysing only the top canopy layer (Mills
et al., 2011b).

2.2.3 Sensitivity analysis

A sensitivity analysis is conducted to estimate the sensitivity of the modelled plant
O3 uptake to the parameterisation of the model, to establish the robustness of the
model, and to identify the most influential parameters. Three parameters (ground-
surface resistance (R̂gs), external leaf resistance (rext), and empirical constant (b); see
Eq. 2.12, 2.8, and 2.11, respectively) and three modelled quantities (canopy conductance
(Gc), aerodynamic resistance (Ra), and canopy-scale quasi-laminar layer resistance (Rb):
see Eq. 2.7, 2.2), with considerable uncertainty due to the underlying parameters used
to calculate these quantities, are perturbed within ±20% of their central estimate.

A set of 100 parameter combinations is created with a Latin hypercube sampling
method (McKay et al., 1979), simultaneously perturbing all six parameter values (R-
package: FME; function: Latinhyper). For each parameter combination, a transient
run (see subsection 2.2.4) is performed creating an ensemble of estimates for the key
prognostic variables FstC (Eq. 3.3), Rc (Eq. 2.6), Vg (Eq. 2.2) and the O3 flux ratio (FR)
calculated as the ratio of FstC and the total O3 flux to the surface (Fg, Eq. 2.1).

The summer months June, July, and August (JJA) are selected from the simula-
tion output and used for further analysis. For each prognostic variable (FstC , Rc, Vg,
FR), the sensitivity to changes in all six perturbed parameters/variables is estimated by
calculating partial correlation coefficients (PCCs) and partial ranked correlation coeffi-
cients (PRCCs) (Helton and Davis, 2002). PCCs record the linear relationship between
two variables where the linear effects of all other variables in the analysis are removed
(Helton and Davis, 2002). In the case of nonlinear relationships, RPCCs can be used,
which implies a rank transformation to linearise any monotonic relationship, such that
the regression and correlation procedures as in the PCCs can follow (Helton and Davis,
2002). We estimate the magnitude of the parameter effect by creating mean summer
values of the four prognostic variables for each sensitivity run, and regressing these val-
ues against the corresponding parameter/variable scaling values of the respective model
run.

2.2.4 Modelling protocol and data for site-level simulations

The site-level simulations (single-point simulations) at the FLUXNET sites are run us-
ing observed metrological forcing, soil properties, and land cover from the La Thuile
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Dataset (http://fluxnet.fluxdata.org/data/la-thuile-dataset/) of the FLUXNET project
(Baldocchi et al., 2001). Data on atmospheric CO2 concentrations are obtained from
Sitch et al. (2015). Reduced and oxidised nitrogen deposition in wet and dry forms
and hourly O3 concentrations at 45 m height are provided by the EMEP model (see
Sect. 2.2.5).

O-CN is brought into equilibrium in terms of the terrestrial vegetation and soil carbon
and nitrogen pools in a first step with the forcing of the year 1900. In the next step, the
model is run with a progressive simulation of the period 1900 up until the start year of
the respective site. For this period atmospheric O3 and CO2 concentrations as well as
N-deposition of the respective simulated years are used. Due to lack of observed climate
for the sites for this period, the site-specific observed meteorology from recent years is
iterated for these first two steps. The observation years (see Tab. 2.1) are simulated with
the climate and atmospheric conditions (N deposition, CO2 and O3 concentrations) of
the respective years.

For the evaluation of the model output, net ecosystem exchange (NEE), and latent
heat flux (LE), as well as meteorological observations are obtained for 11 evergreen
needle-leaved forest sites, 10 deciduous broadleaved forest sites, and 5 C3 grassland
sites in Europe (see Tab. 2.1) from the La Thuile Dataset of the FLUXNET project
(Baldocchi et al., 2001). Leaf area indices (LAIs) based on discrete point measurements
are obtained from the La Thuile ancillary database.

NEE measurements are used to estimate gross primary production (GPP) by the
flux-partitioning method according to Reichstein et al. (2005). Canopy conductance
(Gc) is derived by inverting the Penman-Monteith equation given the observed LE and
atmospheric conditions as described in Knauer et al. (2015).

The half-hourly FLUXNET and model fluxes are filtered prior to deriving average
growing-season fluxes (bud break to litter fall) to reduce the effect of model biases on
the model-data comparison. Night-time and morning/evening hours are excluded by re-
moving data with lower than 20% of the daily maximum shortwave downward radiation.
To avoid any biases associated with the soil moisture or atmospheric drought response
of O-CN, we further exclude data points with a modelled soil moisture constraint factor
(range between 0 and 1) below 0.8 and an atmospheric vapour pressure deficit larger
than 0.5 kPa.

Daily mean values are calculated from the remaining time steps only where both
modelled and observed values are present. The derived daily values are furthermore
constrained to the main growing season by excluding days where the daily GPP is less
than 20% of the yearly maximum daily GPP.

To derive representative diurnal cycles, data for the month July are filtered for day-
light hours (taken as incoming shortwave radiation ≥ 100 W m−2), with periods of soil
or atmospheric drought stress excluded as above. This is done for modelled FstC , Rc,
Vg, and FR and for both modelled and FLUXNET observed GPP and Gc.
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2.2.5 Modelling protocol and data for regional simulations

For the regional simulations, O-CN is run at a spatial resolution of 0.5◦ x 0.5◦ on a
spatial domain focused on Europe. Daily meteorological forcing (temperature, precip-
itation, shortwave and long-wave downward radiation, atmospheric specific humidity,
and wind speed) for the years 1961 to 2010 is obtained from RCA3 regional climate
model (Samuelsson et al., 2011; Kjellstrom et al., 2011), nested in the ECHAM5 model
(Roeckner et al., 2006), and has been bias-corrected for temperatures and precipitation
using the CRU climatology (New et al., 1999). Reduced and oxidised nitrogen depo-
sition in wet and dry forms and O3 concentrations at 45 m height for the same years
are obtained from the EMEP model, which is also run with RCA3 meteorology (as in
Simpson et al., 2014b). Emissions for the EMEP runs in current years are as described
in Simpson et al. (2014b), and are scaled back to 1900 using data from UNECE and van
Aardenne et al. (2001) – see subsection 2.2.6. Further details of the EMEP model setup
for this grid and meteorology can be found in Simpson et al. (2014b) and Engardt et al.
(2017). For O-CN, land cover, soil, and N fertiliser application are used as in Zaehle
et al. (2011) and kept at 2005 values throughout the simulation. Data on atmospheric
CO2 concentrations are obtained from Sitch et al. (2015).

O-CN is brought into equilibrium in terms of the terrestrial vegetation and soil
carbon and nitrogen pools by randomly iterating the forcing from the period 1961-1970.
This is followed by a simulation for the years 1961-2011 with time-varying climate and
atmospheric conditions (N deposition, CO2, and O3 concentrations) but with static land
cover and land-use information (kept at year 2005 levels). An upscaled FLUXNET-MTE
product of GPP (Jung et al., 2011), using the model tree ensembles (MTE) machine
learning technique, is used to evaluate modelled GPP.

2.2.6 Emissions inventory

Emissions for the EMEP model were derived by merging data from three main sources.
Firstly, emissions for 2005 and 2010 were taken from the ECLIPSE database produced
by IIASA for various EU Projects and the Task Force on Hemispheric Transport of
Air Pollution (Amann et al., 2013; Stohl et al., 2015), although with improved spatial
resolution over Europe by making use of the 7 km resolution MACC-2 emissions produced
by TNO (Kuenen et al., 2011). For 1990, emissions from land-based sources were taken
directly from the EMEP database for that year, since 1990 had been the subject of
recent review and quality control (e.g. Mareckova et al., 2013). Emissions between 1990
and 2005 were estimated via linear interpolation between these 2005 and EMEP 1990
values. Emissions prior to 1990 were derived by scaling the EMEP 1990 emissions by
the emissions ratios found in the historical data series of Lamarque et al. (2010).

Emissions of the biogenic hydrocarbon isoprene from vegetation are calculated using
the model’s land cover and meteorological data (Simpson et al., 2012, 1999). Emissions
of NO from biogenic sources (soils, forest fires, etc.) were set to zero given both their
uncertainty and sporadic occurrence. Tests have shown that this approximation has
only a small impact on annual deposition totals to the EU area, even for simulations at
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the start of the 20th century. Volcanic emissions of sulphur dioxide (SO2) were set to a
constant value from the year 2010.

2.2.7 Impacts of using the ozone deposition scheme

In contrast to other terrestrial biosphere models, the O-CN ozone module accounts
for the effects of aerodynamic, stomatal and non-stomatal resistance to O3 deposition.
Due to these resistances, the deposition of O3 to leaf level is reduced, and the canopy
O3 concentration is lower than the atmospheric O3 concentration. Thus, using such a
deposition scheme reduces modelled O3 uptake into plants and accumulation. To get
an estimate of the magnitude of this impact we compare simulations with the standard
deposition scheme as described above (D) with a simulation where O3 surface resistance
is only determined by stomatal resistance and the non-stomatal depletion of O3 is zero
(D-STO). Furthermore, the standard deposition model D is compared to a simulation
where no deposition scheme is used and the canopy O3 concentration is equal to the
atmospheric concentration (ATM).

2.3 Results

2.3.1 Evaluation against daily eddy-covariance data

Figure 2.1 a shows that, for most sites, modelled and observation-based GPP agree
well (see Tab. 2.2 for R2 and RMSE values). The standard deviation is larger for the
observation-based estimates because of the high level of noise in the eddy-covariance
data. For sites dominated by needle-leaved trees, the modelled and observation-based
GPP values are very close, with only slight under- and overestimates by the model
at some sites. At sites dominated by broadleaved trees, modelled GPP deviates more
strongly from the observation-based GPP, underestimating the observations in 7 out of
10 cases. However, the results are within the range of standard deviation except for
the drought-prone PT-Mi1 site (see Fig. 2.2 a for an explicit site comparison). At C3

grassland sites, modelled GPP is in good agreement with the observation-based GPP
except for AT-Neu, which has the highest mean GPP of all sites observed by FLUXNET
with a large standard deviation, which may reflect the effect of site management (e.g.
mowing and fertilisation), for which no data were readily available as model forcing.

When comparing modelled and observed latent heat flux (LE), the model fits the
observations best at the needle-leaved forest sites (Fig. 2.1 c). However, LE is over-
estimated at nine out of ten broadleaved forest sites, but remains within the range of
the large observational standard deviation. At sites dominated by C3 grasses the mod-
elled LE differs considerably from observed value, at two sites overestimating and two
underestimating the fluxes, again within the observational standard deviation.

In agreement with the comparison of GPP and LE, the comparison of modelled to
observation-based canopy conductance (Gc) shows the best agreement for sites domi-
nated by needle-leaved trees (Fig. 2.1 b). At sites dominated by broadleaved trees, the
modelled Gc varies more widely from the FLUXNET Gc. The modelled Gc at sites
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Figure 2.1: Comparison of measured a) GPP, b) canopy conductance (Gc), c) latent heat
flux (LE), and d) LAI at 26 European FLUXNET sites and simulations by O-CN. Dis-
played are means and standard deviations of daily means of the measuring/simulation
period, with the exception of FLUXNET-derived LAI, which is based on point measure-
ments. Dots symbolise sites dominated by broadleaved trees, triangles sites dominated
by needle-leaved trees and asterisks sites dominated by C3 grasses. The grey line con-
stitutes the 1:1 line.

dominated by C3 grasses is in very good agreement with FLUXNET Gc, with slight
overestimation of Gc at two out of three sites, except for the DE-Meh site, where means
differ outside the standard deviation (see Fig. 2.2b).
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Table 2.2: Coefficient of determination (R2) and root mean square error (RMSE) for GPP ,
canopy conductance (Gc), and latent heat flux (LE) for all sites and for sites dominated
by broadleaved trees, needle-leaved trees, C3 grass, and C3 grass excluding the AT-Neu site
(outlier).

All sites Broadleaved Needle-leaved C3 grass C3 grass
(excluding AT-Neu)

R2: GPP 0.465 0.714 0.8 0.139 0.058
RMSE: GPP 3.495 3.771 1.944 5.175 2.257

R2: Gc 0.458 0.69 0.722 0.013 0.01
RMSE: Gc 0.001 0.002 0.001 0.002 0.002
R2: LE 0.566 0.725 0.9 0.022 0.002

RMSE: LE 30.897 39.725 13.977 37.124 40.493

The comparison of the average modelled summertime LAI and point measurements
at the FLUXNET illustrates that the variability in the measured LAI is much greater
than that of O-CN (Fig. 2.1 d). The modelled LAI values approach light-saturating,
maximum LAI values and are not able to reproduce between-site differences in, for ex-
ample the growth stage, site history, or maximum possible LAI values. Furthermore, it
should be borne in mind that the observed LAI values are averages of point measure-
ments, which are not necessarily representative of the modelled time period, and that
the model had not been parameterised specifically for the sites. Modelled GPP depends
not only on LAI, but also on light availability, temperature, and soil moisture. The much
better represented values of GPP, Gc, and LE compared to FLUXNET data (Fig. 2.1
a-c) indicate that O-CN is able to adequately transform available energy into carbon
uptake and water loss and thus simulate key variables impacting ozone uptake within a
reasonable range.

2.3.2 Mean diurnal cycles of key O3 parameters.

For further evaluation of the modelled O3 uptake, we analysed the diurnal cycles of
O3 uptake (FstC), O3 surface resistance (Rc), O3 deposition velocity (Vg), and flux ratio
(FR) as well as GPP and Gc. We selected three sites (a broadleaved, a needle-leaved, and
a C3 grass site) based on the selection criteria that modelled and FLUXNET GPP and
LAI agree well and a minimum of five observation years is available to reduce possible
biases from the inability of the model to simulate short-term variations from the mean.
The selected sites are a temperate broadleaved summer green forest (IT-Ro1), a boreal
needle-leaved evergreen forest (FI-Hyy), and a temperate C3 grass land (CH-Oe1). We
evaluate modelled GPP and Gc against observations from the FLUXNET sites. The
modelled mean diurnal cycles of O3 related variables (FstC , Rc, Vg, FR) are compared to
reported values in the literature since we did not have access to site-specific observations.
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Figure 2.2: Comparison of measured (a) GPP, (b) Gc, (c) latent heat flux (LE), and (d)
LAI at 26 European FLUXNET sites (red) and simulations by O-CN (blue). Displayed
are means and standard deviation of daily means of the measuring/simulation period,
with the exceptions of FLUXNET-derived LAI, which is based on point measurements.
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Figure 2.3: Simulated and observed hourly means over all days of the months of July
of 2002-2006 for CH-Oe1 and IT-Ro1, as well as for 2001-2006 for FI-Hyy. Plotted are
mean hourly values (local time) of a,g,m) GPP (blue: O-CN; red: FLUXNET), b,h,n)
canopy conductance (Gc) (blue: O-CN, red: FLUXNET), c,i,o) O3 uptake (FstC), d,j,p)
the flux ratio (FR), e,k,q) O3 deposition velocity (Vg), and f,l,r) O3 surface resistance
(Rc). The error bars indicate the standard deviation from the hourly mean. The dotted
line in panel (d),(j), and (p) indicates the daily mean value.



Modelled and observed mean diurnal cycles of GPP and Gc are in general agreement
at the three selected FLUXNET sites (see Fig. 2.3 a,g,m and b,h,n) with particularly
good agreement for the mean diurnal cycle of GPP at the needle-leaved site FI-Hyy,
where the hourly means are very close and the observational standard deviation is narrow
(see Fig. 2.3 g). At the grassland site IT-Ro1 the overall daytime magnitude of the fluxes
is reproduced in general except for the observed afternoon reduction in GPP (see Fig. 2.3
a). The modelled hourly values fall in the range of the observed values. Modelled and
observation-based hourly means of GPP at the site CH-Oe1 agree well except for the
evening hours, where the observed values increase again. The mean diurnal cycles of Gc

derived from the FLUXNET data are again best matched at the site FI-Hyy, whereas
the model generally overestimates the diurnal cycle of Gc slightly at the site IT-Ro1,
and overestimates peak Gc at the CH-Oe1 site. The fact that O-CN does not always
simulate the observed midday depression of Gc, suggests that the response of stomata
to atmospheric and soil drought in O-CN requires further evaluation and improvement.
Similar to the daily mean values (see Fig. 2.1 a,b) the mean hourly values show the best
match of GPP and Gc for the needle-leaved tree site and stronger deviations for the
sites covered by broadleaved trees and C3 grasses.

The stomatal O3 uptake FstC (Fig. 2.3 c,i,o) is close to zero during night-time when
the stomata are assumed to be closed, because gross photosynthesis is zero. At FI-Hyy
and CH-Oe1, peak uptake occurred at noon, when photosynthesis (Fig. 2.3 g,m) and
stomatal conductance (Fig. 2.3 h,n) are highest, at values between 8-9 nmol m−2 s−1. At
the Italian site IT-Ro1, maximum uptake occurs in the afternoon hours around 15 h,
with much larger standard deviation compared to the other two sites (Fig. 2.3 c)). The
magnitude of stomatal O3 uptake corresponds well to some values for example, for crops
(Gerosa et al., 2003, 2004, daily maxima of 4-9 nmol m−2 s−1) and holm oak (Vitale et al.,
2005, approx. 7-8 nmol m−2 s−1). Lower daily maximum values have been reported for
an evergreen Mediterranean forest dominated by Holm Oak of 4 nmol m−2 s−1 under
dry weather conditions (Gerosa et al., 2005) and 1-6 nmol m−2 s−1 for diverse southern
European vegetation types (Cieslik, 2004). Much higher values are reported for Picea
abies (50-90 nmol m−2 s−1), Pinus cembra (10-50 nmol m−2 s−1) and Larix decidua (10-
40 nmol m−2 s−1) at a site near Innsbruck Austria (Wieser et al., 2003), where canopy
O3 uptake was estimated by sap-flow measurements in contrast to the studies mentioned
before where the eddy-covariance technique was applied. The much higher FstC values
in that study result from a much higher canopy conductance to O3 (GO3

c ), which are up
to 12 times higher than the modelled GO3

c values in our study (see Fig. 2.3, GO3
c = Gc

1.51).

The ratio between the stomatal O3 uptake and the total surface uptake (FR) is close
to zero during night-time hours and increases steeply in the morning hours (Fig. 2.3
d,j,p). The 24 h average is approximately 0.3 for IT-Ro1 and 0.4 for FI-Hyy and CH-
Oe1 (Fig. 2.3 d,j,p). Peak hourly mean values are close to 0.6 at IT-Ro1, around 0.7 at
FI-Hyy and close to 0.8 at CH-Oe1. These values are comparable to the ratios reported
for crops (Gerosa et al., 2004; Fowler et al., 2009, 0.5-0.6), Norway spruce (Mikkelsen
et al., 2004, 0.3-0.33) and various southern European vegetation types (Cieslik, 2004,
0.12 - 0.69). The modelled flux ratios here show slightly higher daily maximum flux
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Figure 2.4: Simulated monthly mean values of O3 uptake (FstC), O3 deposition ve-
locity (Vg), O3 surface resistance (Rc), and the flux ratio (FR) for sites dominated by
broadleaved trees (left column), needle-leaved trees (central column) and C3 grasses
(right column). The colour indicates the location of the site. Dark blue: Denmark,
Sweden and Finland.; light blue: Germany, France and Netherlands; green: Austria and
Switzerland; red: Italy, Portugal, Spain, and Israel. Broken line: mean of all sites and
years of the 12 months.
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ratios than reported in the listed studies. Daily mean flux ratios are well within the
reported range.

The modelled deposition velocities Vg are lowest during night-time with values of
approximately 0.002 m s−1 (Fig. 2.3 e,k,q). These values increase to maximum hourly
means of 0.006-0.007 m s−1 during daytime. These values compare well with reported
values of deposition velocities, which range from 0.003 to 0.009 m s−1 at noon (Gerosa
et al., 2004) for a barley field, approximately 0.006 m s−1 at noon for a wheat field
(Tuovinen et al., 2004), and approximately 0.009 m s−1 at noon at a potato field (Coyle
et al., 2009). The estimates for FI-Hyy also agree well with maximum deposition veloc-
ities reported for Scots pine site of 0.006 m s−1 (Keronen et al., 2003; Tuovinen et al.,
2004) and noon values from Danish Norway spruce sites of 0.006-0.010 m s−1 (Mikkelsen
et al., 2004; Tuovinen et al., 2001). Mean daytime deposition velocities of 0.006 m s−1

(range 0.003-0.008 m s−1) are reported at a Finish mountain birch site (Tuovinen et al.,
2001). Simulated monthly mean values of Vg differ substantially between the sites (see
Fig. 2.4). When comparing the monthly means over all sites (Fig. 2.4 dashed line) of
a functional group (broadleaved, needle-leaved, C3 grasses) to the ensemble mean of 15
CTMs (Hardacre et al., 2015), the values simulated here are higher for needle-leaved
tree sites. For broadleaved tree sites and grassland sites, higher values, but which are
still within the observed ensemble range, are found for the summer months.

The modelled hourly mean O3 surface resistance Rc is highest during night-time, at
approximately 400 sm−1, and decreases during daytime to values of 100 to 180 sm−1,
where the lowest surface resistance of approximately 100 sm−1 is modelled at the grass-
land site CH-Oe1 (Fig. 2.3 f,l,r). These values are slightly higher than independent
estimates (for grasses and crops obtained for other sites) of noon surface resistances
ranging from 50 to 100 sm−1 (Padro, 1996; Coyle et al., 2009; Gerosa et al., 2004; Tuovi-
nen et al., 2004). Tuovinen et al. (2004) reported noon values of approximately 140 sm−1

for a Scots pine forest and 70-140 sm−1 for a Norway spruce forest site (Tuovinen et al.,
2001), which compares well with the modelled Rc values at the needle-leaved forest site
(FI-Hyy; Fig. 2.3 l). Higher noon values of approximately 250 sm−1 are reported at a
Danish Norway spruce site (Mikkelsen et al., 2004). For a mountain birch forest, noon
values of 110 to 140 sm−1 (Tuovinen et al., 2001) are observed which is slightly lower
than the modelled value at the IT-Ro1 site (dominated by broadleaved tree PFT).

2.3.3 Sensitivity analysis

We assess the sensitivity of the modelled O3 uptake and deposition, represented by Fg,
FstC , Vg, and Rc to uncertainty in six weakly constrained variables and parameters of the
O3 deposition scheme (Ra, b, rext, R̂gs, Gc, and Rb). Fig. 2.5 a shows, for example, the
results for the boreal needle-leaved forest FI-Hyy. As expected, all uptake/deposition
variables, except for the flux ratio (FR) are negatively correlated with the aerodynamic
resistance Ra, which describes the level of decoupling of the atmosphere and land surface.
Increasing Ra decreases the canopy internal O3 concentration and hence stomatal (FstC)
and total (Fg) deposition as well as the deposition velocity (Vg). The flux ratio FR is
slightly positively correlated with changes in Ra due to the stronger negative correlation
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Figure 2.5: a) Mean partial correlation coefficients and b) strength of the correlation in
% per %. Ra, b, rext, R̂gs and Gc are perturbed within ±20% of their central estimate.
Results from simulations at the FLUXNET site FI-Hyy for the simulation period 2001-
2006.

of FstC relative to Fg.

In decreasing order, but as expected, the level of external leaf resistance (rext), the
scaling factor b (Eq. 2.11), the soil resistance (R̂gs), and the canopy-scale quasi-laminar
layer resistance (Rb) increase Rc and consequently reduce Fg and Vg. Reducing the non-
stomatal deposition by increasing rext, b, R̂gs, and Rb increases the canopy internal O3

concentration and thus stomatal O3 uptake (FstC). The combined effects of a reduction
in total deposition Fg and an increase in FstC cause a positive correlation of FR to rext,
b, R̂gs, and Rb.

Increasing canopy conductance (Gc) increases stomatal O3 uptake (FstC) and thereby
also increases Vg and Fg. The increased total O3 uptake (Fg) decreases the surface
resistance to O3 uptake Rc, resulting in a negative correlation of Rc with Gc. The
stronger increase in FstC relative to Fg results in a positive correlation of FR.
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Figure 2.6: Ensemble range of key O3 uptake/deposition variables resulting from the
perturbation of Ra, b, rext, R̂gs and Gc within ±20% of their central estimate. Shown
are simulated daily mean values of a) O3 uptake (FstC), b) the O3 flux ratio (FR), c) O3

deposition velocity (vg) and d) O3 surface resistance (Rc) for the boreal needle-leaved
evergreen forest at the finish FLUXNET site FI-Hyy for the year 2001. Red dashed:
unperturbed model; yellow: median of all sensitivity runs; light-grey area: min-max
range off all sensitivity runs. Simulated daily mean values for the respective site and
year of e) atmospheric O3 concentrations O3 and f) cumulative uptake of O3 (CUO) and
canopy conductance Gc.

Despite these partial correlations, only changed values for rext and Gc have a notable
effect on the predicted fluxes (Fig. 2.5 b), whereas for the other factors (Ra, b, and
R̂gs) the impact on the simulated fluxes is less than 0.1% due to a 1% change in the
variables/parameters of the deposition scheme.

The flux ratio FR is very little affected by varying rext and Gc.

Notwithstanding the perturbations, all four O3 related flux variables show a fairly
narrow range of simulated values (Fig. 2.6). For all four variables the unperturbed
model and the ensemble mean lie on top of each other (see dashed red and yellow line in
Fig. 2.6 a-d). The seasonal course of the surface resistances and fluxes is maintained. The
simulations show a strong day-to-day variability in FstC , which is conserved with different
parameter combinations and which is largely driven by the day-to-day variations in Gc

and the atmospheric O3 concentration (see Fig. 2.6 f and e respectively). Ozone uptake
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by the leaves reduces the O3 surface resistance during the growing season such that Rc

becomes lowest. The cumulative uptake of O3 (CUO) is lowest at the beginning of the
growing season but not zero because the evergreen pine at the Hyytiälä site accumulates
O3 over several years (Fig. 2.6 f). The CUO increases during the growing season and
declines in autumn when a larger fraction of old needles are shed.

The minor impact of the perturbations on the simulated O3 uptake and deposition
variables suggests that the calculated O3 uptake is relatively robust against uncertainties
in the parameterisation of some of the lesser known surface properties.

2.3.4 Regional simulations

We used the model to simulate the vegetation productivity, O3 uptake, and associated
ozone damage of plant production over Europe for the period 2001-2010 (see Section
2.2.5 for modelling protocol).
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Figure 2.7: Europe-wide simulated GPP and difference between modelled GPP by O-CN
and a GPP estimate by a FLUXNET-MTE product. Plotted, for the years 1982-2011,
are (a) the simulated mean GPP accounting for ozone damage in g C m−2 yr−1, (b) the
mean differences for O-CN minus MTE GPP in g C m−2 yr−1, and (c) the mean simulated
grid cell cover of the C3-crop PFT in O-CN, given as fractions of the total grid cell area.

Simulated mean annual GPP for the years 1982-2011 shows in general good agree-
ment with an independent estimate of GPP based on upscaled eddy-covariance measure-
ments (MTE; see Section 2.2.5), with O-CN on average underestimating GPP by 16%
(European mean). A significant exception are cropland dominated areas (Fig. 2.7) in
parts of eastern Europe, southern Russia, Turkey, and northern Spain, which show con-
sistent overestimation of GPP by O-CN of 400-900 g C m−2 yr−1 (58% overestimation on
average). Regions with a strong disagreement coincide with high simulated LAI values
by O-CN and a higher simulated GPP in summer compared to the summer GPP by
MTE. In addition, O-CN simulates a longer growing season for croplands since sowing
and harvest dates are not considered. It is worth noting, nevertheless, that there are no
FLUXNET stations present in the regions of disagreement hotspots, making it difficult
to assess the reliability of the MTE product in these regions.

North of 60◦N , O-CN has the tendency to produce lower estimates of GPP than
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inferred from the observation-based product, which is particularly pronounced in low-
productivity mountain regions of Norway and Sweden. It is unclear whether this bias is
indicative of a N limitation that is too strong in the O-CN model.
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Figure 2.8: Mean decadal (a) O3 concentration [ppb], (b) canopy-integrated O3 uptake
into the leaves [nmol m−2 s−1], (c) canopy-integrated cumulative uptake of O3 (CUO)
[mmol m−2], and (d) AOT40 [ppm yr−1], for Europe of the years 2001-2010.

Average decadal O3 concentrations generally increase from northern to southern
Europe (Fig. 2.8 a) and with increasing altitude, with local deviations from this pattern
in centres of substantial air pollution. The pattern of foliar O3 uptake differs distinctly
from that of the O3 concentrations, showing highest uptake rates in central and eastern
Europe and parts of southern Europe (Fig. 2.8 b), associated with centres of high rates
of simulated gross primary production (Fig. 2.7 a) and thus canopy conductance. The
cumulative O3 uptake reaches values of 40-60 mmol m−2 in large parts of central Europe
(Fig. 2.8 c). The highest accumulation rates of 80-110 mmol m−2 are found in eastern
Europe and parts of Scandinavia as well as in Italy, the Alps and the Bordeaux region.
The concentration-based exposure index AOT40 (Fig. 2.8 d) shows a strong north-south
gradient similar to the O3 concentration (Fig. 2.8 a) and is distinctly different to the
flux-based CUO pattern (Fig. 2.8 c).

Simulated reductions in mean decadal GPP due to O3 range from 80 to 160 g C m−2 yr−1

over large areas of central, eastern, and south-eastern Europe (Fig. 2.9 a) and are gen-
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Figure 2.9: Mean decadal (a) reduction in GPP [g C m−2 yr−1], (b) percent reduction in
GPP, (c) reduction in transpiration [mm yr−1] and (d) percent reduction in transpiration
due to ozone damage averaged for the years 2001-2010.

erally largest in regions of high productivity. The relative reduction in GPP is fairly
consistent across large areas in Europe and averages 6-10% (Fig. 2.9 b). Higher reduc-
tions in relative terms are found in regions with high cover of C4 PFTs, e.g.the Black Sea
area. Lower relative reductions are found in northern Europe and parts of southern Eu-
rope, where productivity is low and stomatal O3 uptake is reduced by, for example, low
O3 concentrations or drought control on stomatal fluxes respectively. Slight increases
or strong decreases in relative terms are found in regions with very small productivity
like in northern Africa and the mountainous regions of Scandinavia. A slight increase in
GPP might be caused by feedbacks of GPP damage on LAI, canopy conductance and
soil moisture content such that water savings, for example, enable a prolonged growing
season and thus a slightly higher GPP. Overall, simulated European productivity has
been reduced from 10.6 Pg C yr−1 to 9.8 Pg C yr−1 corresponding to a 7.6% reduction.

The O3 induced reductions in GPP are associated with a reduction in mean decadal
transpiration rates of 8-15 mm yr−1 over large parts of central and eastern Europe (Fig.
2.9 c). These reductions correspond to 3-6% of transpiration in central Europe and
6-10 % in northern Europe. As expected, the relative reductions in transpiration rates
are therefore slightly lower than for GPP due to the role of aerodynamic resistance in
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controlling water fluxes in addition to canopy conductance. Very high reductions in
transpiration are found in the eastern Black Sea area associated with strong reductions
in GPP and in the mountainous regions of Scandinavia where absolute changes in tran-
spiration are very small. Regionally (in particular in eastern Spain, northern Africa
and around the Black Sea) lower reductions in transpiration or even slight increases are
found (Fig. 2.9 d). These are related to O3-induced soil moisture savings during the wet
growing season, leading to lower water stress rates during the drier season. The very
strong reduction in transpiration west of the Crimean Peninsula are related to the strong
reductions in GPP mentioned above. Overall, simulated European mean transpiration
has been reduced from 170.4 mm to 163.3 mm corresponding to a 4.2% reduction.

2.3.5 Impacts of using the ozone deposition scheme

At the FI-Hyy site the canopy O3 concentration, uptake and accumulated uptake (CUO)
increases approximately 10-15% for the D-STO model (non-stomatal depletion of O3 is
zero) and 20-25% for the ATM model version (canopy O3 concentration is equal to the
atmospheric concentration) compared to the standard deposition scheme (D) used here
(Fig. 2.10a-c and Fig. 2.11). The exact values however are site- and PFT-specific (see
Fig. 2.11 for the CH-Oe1 and IT-Ro1 site).
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Figure 2.10: Mean daily values of the (a) O3 surface concentration [ppb], (b) canopy-
integrated O3 uptake into the leaves [nmol m−2 s−1], and (c) canopy-integrated cumu-
lative uptake of O3 (CUO) [mmol m−2] at the FLUXNET site FI-Hyy. Black: ATM
model, Dark blue: D-STO model, Light blue: standard deposition model (D).

The regional impact of using the ozone deposition scheme on CUO is shown in
Fig. 2.12. CUO substantially decreases for the D-STO (Fig. 2.12b) compared to the
ATM model (Fig. 2.12a). Using the standard deposition model D (Fig. 2.12c) further
reduces the CUO compared to the ATM version where the stomata respond directly to
the atmospheric O3 concentration.

Calculating the canopy O3 concentration with the help of a deposition scheme that
accounts for stomatal and non-stomatal O3 deposition thus reduces O3 accumulation in
the vegetation.
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Figure 2.11: Differences in mean daily values of the (a) O3 surface concentration [ppb],
(b) canopy-integrated O3 uptake into the leaves [nmol m−2 s−1], and (c) canopy inte-
grated cumulative uptake of O3 (CUO) [mmol m−2] for the three FLUXNET sites CH-
Oe1, FI-Hyy and IT-Ro1. Blue: difference between the D-STO model and the standard
model (D); black: difference between the ATM model and the standard model (D).

2.4 Discussion

We extended the terrestrial biosphere model O-CN by a scheme to account for the
atmosphere–leaf transfer of O3 in order to better account for air pollution effects on net
photosynthesis and hence regional to global water, carbon, and nitrogen cycling. This
ozone deposition scheme calculates canopy O3 concentrations and uptake into the leaves
depending on surface conditions and vegetation carbon uptake.

Estimates of the regional damage to annual average GPP (- 7.6%) and transpiration
(- 4.2% ) simulated by O-CN for 2001-2010 are lower than previously reported estimates.
Meta-analyses suggest on average a 11% (Wittig et al., 2007) and a 21% (Lombardozzi
et al., 2013) reduction in instantaneous photosynthetic rates. However, because of carry-
over effects this does not necessarily translate directly into reductions in annual GPP.
Damage estimates using the CLM model suggest GPP reductions of 10-25% in Europe
and 10.8% globally (Lombardozzi et al., 2015). Reductions in transpiration have been
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Figure 2.12: Mean decadal canopy-integrated cumulative uptake of O3 (CUO)
[mmol m−2] for Europe of the years 2001−2010. (a) Canopy O3 concentration is equal to
the atmospheric concentration (ATM) and (b) O3 surface resistance is only determined
by stomatal resistance (D-STO). (c) Standard ozone deposition scheme (D).

estimated to amount 5-20% for Europe and 2.2% globally (Lombardozzi et al., 2015).
Lombardozzi et al. (2015) however, used fixed reductions of photosynthesis (12-20%)
independent of cumulative O3 uptake for two out of three simulated plant types. Damage
was only related to cumulative O3 uptake for one plant type with a very small slope
and hence little increase in damage due to increases in cumulative O3 uptake. Sitch
et al. (2007) simulated global GPP reductions of 8-14% (under elevated and fixed CO2

respectively) for low plant ozone sensitivity and 15-23% (under elevated and fixed CO2

respectively) for high plant ozone sensitivity for the year 2100 compared to 1901. For
the Euro-Mediterranean region an average GPP reduction of 22% was estimated by the
ORCHIDEE model for the year 2002 using an AOT40-based approach (Anav et al.,
2011).

Possible causes for the discrepancies are differences in the applied injury functions,
flux thresholds accounting for the detoxification ability of the plants, atmospheric O3

concentrations, simulation periods, and simulation of climate change (elevated CO2)
and air pollution (nitrogen deposition). We discuss the most important aspects below.
To elucidate the reasons for the substantial differences in the damage estimates further
studies are necessary to disentangle the combined effects of differing flux thresholds;
injury relationships; climate change; and deposition of nitrogen.

2.4.1 Atmosphere-leaf transport of ozone

The sensitivity analysis in Section 2.3.3 demonstrates that the estimate of canopy con-
ductance (Gc) is crucial for calculating plant ozone uptake; therefore, reliable obser-
vations to constrain modelled canopy conductance are highly important. The site-
level evaluation shows that O-CN produces reasonable estimates of simulated gross pri-
mary productivity (GPP), canopy conductance, and latent heat flux (LE) compared to
FLUXNET observations. This agreement has to be seen in the light of the diverse set of
random and systematic errors in the eddy-covariance measurements as well as derived
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flux and conductance estimates (Richardson et al., 2012; Knauer et al., 2017). Next
to uncertainties about the strength of the aerodynamic coupling between atmosphere
and canopy, problems exist at many sites with respect to the energy balance closure
(Wilson et al., 2002). Failure to close the energy balance can cause underestimation of
sensible and latent heat, as well as an overestimation of available energy, with mean bias
of 20% where the imbalance is greatest during nocturnal periods (Wilson et al., 2002).
This imbalance propagates to estimates of canopy conductance, which is inferred from
latent and sensible heat fluxes. The energy imbalance furthermore appears to affect esti-
mates of CO2 uptake and respiration (Wilson et al., 2002). Flux partitioning algorithms
which extrapolate night-time ecosystem respiration estimates to daytime introduce an
additional potential for bias in the estimation of GPP (Reichstein et al., 2005). Never-
theless, the general good agreement of Gc compared to FLUXNET estimates, together
with the finding that modelled values of key ozone variables are within observed ranges,
supports the use of the extended O-CN model for determining the effect of air pollution
on terrestrial carbon, nitrogen, and water cycling.

A key difference from previous studies is our use of the use of the ozone deposition
scheme, which reduces O3 surface concentrations and hence also the estimated O3 uptake
and accumulation (see Fig. 2.12). Accounting for stomatal and non-stomatal deposition
in the calculation of the surface O3 concentrations considerably impacts the estimated
plant uptake of O3. O3 uptake and cumulated uptake are considerably overestimated
when atmospheric ozone concentrations are used to calculate O3 uptake or when in the
calculation of leaf-level O3 concentrations only stomatal destruction of O3 is regarded
(see subsection 2.3.5). Compared to the values that would have been obtained if the CTM
O3 concentrations of the atmosphere (from ca. 45 m height) had been used directly at the
leaf surface, our simulations yield a decrease in CUO by 31% (European means for the
years 2001-2010). A significant fraction of the decreases is associated with non-stomatal
O3 uptake and destruction at the surface, which decreased the simulated cumulative O3

uptake by 16%. To obtain an estimate of CUO that is as accurate as possible, stomatal
and non-stomatal destruction of O3 and their impacts on canopy O3 concentrations
should be accounted for in terrestrial biosphere models (Tuovinen et al., 2009). Flux-
based ozone damage assessment models may overestimate ozone-related damage unless
they properly account for non-stomatal O3 uptake at the surface.

We note that vegetation type and dynamics also impact the stomatal and non-
stomatal deposition of O3, and hence the calculation of the leaf-level O3 concentra-
tions. This impedes the use of CTM-derived leaf-level O3 concentration, as CTM and
vegetation specifications may differ strongly. Using the O3 from the lowest level of
the atmosphere reduces this problem, but running a terrestrial biosphere with a fixed
atmospheric boundary condition (and not coupled to a atmospheric CTM) is still a
simplification that prevents biosphere-atmosphere feedbacks and therefore to potential
discrepancies between vegetation and CTM. Not accounting for this feedback and stom-
atal and non-stomatal O3 deposition might result in an overestimation of O3 uptake and
hence potential damage in the vegetation model. The deposition scheme in O-CN offers
the potential to couple vegetation and chemical transport modelling and is thus a step
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forward towards coupled atmosphere-vegetation simulations.

2.4.2 Estimating vegetation damage from ozone uptake

A key aspect of ozone damage estimates are the assumed dose-response relationships,
which relate O3 uptake to plant damage. The use of flux-based relationships is generally
thought to improve damage estimates compared to concentration-based metrics (e.g.
AOT40), since stomatal constraints on O3 uptake are taken into account, yielding very
different spatial patterns of exposure hotspots (Simpson et al., 2007). Similar to Simpson
et al. (2007), we find strongly differing patterns between cumulative O3 uptake (CUO)
and AOT40 in our simulations here (see Fig. 2.8), where highest exposure is found not
only in southern Europe, where the O3 concentration is highest, but also in eastern
Europe.

Several dose-response relationships exist for biomass or yield damage (see LRTAP-
Convention (2017), for an overview), however there are few estimates of the likely cause
of this damage, i.e. the reduction in net photosynthesis. In this study, the injury
relationship to net photosynthesis proposed by Wittig et al. (2007) is used. The major
advantage of this relationship is that it has been obtained by meta-analysis of many
different tree species and thus might indicate an average response. This relationship is
therefore used for all modelled PFTs. However, a substantial disadvantage is that the
meta-analysis implies an injury of 6.16% at zero accumulated O3 uptake with a rather
minor increase in injury with increasing O3 uptake. This might be an important factor
explaining the lower ozone damage estimates of O-CN compared to other terrestrial
biosphere models. In Lombardozzi et al. (2015) also an injury relationship derived from
a meta-analysis is used; however, the disadvantage of predicted ozone injury at zero
accumulated O3 uptake there is even greater compared to Wittig et al. (2007). Two
out of three modelled PFTs assume ozone induced injury values of -12.5% and -16.1%
at zero accumulated O3 uptake (broadleaved and needle-leaved species respectively)
and the third PFT (grass and crop) assumes -19.8% at zero accumulated O3 uptake
together with a small increase in injury with increasing O3 uptake (Lombardozzi et al.,
2015). An evaluation of the different proposed injury functions implemented in terrestrial
biosphere models (e.g.Wittig et al. (2007); Lombardozzi et al. (2015); Sitch et al. (2007))
is necessary to elucidate which are able to reproduce, for example, observed patterns
of biomass damage and hence might be suitable to predict regional or global damage
estimates. Furthermore, new injury relationships for different plant groups would be
desirable for use in dynamic vegetation models to improve the ozone damage estimates,
for example by ensuring an intercept close to one (zero injury at zero accumulated O3).

The use of a (possibly PFT-specific) flux threshold and its magnitude naturally also
impacts the CUOY (canopy cumulative O3 uptake above a threshold of Y nmol m−2 s−1)
and possible damage estimates (Tuovinen et al., 2007). The included injury function by
Wittig et al. (2007) is designed for the CUO without a flux threshold (Y = 0). The im-
pacts of using different flux thresholds on regional estimates of O3 uptake, accumulation
and damage are still poorly understood and need further research.

It should be noted that using plant O3 uptake based on leaf-level O3 concentrations,
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as done here, together with empirical ozone injury functions, where O3 uptake is cal-
culated from atmospheric O3 concentrations, introduces a discrepancy. The O3 uptake
rates of the experiments forming the injury relationship however are calculated from
mean ozone concentrations, for example, over the exposure period and the respective
average stomatal conductance (Wittig et al., 2007) such that the estimated O3 uptake
and cumulated uptake used to derive the injury relationship are coarse approximations
and underlie considerable uncertainty. The error introduced in O-CN by using leaf-level
O3 concentrations instead of atmospheric concentrations seems small, especially since the
use of the leaf-level O3 concentration is the physiologically more appropriate approach.

In the current version of O-CN only ozone injury to net photosynthesis is accounted
for. Other processes like detoxification of O3 and injury repair (Wieser and Matyssek,
2007; Ainsworth et al., 2012), stomatal sluggishness (Paoletti and Grulke, 2010) and
early senescence (Gielen et al., 2007; Ainsworth et al., 2012) are not accounted for.
Decoupling of photosynthesis and stomatal conductance (e.g. through stomatal slug-
gishness) might impact GPP and transpiration damage estimates and requires further
analysis. Accounting for direct impairment of the stomata might reduce the reported
reductions in transpiration or even cause an increase compared to simulations with no
ozone injury. Reduced carbon gain due to early senescence might impact the growth and
biomass accumulation of plants (Gielen et al., 2007; Ainsworth et al., 2012) and ought
to also be included in terrestrial biosphere models.

2.5 Conclusion

Estimates of O3 impacts on plant gross primary productivity vary substantially. This
uncertainty in the magnitude of damage and hence the potential impact on the global
carbon budget is related to different approaches to model ozone damage. The use of a
comparatively detailed ozone deposition scheme that accounts for non-stomatal as well
as stomatal deposition when calculating surface O3 concentrations substantially affects
O3 uptake in our model. We therefore recommend that non-stomatal O3 uptake be
routinely included in model assessments of ozone damage to obtain a better estimate of
ozone uptake and accumulation. We show that O3 uptake into the stomata is mainly
determined by the canopy conductance in the ozone deposition scheme used here. This
highlights the importance of reliable modelling of canopy conductance as well as realistic
surface O3 concentrations to obtain as accurate as possible estimates of O3 uptake,
which are the basis for plant damage estimates. Suitable ozone injury relationships to
net photosynthesis for different plant groups are essential to relate the accumulated O3

uptake to plant damage in a model. Mean responses of plant groups similar to commonly
modelled PFTs are also desirable. Only a few relationships exist which indicate mean
responses of several species (e.g. Wittig et al. (2007); Lombardozzi et al. (2013), which
however, propose very different relationships). Furthermore, the impact of the plants
ability to detoxify O3 should be considered by using, for example, flux thresholds, as
well as the combined effects of O3 with air pollution (nitrogen deposition) and climate
change (elevated CO2) on the plants carbon uptake.
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Chapter 3

Evaluation of simulated ozone
effects in forest ecosystems
against biomass damage estimates
from fumigation experiments

3.1 Introduction

Simulated reductions in GPP due to ozone-induced injury vary substantially between
models and model versions (Lombardozzi et al., 2012a, 2015; Franz et al., 2017; Sitch
et al., 2007). This uncertainty is predominantly due to the different approaches that
these models use to relate ozone uptake (or ozone exposure) to reductions in whole-tree
biomass, and in the exact parameterisation of the injury functions and dose-response
relationships applied (Karlsson et al., 2004; Pleijel et al., 2004; Wittig et al., 2007;
Lombardozzi et al., 2012a, 2013). The injury functions employed by current terrestrial
biosphere models differ decidedly in their slope (i.e. the change in injury per unit of time-
integrated ozone uptake), intercept (ozone injury at zero time-integrated ozone uptake)
and their assumed threshold, below which the ozone uptake rate is considered sufficiently
low that ozone will be detoxified before any injury occurs (Karlsson et al., 2004; Pleijel
et al., 2004; Lombardozzi et al., 2012a). For example, Sitch et al. (2007) relates the
instantaneous ozone uptake exceeding a flux threshold to net photosynthetic injury via
an empirically derived factor. An alternative approach has been to relate ozone injury
to net photosynthesis in response to the accumulated ozone uptake rather than to the
instantaneous ozone uptake as in Sitch et al. (2007), e.g. by using the CUOY , which
refers to the cumulative canopy O3 uptake above a flux threshold of Y nmol m−2 s−1

(Wittig et al., 2007; Lombardozzi et al., 2012a, 2013; Cailleret et al., 2018).

The effect of ozone on plant growth has been investigated by ozone filtration/fumigation
experiments either at the individual experimental level or by pooling data from multi-
ple experiments that have been conducted according to a standardised experimental

51



method. These experiments typically rely on young trees because of their small size. A
challenge in developing and testing process-based models of ozone damage from these
ozone fumigation experiments is that often only the difference in biomass accumulation
between plants grown in an ozone treatment and in ambient or charcoal-filtered air at
the end of the experiment are reported. Data from these studies provide evidence for
a linear, species-specific relationship between accumulated ozone uptake and reductions
in plant biomass (Pleijel et al., 2004; Mills et al., 2011b; Nunn et al., 2006, e.g.). Sitch
et al. (2007) for instance calibrated their instantaneous leaf-level injury function between
ozone uptake and photosynthesis by relating simulated annual net primary production
and accumulated ozone uptake to observed biomass dose-response relationships devel-
oped by Karlsson et al. (2004) and Pleijel et al. (2004), where biomass/yield damage is
related to the phytotoxic ozone dose (PODy). The PODy refers to the accumulated
ozone uptake above a flux threshold of y nmol m−2 s−1 by the leaves representative of the
upper-canopy leaves of the plant. Such an approach applies biomass dose-response rela-
tionships of young trees to mature trees. However, the effects of ozone on leaf physiology
(e.g. net photosynthesis and stomatal conductance) or plant carbon allocation may dif-
fer between juvenile and adult trees (Hanson et al., 1994; Samuelson and Kelly, 1996;
Kolb and Matyssek, 2001; Paoletti et al., 2010). Whether or not biomass dose-response
relationships can be used to calibrate injury functions for mature trees is uncertain.

An alternative approach is to directly simulate ozone injury to photosynthesis, which
may have been a major cause for the observed decline in plant biomass production
(Ainsworth et al., 2012). Possible injury targets in the simulations can be, for example
the net photosynthesis or leaf-specific photosynthetic activity (such as represented by
the maximum carboxylation capacity of RuBisCO, Vcmax). For instance Lombardozzi
et al. (2012a) based their injury function on an experimental study involving a single
forest tree species, whereas more recent publications (e.g. Lombardozzi et al. (2015)
and Franz et al. (2017)) have used injury functions from meta-analyses of a far larger-
set of filtration/fumigation studies. Meta-analyses have attempted to summarise the
responses of plant performance to ozone exposure across a wider range of experiments
and vegetation types (Wittig et al., 2007; Lombardozzi et al., 2013; Feng and Kobayashi,
2009; Li et al., 2017; Wittig et al., 2009) and to develop injury functions for plant groups
that might provide an estimate of mean plant group responses to ozone. However,
these meta-analyses suffer from a lack of consistency in the derivation of either plant
injury or ozone exposure, and generally report a large amount of unexplained variance.
A further complication in the meta-analyses of ozone injury (e.g. Wittig et al., 2007;
Lombardozzi et al., 2013) is that they have to indirectly estimate the cumulative ozone
uptake underlying the observed ozone injury based on a restricted amount of data, which
causes uncertainty in the derived injury functions.

Büker et al. (2015) provides an independent data set of whole-tree biomass plant
responses to ozone uptake which is independent of data sets that were used to describe
injury functions by Wittig et al. (2007) and Lombardozzi et al. (2013). This data set
has been collected from experiments that follow a more standardised methodology to
assess dose-responses and has associated meteorological and ozone data at a high time
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resolution that allow more accurate estimates of modelled ozone uptake to be made.
These dose-response relationships describe whole-tree biomass reductions in young trees
derived from standardised ozone filtration/fumigation methods for eight European tree
species at 10 locations across Europe (see Tab. 3.2 for details and Büker et al., 2015).
These data thus provide an opportunity to evaluate simulations of biosphere models that
use leaf-level injury functions (describing the effect of ozone uptake on photosynthetic
variables) to estimate carbon (C) assimilation, growth and ultimately whole-tree biomass
against these robust empirical dose-response relationships that relate ozone exposure
directly to whole-tree biomass response.

Here we test four alternative, previously published ozone injury functions that tar-
get either net photosynthesis or the leaf carboxylation capacity (Vcmax), which have
been included in state-of-the-art terrestrial biosphere models (Lombardozzi et al., 2012a,
2015; Franz et al., 2017) against these new biomass dose-response relationships by Büker
et al. (2015). We incorporate these injury functions into a single modelling framework,
the O-CN model (Zaehle and Friend, 2010; Franz et al., 2017). To reduce model-data
mismatch, we test the functions in simulations that mimic to the extend possible the
conditions of each of the experiments in the Büker et al. (2015) data-set. In particular
we simulate the young age of the trees, such that we can directly compare the simulated
to the observed whole-tree biomass reductions in the empirically derived dose-response
relationships. This allows us to identify the contribution of these alternative injury func-
tion formulations on the simulated whole-tree biomass response. The simulated biomass
dose-response relationships are then compared to the data from the experiments to eval-
uate the capability of the different model versions to reproduce observed dose-response
relationships. Based on these comparisons we use a similar approach to that of Sitch
et al. (2007) and develop alternative parameterisations of the injury functions to im-
prove the capability of the O-CN model to simulate the whole-tree biomass responses
observed in the fumigation experiments, with the notable exception that we explicitly
simulate in-fumigation experiments and the approximate age of the trees. Finally, we
explore whether or not there is a substantial difference in the biomass response to ozone
of young or mature trees by using a sequence of model simulations and comparing the
response both in terms of whole-tree biomass as well as net primary production.

3.2 Methods

We use the O-CN terrestrial biosphere model (see section 1.6.1 for details) to simulate
the ozone fumigation experiments described in Büker et al. (2015). The simulations
of the fumigation experiments are repeated with different model versions, where each
model version contains a different ozone injury function.

3.2.1 Ozone injury calculation in O-CN

Throughout this chapter we refer to the biological response to O3 uptake at the leaf level
as ’injury’ and to responses of plant production, growth and biomass at the ecosystem
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level as ’damage’ following Guderian (1977). The relationship between ozone uptake and
injury is called ’injury function’; the relationship between ozone uptake and damage is
called ’dose-response relationship’.

Leaf-level ozone uptake is determined by stomatal conductance and atmospheric O3

concentrations, as described in Franz et al. (2017). To mimic the conditions of the fumi-
gation experiments with plot-level controlled atmospheric O3 concentrations, simulations
are conducted with a model version of O-CN, in which atmospheric O3 concentrations
are directly used to calculate ozone uptake into the leaves, and the transfer and destruc-
tion of ozone between the atmosphere and the surface is ignored (ATM model version
in chapter 2 and Franz et al. (2017)). Deviating from Franz et al. (2017), stomatal
conductance gst here is calculated based on the Ball and Berry formulation (Ball et al.,
1987) as

gst,l = g0 + g1 ×
An,l ×RH × f(heightl)

Ca
(3.1)

where net photosynthesis (An,l) is calculated as described in Zaehle and Friend (2010) as
a function of the leaf-internal partial pressure of CO2, absorbed photosynthetic photon
flux density on shaded and sunlit leaves, leaf temperature, the nitrogen-specific rates of
maximum light harvesting, electron transport (Jmax) and carboxylation rates (Vcmax).
RH is the atmospheric relative humidity, f(heightl) the water-transport limitation with
canopy height, Ca the atmospheric CO2 concentration, g0 the residual conductance when
An approaches zero, and g1 the stomatal-slope parameter as in Krinner et al. (2005).
The index l indicates that gst is calculated separately for each canopy layer.

The stomatal conductance to ozone gO3
st,l is calculated as

gO3
st,l =

gst,l
1.51

(3.2)

where the factor 1.51 accounts for the different diffusivity of O3 from water vapour
(Massman, 1998).

For each canopy layer, the O3 stomatal flux (fst,l, nmol m−2(leaf area) s−1) is calcu-
lated from the atmospheric O3 concentration the plants in the field experiments were
fumigated with (χO3

atm), and gst,l is calculated as

fst,l = (χO3
atm − χO3

i )gO3
st,l. (3.3)

where the leaf-internal O3 concentration (χO3
i ) is assumed to be zero (Laisk et al., 1989).

The accumulation of ozone fluxes above a threshold of Y nmol m−2(leaf area) s−1

(fst,l,Y , nmol m−2(leaf area) s−1) with

fst,l,Y = MAX(0, fst,l − Y ) (3.4)

gives the CUOYl. The canopy value of CUOY is calculated by summing CUOYl over
all canopy layers (Franz et al., 2017).

For comparison to observations, the POD (mmol m−2) can be diagnosed by the accu-
mulation of fst,l for the top canopy layer (l = 1), in accordance with LRTAP-Convention
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(2017) and Büker et al. (2015). The accumulation of ozone fluxes of the top canopy layer
above a threshold of y nmol m−2(leaf area) s−1 gives the PODy. The estimates of PODy
(both POD2 and POD3) can be used offline to re-construct dose-response relationships
equivalent to those described in Büker et al. (2015). These modelled dose-response rela-
tionships can then be compared with the empirically derived dose-response relationships
to assess the ability of the model to estimate injury. As such, the POD2 and POD3
used for the formation of these modelled dose-response relationships are purely diagnos-
tic variables and not involved in the injury calculation of the model. The flux thresholds
(2 and 3 nmol m−2(leaf area) s−1) are not the flux thresholds that are used to estimate
biomass response in the O-CN model simulations.

Ozone injury, i.e. the fractional loss of carbon uptake associated with ozone uptake
dO3
l , is calculated as a linear function of the cumulative leaf-level uptake of ozone above

a threshold of Y nmol m−2(leaf area) s−1 (CUOYl)

dO3
l = a− b× CUOYl (3.5)

where a is the intercept and b is the slope of the injury function. The injury fraction
(dO3

l ) is calculated separately for each canopy layer l based on the specific accumulated
ozone uptake of the respective canopy layer (CUOYl), and takes values between 0 and
1. The magnitude of dO3

l in Eq. 3.5 varies between the canopy layers because CUOYl
varies driven by within-canopy gradients in stomatal conductance and photosynthetic
capacity.

The effect of ozone injury on plant carbon uptake is calculated by

xO3
l = xl(1 − dO3

l ). (3.6)

where xl is either leaf-level net photosynthesis An,l or the maximum photosynthetic
capacity (Jmax,l and Vcmax,l), which is used in the calculation of An,l. Jmax,l and Vcmax,l

are reduced in proportion such that the ratio between the two is not altered. While there
is some evidence that ozone can affect the ratio between Jmax and Vcmax, we believe that
for the purpose of this paper, it is justifiable to assume a fixed ratio between them.

Reductions in An,l cause a decline in stomatal conductance (gst,l) due to the tight
coupling between both. Other stress factors that impact gst,l are accounted for in the
preceding calculation of the gst,l uninjured by ozone (see Eq. 3.1). Reductions in gst,l
decrease the O3 uptake into the plant (fst,l) and slow the increase in CUOYl and thus
ozone injury.

3.2.2 Model set-up

Four published injury functions were applied within the O-CN model (see Tab. 3.1 for
the respective slopes, intercepts and flux thresholds). As shown below in Fig. 3.1 and
explained in the results section, these did not match well with the observed biomass dose-
response relationships by Büker et al. (2015). Following this we manually calibrated two
additional injury relationships one each for An or Vcmax based on the data presented in
Büker et al. (2015) (see Tab. 3.1 for slopes and intercepts). For these calibrated injury
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functions, we chose a flux threshold value of 1 nmol m−2(leaf area) s−1, as suggested by
the LRTAP-Convention (2017). We forced the intercept (a) of these relationships to 1
to simulate zero ozone injury at zero accumulated O3 (for ozone levels that cause less
then 1 nmol m−2(leaf area) s−1 instantaneous ozone uptake). As described above, in all
model versions, ozone injury is calculated independently for each canopy layer based on
the accumulated O3 uptake (CUOYl) in that layer, above a specific flux threshold of Y
nmol m−2(leaf area) s−1 for the respective injury function (see Tab. 3.1).

3.2.3 Model and protocol for young trees

Single-point simulations were run for each fumigation experiment using meteorologi-
cal input from the daily CRU-NCEP climate data set (CRU-NCEP version 5; LSCE
(http://dods.extra.cea.fr/store/p529viov/cruncep/V5 1901 2013/) at the nearest grid
cell to the coordinates of the experiment sites. The meteorological data provided by
the experiments incompletely described the atmospheric boundary conditions required
to drive the O-CN model. Atmospheric CO2 concentrations were taken from Sitch et al.
(2015), and reduced as well as oxidised nitrogen deposition in wet and dry forms was
provided by the EMEP model (Simpson et al., 2014b). Hourly O3 concentrations were
obtained from the experiments, as in Büker et al. (2015).

Büker et al. (2015) report data for eight tree species at 11 sites across Europe (see
Tab. 3.2 for experiment and simulation details). The O-CN model simulates 12 plant
functional types (PFTs) rather than explicit species therefore, the species from the
experiments were assigned to the corresponding PFT: all broadleaved species except
Quercus ilex were assigned to the temperate broadleaved summer-green PFT. Quercus
ilex was classified as temperate broadleaved evergreen PFT. All needleleaf species were
assigned to the temperate needleleaf evergreen PFT.

The fumigation experiments were conducted on young trees or cuttings. Prior to
the simulation of the experiment, the model was run in an initialisation phase from
bare ground until the simulated stand-scale tree age was stable and representative of
1-2 year old trees. During this initialisation, O-CN was run with the climate of the
years preceding the experiment and zero atmospheric O3 concentrations. Using ambient
ozone concentrations during the initialisation phase would have resulted in different
initial biomass values for the different response functions, which would have reduced the
comparability of the different model runs. The impact of the ozone concentrations in
the initialisation phase on our results here can be considered negligible since we only
evaluate the simulated biomass from different treatments in relation to each other and
do not evaluate it in absolute terms.

The duration of the initialisation phase depends on the site and PFT and averages
7.8 years (mean over all simulated experiments). Some of the published injury func-
tions and/or parameterisations applied have intercepts unequal to 1 (a in Eq. 3.5; see
Tab. 3.1), which induces reductions (a < 1) or increases (a > 1) in photosynthesis at zero
ozone concentration and thus causes a bias in biomass and in particular foliage area at
the end of the initialisation phase. To eliminate this bias, the nitrogen-specific photosyn-
thetic capacity of a leaf was adjusted for each of the six parameterisations of the model
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Table 3.3: Original and adapted values of the nitrogen-specific photosynthetic capacity
of a leaf (npl) for three out of four different O-CN versions (ID) including published
injury functions. The intercept of the fourth O-CN version (L12V C) is very close to 1
and simulations produce comparable LAI values without an adaption of npl.

ID PFT npl original npl adapted

W07PS Broadleaf 1.50 1.60
W07PS Needleleaf 0.75 0.80
L12PS Broadleaf 1.50 1.45
L12PS Needleleaf 0.75 0.70
L13PS Broadleaf 1.50 1.75
L13PS Needleleaf 0.75 0.90

to obtain comparable leaf area index (LAI) values at the beginning of the experiment
(see Tab. 3.3). This adaption of the nitrogen-specific photosynthetic capacity of a leaf
only counterbalances the fixed increases or decreases in the calculation of photosynthesis
implied by the intercepts unequal to 1 and has no further impact on ozone uptake and
injury calculations.

The simulations of the experiments relied on the meteorological and atmospheric
forcing of the experiment years. Simulations were made for all reported O3 treatments of
the specific experiment, including the respective control treatments. Büker et al. (2015)
obtained estimates of biomass reductions due to ozone by calculating the hypothetical
biomass at zero ozone uptake for all experiments that reported ozone concentrations
greater than zero for the control group (e.g. for charcoal-filtered or non-filtered air) and
calculated the biomass damage from the treatments against a completely undamaged
biomass. Our model allows us to run simulations with zero ozone concentrations and
skip the calculation of the hypothetical biomass at zero ozone concentrations as done by
Büker et al. (2015). Following this, we ran additional reference simulations with zero O3

and based our biomass damage calculations upon them.

3.2.4 Modelling protocol for mature trees

To test whether biomass dose-response relationships of mature forests will show a similar
relationship as observed in the simulations of young trees, we ran additional simulations
with mature trees. To allow the development of a mature forest where biomass accu-
mulation reached a maximum, and high, and medium turnover soil pools reached an
equilibrium, the model was run for 300 years in the initialisation phase. The simulations
were conducted with the respective climate previous to the experiment period and zero
atmospheric O3 concentration. For the simulation years previous to 1901 the yearly cli-
mate is randomly chosen from the years 1901-1930. Constant values of atmospheric CO2

concentrations are used in simulated years previous to 1750 followed by increasing con-
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centrations up to the experiment years. The subsequent experiment years are simulated
in the same way as the simulations with the young trees. The ozone injury for mature
trees is calculated based on the same tunV C injury function (see Tab. 3.1) that is used
in the simulation of young trees (see subsection 3.2.5 for details on the development of
tunV C).

3.2.5 Calculation of the biomass damage relationships

The ozone-induced biomass damage is calculated from the difference between a treatment
and a control simulation. At each experiment site and for all treatments the annual
reduction in biomass due to ozone (RB) is calculated as in Büker et al. (2015):

RB =

(
BMtreat

BMzero

) 1
n

, (3.7)

where BMtreat represents the biomass of a simulation, which experienced an O3 treat-
ment and BMzero the biomass of the control simulation with zero atmospheric O3 con-
centration. The exponent imposes an equal fractional biomass reduction across all sim-
ulation years for experiments lasting longer than 1 year.

Büker et al. (2015) report the dose-response relationships for biomass reduction with
reference to the PODy with flux thresholds y of 2 and 3 nmol m−2(leaf area) s−1 (POD2

and POD3) for the needleleaf and broadleaf category, respectively, where the PODy
values were derived from simulations with the DO3SE model (Emberson et al., 2000b)
given site-specific meteorology and ozone concentrations. To be able to compare the sim-
ulated biomass reduction by O-CN with these estimates, we also diagnosed these PODy
values for each simulation from the accumulated ozone uptake of the top canopy layer
(PODyO−CN = CUOYl=1). Note that the PODyO−CN is purely diagnostic, and not
used in the injury calculations, which are based on the CUOYl (see Eq. 3.5). As O-CN
computes continuous, half-hourly values of ozone uptake (see Franz et al. (2017), for de-
tails), the PODyO−CN values have to be transformed to be comparable to the simulated
mean annual PODy values reported in Büker et al. (2015). For deciduous species, the
yearly maximum of PODyO−CN was taken as a yearly increment PODyO−CN,i. The
PODyO−CN of evergreen species was continuously accumulated over several years. To
obtain the yearly increment PODyO−CN,i, the PODyO−CN at the beginning of the year
i is subtracted from the PODyO−CN at the end of the year i.

The selected yearly PODyO−CN,i was used to calculate mean annual values neces-
sary for the formation of the dose-response relationships integrating all simulation years
(PODydr) as

PODydri =

∑i
k=1 PODyO−CN,i

i
(3.8)

where PODyO−CN,i is the PODy of the i-th year calculated by O-CN. The PODydr

values are used to derive biomass dose-response relationships.
Separate biomass dose-response relationships were estimated by grouping site data

for broadleaved and needleleaf species. The biomass dose-response relationships are
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obtained from the simulation output by fitting a linear model to the simulated values of
RB and PODydr (with flux thresholds of 2 and 3 nmol m−2(leaf area) s−1 for needleleaf
and broadleaved species, respectively), where the regression line is forced through 1 at
zero PODydr. Büker et al. (2015) report two alternative dose-response relationships
for their data set: the simple and the standard model BSI and BST , respectively. We
evaluate our different model versions regarding their ability to reach the area between
those two functions (target area) with the biomass-dose-response relationships computed
from their output. The tuned injury relationships tunPS and tunV C were obtained by
adjusting the slope b in Eq. 3.5 such that the corresponding biomass dose-response
relationships fits the target area. The intercept of the injury relationships are forced to
1 to simulate zero ozone injury at ozone fluxes lower than 1 nmol m−2(leaf area) s−1.

3.3 Results

3.3.1 Testing published injury functions

None of the versions where ozone injury is calculated based on previously published
injury functions fit the observations well. Some versions strongly overestimate the
simulated biomass dose-response relationship and others strongly underestimate it (see
Fig. 3.1) compared to the dose-response relationships developed by Büker et al. (2015).

In the W07PS simulations, where injury is calculated based on the injury function
by Wittig et al. (2007), biomass damage is strongly underestimated compared to the
estimates from Büker et al. (2015). Ozone injury estimates are mainly driven by the
intercept of the relationship, which assumes a reduction in net photosynthesis by 6.16%
at zero ozone uptake. Little additional ozone damage occurs due to the accumulation of
ozone uptake. As a consequence, the ozone treatments and reference simulations differ
little in their simulated biomass. Similarly, the Lombardozzi et al. (2013) injury function
(L13PS) calculates ozone injury as a fixed reduction in net photosynthesis independent of
the actual accumulated ozone uptake. The reference simulations with zero atmospheric
ozone thus equal the simulations with ozone treatments and result in an identical simu-
lated biomass. We tested accounting for effects of ozone on stomatal conductance besides
net photosynthesis as suggested by Lombardozzi et al. (2013). However, this additional
direct injury to stomatal conductance yielded a minimal decrease in simulated biomass
accumulation in needleleaf trees, but did not qualitatively change the results (results
not shown). These results indicate that injury functions, with a large intercept and a
very shallow (or non-existing) slope cannot simulate the impact of spatially varying O3

concentrations or altered atmospheric O3 concentrations.
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Figure 3.1: Biomass dose-response relationships for simulations based on published in-
jury relationships, separate for a) broadleaved species and b) needleleaf species. The
dose-response relationships by Büker et al. (2015) (BSI and BST ) define the target
area (orange). The displayed dose-response relationships are simulated by model ver-
sions which base injury calculations either on net photosynthesis W07PS (Wittig et al.,
2007), L12PS(Lombardozzi et al., 2012a), and L13PS (Lombardozzi et al., 2013), or on
Vcmax L12V C (Lombardozzi et al., 2012a) (see Tab. 3.1 for more details). See Tab. 3.4 for
slopes, intercepts, R2 and p values of the displayed regression lines. Injury calculation
in the simulations is based on CUOY (see Tab. 3.1) and not on POD2 or POD3 (see
Sec. 3.2.5 for more details).

Table 3.4: Slopes and intercepts of biomass dose-response
relationships for broadleaf and needleaf species simulated by
O-CN versions based on published injury functions to net
photosynthesis or Vcmax (see Tab. 3.1). BSI and BST repre-
sent the simple and standard model of Büker et al. (2015).

ID Intercept (a) Slope (b) R2 p value

Broadleaf

BSI 0.99 0.0082 0.34 <0.001
BST 0.99 0.0098 0.38 <0.001

W07PS 1 0.00045 0.93 1 x 10−24

L12PS 1 0.0142 0.77 2 x 10−14

L15PS 1 0.0000 - -
L12V C 1 0.0120 0.80 1.9 x 10−15

Needleleaf

BSI 1 0.0038 0.46 <0.001
BST 1 0.0042 0.52 <0.001

W07PS 1 0.00058 0.93 1.5 x 10−09

L12PS 1 0.0119 0.83 9.4 x 10−07

L15PS 1 0.0000 - -
L12V C 1 0.0096 0.85 3.5 x 10−07



The simulations L12PS and L12V C (net photosynthesis and Vcmax injury according
to Lombardozzi et al. (2012a), respectively) strongly overestimate biomass damage com-
pared to Büker et al. (2015). Both injury functions assume an extensive injury to carbon
fixation at low ozone accumulation values (CUOY ) of about 5 mmol O3. This results
in a very steep decline in relative biomass at low values of POD3. Notably, despite
a linear injury function, the very steep initial decline in biomass of broadleaved trees
at low values of POD3 is not continued at higher exposure, resulting in a non-linear
biomass dose-response relationships. Higher accumulation of ozone doses does not result
in higher injury rates beyond a threshold of about 5 mmol O3 m−2 leaf area, and relative
biomass declines remain at 50% to 70%. Whereas non-linear dose-response relationships
are observed in experiments e.g. for leaf injury (Marzuoli et al., 2009), such a non-linear
relationship is not produced in the biomass dose-response relationship by Büker et al.
(2015).
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Figure 3.2: Simulated cumulative ozone uptake above a threshold of 0.8
nmol m−2(leaf area) s−1 (CUOY ), canopy-integrated net photosynthesis (Acan

n ), leaf car-
bon content (Leaf C), total carbon in biomass (biomass C) and relative biomass (RB)
of Pinus halepensis at the Ebro Delta fumigated with the NF+ ozone treatment. Sim-
ulations are conducted with the L12PS model version. Panels (a-d) display the entire
simulation period. The red line indicates the onset of O3 fumigation (NF+) in the fifth
of eight simulations years. The relative biomass compared to a control simulation with
zero O3 concentration (panel e) is displayed for the O3 fumigation years.
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We investigated the cause for this using the example of the Pinus halepensis stand
in the Ebro Delta with a high ozone treatment as shown in Fig. 3.2. The simulated
CUOY quickly increases after the onset of fumigation (Fig. 3.2a) and is paralleled by
a rapid decline in canopy-integrated net photosynthesis (Acan

n , see Fig. 3.2b). Once all
canopy layers accumulated more than 5 mmol O3 m−2, the canopy photosynthesis is
fully reduced, and Acan

n becomes negative as a consequence of ongoing leaf maintenance
respiration. Thereafter, leaf and total biomass steadily decline (Fig. 3.2c,d), and the
plants are kept alive only by the consumption of stored non-structural carbon reserves.
Despite the 100% reduction in gross photosynthesis, the biomass compared to a control
simulation (relative biomass, RB) reaches only values of approximately 0.7 (Fig. 3.2e),
because of the remaining woody and root tissues (see Eq. 3.7 for the calculation of RB).

3.3.2 Tuned injury relationships

We next tested whether a linear injury function is in principle able to reproduce the
observed biomass dose-response relationships. Simulations conducted with our tuned
injury relationships produce biomass dose-response relationships which fit the target
area defined by the BSI and BST dose-response relationships by Büker et al. (2015) (see
Fig. 3.3 and Tab. 3.5).
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Figure 3.3: Biomass dose-response relationships for simulations based on tuned injury
functions (see Tab. 3.1 for abbreviations), separate for a) broadleaved species, and b)
needleleaf species. The dose-response relationships by Büker et al. (2015) (BSI and BST )
define the target area (orange). See Tab. 3.5 for slopes, intercepts, R2 and p values of
the displayed regression lines. Injury calculation in the simulations is based on CUO1
(see Tab. 3.1) and not on POD2 or POD3 (see Sec. 3.2.5 for more details).
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Table 3.5: Slopes and intercepts of biomass dose-response relationships for broadleaf and
needleleaf species simulated by O-CN versions based on tuned injury functions to net
photosynthesis or Vcmax (see Tab. 3.1). BSI and BST represent the simple and standard
model by Büker et al. (2015).

ID Intercept (a) Slope (b) R2 p value

Broadleaf

BSI 0.99 0.0082 0.34 <0.001
BST 0.99 0.0098 0.38 <0.001

tunPS 1 0.0093 0.94 1.4 x 10−26

tunV C 1 0.0091 0.93 5 x 10−25

Needleleaf

BSI 1 0.0038 0.46 <0.001
BST 1 0.0042 0.52 <0.001

tunPS 1 0.0039 0.94 4.8 x 10−10

tunV C 1 0.0042 0.93 2.2 x 10−09

For the calibrated relationships used in these simulations, we chose a flux threshold
value of 1 nmol m−2(leaf area) s−1, as suggested by LRTAP-Convention (2017). We
forced the intercept (a) of these relationships through 1, to simulate zero ozone injury
at ozone fluxes lower than 1 nmol m−2(leaf area) s−1. The resulting slope of the tunPS

function for broadleaved PFTs is approximately 30 times higher compared to the slope
suggested by Wittig et al. (2007) and a fourth of the slope by Lombardozzi et al. (2012a).
For the needleleaf PFT, the tuned slope (tunPS) is approximately 10 times higher (lower)
than the slopes by Wittig et al. (2007) and Lombardozzi et al. (2012a), respectively.
Notably, we did not observe any difference in the model performance irrespective of
whether net photosynthesis or photosynthetic capacity (Vcmax and simultaneously Jmax)
was reduced.

3.3.3 Ozone injury to mature trees

The simulation of young trees (simulated as in the previous section) compared to adult
trees with the same model version reveals a distinct difference between the simulated-
versus-observed dose-response relationship when expressed as reduction in biomass.
Ozone injury causes a much shallower simulated biomass dose-response relationship for
adult trees (tunmature

V C in Fig. 3.4a,b) compared to young trees (tunyoung
V C in Fig. 3.4a,b),

both for broadleaved and needleleaf species. It is worth noting that this is primarily
the consequence of the higher initial biomass of the adult trees before ozone fumigation
starts (tunmature

V C ).

Comparing the dose-response relationship of young and mature trees based on the
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Figure 3.4: Biomass (RB) and NPP (RN) dose-response relationships of simulations
with young (tunyoung

V C ) and mature trees (tunmature
V C ) separately for a,c) broadleaf species

and b,d) needleleaf species.

annual NPP shows nearly identical slopes for needleleaf species (Fig. 3.4d and Tab. 3.6),
whereas the slopes for broadleaved tree species (Fig. 3.4c and Tab. 3.6) suggest only a
slightly lower reduction in NPP in mature compared to young trees, likely related to the
larger amount of non-structural reserves that increases the resilience of mature versus
young trees.
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Table 3.6: Slopes and intercepts of biomass (RB) and NPP (RN) dose-response relation-
ships (DRRs) for broadleaf and needleleaf species simulated by the tunV C model version
(see Tab. 3.1). The fumigation of young trees (tunyoung

V C ) with O3 is compared to the
fumigation of mature trees (tunmature

V C ).

DRR ID Intercept (a) Slope (b) R2 p value

Broadleaf

RB tunyoung
V C 1 0.0091 0.93 5 x 10−25

RB tunmature
V C 1 0.00142 0.91 9.8 x 10−23

RN tunyoung
V C 1 0.0167 0.96 6.2 x 10−30

RN tunmature
V C 1 0.0144 0.93 1.4 x 10−24

Needleleaf

RB tunyoung
V C 1 0.0042 0.93 2.2 x 10−09

RB tunmature
V C 1 0.000785 0.79 4.2 x 10−06

RN tunyoung
V C 1 0.00858 0.97 2.3 x 10−12

RN tunmature
V C 1 0.00808 0.99 3 .7 x 10−16

3.4 Discussion

Injury functions that relate accumulated ozone uptake to fundamental plant processes
such as photosynthesis are a key component for models that aim to estimate the poten-
tial impacts of ozone pollution on forest productivity, growth and carbon sequestration.
We tested four published injury functions for net photosynthesis and Vcmax within the
framework of the O-CN model to assess their ability to reproduce the empirical whole-
tree biomass dose-response relationships derived by Büker et al. (2015). The biomass
dose-response relationships calculated from the O-CN simulations show that the pa-
rameterisation of the injury functions included in the model has a large impact on the
simulated whole-tree biomass. The published injury functions either substantially over-
or substantially underestimated whole-tree biomass reduction compared to the data
presented by Büker et al. (2015). Our results highlight the importance for improved
evaluation of injury functions applied in the simulation of ozone damage for large-scale
risk assessments, and we discuss a number of important considerations for an improved
parameterisation below.

The simulation results from the O-CN version applying an injury function based on
a single, ozone-sensitive species (Lombardozzi et al., 2012a) to a range of European tree
species leads to a strong overestimation of the simulated biomass damage compared to
the observations used in this study. The problem of using such injury parameterisa-
tions based on short-term experiments of ozone-sensitive species is further highlighted
when applying them in simulations of multiple season fumigation experiments and/or
high ozone concentrations. Under such conditions, fumigation with high O3 concentra-
tions can lead to lethal doses, which might not be observed in field experiments due to
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restricted experiment lengths. Previous studies have suggested that in large areas of
Europe, the eastern US and southeast Asia average growing season values of CUOY for
recent years range between 10 and 100 mmol O3 m−2 (Lombardozzi et al., 2015; Franz
et al., 2017). The injury relationships L12PS and L12V C by Lombardozzi et al. (2012a)
assume a 100% injury to net photosynthesis or Vcmax at accumulation values of about 5
mmol O3 m−2. This would imply that in these large geographic regions, photosynthesis
would have been completely impaired by ozone, which is clearly not the case. This result
highlights the need for a representative set of species for the development of injury func-
tions for large-scale biosphere models. Overall, our results suggest that the estimates by
Lombardozzi et al. (2012a) of global GPP reduction as a result of ozone pollution are
strongly overestimated.

Meta-analyses (Wittig et al., 2007; Lombardozzi et al., 2013) are designed to min-
imise the effect of species-specific ozone sensitivities and provide estimates of the average
species response. However, we found that the relationships derived by these meta-
analyses substantially underestimate biomass damage. Technically, the reasons for this
are a weak or non-existent increase in the ozone injury with increased ozone uptake
(shallow or non-existent slopes) and/or high ozone injury at zero accumulated ozone
uptake (intercept lower than 1). Apparently, the diversity of species responses and ex-
perimental settings that are assembled in the meta-analyses by Wittig et al. (2007) and
Lombardozzi et al. (2013), together with uncertainties in precisely estimating accumu-
lated ozone uptake in these databases preclude the identification of injury functions that
are consistent with the damage estimates by Büker et al. (2015). The high intercepts in
the meta-analyses by Wittig et al. (2007) and Lombardozzi et al. (2013), which assume
a considerable injury fraction even when no ozone is taken up at all, seem to be ecolog-
ically illogical and suggest that an alternative approach is necessary to simulate ozone
injury. As a consequence of these points, the Europe-wide GPP reduction estimates by
Franz et al. (2017), which have been based on the injury function by Wittig et al. (2007),
may substantially underestimate actual GPP reduction. Similarly, global estimates as
well as spatial variability in ozone damage to GPP by Lombardozzi et al. (2015), based
on Lombardozzi et al. (2013), are virtually independent of actual ozone concentrations
or uptake for all tree plant functional types and should be interpreted with caution.

A crucial aspect in forming dose-response relationships is the calculation of the ac-
cumulated ozone uptake (e.g. PODy or CUOY ). The calculation of accumulated ozone
uptake is realised in different ways in the meta-analyses and the study by Büker et al.
(2015) as well as in our approach here. Experiments synthesised in the meta-analyses
generally do not have access to stomatal conductance values at high resolution measured
throughout the experiment, which impedes precise determination of O3 uptake. The un-
certainty in the necessary approximations of accumulated ozone uptake can be assumed
to be considerable, and it is thus highly recommendable to measure and report required
observations in future ozone fumigation experiments. Büker et al. (2015) use the DO3SE
model to simulate ozone uptake and accumulation in a similar way as in our model here.
These modelled values for ozone uptake and accumulation can be assumed to be more
reliable since both models simulate processes that determine ozone uptake continuously
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for the entire experiment length at high temporal resolution. They account for diurnal
changes in stomatal conductance as well as climate factors restricting stomatal conduc-
tance and hence ozone uptake. However, both models (DO3SE and O-CN) vary in their
complexity of the simulated plants, carbon assimilation, and growth processes, which
will also impact the estimates of ozone accumulation (PODy) and hence their suggested
biomass dose-response relationships.

The meta-analyses do not account for non-stomatal ozone deposition (e.g. to the
leaf cuticle or soil), which imposes a bias towards overestimating ozone uptake and ac-
cumulation contrary to the DO3SE model used by Büker et al. (2015), which accounts
for this. The O-CN model in principle can simulate non-stomatal ozone deposition from
the free atmosphere to ground level (see chapter 2 or Franz et al. (2017)). The leaf
boundary layer is implicitly included in the calculation of the aerodynamic resistance of
O-CN and included in Franz et al. (2017). However, for the simulation of the chamber
experiments we used the observed chamber O3 concentrations, rather than estimating
the canopy-level O3 concentration based on the free atmosphere (approximately 45 m
above the surface) and atmospheric turbulence. This required not accounting for aero-
dynamic resistance and therefore also the leaf-boundary layer resistance as it prevented
the calculation of the non-stomatal deposition, which may lead to a slight overestimation
of ozone uptake and accumulation in our simulations.

The calibration of injury functions to net photosynthesis and Vcmax shows that in
principle, the linear structure of Eq. 3.5 is sufficient to simulate biomass dose-response
relationships comparable to Büker et al. (2015) in O-CN. An advantage of the injury
functions derived here compared to previously published injury functions (Wittig et al.,
2007; Lombardozzi et al., 2012a, 2013) is the intercept of 1, implying that simulated
ozone injury is zero at zero accumulated O3 and steadily increases with increased ozone
accumulation. The flux threshold used in the simulations is 1 nmolm−2(leafarea) s−1 as
suggested by the LRTAP-Convention (2017). Since the tuned injury functions are struc-
turally identical to previously published injury functions based on accumulated ozone
uptake they can be directly compared to them. Slopes of the tuned injury functions lie
in between the values proposed by Wittig et al. (2007) and Lombardozzi et al. (2012a)
and thus take values in an expected range. We did not find any significant difference
in simulated biomass responses between the use of net photosynthesis or leaf-specific
photosynthetic capacity (Vcmax) as a target for the ozone injury function, although we
do note that the slopes were slightly lower for the net photosynthesis-based functions.
The simulation of ozone effects on leaf-specific photosynthetic capacity (Vcmax) seems
preferable over the adjustment of net photosynthesis because Vcmax and Jmax are param-
eters in the calculation of net photosynthesis and thus are likely more easily transferable
between models. Models with different approaches to simulate net photosynthesis might
obtain better comparable results by using injury relationships that target Vcmax instead
of net photosynthesis.

All injury functions included in the O-CN model base injury calculations on the in-
jury index CUOY (canopy value) rather than PODy, as used by some other models, e.g.
the DO3SE model (Emberson et al., 2000b). We tested the effect of basing the injury
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calculation on POD1 rather than CUO1, and found that these produced comparable
biomass dose-response relationships as the injury relationships based on CUO1 presented
in Fig. 3.3 (results not shown). The slopes of injury functions based on POD1 are ap-
proximately two-thirds and half compared to the slopes based on CUO1 for broadleaved
and needleleaf species, respectively. The difference in the slope values associated with
POD1 and CUO1 results from the different calculation and application of them. PODy
is calculated in the top canopy layer and the respective injury fraction is then applied
uniformly to all canopy layers. CUOY and the associated injury fraction is calculated
separately for each canopy layer and varies with the canopy profile of stomatal conduc-
tance and therefore the distribution of light and photosynthetic capacity (other factors
such as vertical gradients of temperature or ozone are currently not represented in O-
CN). More analysis of the gradients of ozone injury within deep canopies are required to
evaluate whether the scaling of top-of-the-canopy injury to whole-canopy injury is ap-
propriate or if alternative simulation approaches need to be developed. Higher-frequency
data on the ozone injury incurred by plants are required to disentangle whether an ozone
injury parameterisation based on instantaneous (e.g. similar to the approach by Sitch
et al. (2007)) or accumulated ozone uptake results in a more accurate simulation of the
seasonal effects of ozone fumigation.

Further aspects that determine ozone sensitivity and damage to the carbon gain of
plants, like leaf morphology (Calatayud et al., 2011; Bussotti, 2008), different sensitiv-
ity of sunlit and shaded leafs (Tjoelker et al., 1995; Wieser et al., 2002), early senes-
cence (Gielen et al., 2007; Ainsworth et al., 2012), and costs for the detoxification of
ozone and/or the repair of ozone injury that likely increases the plant’s respiration costs
(Dizengremel, 2001; Wieser and Matyssek, 2007), are not considered by either approach.
Marzuoli et al. (2016) observed an ozone-induced reduction in biomass but no significant
reduction in physiological parameters like Vcmax. They suggest that the reduced growth
is caused by higher energy investments and reducing power for the detoxification of ozone
whereas the photosynthetic apparatus remained uninjured (Marzuoli et al., 2016).

Species within the same plant functional type are known to exhibit different sen-
sitivities to ozone (Wittig et al., 2007, 2009; Mills et al., 2011b; Büker et al., 2015).
This suggests that the application of a single injury function for a large set of species
and plant functional types may not be sufficient to yield reliable estimates of large-scale
damage estimates. Species interaction and competition, differing genotypes, and indi-
viduals ontogeny may further alter ozone impacts on plants and ecosystems (Matyssek
et al., 2010). For instance, a modelling study using an individual-based forest model
showed that ozone may not reduce the carbon sequestration capacity in forests if at the
ecosystem level the reduced carbon fixation of ozone-sensitive species is compensated for
by an increased carbon fixation of less ozone-sensitive species (Wang et al., 2016). First-
generation dynamic global vegetation models such as O-CN do not simulate separate
species but are based on plant functional types, which combine a large set of species.
This restricts per se the ability of global models to simulate ozone-induced community
dynamics and may therefore lead to overestimates of the net ozone impact if the pa-
rameterisation of the damage functions is entirely based on ozone-sensitive species. In
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our study, we have presented an approach to use the existing experimental evidence to
parameterise a globally applicable model in a simple design to generate injury functions
which are based on a relevant range of species rather than relying on species-specific
injury functions as a first step towards a more reliable parameterisation of large-scale
ozone damage.

Some studies have found that ozone-affected stomata respond much more slowly to
environmental stimuli than unaffected cells (Paoletti and Grulke, 2005), which can delay
closure and trigger stomatal sluggishness, an uncoupling of stomatal conductance and
photosynthesis (Reich, 1987; Tjoelker et al., 1995; Lombardozzi et al., 2012b) and thus
impact transpiration rates (Mills et al., 2009; Paoletti and Grulke, 2010; Lombardozzi
et al., 2012b) and the plant’s water use efficiency (Wittig et al., 2007; Mills et al.,
2009; Lombardozzi et al., 2012b). The O-CN model is able to directly impair stomatal
conductance, by uncoupling injury to net photosynthesis from the subsequent injury
to stomatal conductance. In this version of the O-CN model both net photosynthesis
and stomatal conductance can directly be injured by individual injury functions. The
simulation of this kind of direct injury to stomatal conductance additional to the injury
of net photosynthesis, both according to the injury functions by Lombardozzi et al.
(2013), have a negligible impact on biomass production compared to not accounting
for direct injury to the stomata (results not shown). However, our above-mentioned
concerns regarding the structure of the injury relationships by Lombardozzi et al. (2013)
should be taken into account when considering this result.

A key challenge for the use of fumigation experiments to parameterise ozone-injury
in models is that trees (as opposed to grasses fumigated from seeds) typically possess
a certain amount of biomass at the beginning of the fumigation experiment. Even at
lethal ozone doses, the relative biomass thus cannot decline to zero, and tree death may
occur at values of a relative biomass greater than zero. The relative biomass is positive
even if carbon fixation is fully reduced and the plants survive due to the use of stored
carbon. The higher the initial biomass and the slower the annual biomass growth rate
of the tree is, the harder it is to obtain low values of RB. When comparing RB values
obtained from trees with substantially different initial biomass and tree species with
different growth rates proportionate damage rates thus cannot be directly inferred. This
indicates that the explanatory value of the relative biomass between a control and a
treatment to estimate long-term plant damage at a given O3 concentration is limited.
This is particularly the case when evaluating the damage of more mature forests. The
simulated biomass dose-response relationships of adult trees are much more shallow
than dose-response relationships of young trees (see Fig. 3.4) because of the high initial
biomass prior to fumigation. This suggests that the use of biomass injury functions
derived from experiments with young trees to parameterise the biomass loss of adult
trees, as done in Sitch et al. (2007), will likely lead to an overestimation of plant damage
and loss of carbon storage. Dose-response relationships based on biomass increments or
growth rates might be better transferable between young and mature trees and hence
better suitable for parameterising global terrestrial biosphere models.

Our approach to overcome this challenge was to alter the vegetation model to sim-
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ulate the ozone damage of young trees, where we could directly compare simulated
biomass reductions to observations. Since we used injury relationships that are based
on the calculation of leaf-level photosynthesis, we are able to apply the calibrated model
also for mature stands. Our simulations have demonstrated that despite the different
sizes of young and mature trees, and associated changes in the wood growth rate and the
available amount of non-structural carbon reserves to repair incurred injury, the simu-
lated effect of ozone on the net annual biomass production (NPP) was very similar when
using an injury function associated with leaf-level photosynthesis. Overall our findings
support the idea that the photosynthesis-based injury relationships developed here and
evaluated against fumigation experiments of young trees, might be useful to estimate
effect on forest production of older trees. Monitoring approaches of ozone damage that
are either capable of measuring the actual increment of biomass or quantify at the leaf
and canopy level the change in net photosynthesis over the growing season would al-
low us to develop injury/damage estimates that could be more readily translated into
modelling frameworks.

The extrapolation of results from short-term experiments with young trees to esti-
mate responses of adult trees grown under natural conditions is subject to several issues,
e.g. due to the differing environmental conditions and changing ozone sensitivities with
increasing tree size or age (Schaub et al., 2005; Cailleret et al., 2018). It is still un-
certain whether the simulation of injury to photosynthesis based on experiments with
young trees can indeed be transferred to adult trees to yield realistic biomass damage
estimates. The sparse knowledge of ozone effects on the biomass of adult forest trees
prevents an evaluation of simulated ozone damage of adult trees. Ozone fumigation is
mostly found to reduce the biomass or diameter of adult trees (e.g. Matyssek et al.
(2010) for an overview), but this is not always the case (Samuelson et al., 1996; Percy
et al., 2007). Results from phytotron and free-air fumigation studies suggest that in
natural forests a multitude of abiotic and biotic factors exist that have the potential to
impact the plants ozone effects (Matyssek et al., 2010). If more data become available,
e.g. regarding the changes in ozone sensitivity between young and mature trees a more
realistic damage parameterisation of mature forests in terrestrial biosphere models might
become possible.

Terrestrial biosphere models in general assume that plant growth is primarily deter-
mined by carbon uptake. However, an alternative concept proposes that plant growth is
more limited by direct environmental controls (temperature, water and nutrient avail-
ability) than by carbon uptake and photosynthesis (Fatichi et al., 2014). The O-CN
model provides a first step into this direction because it separates the step of carbon
acquisition from biomass production, both in terms of a non-structural carbon buffer as
well as a stoichiometric nutrient limitation on growth independent of the current photo-
synthetic rate. This would in principle allow us to account for ozone effects on the carbon
sink dynamics within plants. However, it is not clear that data readily exist to parame-
terise such effects. Instead of targeting net photosynthesis as done in our approach here,
ozone injury might be better simulated by targeting biomass growth rates or processes
that limit these, e.g. stomatal conductance, which impacts the plants’ water balance,
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assuming that suitable data to parameterise a large-scale model become available.
All in all, a multitude of aspects that impact ozone damage to plants has not yet

been incorporated into global terrestrial biosphere models. The ongoing discussion of
which processes are major drivers for observed damage, how they interact and impact
different species and plant types, and the lack of suitable data needed to parameterise
a global model are reasons why the simulation of ozone damage has up to now focused
only on a few aspects where suitable data are available, as presented in our study.

3.5 Conclusion

The inclusion of previously published injury functions in the terrestrial biosphere model
O-CN led to a strong over- or underestimation of simulated biomass damage compared
to the biomass dose-response relationship by Büker et al. (2015). Injury functions in-
cluded in terrestrial biosphere models are a key aspect in the simulation of ozone damage
and have a great impact on the estimated damage in large-scale ozone risk assessments.
The calibration of injury functions performed in this study provides the advantage of
calculating ozone injury close to where the actual physiological injury might occur (pho-
tosynthetic apparatus) and simultaneously reproduces observed biomass damage rela-
tionships for a range of European forest species used by Büker et al. (2015). The cali-
bration of ozone injury functions similar to our approach here in other ozone sub-models
of terrestrial biosphere models might improve damage estimates compared to previously
published injury functions and might lead to better estimates of terrestrial carbon se-
questration. The comparison of simulated biomass dose-response relationships of young
and mature trees shows strongly different slopes. This suggests that observed biomass
damage relationships from young trees might not be suitable for estimating the biomass
damage of mature trees. The comparison of simulated NPP dose-response relationships
of young and mature trees shows similar slopes and suggests that they might more readily
be transferred between trees differing in age.
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Chapter 4

Simulated air pollution impacts
from 1850-2099

4.1 Introduction

Ozone concentrations in 1860 were 15-25 ppb over the mid- and high-latitudes of Eura-
sia and North America, and increased to 40-50 ppb in the present (Akimoto, 2003).
Tropospheric ozone concentrations in Western Europe increased by a factor 2 to 5 from
pre-industrial values to the 1990s (Cooper et al., 2014; Marenco et al., 1994; Staehelin
et al., 1994). The increases are paralleled by an increases in it’s precursor nitrogen oxides
(NOx ) by a factor of 4.5 between 1955 and 1985 (Cooper et al., 2014; Staehelin et al.,
1994).

Ozone (O3) is a toxic air pollutant that can injure plant leaves and substantially affect
the plant’s gross primary production (GPP). Part of the reactive nitrogen produced in or
emitted to the atmosphere, like the O3 precursors NOx , are deposited back on land where
they might be taken up by plants and stimulate plant growth in nitrogen limited regions.
Both pollutants (O3 and NOx ) are linked in their occurrence but impose opposing effects
on plants.

During the 21st century the global nitrogen deposition is projected to remain rel-
atively constant in all scenarios of the Representative concentration pathways (RCP),
except in the most optimistic scenario RCP2.6, but changes occur on a regional basis
(Ciais et al., 2013). In Fig. 4.1 past nitrogen deposition rates for the decades of 1850
and 1990 are displayed and projected rates suggested by RCP2.6 and RCP8.5 for the
middle and end of the 21st century.

Due to stringent air pollution control ozone levels are projected to decline until the
end of the 21st century (van Vuuren et al., 2011). See Fig. 4.2 for past and projected
tropospheric O3 concentrations suggested by RCP2.6 and RCP8.5. The application of
the RCP scenarios (Moss et al., 2010; van Vuuren et al., 2011) in 14 global chemistry
transport models results in the projection of declining annual global mean surface O3

concentrations of as much as 2 ppb by 2050 in most regions of the globe except South
Asia where increases are simulated (Wild et al., 2012). Contrary to this the application
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Figure 4.1: Mean nitrogen deposition rates for the temperate and boreal Northern Hemi-
sphere (≥ 30◦N) in the decades of the years of 1850, 1990, 2050 and 2090, each according
to the RCP2.6 and RCP8.5 pollution scenario.

of the IPCC SRES scenarios (which assume a large increase in O3 precursor emissions)
results in a simulated increase in annual global mean surface O3 concentrations by 4-
6 ppb which highlights the importance of emission control (Wild et al., 2012). The
ensemble of six global atmospheric chemistry transport models driven by the emission
scenarios RCP2.6 (most optimistic scenario), RCP4.5 and RCP8.5 (most pessimistic
scenario) project changes in surface O3 concentrations by 2010 compared to values in
the early 2000s. The projected changes range from increases of 4-5 ppb in simulations
based on the RCP8.5 scenario to reductions of 2-10 pbb based on the RCP2.6 scenario
(Sicard et al., 2017). A similar pattern is found for the temperate and boreal Northern
Hemisphere ≥ 30◦N. Time series of the regional mean canopy O3 concentration show
increasing values until late in the 21st century for RCP8.5 and considerable decreases
during the 21st century for RCP2.6 (see Fig. 4.3a).

Driven by projected reductions in surface O3 concentrations the potential threat to
vegetation under the emissions of the RCP4.5 scenario is projected to decline as well
(Klingberg et al., 2014). By 2050 the ozone exposure index AOT40 (Accumulated expo-
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Figure 4.2: Projected mean canopy level O3 concentration for the temperate and boreal
Northern Hemisphere (≥ 30◦N) in the decades of the years of 1850, 1990, 2050 and 2090,
each according to the RCP2.6 and RCP8.5 pollution scenario.

sure Over a Threshold of 40 ppb O3) is projected to decrease over wide areas of Europe
below critical levels defined by the EU directive 2008/50/EC and the LRTAP convention
in simulations of a chemical transport model (CTM) driven by the RCP4.5 emission sce-
nario (Klingberg et al., 2014). The more physiological based ozone damage index POD1
(Phytotoxic Ozone Dose above a threshold of 1 nmolm−2 s−1) is projected to decline
less compared to the AOT40 index and not below critical levels defined for forest trees
(Klingberg et al., 2014). The ensemble of six global atmospheric chemistry transport
models project improvements of the AOT40 index under the RCP2.6 and RCP4.5 but
an exceedance of critical levels over many areas in the Northern Hemisphere by 2099
(Sicard et al., 2017). In these simulations the potential impact of O3 on photosynthesis
and carbon assimilation by 2099 is projected to decline by 61% under the RCP2.6 sce-
nario, by 47% under RCP4.5 and increase by 70% under the RCP8.5 scenario compared
to the early 2000s (Sicard et al., 2017).

Several models simulated present day or future impacts of ozone damage on GPP/NPP
on regional and global scale (Felzer et al., 2005; Sitch et al., 2007; Franz et al., 2017;
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Figure 4.3: Time series of the regional mean (temperate and boreal Northern Hemisphere
(≥ 30◦N)) ozone concentration and summed nitrogen deposition according to the RCP2.6
and RCP8.5 pollution scenario.

Lombardozzi et al., 2015; Oliver et al., 2018) and found substantial ozone induced detri-
mental impacts. The models differ in various aspects which might affect simulated
damage estimates. Franz et al. (2017) investigates the importance of the simulation of
O3 transport from the free atmosphere into the stomates on simulated O3 uptake and
accumulation (see chapter 2). Different models furthermore include non-identical injury
functions which are applied to calculate ozone damage. Franz et al. (2018) investigated
the ability of various injury functions to reproduce biomass damage relationships ob-
served in a range of fumigation/filtration experiments with European tree species (see
chapter 3). The injury function applied in Franz et al. (2017) was found to considerably
underestimate biomass damage compared to the observed biomass damage relationships.
The injury function applied by Lombardozzi et al. (2015) was found to be not able to re-
produce the observed biomass damage relationships at all due to the lack of a dependence
on the actual ozone concentration/ uptake into the plant.

The combined air pollution effect of O3 and nitrogen deposition has not yet been
addressed. Models that account for the growth stimulating effect of nitrogen deposition
but not the detrimental effect induced by ozone might overestimate the stimulating effect
on plant growth. The new RCP scenarios, which project stronger pollution control and
lower tropospheric ozone concentrations compared to the IPCC SRES scenarios (Wild
et al., 2012) are yet little applied to investigate future ozone impacts.

Here, the terrestrial biosphere of the Northern Hemisphere is simulated from pre-
industrial times (year 1850) until the end of the 21st century. Ozone damage is calculated
based on injury functions tuned to reproduce observed biomass damage of a range of
European tree species in fumigation/filtration experiments (see chapter 3 and Franz
et al. (2018)). As the applied injury functions are based on experiments with boreal and
temperate European tree species, the simulation scope is restricted to the temperate and
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boreal region of the Northern Hemisphere ≥ 30◦N. Two pollution scenarios are simulated
with different combinations of transient or fixed CO2, climate, nitrogen deposition, and
O3 for the most optimistic and most pessimistic RCP scenario (RCP2.6 and RCP8.5
respectively). In a factorial analysis the impact of the single drivers on plant growth,
biomass and selected soil properties is calculated. The possible impact of O3 to offset
growth enhances induced by nitrogen deposition is evaluated as well as the interaction
between O3 and CO2.

4.2 Methods

Simulations are conducted with the O-CN model (see section 1.6.1 for details) version
tunV C where ozone damage is calculated based on injury functions to Vcmax. The tunV C

injury functions were calibrated to reproduce observed biomass damage relationships of
experiments with a range of European tree species in fumigation/filtration experiments
(see chapter 3 or Franz et al. (2018) for details). As in chapter 3 a flux threshold
1 nmol m−2 s−1 is applied in the simulations here to account for the plants ability to
detoxify part of the taken up O3. The cumulative canopy O3 uptake above a flux
threshold of 1 nmol m−2 s−1 (CUO1) is used to calculate ozone induced damage to Vcmax.
Contrary to Franz et al. (2018), in the simulations run for this study the ozone deposition
scheme described in Franz et al. (2017) is applied (D-model version in Franz et al. (2017)
or chapter 2).

4.2.1 Modelling protocol

The model is run at a spatial resolution of 1◦ x 1◦ on a spatial domain focused on
the temperate region of the Northern Hemisphere (30◦N - 90◦N). The model is driven
by climate model output of the Institute Pierre Simon Laplace (IPSL) general circu-
lation model IPSL-CM5A-LR (Dufresne et al., 2013), bias-corrected according to the
Inter-Sectoral Impact Model Intercomparison Project (Hempel et al., 2013). Downward
nitrogen deposition velocity and near surface ozone concentrations are provided by CAM,
the community atmosphere model (Lamarque et al., 2010; Cionni et al., 2011). Land
cover, soil, and N fertiliser application are used as in Zaehle et al. (2011) and kept at
2000 values throughout the simulation. Data on atmospheric CO2 concentrations are
obtained from Meinshausen et al. (2011). Through all simulations present day land-use
information are applied for the year 2000 (Hurtt et al., 2011). O-CN is run for 1291
years to achieve an equilibrium in terms of the terrestrial vegetation and soil carbon
and nitrogen pools by using the forcing data of the year 1850 data where available. The
climate years are randomly iterated from the period of 1901 to 1930. The subsequent
simulation years run from the year 1850 to 2099 with either transient forcing or fixed
forcing to the reference values of the year 1850 (1901-1930 for climate), depending on
the specific simulated factorial run (see Tab. 4.1). The period up to the year 2005 is
simulated identical for both RCPs. Between 2005 and 2099 simulations are run using
the forcing according to the RCP2.6 and are repeated using the RCP8.5 forcing (Moss
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Table 4.1: Forcing setting of the factorial runs. Transient forcing indicates that the
forcing of the respective simulation year is used (1850-2099 except for the climate forcing
where the period 1850-1899 is simulated based on the years 1901-1930). Fixed indicates
that the forcing of the reference year 1850 is used (1901-1930 for climate).

Factorial run CO2 Climate Nitrogen deposition O3

S1 transient fixed fixed fixed
S2 transient fixed fixed transient
S3 transient transient fixed fixed
S4 transient transient transient fixed
S5 transient transient transient transient

et al., 2010; van Vuuren et al., 2011).

To investigate the impact of the ozone deposition scheme on the simulation results
the factorial runs are repeated with a model version where the ozone deposition scheme
is turned off (see ATM model version in chapter 2). In simulations where the ozone
deposition module is turned off the canopy ozone concentration equals the O3 concen-
tration at 45 m above the surface which is the lowest level of the atmospheric chemistry
transport model (CTM) that deliver the forcing for our runs here.

4.2.2 Factorial simulation runs

Five factorial simulation runs are simulated where key drivers of plant growth and carbon
sequestration (CO2, climate, nitrogen deposition, O3) are simulated transient (progres-
sively changing within the simulation period) or fixed to the reference year (see Tab. 4.1).
The simulations are conducted for the Representative concentration pathway scenarios
RCP2.6 and repeated for RCP8.5. To obtain an indication of the impact of the single
forcing drivers on different output variables the simulation results are subtracted from
each other.

4.2.3 Factorial analysis

The impact of a single forcing driver on the simulation results is of great interest and
approximated by subtracting the simulation results of suitable factorial runs from one
another (see Tab.4.2). In the following the term ’forcing driver’ is used to refer to the in-
put variables of the conducted simulations and ’single driver’ refers to the approximated
impact of a single forcing driver on the simulation results. The impact of increasing
atmospheric CO2 concentrations on the simulation results from the factorial run S1
is obtained by subtracting the mean value of the period 1850-1859 from each simula-
tion year (1850-2099) of each output variable of interest. To obtain the impact of the
other three drivers (climate, nitrogen deposition, O3) on the simulation results suitable
factorial runs are subtracted from each other (see Tab. 4.2). The described approach
constitutes an approximation of the impact of the single drivers and assumes that the
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Table 4.2: Calculation of the single driver effects (CO2, climate, nitrogen deposition,
O3) from the conducted simulations. The term ’mean(S1(1850:1859))’ refers to the
mean value of the years 1850 to 1859 of the S1 factorial run. The relative change for
CO2 is only calculated for the time intervals displayed below in Tab. 4.3. yr and refY r
constitute the years which span the respective time periods. The single drivers are
calculated for multiple output variables.

Single driver Calculation absolute value Calculation relative value

CO2 S1 −mean(S1(1850 : 1859)) (S1yr − S1refY r)/S1refY r

O3 approach 1 S2 − S1 (S2 − S1)/S1
O3 approach 2 S5 − S4 (S5 − S4)/S4

Climate S3 − S2 (S3 − S2)/S2
Nitrogen deposition S5 − S3 (S5 − S3)/S3

drivers effect on the analysed output variables is additive. The assumption of additive
effects is a necessary simplification to restrict the number of simulations and computa-
tion time. For O3, a main driver of interest, two different approaches to calculate the
single driver can be realised. In one approach the O3 impact is calculated from the two
factorial runs with only one/ two transient drivers (S1 and S2), and a second time from
the factorial runs where all and all but one driver (S5 and S4 respectively) are simulated
transient. The comparison of these two approaches to calculate the single driver might
indicate the extend of impact of interacting forcing drivers on the estimate of the O3

single driver.

4.3 Results

A strong increase in GPP and carbon storage in biomass and soils can be observed in
the Northern Hemisphere ≥ 30◦N during the simulation period in the simulation of the
5 different factorial runs (S1-S5) (see Fig. 4.6a,d,g and Tab. 4.3). The major frac-
tion of the observed increase can be attributed to increasing levels of atmospheric CO2

concentrations and climate impacts as the second most import factor (see Fig. 4.6b,e
and Tab. 4.3). The impact of air pollution (nitrogen deposition and tropospheric O3

concentrations) on terrestrial carbon uptake and storage is presented in detail in the
following subsections.

4.3.1 Regional means and sums of air pollution impacts

The regional means and sums reported in section 4.3.1 are based on simulations driven
by RCP8.5, if not explicitly stated otherwise. In section 4.3.1.3 simulation results based
on RCP8.5 are compared to results based on RCP2.6.
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4.3.1.1 Ozone uptake and accumulation

The simulated change in ozone uptake (Fst) is mainly controlled by transient increasing
O3 concentrations through the entire simulation period (see Fig. 4.4b,c). Climate change
induces a small increase in Fst and increasing CO2 levels slightly decreases Fst, because
of reduced rates of canopy conductance. Contrary to the Fst, cumulative canopy O3

uptake above a flux threshold of 1 nmol m−2 s−1 (CUO1) does not keep relative constant
values during the 21st century but reaches a maximum at the end of the 20th century and
steadily declines afterwards. The CUO1 is mainly impacted by the increased O3 in the
first 150 simulation years (see Fig. 4.4a,b). In the last 100 simulation years the impact
of the altered O3 concentration decreases (see Fig. 4.4e,f). In the decade of 2090 the
atmospheric CO2 concentration and climate impact the CUO1 in a similar magnitude
like the increased O3 concentration compared to simulations based on pre-industrial O3

concentrations (see Fig. 4.4f).

The steady decline of CUO1 during the 21st century is caused by a less frequent
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Figure 4.4: Simulated regional mean ozone uptake (Fst) and regional mean cumulative
canopy O3 uptake above a flux threshold of 1 nmol m−2 s−1 (CUO1) of the simulations
based on RCP8.5. The effect of the seasonal cycle is smoothed by the application of a
moving average of 12 months(a,b,d,e). (a,d): Time series of all factorial runs (S1-S5),
(b,e): Single drivers obtained by subtracting factorial runs, (c,f): Decadal means of the
years 1850,1990,2050, and 2090 of the single drivers.
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exceedance of the flux threshold of 1 nmol m−2 s−1. The simulated regional mean Fst

remains at relative constant values during the 21st century, however the seasonal cycle
is narrowing (see Fig. 4.5b). Simulated changes in the cumulative O3 uptake without a
flux threshold (CUO0) strongly follow changes in the O3 concentrations during the entire
simulation period. The narrowing seasonal cycle does not considerably impact CUO0,
since all taken up O3 is accumulated and the mean Fst remains constant. However
the cumulative O3 uptake above a flux threshold of 1 nmol m−2 s−1 (CUO1) strongly
declines during the 21st century (see Fig. 4.4 and 4.5). The narrowing of the seasonal
cycle of Fst causes a less frequent exceeding of the flux threshold of 1 nmol m−2 s−1

and hence a decline in CUO1. The increasing atmospheric CO2 concentrations during
the simulation period decrease the plants stomatal conductance and increase the plants
water-use-efficiency (results not shown). Lower values of stomatal conductance reduce
Fst and CUO1, even if though the O3 concentrations slightly increase in simulations
based on RCP8.5.
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Figure 4.5: Simulated canopy O3 concentration, ozone uptake (Fst), cumulative O3

uptake without a flux threshold (CUO0) and cumulative O3 uptake above a flux threshold
of 1 nmol m−2 s−1 (CUO1) of the factorial run S5 (all forcing variables are simulated
transient) based on RCP8.5. Light red lines: monthly values, dark red lines: the effect
of the seasonal cycle is smoothed by the application of a moving average of 12 month.
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4.3.1.2 Carbon fixation and biomass production

Highest levels of GPP and C-biomass are simulated in the factorial run S4 (see Fig. 4.6a,d),
which simulates all forcing drivers transient except O3. In all five factorial runs the sim-
ulated GPP increases strongly between 1850 and 2099 and approximately doubles for
the runs S3-S5 (see Fig. 4.6a). The primary cause for this simulated increase is the CO2

fertilisation effect and the increasing atmospheric CO2 concentrations (see Fig. 4.6b and
Tab. 4.3). In the period of 1970-1990 the growth simulating effect induced by rising CO2

concentrations equals roughly the detrimental impact of O3 (see Fig. 4.6b). The nega-
tive impact of O3 on GPP shows a maximum approximately in the 1990s and steadily
decreases in subsequent decades (see Fig. 4.6b,c). The growth stimulating effect induced
by N-deposition is lower compared to negative impact induced by O3 during the decade
of 1990 and higher by the end of the 21st century (see Fig. 4.6b,c).

Ozone damage considerably impacts the simulated carbon above- and below-ground
biomass (C-biomass) in the simulation area. In the simulations with transient O3

(S2,S3,S5) the regional summed C-biomass ceases to grow in the 1950s for 30-50 years
(see in Fig. 4.6d). The impact of ozone damage on the C-biomass is stronger in magni-
tude compared to GPP and shows a maximum in the middle of the 21st century (compare
Fig. 4.6b,c and Fig. 4.6e,f).

The carbon soil organic matter (SOM C) is strongly impacted by the atmospheric
CO2 concentration (see Fig. 4.6h). Highest levels of SOM C are simulated for the
factorial run S1 (see Fig. 4.6g) where only CO2 is simulated transient. The SOM C is
less impacted by N-deposition (slightly increased) compared to O3 (decreased) until the
end of the 21st century when they approximately balance themselves (see Fig. 4.6h,i).

4.3.1.3 Magnitude of impact and differences between the RCPs

The two different approaches (approach 1: (S2-S1)/S1 and approach 2:(S5-S4)/S4) to
calculate the O3 impact on the simulation results yield similar but not identical results
(see Fig. 4.7). Approach 1 suggests smaller reductions for GPP and C-biomass compared
to approach 2. The extend of the differences varies between the variables. Maximal
differences do not exceed approximately 1% except for CUO1 where absolute changes
are small (see Fig. 4.8).

The mean ozone uptake (Fst) increases about 70% until the year 2000 (see Fig. 4.7a).
In simulations based on RCP8.5 Fst increases until the end of the 21st century and
reaches values of more than 90% increase compared to simulations based on pre-industrial
O3 concentrations. In simulations based on RCP2.6 Fst declines strongly and by the
end of the 21st century comparable values to simulations based on pre-industrial O3

concentrations are reached. The mean CUO1 increases by approximately 1000% until
the year 2000 and increases to values about 7000-14000% by 2099 in simulations based on
RCP8.5 (see Fig. 4.7b). In simulations based on RCP2.6 the CUO1 values decline during
the 21st century and reach comparable values to simulations based on pre-industrial O3

concentrations by 2099. The strong relative increases in Fst and CUO1 results from
small to moderate absolute changes of less than 0.4 nmol m−2 s−1 and less than 2.5
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Figure 4.6: The amount of simulated regional summed GPP, regional summed stocks
of total carbon biomass (C-biomass) and soil organic matter carbon (SOM C) of the
simulations based on RCP8.5. (a,d,g): Time series of all factorial runs (S1-S5), (b,e,h):
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mmol O3 m−2 respectively (see Fig. 4.4a,d for Fst and CUO1 of the different factorial
runs and Fig. 4.8 for the change). During the 21st century the absolute difference in
CUO1 between simulations based on RCP8.5 compared to simulations based on pre-
industrial O3 declines (see Fig. 4.7b), the relative difference however keeps increasing
(see Fig. 4.8b). This increasing relative difference is caused by a decline of CUO1 during
the 21st century in the simulations using pre-industrial ozone concentrations (see S1
and S4 in Fig. 4.4d). The decrease of CUO1 is caused by increasing atmospheric CO2

concentrations (see Fig. 4.4e,f), which reduce stomatal conductance and ozone uptake.
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Figure 4.7: Ozone induced %-change of regional mean ozone uptake (Fst), mean cu-
mulative O3 uptake above a flux threshold of 1 nmol m−2 s−1 (CUO1), summed GPP,
summed carbon biomass (C-biomass) and summed carbon soil organic matter (SOM C)
compared to pre-industrial values in the simulation region. Different colors indicate dif-
ferent approaches to calculate the ozone induced change from the factorial runs. Orange
lines represent approach 1: (S2-S1)/S1, blue lines approach 2:(S5-S4)/S4. Solid lines
indicate results from simulations based on RCP8.5, dotted lines results from simulations
based on RCP2.6. The effect of the seasonal cycle is smoothed by the application of a
moving average of 12 months.

The maximal O3 induced reduction of the mean GPP in the simulation area com-
pared to pre-industrial values occurs in the 1990 and constitutes approximately 4% (see
Fig. 4.7c and Tab. 4.4). In the following decades the simulated ozone induced reduction
in GPP declines to 1% by the end of the 21st century for RCP8.5 and to close to zero
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Figure 4.8: Ozone induced absolute change of regional mean ozone uptake (Fst) and
mean cumulative O3 uptake above a flux threshold of 1 nmol m−2 s−1 (CUO1) compared
to pre-industrial values in the simulation region. Different colours indicate different
approaches to calculate the ozone induced change from the factorial runs. Orange lines
represent approach 1: (S2-S1)/S1, blue lines approach 2:(S5-S4)/S4. Solid lines indicate
results from simulations based on RCP8.5, dotted lines results from simulations based
on RCP2.6. The effect of the seasonal cycle is smoothed by the application of a moving
average of 12 months.

for RCP2.6. The simulated stocks of carbon in the simulation area exhibit the strongest
ozone induced reduction in the period of 2000-2020 of approximately 9% and decline to
5% by 2099 for RCP8.5 and 4% for RCP2.6 (see Fig. 4.7d and Tab. 4.4). The SOM C is
less strongly impacted by O3 with simulated maximal reductions of approximately 1.7%.

Nitrogen deposition slightly increases Fst and induces an up to 12% increase in CUO1
in the second half of the 21st century (see Fig. 4.9a,b). Nitrogen deposition stimulates
GPP and C-biomass to a similar amount. Peak increases of about 3% for GPP and
3.5% for C-biomass are simulated in the second half of the 21st century (see Fig. 4.9c,d
and Tab. 4.5). The increasing effect of nitrogen deposition on GPP and C-biomass keeps
growing in China until the of the 21st century (see Tab. 4.5). In Europe and the USA the
GPP and C-biomass at the end of the 21st century is less enhanced by nitrogen deposition
compared to during the middle of the 21st century. The SOM C is impacted less by
nitrogen deposition and maximal increases of 1% compared to pre-industrial values are
simulated at the end of the 21st century (see Fig. 4.9e and Tab. 4.3). Simulations based
on RCP2.6 and RCP8.5 produce similar effects of nitrogen deposition on the displayed
variables.

The magnitude of ozone induced damage on GPP exceeded the growth stimulating
effect induced by nitrogen deposition until the end of the 20th century and the beginning
of the 21st century (see Fig. 4.6b,c). Contrary to the tropospheric O3 concentrations, the
regional mean nitrogen deposition does not decline during the 21st century but slightly
increases in RCP8.5 and RCP2.6. The growth stimulating effect on GPP induced by
nitrogen deposition becomes higher in magnitude during the 21st century compared to
the detrimental effect of ozone (see Fig. 4.6b,c and Tabs. 4.4 and 4.5).
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The growth stimulating effect of nitrogen deposition on C-biomass remains lower
in magnitude compared to the detrimental effects of ozone for both pollution scenarios
throughout the entire simulation period (see Fig. 4.6e,f and Tab. 4.3). However, in
simulations based on RCP2.6 the ozone induced reduction on C-biomass is only slightly
higher in magnitude compared to the growth stimulating effect induced by nitrogen
deposition (see Tabs. 4.4 and 4.5).
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Figure 4.9: Nitrogen deposition induced %-change of regional mean ozone uptake (Fst),
mean cumulative O3 uptake above a flux threshold of 1 nmol m−2 s−1 (CUO1), summed
GPP, summed carbon biomass (C-biomass), and summed carbon soil organic matter
(SOM C) compared to pre-industrial values in the simulation region. Solid lines indicate
results from simulations based on RCP8.5, dotted lines results from simulations based
on RCP2.6. The effect of the seasonal cycle is smoothed by the application of a moving
average of 12 months (a,b).
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Table 4.4: Mean percent change in GPP and C-biomass induced by ozone during the
decades of 1990 (1990-1999), 2050 (2050-2059) and 2090 (2090-2099) compared to pre-
industrial values for the Northern Hemisphere north of 30◦N (NH30), Europe, USA and
China. The given range indicates the estimates according to both approaches to calculate
the ozone impact.

Region 1990 2050 RCP8.5 2050 RCP2.6 2090 RCP8.5 2090 RCP2.6

GPP

NH30 -3.8...-4.3 -1.7...-2.3 -1.1...-1.6 -0.7...-1.0 0...-0.2
Europe -4.5...-4.9 -1.8...-2.1 -1.0...-1.4 -0.8 -0.2...-0.3
USA -4.7...-5.0 -1.8...-2.0 -1.3...-1.6 -0.8...-1.1 0.3...1.0
China -9.2...-10.1 -6.5...-8.8 -7.2...-7.9 -1.6...-2.8 -3.8...-5.7

C-biomass

NH30 -8.5...-8.9 -7.9...-8.1 -6.7...-6.9 -5.1...-5.4 -3.8...-3.9
Europe -10.8...-11.5 -9.2...-9.8 -8.0...-8.4 -6.1...-6.4 -4.9
USA 11.9...-12.5 -10.0...-10.7 -8.6...-9.0... -6.5...-6.8 -4.1...-4.3
China -15.1...-15.9 -24.7...-27.5 -22.0...-23.4 -15.8...-18.5 -16.2...-16.4

Table 4.5: Mean percent change in GPP and C-biomass induced by nitrogen depo-
sition during the decades of 1990 (1990-1999), 2050 (2050-2059) and 2090 (2090-
2099) compared to pre-industrial values for the Northern Hemisphere north of 30◦N
(NH30), Europe, USA and China.

Region 1990 2050 RCP8.5 2050 RCP2.6 2090 RCP8.5 2090 RCP2.6

GPP

NH30 1.8 2.7 2.3 2.5 2.4
Europe 2.7 3.7 2.9 2.9 2.5
USA 1.4 1.1 0.7 0.6 0.9
China 2.9 5.7 6.6 6.4 7

C-biomass

NH30 1.8 3.3 3.1 3.2 3.2
Europe 3.2 4.6 4.3 3.6 4
USA 1.6 1.7 1.6 1.5 1.3
China 1.6 3.2 4.4 3.9 6.2

4.3.1.4 Impact of the ozone deposition scheme

Simulations run with a model version where the ozone deposition scheme is turned off
result in considerably higher estimates of Fst and CUO1 what induces higher damage
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Figure 4.10: Ozone impacts on the regional mean ozone uptake (Fst), mean cumulative
O3 uptake above a flux threshold of 1 nmol m−2 s−1 (CUO1), summed GPP, summed
carbon biomass (C-biomass), and summed carbon soil organic matter (SOM C) com-
pared to pre-industrial values in the simulation region. The displayed ozone impact is
calculated based on approach 2. Orange lines: Results based on a model version where
the ozone deposition scheme is turned on. Magenta lines: Results based on a model
version where the ozone deposition scheme is turned off. Solid lines indicate results from
simulations based on RCP8.5, dotted lines results from simulations based on RCP2.6.
The effect of the seasonal cycle is smoothed by the application of a moving average of
12 months (a,b).

estimates (see Fig. 4.10). In simulations where the ozone deposition scheme is turned
off ozone induced reductions in GPP and C-biomass are approximately twice as high
compared to simulations where the ozone deposition scheme is turned on. Reductions
in GPP in simulations where the ozone deposition scheme is turned off reach peak
values of about 3 PgC yr−1 (≈8%) compared to approximately 1.5 PgC yr−1 (≈4%) in
simulations where the deposition scheme is turned on. By the end of the 21st century
simulations with the ozone deposition scheme turned on produce very similar estimates
for GPP damage compared to simulations where the deposition scheme is turned off
for RCP2.6. In simulations based on RCP8.5 where the deposition scheme is turned
off estimated reductions to GPP at the end of the 21st century amount 1.3 PgC yr−1

(≈2%) compared to 0.6 PgC yr−1 (≈1%) for simulations where the deposition scheme
is turned on. For C-biomass the difference between both model versions in simulations
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based on RCP8.5 at the end of the 21st century is even more pronounced. For C-biomass
estimated reductions at the end of the 21st century for simulations based on RCP8.5
constitute 25 PgC (≈11%) in runs where the deposition scheme is turned off and 10 PgC
(≈5%) in runs where the deposition scheme is turned on.

4.3.2 Simulated spatial differences of air pollution impacts

In this section ozone damage calculated only according to approach 2 (see Tab. 4.2) is
displayed to minimise the amount of figures. Both approaches to calculate the ozone
impact produce similar results where approach 2 indicates slightly higher ozone induced
reductions compared to approach 1. Since in approach 2 all climate drivers are simu-
lated transient contrary to approach 1 where one CO2 and O3 are simulated transient,
approach 2 might indicate more realistic results.

Simulated values of CUO1 strongly vary in the simulated region. Highest values are
found during the decade of 1990 in the eastern and north-eastern US, large parts of
Europe central and eastern Asia (see Fig. 4.11a). Regions of peak increases in CUO1
(compared to pre-industrial values) coincide with regions of high cover fraction of the
boreal needleleaf evergreen PFT (in Canada, the northern US and northern Eurasia) and
the temperate broadleaved summer-green as well as the temperate needleleaf evergreen
PFT (in Europe, eastern Asia, eastern and western US). The CUO1 values decline
strongly during the 21st century in simulations based on both RCPs, though stronger
for RCP2.6 (see Fig. 4.11). At the end of the 21st century simulated CUO1 values
reach comparable values to pre-industrial times in large parts of the simulation region
and slightly lower values in large parts of the US and Eurasia in simulations based on
RCP2.6. Increased atmospheric CO2 concentrations compared to values in 1850 decrease
the stomatal conductance, limit the O3 uptake and cause lower values of CUO1.

The extend of simulated impact of ozone and nitrogen deposition on the terrestrial
carbon uptake (GPP) and storage (C-biomass) differs strongly within the simulated
region. Nitrogen deposition stimulates GPP compared to simulations run with pre-
industrial deposition values mainly in Europe and Eastern Asia. Simulated increases
of GPP in these regions constitute about 80-140 gC m2 yr−1 for simulations run based
on RCP8.5 (see left column in Fig. 4.12). In relative terms peak increases of 10-16%
are found in parts of eastern, central and northern Asia and small parts of Europe (see
left column in Fig. 4.13). Simulated increases in GPP are higher, and hotspot areas
more extended, in the decade of 2090 compared to the 2050 decade for both RCPs.
Simulations based on RCP2.6 exhibit similar patterns compared to simulations based
on RCP8.5 but show a less strong increase in GPP induced by to nitrogen deposition.

The highest ozone induced absolute reductions in GPP occur in Europe, Eastern US
and Eastern Asia where the respective increase in CUO1 is highest. Peak reductions of
about 150-220 gCm2yr−1 are simulated in the eastern US, southern Europe and eastern
Asia during the decade of 1990.

Simulated ozone induced damage to GPP declines in the decades of 2050 and 2090
for both RCPs but considerable ozone induced reductions in GPP are simulated until
the end of the 21st century in eastern Asia. Simulations based on RCP2.6 indicate
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Figure 4.11: Absolute change in CUO1 compared to pre-industrial values induced by
ozone, calculated according to approach 2. Displayed are the decade 1990 (mean of the
years 1990-1999), 2050 (mean of the years 2050-2059) and of 2090 (mean of the years
2090-2099). For the decades 2050 and 2090 results from simulations based on RCP8.5
and RCP2.6 are displayed. See Tab. 4.2 for details on the calculation of the ozone
impact.

for the end of the 21st century close to no ozone induced damage compared to pre-
industrial values over large parts of the simulation scope. Small absolute reductions are
observed in parts of Europe and small absolute increases are simulated in the Eastern
US induced by lower CUO1 values compared to pre-industrial values (see Fig. 4.11).
Increased atmospheric CO2 concentrations compared to pre-industrial values reduce the
stomatal conductance, restrict ozone uptake and enable the increased GPP values.

The relative reductions in GPP exhibit a scattered pattern of increases and decreases
in large areas of central Asia and the central US, where the simulated vegetation cover
is dominated by grasses and crops. Peak values of relative reductions in GPP of 8-11%
are simulated in the decade of 1990 in the eastern US, Europe and eastern Asia. In the
decade of 2050 relative reductions in GPP of 4-8% are simulated in southern Europe,
parts of the eastern and western US in simulations based on RCP8.5 (see Fig. 4.13).
Peak relative decreases of 8-11% are simulated in eastern Asia. At the end of the 21st
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Figure 4.12: Absolute change in GPP compared to pre-industrial values induced by
nitrogen deposition (left column) and ozone calculated according to approach 2 (right
column). The induced change in GPP is displayed for the decades 1990 (mean of the
years 1990-1999), 2050 (mean of the years 2050-2059) and 2090 (mean of the years 2090-
2099). For the decades 2050 and 2090 results from simulations based on RCP8.5 and
RCP2.6 are displayed. See Tab. 4.2 for details on the calculation of the single drivers.
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Figure 4.13: Relative change in GPP compared to pre-industrial values induced by
nitrogen deposition (left column) and ozone calculated according to approach 2 (right
column). The induced change in GPP is displayed for the decades 1990 (mean of the
years 1990-1999), 2050 (mean of the years 2050-2059) and 2090 (mean of the years 2090-
2099). For the decades 2050 and 2090 results from simulations based on RCP8.5 and
RCP2.6 are displayed. See Tab. 4.2 for details on the calculation of the single drivers.
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century ozone induced reductions in GPP decline, but reductions of above 8% are still
simulated in small parts of eastern Asia. Slight increases in GPP are simulated in a
large fraction of the Eastern US and small scattered areas in Asia.

Nitrogen deposition induces peak increases in C-biomass of 500-600 gCm−2 compared
to pre-industrial values in parts of Europe and eastern Asia (see left column of Fig. 4.14).
Highest relative increases in C-biomass of 14-17% are simulated in the decades of 2050
and 2090 in regions of southern and northern Asia, where absolute changes are mostly
small (see left column of Fig. 4.14 and Fig. 4.15). Simulations based on RCP8.5 exhibit
slightly higher increases in C-biomass compared to RCP2.6. For both scenarios nitrogen
deposition increases C-biomass stronger in 2090 compared to 2050.

Hotspots of ozone induced damage to C-biomass during the decade of 1990 are south-
ern Europe and the eastern US with simulated decreases of 20-23% (see right column
of Fig. 4.15). For both pollution scenarios, RCP2.6 and RCP8.5, the strongest ozone
induced absolute reductions in C-biomass of 1400-1600 gCm−2 occur in the decade of
2050 in the eastern US, southern Europe and eastern Asia (see right column of Fig. 4.14).
By the end of the 21st century the hotspots of C-biomass reduction attenuate for both
RCPs and abate stronger in simulations based on RCP2.6. The ozone induced C-biomass
reductions in relative terms exceed 20% in parts of Europe, eastern and western US and
eastern Asia in the middle of the 21st century for both RCPs (see right column of
Fig. 4.15). By the end of the 21st century simulated decreases in these hotspots become
smaller for both RCPs where attenuations are stronger for RCP2.6.

4.4 Discussion

The simulation of the Northern Hemisphere biosphere from 1850-2099 according to the
Representative concentration pathway scenarios RCP8.5 and RCP2.6 indicates that air
pollution (ozone and nitrogen deposition) might have considerably impacted carbon
uptake and plant growth in the past and has the potential to continue a considerable
impact during the 21st century.

4.4.1 Air pollution impacts on GPP and total carbon biomass

The ozone induced mean regional (Northern Hemisphere ≥ 30◦N) reductions in GPP
increase from 1850 until the decade of 1990 where GPP is reduced by approximately 4%
compared to simulations based on pre-industrial O3 concentrations. Damage hotspots
in southern Europe, eastern Asia and the eastern US exhibit ozone induced reductions
of 8-11% for the decade of 1990. The regional mean value is lower compared to net
photosynthesis damage estimated by meta-analyses of ozone damage to trees. In a meta-
analyses by Wittig et al. (2009) net photosynthesis damage of trees grown in ambient
O3 concentrations vs. charcoal filtered air is estimated to amount 11% and 19% for
trees grown in elevated O3 concentrations vs. charcoal filtered air. Lombardozzi et al.
(2013) estimates damage to net photosynthesis of temperate deciduous trees to amount
12% and 16% for temperate evergreen trees. A reduction of 28% in net photosynthesis
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Figure 4.14: Absolute change in C-biomass compared to pre-industrial values induced
by nitrogen deposition (left column) and ozone calculated according to approach 2 (right
column). The induced change in C-biomass is displayed for the decades 1990 (mean of
the years 1990-1999), 2050 (mean of the years 2050-2059) and 2090 (mean of the years
2090-2099). For the decades 2050 and 2090 results from simulations based on RCP8.5
and RCP2.6 are displayed. See Tab. 4.2 for details on the calculation of the single
drivers.
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Figure 4.15: Relative change in C-biomass compared to pre-industrial values induced by
nitrogen deposition (left column) and ozone calculated according to approach 2 (right
column). The induced change in C-biomass is displayed for the decades 1990 (mean of
the years 1990-1999), 2050 (mean of the years 2050-2059) and 2090 (mean of the years
2090-2099). For the decades 2050 and 2090 results from simulations based on RCP8.5
and RCP2.6 are displayed. See Tab. 4.2 for details on the calculation of the single
drivers.
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is estimated for woody plants grown in elevated O3 compared to a control by Li et al.
(2017). Simulated ozone damage values in hotspot areas take values close to the lower
damage estimates suggested by Wittig et al. (2009) and Lombardozzi et al. (2013).

Several process based models estimated ozone induced damage to NPP/GPP on
global or regional scale. A mean global ozone induced reduction in NPP of 0.8 -2.9%
from 1989 to 1993 is estimated by the Terrestrial Ecosystem Model (Felzer et al., 2005).
Simulations with the Community Land Model suggest a 10.8% reduction of global mean
GPP for present day O3 concentrations (Lombardozzi et al., 2015). A mean reduction
in NPP of 4.5% in China between 1961-2000 is estimated by a process-based Dynamic
Land Ecosystem Model (Ren et al., 2007). The simulation of ozone damage to China’s
forests suggest a 0.2-1.6% decrease in NPP from the 1960s to 2000–05 (Ren et al., 2011).
Simulations using the Terrestrial Ecosystem Model estimate a mean reduction in NPP of
2.6-6.8% in the United States for the period of the late 1980s to early 1990s (Felzer et al.,
2004). In the Euro-Mediterranean region a reduction in GPP of 22% is estimated for the
year 2002 by the ORCHIDEE model (Anav et al., 2011). The mean GPP of the years
2001-2010 in Europe is simulated to be reduced by 7.6% compared to not accounting for
ozone damage by the O-CN model (Franz et al., 2017).

During the 21st century the cumulative O3 uptake above a flux threshold of 1
nmol m−2 s−1 (CUO1), on which the damage calculations base, declines due to the im-
pact of the CO2 fertilisation effect on stomatal conductance and ozone uptake. This
result is in agreement with Oliver et al. (2018), who found in Europe-wide simulations
that elevated future CO2 levels and reductions in O3 concentrations result in reduced
O3 induced damage values by 2050. Induced by the simulated decline in CUO1 the
mean regional reduction in GPP deceases in the decade of 2050 to approximately 2% in
simulations based on RCP8.5 and 1-1.5% in simulations based on RCP2.6. By the end
of the 21st century damage induced by elevated levels of O3 decreases to approximately
1% in simulations based on RCP8.5 and close to zero for RCP2.6. Simulations with the
JULES model estimate a 14-23% reduction in global GPP between 1901–2100 (Sitch
et al., 2007). A more recent version of the JULES model suggest a 4 to 9% reduction
in European GPP due to ozone by 2050 (Oliver et al., 2018). Both estimates are higher
compared to the simulation results here (see Tab. 4.4). A possible reason for the higher
estimates by Sitch et al. (2007) and Oliver et al. (2018) is the absence of an ozone de-
position scheme in JULES, what might have caused higher surface ozone concentrations
and hence increased ozone uptake and incurred damage.

On a regional mean basis very small ozone induced reductions are simulated by O-
CN at the end of the 21st century, however in eastern Asia peak decreases amount more
than 8% for both RCPs.

The stimulating effect of nitrogen deposition on regional mean GPP is lower in mag-
nitude compared to the detrimental effect of O3 during most of the simulation period
for both RCPs (results for RCP2.6 not shown). Both effects approximately even out in
their impact on the mean regional GPP by 2030-2050. By the end of the 21st century
nitrogen deposition stronger increases GPP than O3 impacts decline it. However, re-
gions that experience strong ozone induced negative effects do not always coincide with

99



regions that benefit from the stimulating effect of nitrogen deposition.
The ozone induced simulated mean regional reduction in total above- and below-

ground carbon biomass (C-biomass) reaches peak values of 8-10% at the end of the 20th
and first half of the 21st century. Damage values of 20-23% are simulated in damage
hotspots in southern Europe, eastern Asia and the eastern and western US for the
decade of 1990. A meta-analyses with tree suggests a 7% reduction in total biomass
for trees grown in ambient air compared to charcoal filtered air and a 17% reduction
for trees grown in elevated O3 concentrations compared to charcoal filtered air (Wittig
et al., 2009). In a meta-analyses by Li et al. (2017) a 14% reduction in total biomass is
calculated for trees grown in elevated O3 concentrations (mean of 116 ppb) compared
to controls grown in a mean O3 concentration of 21 ppb. The simulated regional mean
estimate of ozone induced damage to C-biomass is higher compared to the estimate
of trees grown in ambient vs. charcoal filtered air by Wittig et al. (2009) and lower
compared to trees grown in elevated O3 vs. charcoal filtered air or a mean of 21 ppb O3

(Wittig et al., 2009; Li et al., 2017). Simulated damage values in the hotspots are higher
compared to the estimates by the meta-analyses.

The stimulating effect of nitrogen deposition on regional mean C-biomass is lower in
magnitude compared to the detrimental effects induced by O3 for the entire simulation
period for RCP8.5. In simulations based on RCP2.6 both effects approximately even
out by 2099, and O3 induced damage is only slightly higher compared to the stimulation
induced by nitrogen deposition (results not shown).

4.4.2 Limitations of comparisons between publications

When interpreting the comparison of the results here and previously published simulation
results one has to keep in mind that the different modelling approaches usually differ
in several aspects that might considerably impact the damage estimate. Simulations
often differ in the simulated time period, e.g. Sitch et al. (2007) (1901-2100), Lombar-
dozzi et al. (2015) 25 years with an average O3 concentration of the years 2002-2009,
Franz et al. (2017) (1961-2011), and Oliver et al. (2018) (1901-2050). They differ in e.g.
the representation of changing CO2 concentrations, nitrogen deposition and land-cover/
land-use change. Sitch et al. (2007) simulate changing CO2 concentrations, Lombardozzi
et al. (2015) do include neither, Franz et al. (2017) account for changing CO2 concentra-
tions, nitrogen deposition but use static land-cover (kept fixed at 2005 levels), and Oliver
et al. (2018) simulate changing CO2 concentrations and a partly fixed land-cover. Fur-
thermore damage estimates are calculated based on different references. Damage might
be given as the difference between a simulation accounting for O3 damage compared to a
reference simulation not accounting for ozone damage (Lombardozzi et al., 2015; Franz
et al., 2017). Another approach is to report the damage simulated between a specific
time period. Sitch et al. (2007) calculate ozone induced damage between 1901-2100 and
Oliver et al. (2018) between 1901-2001 and 2001-2050.

A further difference between the published results is the time resolution of the ozone
forcing applied in the simulations. Some studies used hourly ozone forcing (e.g. Lom-
bardozzi et al. (2015), Franz et al. (2017), and Oliver et al. (2018)) and others are forced
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by monthly diurnal mean values (e.g. Sitch et al. (2007) and the simulations here). As
the formation of ozone shows a pronounced diurnal cycle (Sanz et al., 2007), the use of
monthly mean ozone concentrations probably impacts the simulated estimates of ozone
uptake. However, to which extend the omission of a diurnal cycle impacts ozone uptake,
accumulation and damage estimates is yet uncertain.

4.4.3 Potential impacts of vegetation dynamics

Ozone sensitivity differs between plant groups, plant species and between genotypes
(Wittig et al., 2007; Lombardozzi et al., 2013; Li et al., 2017; Hayes et al., 2007; Karnosky
et al., 2003). These differences ought to be reflected in injury functions included into
models to be able to simulate average responses as attempted in global models. The
injury function is a key aspect of the simulation of ozone damage and has a large impact
on the extend of the estimate damage (see chapter 3). The scarcity of suitable data
restricts the possibility to parameterise injury functions for all simulated PFTs (e.g.
12 PFTs in O-CN) and furthermore restricts the evaluation of ozone-submodels and
the included injury functions. The injury functions used for the simulations here are
tuned to reproduce observed biomass damage from filtration/fumigation experiments of
broadleaved and needle-leaved tree species (see chapter 3 for more details).

Differing ozone sensitivities might induce changes in community composition (Barbo
et al., 1998; Kubiske et al., 2007; Zak et al., 2011) as well as the interactive effects of
changed CO2 and O3 concentrations (Karnosky et al., 2003). The responses of plants
grown under interspecific competition, e.g. in forests, may not be transferred from results
of filtration/fumigation experiments (with elevated CO2 and/or O3) of plants grown
in monoculture (Kozovits et al., 2005). Zak et al. (2011) found that initial declines
in forest productivity induced by elevated levels of O3 were compensated for by the
growth of ozone tolerant individuals resulting in an equivalent NPP between ambient
and elevated levels of O3. Simulations by an individual-based forest model indicate that
the carbon sequestration capacity in forests might not be reduced by ozone damage if at
the ecosystem level the reduced carbon fixation of ozone-sensitive species is compensated
for by an increased carbon fixation of less ozone-sensitive species (Wang et al., 2016).

First generation dynamic global vegetation models such as O-CN simulate plant func-
tional types (PFTs) rather than explicit species. The simulation of community dynamics
is restricted in O-CN and might lead to an overestimation of simulated damage if the
injury function is parametrised based on ozone-sensitive species. The injury function
here is parameterised based on a relevant range of European tree species, rather than
beeing a species-specific injury functions. Furthermore, the simulations are restricted to
the Northern Hemisphere ≥ 30◦N to secure the simulation of temperate/boreal forest
and thus similar species as used for the tuning of the injury functions. However, the
biomass damage experiments used to parameterise the injury function are conducted
with young trees grown in monocultures. The common attempt to estimate responses
of adult trees grown under natural conditions by the extrapolation of results from short-
term experiments with young trees is subject to several issues, e.g. due to the differing
environmental conditions and changing ozone sensitivities with increasing tree size or
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age (Schaub et al., 2005; Cailleret et al., 2018). It is yet uncertain if the simulation of
injury to photosynthesis based on experiments with young trees can be transferred to
adult trees to obtain realistic biomass damage estimates. The effect of interspecific com-
petition on ozone damage is not reflected in the used injury function as the experiments
are conducted with monocultures. A possible shift in the community composition to
more ozone tolerant species can not be simulated by O-CN or other PFT based models.
This might induce an overestimation of the simulated damage.

The included injury functions are parameterised for needle-leaved and broadleaved
trees (see chapter 3). Simulated grasses and crops are damaged based on the injury
function for broadleaved trees because of the lack of a suitable injury function for either
of them. This simplification induces a considerable error of the damage estimate in
non-forest/ agricultural areas.

4.4.4 Impact of the ozone deposition scheme

The tropospheric O3 concentrations used in the simulations here to force the model
are provided by CTMs which report O3 concentrations in a height of approximately
45 m above the surface. The ozone deposition scheme included into O-CN uses the
O3 concentration of the free atmosphere to calculate the O3 concentration at canopy
level. If this step is omitted and the O3 concentration provided by the CTMs is directly
used as if being at canopy level the O-CN model simulates a higher ozone uptake and
twice as high damage values to GPP and C-biomass compared to simulations where
the deposition scheme is applied to calculate the canopy level O3 concentration. This
highlights the importance of using canopy level O3 concentrations to calculate ozone
uptake and damage to prevent a considerable overestimation of ozone induced damage.

4.5 Conclusion

O3 damage considerably reduced simulated carbon uptake (GPP) and storage (total
carbon biomass) in the simulation area where the maximal impact occurs at the end
of the 20th century and beginning of the 21st century respectively. The detrimental
ozone impact declines during the 21st century and reaches mean regional reductions
of 0-1% for GPP and 4-5% for total carbon biomass by the end of the 21st century
compared to pre-industrial values. However in damage hotspots decreases in GPP of
more than 8% (eastern Asia) and decreases in total carbon biomass of more than 15%
(parts of Europe, eastern and western US and eastern Asia) are simulated at the end of
the 21st century. Nitrogen deposition increases GPP less than O3 impacts decrease it
for most of the simulated period. The increasing effect of nitrogen deposition on total
carbon biomass is lower compared to the decreasing effect of O3 for the entire simulation
period. Accounting for the stimulating effects of nitrogen deposition but omitting the
detrimental effect of O3 might lead to an over estimation of carbon uptake and storage.
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Chapter 5

General conclusion and outlook

This thesis studied the importance of air pollution impacts on the terrestrial carbon and
nitrogen cycling. A focus is placed on the impact of tropospheric ozone concentrations
and nitrogen deposition on terrestrial carbon uptake and storage.

Ozone concentrations strongly increased since pre-industrial times over the mid- and
high-latitudes of Eurasia and North America from 15-25 ppb in 1860 to 40-50 ppb
in the present (Akimoto, 2003). Ozone is a toxic substance that can damage plant
leaves and cause a wide range of effects. Prominent adverse effects are the formation of
lesions or chlorosis (Langebartels et al., 1991; Wohlgemuth et al., 2002), reductions in
photosynthetic capacity (Tjoelker et al., 1995; Wittig et al., 2007) as well as in growth
and yield (Grantz et al., 2006; Hayes et al., 2007; Feng and Kobayashi, 2009; Wittig et al.,
2009; Leisner and Ainsworth, 2012). Previously published modelling studies estimate
substantial differing damage values for the present and the future (Anav et al., 2011;
Lombardozzi et al., 2015; Franz et al., 2017; Sitch et al., 2007; Oliver et al., 2018).
Present day ozone induced damage is for example estimated in the range of about 8-22%
(Anav et al., 2011; Lombardozzi et al., 2015; Franz et al., 2017). Future projections of
ozone damage are estimated to amount about 4-23% (Sitch et al., 2007; Oliver et al.,
2018).

Observed increases in ozone coincide with an increase in it’s precursor NOx (nitrogen
oxides) which increased for example between 1955 and 1985 by a factor of 4.5 (Cooper
et al., 2014; Staehelin et al., 1994). Part of the reactive nitrogen produced in or emitted
to the atmosphere is deposited back on land where it might be taken up by plants and
stimulate their growth. However, the role of NOx as precursors for ozone formation
might significantly reduce the mitigating effect of anthropogenic nitrogen deposition
on climate change due decreases in terrestrial net primary production caused by ozone
damage to plants (Zaehle et al., 2011).

This thesis presents results acquired by the application of the updated terrestrial
biosphere model O-CN. The updated version of O-CN simulates the detrimental effects
of ozone as well as the growth enhancing effects of nitrogen deposition. I included an
ozone deposition scheme into O-CN to obtain more realistic estimates of ozone uptake.
To improve damage estimates an injury function was included into O-CN which is able to
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reproduce biomass damage relationships observed in fumigation/filtration experiments.

In the subsequent sections the answers to the key research questions addressed in this
thesis are summarised, limitations of the findings given and and an outlook to possible
future research on the topic proposed.

5.1 Answers to the underlying research questions

Answers to the three main research questions of this thesis is presented below. Detailed
answers to the questions of this thesis are provided in chapters 2 to 4.

What are key factors in the simulation of ozone damage that might explain
the strong variation in estimated ozone induced damage estimates found in
the literature and how can they be improved to obtain more reliable damage
estimates? Ozone damage to plants is simulated in this thesis by relating accumulated
ozone uptake to injury in net photosynthesis or the maximum carboxylation capacity of
the leaf (Vcmax). The simulation of ozone uptake and the relation of the accumulated
ozone uptake to plant injury are key aspects in the estimation of ozone induced damage.

Chapter 2 has demonstrated that the estimation of ozone uptake is especially sensitive
to the simulated canopy conductance and the canopy ozone concentration. The ozone
concentrations provided by chemical transport models (CTMs) as input for terrestrial
biosphere models report ozone concentrations in approximately 45 m height and not at
canopy level. Up to now a common approach has been to directly use these forcing data
to calculate ozone uptake into the plant. However, to consistently simulate the transport
of ozone from the atmosphere into the plant leaves, the canopy ozone concentration can
be calculated from the ozone concentrations provided by CTMs by applying a ozone
deposition scheme that accounts for stomatal and non-stomatal deposition of ozone. An
evaluation of key parameters of the deposition scheme can indicate the reliability of the
implemented scheme. The inclusion of an ozone deposition scheme into the O-CN model
showed that estimates of the cumulative canopy O3 uptake (CUO) are reduced by 31%
compared to simulations where O3 concentrations provided by a CTM are directly used
to calculate ozone uptake. A scheme that accounts for both stomatal and non-stomatal
ozone deposition is highly recommendable since accounting for non-stomatal deposition
alone reduces the CUO by 16% (see chapter 2). Results presented in chapter 4 indicate
that not using an ozone deposition scheme can lead to a doubling of the estimated ozone
induced damage.

Ozone is taken up into the plant leaves via stomatal conductance. An evaluation of
the modelled canopy conductance (canopy integrated stomatal conductance) can indicate
if the model can simulate realistic values for this key variable in the calculation of ozone
uptake. In this thesis the simulated canopy conductance was evaluated against eddy
covariance data from the FLUXNET database (Baldocchi et al., 2001) and a general
good agreement of the simulated and measured data could be observed (see chapter
2). However, one ought to keep in mind that canopy conductance values derived from
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eddy covariance measurements are subject to a considerable range of uncertainties too
(Knauer et al., 2018).

To calculate plant damage the calculated ozone uptake needs to be related to plant
damage. A common approach to simulate plant damage is to injure photosynthesis.
However, data that relate ozone uptake to injury in photosynthesis are scarce and only a
few damage relationships are reported in the literature which relate accumulated ozone
uptake to photosynthesis parameters. These damage relationships are subject to a large
amount of uncertainty since the fumigation/ filtration experiments on which they base
can not directly measure ozone uptake and incurred damage. Stomatal conductance
and for instance net photosynthesis are measured at certain time intervals, like once per
day, to estimate ozone uptake and plant injury during the experiment period. Despite
the substantial inherent uncertainty in these data and damage relationships, several
such damage relationships have been included into terrestrial biosphere models as injury
functions to relate accumulated ozone uptake to injury of net photosynthesis or Vcmax.
Whether the application of these injury functions enables the models to simulate realis-
tic values of biomass damage has up to now not been investigated. The publication of
the biomass dose-response relationships by Büker et al. (2015) provided an independent
dataset to, for the first time, evaluate injury functions previously applied in terrestrial
biosphere models. The results presented in chapter 3 show that the use of differing dam-
age relationships as injury functions in a terrestrial biosphere model can strongly impact
the estimates of incurred plant damage. No damage relationship which was previously
used as an injury function in a terrestrial biosphere model was able to reproduce the
biomass dose-response relationships by Büker et al. (2015). To enable improved esti-
mates of ozone damage, I tuned injury functions to net photosynthesis and Vcmax which
reproduce the biomass dose-response relationships by Büker et al. (2015).

The use of an injury function which is evaluated against an independent set of data
and found to be able to reproduce observed damage relationships can prevent strong
over- or underestimations of damage. Multi-season fumigation/ filtration experiments
with trees where besides stomatal conductance and photosynthesis parameters also the
change in biomass is measured, for example by measuring changes in tree diameter, could
possibly help to better understand and simulate ozone impacts on carbon uptake and
plant growth.

How much impacted ozone damage and nitrogen deposition the terrestrial
carbon uptake and storage in the past since pre-industrial times? The ter-
restrial biosphere model O-CN, which was updated to account for ozone damage (see
chapter 2) and reproduce realistic biomass damage relationships observed in fumiga-
tion/filtration experiments (see chapter 3), was applied to simulate air pollution impacts
during the past period from the years 1850 to 2004.

The results presented in chapter 4 show that the effects of ozone damage on carbon
uptake (GPP) and storage (total carbon biomass) of the temperate and boreal Northern
Hemisphere have increased since pre-industrial times and reached peak values at the end
of the 20th century and beginning of the 21st century, respectively. Compared to other
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drivers of climate change like increased atmospheric CO2 concentrations, air pollution
impacts exert only a small impact on GPP. In the simulation of the past period, GPP was
increased by atmospheric CO2 concentrations by 4.4 PgC yr−1 (14.8%) in 2004 compared
to the reference year 1850 (mean over the simulation region 30◦N to 90◦N). In 2004, the
last year of the simulation of the past period, ozone damage reduced GPP by ≈1.5
PgC yr−1 (≈4%) compared to GPP values in 1850. The stimulating effect of nitrogen
deposition on GPP and total carbon biomass steadily increases from 1850 to 2004. In
the year 2004 GPP is stimulated by nitrogen deposition by 0.7 PgC yr−1 (2.2%). At
the end of the 20th century peak values of ozone induced damage to GPP of 8-11% are
simulated to occur in the eastern US, southern Europe and eastern Asia. Regions of
simulated peak increases in GPP due nitrogen deposition are located in central Europe
and parts of Asia.

The simulated mean regional (30◦N to 90◦N) damage to GPP at the beginning of
the 21st century is lower compared to estimates of net photosynthesis damage to trees
estimated by meta-analyses which suggest damage values of 11% to 19% (Wittig et al.,
2009; Lombardozzi et al., 2013). Simulated peak damage values in polluted areas take
values close to the lowest value observed in the meta-analyses. Previous simulations by
terrestrial biosphere model suggest higher reductions in GPP compared to the results
presented here. Anav et al. (2011) suggest a 22% reduction in GPP for the year 2002 in
the Euro-Mediterranean region, (Lombardozzi et al., 2015) estimate a 10.8% reduction of
global mean GPP for present day O3 concentrations and Franz et al. (2017) estimate the
ozone induced reduction in GPP to amount 7.6% in Europe during the years 2001-2010.

Carbon storage is impacted stronger by elevated levels of CO2 and O3 compared to
the simulated changes in GPP. The CO2 fertilisation effect induced an increase in total
carbon biomass by 18.1 PgC (22.7%) in 2004 compared to the values in 1850. Ozone
is simulated to have decreased total carbon biomass by about ≈9.5 PgC (≈9%) in 2004
compared to reference year 1850. Nitrogen deposition is simulated to increase total
carbon biomass by 2 PgC (2.2%) in 2004 compared to 1850 values. Nitrogen deposition
exerts in relative terms an equal effect on GPP and total carbon biomass during this
simulation period. Hotspot regions of air pollution impacts (nitrogen deposition and
ozone) on total carbon biomass at the the end of the 20th century are southern Europe
and the eastern US. Peak increases induced by nitrogen deposition amount 12-17% and
peak decreases due to ozone damage 20-23%.

The simulated regional mean estimate of ozone induced damage to C-biomass is
higher compared to the estimated 7% of trees grown in ambient vs. charcoal filtered air
by Wittig et al. (2009) and lower compared to estimated 17% for trees grown in elevated
O3 vs. charcoal filtered air or a mean of 21 ppb O3 (Wittig et al., 2009; Li et al., 2017).
Simulated peak damage values in polluted regions are higher compared to the estimates
by the meta-analyses.

During the simulation of the past period from 1850 to 2004 the stimulating effect of
nitrogen deposition on GPP and total carbon biomass was outweighed by the detrimental
effects of ozone damage.
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What is the extend of ozone damage and nitrogen deposition on the terres-
trial carbon uptake and storage during the 21st century in simulations based
on RCP scenarios? The application of the updated O-CN model, to simulate future
effects of air pollution on carbon uptake and storage, indicates that GPP is impacted less
than expected from previous studies (see chapter 4). The simulated impact of air pol-
lution by ozone and nitrogen deposition on Northern Hemisphere (30◦N - 90◦N) carbon
uptake and storage at the end of the 21st century is minor compared to the effect of for
instance elevated CO2 concentrations. In the simulations here, GPP is stimulated by the
CO2 fertilisation effect by 22% in simulations based on RCP2.6 and by 56% in simula-
tions based on RCP8.5 at the end of the 21st century compared to pre-industrial values.
Total carbon biomass is increased by 54% under RCP2.6 and 105% under RCP8.5.

The maximum impact of ozone damage on GPP occurs at the end of the 20th century.
During the simulation of the future projections period (the years 2005 to 2099) simulated
ozone damage steadily decreases for both simulated pollution scenarios, RCP2.6 and
RCP8.5. By the end of the 21st century GPP is increases by ≈3% for RCP8.5 and ≈4%
for RCP2.6 due to reduced ozone damage compared to the values in 2005. By the end
of the 21st century ozone damage is simulated to have close to zero effect on GPP on
a regional mean (30◦N - 90◦N) compared to pre-industrial values for both investigated
pollution scenarios. Only in damage hotspots, like eastern Asia, considerable damage
values of more than 8% are simulated. These strongly declined regional mean ozone
damage values occur because of the increased atmospheric CO2 concentrations. The
CO2 fertilisation effect reduces stomatal conductance and peak ozone uptake rates. This
causes a reduction in the cumulative canopy O3 uptake above a flux threshold of 1
nmol m−2 s−1, on which the damage calculations base. Even though the mean regional
ozone concentrations slightly increase during the 21st century under RCP8.5, simulated
damage declines due the impact of elevated levels of CO2 on stomatal conductance and
ozone uptake.

Previously published estimates of future ozone induced reductions in GPP amount
for example 14-23% in global GPP between 1901–2100 (Sitch et al., 2007) and 4-9%
in Europe by 2050 (Oliver et al., 2018). The lower estimates of future ozone induced
damage here might be caused by the implementation of an ozone deposition scheme into
the O-CN model. The ozone abundances provided by chemical transport models are not
directly used to calculate ozone uptake, the ozone deposition scheme calculates ozone
surface concentrations which are used in the calculation of ozone uptake.

Total carbon biomass is impacted stronger by ozone damage compared to GPP.
Similar to GPP, total carbon biomass increases during the period of 2005 to 2099 due to
reduced ozone accumulation above the flux threshold and hence reduced ozone induced
damage. Total carbon biomass increases by ≈4.5% compared to the values in 2005 in
simulations based on RCP8.5 und by ≈6% in simulations based on RCP2.6. The regional
mean damage estimate of carbon biomass constitutes approximately ≈5 PgC (≈3.5%)
and ≈9 PgC (≈5%) at the 21st century compared to pre-industrial values for RCP2.6
and RCP8.5 respectively.

Nitrogen deposition stimulated GPP in the simulation of the future projections be-
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tween the years 2005-2099 by 0.7 PgC yr−1 (0.4%) for RCP8.5 and by 0.3 PgC yr−1

(0.4%) for RCP2.6. Compared to pre-industrial values (of the year 1850) nitrogen depo-
sition stimulates GPP at the end of the 21st century by 1.5 PgC yr−1 (2.6%) for RCP8.5
and 1 PgC yr−1 (2.5%) for RCP2.6. Nitrogen deposition stimulates GPP compared to
simulations run with pre-industrial deposition values mainly in Europe and Eastern Asia.
At the end of the 21st century simulated increases of GPP in these regions constitute
about 80-140 gCm2yr−1 for simulations run based on RCP8.5. In relative terms peak
increases of 10-16% are found in parts of eastern, central and northern Asia and small
parts of Europe. Simulations based on RCP2.6 exhibit similar patterns compared to
simulations based on RCP8.5 but show a less strong increase in GPP induced by to
nitrogen deposition.

Carbon biomass is impacted stronger than GPP by nitrogen deposition between the
years 2005-2099. For simulations based on RCP8.5 total carbon biomass is increased
by 4 PgC (0.9%) and for simulations based on RCP2.6 by 2.4 PgC (1%). Compared to
pre-industrial values total carbon biomass at the end of the 21st century is stimulated
by 6.1 PgC (3.1%) under RCP8.5 and by 4.4 PgC (3.2%) under RCP2.6.

The combined impact of nitrogen deposition and ozone damage on the terrestrial
carbon uptake in the Northern Hemisphere (30◦N - 90◦N) changes during the simulation
of the future projections according to the RCP scenarios. At the beginning of the
simulation period ozone damage outweighs the stimulating impact of nitrogen deposition
on GPP. The effects of both air pollutants on GPP approximately evens out during the
period of 2030-2050. In the second half of the 21st century nitrogen deposition stronger
increases GPP than O3 impacts decline it for both RCP scenarios. The impact of both
air pollutants on total carbon biomass is dominated by the detrimental effects of ozone
during the entire simulation period. All in all, accounting for the stimulating effects
of nitrogen deposition but omitting the detrimental effect of O3 might lead to an over
estimation of carbon uptake and storage.

5.2 Limitations

The results presented in this thesis are subject to several sources of uncertainty caused
by limited understanding of the involved processes, limited computational resources and
most importantly limited data availability.

Terrestrial biosphere models simulate global/ regional plant growth and nutrient
cycling. The terrestrial biosphere involves a diverse set of species and a complex set
of processes, but the models can only include a restricted set of both. Simplifications
like grouping species into plant functional types aim to simulate mean responses of plant
groups, but prevent the simulation of species interaction and composition. The necessary
adaptions of O-CN to simulate ozone damage are suspect to a range of uncertainties as
well. These involve approximations in the parametrisation of the deposition scheme and
the injury functions and uncertainties regarding the representation of ozone damage in
the model (for more details see the discussion sections in chapters 2 to 4).

Aspects which have to be neglected in the simulation approach here are that species
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interaction and competition, differing genotypes, and individuals ontogeny may alter
ozone impacts on plants and ecosystems (Matyssek et al., 2010). A potential ozone in-
duced shift in forest community compositions, where ozone tolerant species or genotypes
replace sensitive ones, can not be simulated by first-generation dynamic global vegeta-
tion models such as O-CN. This may lead to an overestimation of the net ozone impact
on carbon storage if the parameterisation of the injury functions is entirely based on
ozone-sensitive species. Furthermore, terrestrial biosphere models generally base their
ozone damage calculations on injury functions derived from experiments with young
trees. However, it is still uncertain whether ozone injury observed in short-term exper-
iments with young trees can indeed be transferred to adult trees grown under natural
conditions.

Forcing data used to run terrestrial biosphere models (e.g. the atmosphere compo-
sition and climate) are output data created by other models (e.g. chemical transport
models or climate models) and thus are subject to a range of uncertainties as well.
Furthermore as the future development of emission of air pollutants is uncertain, future
projections of ozone concentrations are regularly updated and can differ considerably be-
tween different types of scenarios. Considerable differences in the projected tropospheric
ozone concentrations can for example be found between the IPCC SRES scenarios and
the representative concentration pathway (RCP) scenarios (Wild et al., 2012). The ap-
plication of a common set of scenarios in different climate models results in different
magnitudes and differing spatial patterns of future carbon uptake and storage (Ciais
et al., 2013). Possible causes for this are differing representations of simulated processes
in the models and their parameterisation. This suggests that the choice of model used
for the simulations in this thesis also impacted the simulated estimates of ozone damage,
since stomatal conductance links carbon uptake to ozone uptake and hence to potential
damage.

To sum up the results presented in this thesis are obtained by using a state-of-the-
art terrestrial biosphere model which as explained above is subject to a large range of
uncertainties. Simulations run with such a model try to simulate the most important
processes in the real world and approximate implications of induced changes in the
drivers e.g. in the atmosphere composition and climate change. The simulation results
by definition yield approximations of past, present or future plant growth and nutrient
cycling.

5.3 Outlook

To better constrain the future impact of ozone damage on the terrestrial carbon se-
questration and hence on climate change, a more realistic simulation of ozone induced
damage, where injury calculations are based on damage-relationships for a larger set of
plant types, is necessary.

The representation of ozone damage effects in terrestrial biosphere models is very
basic. The availability of suitable data to parameterise ozone damage effects in terrestrial
biosphere models is generally sparse and restricts up to now the inclusion of important
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factors/ processes. For instance processes of ozone damage like detoxification of O3,
injury repair (Wieser and Matyssek, 2007; Ainsworth et al., 2012) and early senescence
(Gielen et al., 2007; Ainsworth et al., 2012) are not accounted for in O-CN. The state-of-
the-art approach to simulate the plants ability to detoxify part of the taken up ozone by
the inclusion of a flux threshold is a very simplistic approach. A more realistic approach
would be desirable which accounts for the need of resources to produce antioxidants, a
consequent increase in respiration costs and incurred damage if the damage capacity of
antioxidant production is exceed. The collection of data on this topic are a crucial aspect
in the development of more realistic ozone damage calculations. Furthermore, if more
data become available on the change in ozone sensitivity between young and mature trees,
the damage simulation and parameterisation of mature forests in terrestrial biosphere
models might become more realistic.

The simulations of future ozone impacts in this thesis are constrained to the tem-
perate and boreal Northern Hemisphere as the applied injury functions are derived from
tree species of the respective region. More ozone fumigation/filtration experiments that
focus on for instance tropical tree species are necessary to develop more suitable injury
functions for terrestrial biosphere models. The development of such injury functions
could enable an extension of the simulation scope and yield an updated global estimate
of present day and potential future ozone damage. However, if and when such injury
functions become available is up to now uncertain.

Aspects of ozone induced damage that could be investigated directly now are for in-
stance stomatal sluggishness. Ozone induced stomatal sluggishness causes a decoupling
of photosynthesis and stomatal conductance and might impact GPP and transpiration
damage estimates (Paoletti and Grulke, 2010). Accounting for direct impairment of the
stomata might reduce the reported reductions in transpiration (for example in Franz
et al. (2017)) or even cause an increase compared to simulations with no ozone dam-
age. Increases in stomatal conductance can decrease the plants water use efficiency and
through this impact carbon uptake and storage. A basic representation of stomatal
sluggishness is already now included into the O-CN model. The comparison of simula-
tions where stomatal sluggishness is accounted for or not accounted for might indicate to
which extend the terrestrial carbon and water cycle could be impacted by this process.

The impact of diurnal cycling of ozone concentrations on damage estimates is an
important aspect that still lacks investigation. In our simulations here monthly mean
ozone concentrations are used to force the O-CN model. However, the formation of ozone
exhibits a pronounced diurnal cycle (Sanz et al., 2007), and the impact of not accounting
for this diurnal cycling on ozone damage estimates is yet unclear. The comparison of
simulations applying monthly mean O3 concentrations compared to simulations using
hourly ozone concentrations might indicate whether the low estimates of future ozone
induced damage presented in this thesis might partly be caused by the application of
monthly mean ozone concentrations.
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5.4 Final remarks

Climate change displays a major challenge for humanity. The ability of the terrestrial
biosphere to store part of the carbon emitted to the atmosphere slows the growth of
the atmospheric CO2 concentration and thus ameliorates climate change. This thesis
shows that air pollution impacts considerably decreased terrestrial carbon uptake and
storage in the past. A reduction of future tropospheric ozone concentrations has the
potential to lessen the ozone induced constraint on future carbon uptake and storage
of the terrestrial biosphere. Air cleansing programs thus have the potential to improve
human health in polluted areas as well as to a small amount mitigate climate change.
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Drake, B., Gonzàlez-Meler, M., and Long, S. (1997). MORE EFFICIENT PLANTS: A
Consequence of Rising Atmospheric CO2? Annual Review of Plant Physiology and
Plant Molecular Biology, 48(1):609–639.
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Abstract. Ozone (O3) is a toxic air pollutant that can dam-
age plant leaves and substantially affect the plant’s gross pri-
mary production (GPP) and health. Realistic estimates of the
effects of tropospheric anthropogenic O3 on GPP are thus
potentially important to assess the strength of the terrestrial
biosphere as a carbon sink. To better understand the impact
of ozone damage on the terrestrial carbon cycle, we devel-
oped a module to estimate O3 uptake and damage of plants
for a state-of-the-art global terrestrial biosphere model called
OCN. Our approach accounts for ozone damage by calculat-
ing (a) O3 transport from 45 m height to leaf level, (b) O3
flux into the leaf, and (c) ozone damage of photosynthesis as
a function of the accumulated O3 uptake over the lifetime of
a leaf.

A comparison of modelled canopy conductance, GPP, and
latent heat to FLUXNET data across European forest and
grassland sites shows a general good performance of OCN
including ozone damage. This comparison provides a good
baseline on top of which ozone damage can be evaluated.
In comparison to literature values, we demonstrate that the
new model version produces realistic O3 surface resistances,
O3 deposition velocities, and stomatal to total O3 flux ratios.
A sensitivity study reveals that key metrics of the air-to-leaf
O3 transport and O3 deposition, in particular the stomatal
O3 uptake, are reasonably robust against uncertainty in the
underlying parameterisation of the deposition scheme. Nev-
ertheless, correctly estimating canopy conductance plays a

pivotal role in the estimate of cumulative O3 uptake. We fur-
ther find that accounting for stomatal and non-stomatal up-
take processes substantially affects simulated plant O3 up-
take and accumulation, because aerodynamic resistance and
non-stomatal O3 destruction reduce the predicted leaf-level
O3 concentrations. Ozone impacts on GPP and transpiration
in a Europe-wide simulation indicate that tropospheric O3
impacts the regional carbon and water cycling less than ex-
pected from previous studies. This study presents a first step
towards the integration of atmospheric chemistry and ecosys-
tem dynamics modelling, which would allow for assessing
the wider feedbacks between vegetation ozone uptake and
tropospheric ozone burden.

1 Introduction

Tropospheric ozone (O3) is a highly reactive and toxic gas.
It enters the plants mainly through the stomata of the leaf,
where it forms reactive oxygen species (ROSs), which have
the potential to damage the leaf. While leaves possess physi-
ological pathways to produce compounds like ascorbate and
polyamines, which help to neutralise the oxidising power of
ROSs (Kronfuß et al., 1998; Kangasjärvi et al., 1994; Tausz
et al., 2007), ozone injury may occur when the leaf’s antiox-
idant system becomes overwhelmed (Wieser and Matyssek,
2007).
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In western Europe, tropospheric O3 levels increased ap-
proximately by a factor 2 to 5 from pre-industrial values to
the 1990s (Cooper et al., 2014; Marenco et al., 1994; Stae-
helin et al., 1994) (although the low values at the start of
this period are very uncertain) and approximately doubled
between 1950 and 1990s in the Northern Hemisphere (Par-
rish et al., 2012; Cooper et al., 2014). The major causes
for this increased O3 formation are the increased emission
of O3 precursor trace gases such as NOx and CO, primar-
ily from combustion sources, non-methane volatile organic
compounds from anthropogenic sources (combustion, sol-
vents), and methane emissions from agriculture and industry
(Fusco and Logan, 2003; Vingarzan, 2004). For instance, in
western Europe, NOx emissions rose by a factor of 4.5 be-
tween 1955 and 1985 (Staehelin et al., 1994). In addition,
downward transport of O3 from the stratosphere to the tropo-
sphere (Vingarzan, 2004; Young et al., 2013) and interconti-
nental transport (Vingarzan, 2004; Jenkin, 2008; Fiore et al.,
2009) can increase local and regional O3 concentrations.

A commonly observed consequence of elevated levels of
O3 exposure is a decline in net photosynthesis (Morgan et al.,
2003; Wittig et al., 2007), which may result from the damage
of the photosynthetic apparatus or increased respiration due
to the production of defence compounds and investments in
injury repair (Wieser and Matyssek, 2007; Ainsworth et al.,
2012). The reduction in net photosynthesis results in reduced
growth and hence a reduced leaf area and plant biomass
(Morgan et al., 2003; Lombardozzi et al., 2013; Wittig et al.,
2009). The tight coupling between photosynthesis and stom-
atal conductance further affects canopy conductance, and
thereby transpiration rates (Morgan et al., 2003; Wittig et al.,
2009; Lombardozzi et al., 2013), likely affecting the ecosys-
tem water balance.

Due to its phytotoxic effect, elevated O3 levels as a con-
sequence of anthropogenic air pollution may affect the land
carbon cycle and potentially reduce the net land carbon up-
take capacity (Sitch et al., 2007; Arneth et al., 2010; Simp-
son et al., 2014a), which currently corresponds to about a
quarter of the anthropogenic fossil fuel emissions as a result
of a sustained imbalance between photosynthetic carbon up-
take and carbon loss through respiration and disturbance pro-
cesses (Le Quéré et al., 2015). However, the extent to which
O3 affects plant health regionally and thereby alters terres-
trial biogeochemistry and the terrestrial water balance is still
subject of large uncertainty (Simpson et al., 2014a).

A number of O3 exposure indices have been proposed
to assess the potential detrimental effect of tropospheric
O3 on the plants (LRTAP Convention, 2010; Mills et al.,
2011b). In Europe, the standard method of these indices is the
concentration-based AOTX (ppb h) (accumulated O3 con-
centration over a threshold of X ppb), which relates the free-
air O3 concentration to observed plant damage. Models as-
sessing ozone damage to gross or net primary production
based on AOTX have been used for many years and indi-
cate that substantial reduction in plant growth and carbon

sequestration occurs globally and may reach reductions of
more than 40 % at O3 hotspots (Felzer et al., 2004, 2005;
Ren et al., 2011; Anav et al., 2011).

A significant caveat of concentration-based assessments
of ozone toxicity effects is that species differ vastly in
their canopy conductance as well as regional provenances
of species. Stomatal control of the leaf gas exchange regu-
lates photosynthesis and varies, inter alia, with plant-specific
photosynthetic capacity and intrinsic water-use efficiency of
photosynthesis; phenology; and environmental factors such
as incident light, atmospheric vapour pressure deficit (VPD),
and air temperature. The consequent differences in stomatal
conductance implies that the actual O3 dose, and thus the
level of ozone-related damage, differs between species ex-
posed to similar atmospheric O3 concentrations (Wieser and
Havranek, 1995). The O3 dose, which is the integral of the
instantaneous O3 stomatal flux over a given period of time,
has been observed to strongly correlate with the amount of
injury of a plant suggesting that plants with higher stomatal
conductance are subject to higher doses and hence more sus-
ceptible to injury (Reich, 1987; Wittig et al., 2009).

Accounting for the O3 dose rather than the O3 exposure
in assessments of ozone damage results in diverging regional
patterns of ozone damage, as regions with the highest expo-
sure (O3 concentrations) do not always coincide with regions
of high uptake (Emberson et al., 2000; Mills et al., 2011a;
Simpson et al., 2007). Regions with low AOT40 (AOTX
above a threshold of 40 ppb) values might show moderate
to high values of O3 uptake because the flux approach ac-
counts for climatic conditions that enable high stomatal con-
ductances and hence high values of O3 uptake (Mills et al.,
2011a). Observed ozone damage in the field seems to be bet-
ter correlated with flux-based risk assessment compared to
concentration-based methods (Mills et al., 2011a). Following
this the LRTAP Convention recommends flux-based methods
as the preferred tool for risk assessment (LRTAP Convention,
2010).

When calculating the O3 uptake into the plants, it is impor-
tant to consider that stomatal uptake is not the only surface
sink of O3. O3 destruction also occurs at non-stomatal sur-
faces such as the leaves’ cuticle and soil surface. The stom-
atal flux represents approximately half of the total O3 flux to
the surface (Gerosa et al., 2004; Fowler et al., 2009; Cies-
lik, 2004; Simpson et al., 2003). Accounting for this non-
stomatal O3 deposition reduces the amount of O3 uptake into
the plants by reducing the surface O3 concentration (Tuovi-
nen et al., 2009) and thus has the potential to affect flux-based
ozone damage estimates.

A further challenge in estimating plant damage related to
O3 uptake is that plants differ in their ability to remove any
ROS from the leaf before damage of leaf cellular organs is
incurred (Luwe and Heber, 1995). Conceptually, one can de-
scribe the capacity as a plant-specific O3 dose with which
the antioxidant system of the leaves can cope such that no
damage is observed (Musselman et al., 2006). The produc-
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tion of defence compounds increases respiration costs and
following this reduces net primary production what may re-
sult in reduced growth and biomass (Ainsworth et al., 2012).
Ozone damage is only incurred once the O3 flux into the leaf
exceeds this dose. A commonly used index to assess flux-
based damage to plants is the PODy (phytotoxic ozone dose,
nmolm−2 s−1), which gives the accumulated O3 flux above
a threshold of Y nmolm−2 s−1 for all daylight hours and a
given time period. Common threshold values for PODy range
from 1 to 6 nmol m−2 s−1 (Pleijel et al., 2007; LRTAP Con-
vention, 2010; Mills et al., 2011b), depending on the specific
species sensitivity to O3.

Only a few terrestrial biosphere models have adopted the
flux approach to relate O3 exposure to plant damage and
thus estimate O3-induced reductions in terrestrial carbon se-
questration in a process-based manner. Sitch et al. (2007)
developed a version of the JULES model in which stom-
atal O3 uptake directly affects net primary production (NPP),
thereby ignoring the effect of reduced photosynthesis under
elevated levels of O3 on water fluxes. Lombardozzi et al.
(2015) proposed a revised version of the Community Land
Model (CLM), in which O3 imposes fixed reductions to net
photosynthesis for two out of three modelled plant types. At-
mospheric O3 concentrations and the amount of cumulated
O3 uptake directly affect net photosynthesis only for one
plant type.

In this paper, we present a new, globally applicable model
to calculate O3 uptake and damage in a process-oriented
manner, coupled to the terrestrial energy, water, carbon, and
nitrogen budget of the OCN terrestrial biosphere model (Za-
ehle and Friend, 2010).

In this model, the canopy O3 abundance is calculated using
aerodynamic resistance and surface resistances to soil sur-
face, vegetation surfaces, and stomatal cavities to take ac-
count of non-stomatal O3 destruction. Canopy O3 abundance
is used to simulate stomatal O3 uptake given instantaneous
values of net photosynthesis and stomatal conductance. O3
uptake and its effect on net photosynthesis is then calculated
based on an extensive meta-analysis across 28 tree species
by Wittig et al. (2007) considering the ability of plants to
detoxify a proportion of the O3 dose (Sitch et al., 2007).

We first give a detailed overview of the ozone scheme
(Sect. 2.1); evaluate modelled gross primary production
(GPP), canopy conductance, latent heat fluxes, and leaf area
index (LAI) against data from the FLUXNET database (Bal-
docchi et al., 2001) to test the ability of the model to simulate
observed values of key components affecting calculate O3
uptake (Sect. 3.1); evaluate the simulated O3 metrics against
reported values in the literature (Sect. 3.2); provide a sen-
sitivity analysis of critical variables and parameters of the
deposition model to evaluate the reliability of simulated val-
ues of O3 uptake (Sect. 3.3); give an estimate of the effect of
the present-day O3 burden on European GPP and transpira-
tion(Sect. 3.4); and estimate the impact of using the O3 depo-
sition scheme on O3 uptake and cumulated uptake (Sect. 3.5).

2 Methods

We developed an ozone deposition and leaf-uptake module
for the terrestrial biosphere model OCN (Zaehle and Friend,
2010). OCN is a further development of the land-surface
scheme ORCHIDEE (O) (Krinner et al., 2005), and simulates
the terrestrial coupled carbon (C), nitrogen (N), and water
cycles for 12 plant functional types (PFTs) driven by climate
data, atmospheric composition (N deposition, as well as at-
mospheric CO2 and O3 burden), and land-use information
(land cover and fertiliser application).

In OCN net photosynthesis is calculated for shaded and
sunlit leaves in a multi-layer canopy with up to 20 layers
(each with a thickness of up to 0.5 leaf area index) follow-
ing a modified Farquhar scheme and considering the light
profiles of diffuse and direct radiation (Zaehle and Friend,
2010). Photosynthetic capacity depends on leaf nitrogen con-
centration and leaf area, which are both affected by ecosys-
tem available N. Increases in leaf nitrogen content enable
higher net photosynthesis and higher stomatal conductance
per unit leaf area. This in turn affects transpiration as well as
O3 uptake and ozone damage estimates. Leaf N is highest in
the top canopy and monotonically decreases with increasing
canopy depth. Following this, stomatal conductance and O3
uptake is generally highest in the upper canopy and lowest in
the bottom of the canopy.

The O3 and N-deposition data used for this study are
provided by the EMEP MSC-W (European Monitoring and
Evaluation Programme Meteorological Synthesizing Centre
– West) chemical transport model (CTM) (Simpson et al.,
2012). The O3 flux and deposition modules used in the
EMEP model are advanced compared to most CTMs, and
have been documented in a number of papers (Emberson
et al., 2001; Tuovinen et al., 2004, 2009; Simpson et al.,
2007, 2012; Klingberg et al., 2008). The ozone deposition
scheme for OCN is adapted from the model used by EMEP
MSC-W (Simpson et al., 2012) to fit the land-surface charac-
teristics and process descriptions of the ORCHIDEE model.
The leaf-level ozone concentrations computed by EMEP can
not directly be used by OCN, since EMEP and OCN differ in
a number of properties, as for instance in the number of sim-
ulated PFTs, and importantly their ecophysiological process
representation. Both models differ in the simulation of vari-
ous ecosystem processes (e.g. phenology, canopy processes,
biogeochemical cycles, and vegetation dynamics, which are
more explicitly represented in OCN), which in sum impact
stomatal and non-stomatal ozone deposition and through this
the leaf-level ozone concentration. A possible further devel-
opment of the new OCN is the coupling to a CTM to allow
for a consistent simulation of tropospheric O3 burden and
vegetation O3 uptake.
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2.1 Ozone module

The ozone deposition scheme calculates O3 deposition to the
leaf surface from the free atmosphere, represented by the O3
concentration at the lowest level of the atmospheric CTM,
taken to be at 45 m above the surface. The total O3 dry depo-
sition flux (Fg) to the ground surface is calculated as

Fg = Vgχ
O3
atm, (1)

where χO3
atm is the O3 concentration at 45 m and Vg is the de-

position velocity at that height. In OCN Vg is taken to be
dependent on the aerodynamic resistance (Ra), canopy-scale
quasi-laminar layer resistance (Rb) and the compound sur-
face resistance (Rc) to O3 deposition.

Vg =
1

Ra+Rb+Rc
(2)

Rb is calculated from the friction velocity (u∗) as

Rb =
6
u∗
. (3)

The Ra between 45 m height and the canopy is not computed
by OCN and is inferred from the logarithmic wind profile
(for more details see Appendix A). Rc is calculated as the
sum of the parallel resistances to stomatal/canopy (1/GO3

c )
and non-stomatal O3 uptake (1/Gns) (Simpson et al., 2012,
Eq. 55):

Rc =
1

G
O3
c +Gns

. (4)

The stomatal conductance to O3 G
O3
st (m s−1) is computed by

OCN (Zaehle and Friend, 2010) as

G
O3
st = g1

f (2)f (qair)f (Ci)f (height)An,sat

1.51
, (5)

whereGO3
st is calculated as a function of net photosynthesis at

saturating Ci (An,sat), where g1 is the intrinsic slope between
An and Gst. It further depends on a number of scalars to ac-
count for the effect of soil moisture (f (2)), water transport
limitation with canopy height (f (height)), and atmospheric
drought (f(qair)), as well as an empirical non-linear sensitiv-
ity to the internal leaf CO2 concentration (f (Ci)), all as de-
scribed in Friend and Kiang (2005). The factor 1.51 accounts
for the different diffusivity of O3 from water vapour (Mass-
man, 1998). The canopy conductance to O3 G

O3
c is calcu-

lated by summing theGO3
st of all canopy layers. To yield rea-

sonable conductance values in OCN compared to FLUXNET
data (see Sect. 3.1), the original intrinsic slope between An
and Gc called α in Friend and Kiang (2005) is adapted such
that g1 = 0.7α.

The non-stomatal conductance Gns follows the EMEP ap-
proach (Simpson et al., 2012, Eq. 60) and represents the O3
fluxes between canopy-air space and surfaces other than the
stomatal cavities. The model accounts for O3 destruction on
the leaf surface (rext), within-canopy resistance to O3 trans-
port (Rinc), and ground surface resistance (Rgs):

Gns =
SAI
rext
+

1
Rinc+Rgs

, (6)

where the surface area index (SAI) is equal to the LAI for
herbaceous PFTs (grasses and crops) and SAI=LAI+ 1 for
tree PFTs according to Simpson et al. (2012) in order to
account for O3 destruction on branches and stems. Unlike
EMEP, we do not apply a day of the growing season con-
straint for crop exposure to O3, which in OCN is accounted
for by the simulated phenology and seasonality of photosyn-
thesis. The external leaf resistance (rext) per unit surface area
is calculated as

rext = rext,bFT , (7)

where the base external leaf resistance (rext,b) of 2500 ms−1

is scaled by a low-temperature correction factor FT and

FT = e
−0.2(1+Ts), (8)

with 1≤ FT ≤ 2 and Ts the 2 m air temperature (◦C Simp-
son et al., 2012, Eq. 60). For temperatures below−1 ◦C non-
stomatal resistances are increased up to two times (Simpson
et al., 2012; Zhang et al., 2003). The within-canopy resis-
tance (Rinc) is calculated as

Rinc = bSAI
h

u∗
, (9)

where b is an empirical constant (set to 14 s−1) and h is the
canopy height in m. The ground-surface resistanceRgs is cal-
culated as

Rgs =
1− 2fsnow

FT R̂gs
+

2fsnow

Rsnow
(10)

(Simpson et al., 2012, Eq. 59). R̂gs represents base values of
Rgs and takes values of 2000 sm−1 for bare soil, 200 sm−1

for forests and crops, and 1000 sm−1 for non-crop grasses
(Simpson et al., 2012, Suppl.). As in EMEP, the ground-
surface resistance of O3 to snow (Rsnow) is set to a value of
2000 sm−1 according to Zhang et al. (2003). fsnow is calcu-
lated from the actual snow depth (sd) simulated by OCN, and
the maximum possible snow depth (sd, max):

fsnow =
sd

sd,max
(11)

with the constraint of 0≤ fsnow ≤ 0.5 to prevent negative
values in the first fraction of Eq. (10). sd,max is taken to be
10 kgm−2 (Ducoudré et al., 1993).
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Given these resistances, the canopy O3 concentration
(χO3

c , nmolm−3) is then calculated based on a constant flux
assumption:

χO3
c = χ

O3
atm(1−

Ra

Ra+Rb+Rc
). (12)

χ
O3
c and the stomatal conductance to O3 (GO3

st in m s−1)
are used to calculate the O3 flux into the leaf cavities (Fst,
nmolm−2 s−1):

Fst = (χ
O3
c −χ

O3
i )G

O3
st . (13)

According to Laisk et al. (1989) the leaf internal O3 concen-
tration (χO3

i ) is assumed to be zero.
The OCN implementation of deposition and flux described

above is a simplification of the deposition system used by
EMEP in order to fit the process representation of OR-
CHIDEE, from which OCN has inherited its biophysical
modules. The external leaf resistance is not included in the
calculation of Fst (Tuovinen et al., 2007, 2009), which re-
sults in an overestimation of stomatal O3 uptake. Further,
OCN’s calculation of Ra is based upon neutral stability con-
ditions (see Appendix), whereas the EMEP model makes use
of rather detailed stability correction factors. However, a se-
ries of calculations with the full EMEP model have shown
that the uncertainties associated with these simplifications
are small, typically 0.5–5 mmolm−2. As base-case values of
POD0 are typically ca. 30–50 mmolm−2 in EU regions, these
approximations do not seem to be a major cause of error, at
least in regions with substantial ozone (and carbon) uptake.
The full coupling of OCN to a CTM would be desirable to
eliminate this bias and allow for a consistent calculation of
tropospheric and surface near O3 burdens.

2.2 Relating stomatal uptake to leaf damage

An accumulation of Fst over time gives the accumulated up-
take of O3 for a particular canopy layer (CUOl, mmol m−2),
or for l = 1 (top canopy layer) the phytotoxic O3 dose (POD,
mmolm−2):

dCUOl

dt
= (1− fnew)CUOl+ cFst,l, (14)

where c= 10−6 converts from nmol to mmol and the integra-
tion time step is 1800 s.

The phenology of leaves is accounted for by assuming
that emerging leaves are undamaged and by reducing the
CUOl by the fraction of newly developed leaves per time
step and layer (fnew). Furthermore, deciduous PFTs shed all
CUO at the end of the growing season and grow undamaged
leaves the next spring. Evergreen PFTs shed proportionate
amounts of CUO during the entire year whenever new leaves
are grown.

The full canopy cumulative uptake of O3 is calculated by
summing CUOl over all present canopy layers (n):

CUO =
n∑

l=1
CUOl. (15)

The CUOl is used to approximate the damage to net pho-
tosynthesis (An) by using the damage relationship of Wittig
et al. (2007):

d
O3
l =

0.22CUOl+ 6.16
100

, (16)

where the factor 100 scales the percentage values of damage
to fractions. Net photosynthesis accounting for ozone dam-
age (AO3

n ) is then calculated by subtracting the damage frac-
tion from the undamaged value of An:

A
O3
n,l = An,l(1− d

O3
l ). (17)

Since Gst and An are tightly coupled (see Eq. 5), a damage
ofAn results in a simultaneous reduction inGst. The canopy-
scale O3 flux into the leaf cavities (FstC) is calculated by
summing Fst of all canopy layers, similar to the aggregation
of An,l and Gst and CUOl. Canopy O3 concentration, O3 up-
take, canopy cumulative O3 uptake (CUO), and damage to
net photosynthesis are solved iteratively to account for the
feedbacks between ozone damage, canopy conductance and
canopy-air O3 concentrations.

Note that CUO and POD can be directly compared to es-
timates according to the LRTAP Convention (2010) nota-
tion when analysing only the top canopy layer (Mills et al.,
2011b).

2.3 Sensitivity analysis

A sensitivity analysis is conducted to estimate the sensitiv-
ity of the modelled plant O3 uptake to the parameterisation
of the model, to establish the robustness of the model, and
to identify the most influential parameters. Three parame-
ters (ground-surface resistance (R̂gs), external leaf resistance
(rext), and empirical constant (b); see Eqs. 10, 6, and 9 re-
spectively) and three modelled quantities (canopy conduc-
tance (Gc), aerodynamic resistance (Ra), and canopy-scale
quasi-laminar layer resistance (Rb); see Eqs. 5, 2), with con-
siderable uncertainty due to the underlying parameters used
to calculate these quantities, are perturbed within ±20% of
their central estimate.

A set of 100 parameter combinations is created with a
Latin hypercube sampling method (McKay et al., 1979), si-
multaneously perturbing all six parameter values (R package:
FME; function: Latinhyper). For each parameter combina-
tion, a transient run (see Sect. 2.4) is performed creating an
ensemble of estimates for the key prognostic variables FstC
(Eq. 13),Rc (Eq. 4), Vg (Eq. 2) and the O3 flux ratio (FR) cal-
culated as the ratio of FstC and the total O3 flux to the surface
(Fg, Eq. 1).

www.biogeosciences.net/14/45/2017/ Biogeosciences, 14, 45–71, 2017



50 M. Franz et al.: Development and evaluation of an ozone deposition scheme

The summer months June, July, and August (JJA) are se-
lected from the simulation output and used for further analy-
sis. For each prognostic variable (FstC, Rc, Vg, FR), the sen-
sitivity to changes in all six perturbed parameters/variables
is estimated by calculating partial correlation coefficients
(PCCs) and partial ranked correlation coefficients (PRCCs)
(Helton and Davis, 2002). PCCs record the linear relation-
ship between two variables where the linear effects of all
other variables in the analysis are removed (Helton and
Davis, 2002). In the case of nonlinear relationships, PRCCs
can be used, which implies a rank transformation to linearise
any monotonic relationship, such that the regression and cor-
relation procedures as in the PCCs can follow (Helton and
Davis, 2002). We estimate the magnitude of the parameter
effect by creating mean summer values of the four prognostic
variables for each sensitivity run, and regressing these values
against the corresponding parameter/variable scaling values
of the respective model run.

2.4 Modelling protocol and data for site-level
simulations

The site-level simulations (single-point simulations) at the
FLUXNET sites are run using observed metrological forc-
ing, soil properties, and land cover from the La Thuile
Dataset (http://fluxnet.fluxdata.org/data/la-thuile-dataset/) of
the FLUXNET project (Baldocchi et al., 2001). Data on at-
mospheric CO2 concentrations are obtained from Sitch et al.
(2015). Reduced and oxidised nitrogen deposition in wet and
dry forms and hourly O3 concentrations at 45 m height are
provided by the EMEP model (see Sect. 2.5).

OCN is brought into equilibrium in terms of the terrestrial
vegetation and soil carbon and nitrogen pools in a first step
with the forcing of the year 1900. In the next step, the model
is run with a progressive simulation of the period 1900 up
until the start year of the respective site. For this period at-
mospheric O3 and CO2 concentrations as well as N deposi-
tion of the respective simulated years are used. Due to lack of
observed climate for the sites for this period, the site-specific
observed meteorology from recent years is iterated for these
first two steps. The observation years (see Table A1) are sim-
ulated with the climate and atmospheric conditions (N depo-
sition, CO2 and O3 concentrations) of the respective years.

For the evaluation of the model output, net ecosystem ex-
change (NEE), and latent heat flux (LE), as well as meteoro-
logical observations, are obtained for 11 evergreen needle-
leaved forest sites, 10 deciduous broadleaved forest sites,
and 5 C3 grassland sites in Europe (see Table A1) from
the La Thuile Dataset of the FLUXNET project (Baldoc-
chi et al., 2001). Leaf area indices (LAIs) based on discrete
point measurements are obtained from the La Thuile ancil-
lary database.

NEE measurements are used to estimate gross primary
production (GPP) by the flux-partitioning method accord-
ing to (Reichstein et al., 2005). Canopy conductance (Gc)

is derived by inverting the Penman–Monteith equation given
the observed LE and atmospheric conditions as described in
Knauer et al. (2015).

The half-hourly FLUXNET and model fluxes are filtered
prior to deriving average growing-season fluxes (bud break to
litter fall) to reduce the effect of model biases on the model-
data comparison. Night-time and morning/evening hours are
excluded by removing data with lower than 20 % of the daily
maximum shortwave downward radiation. To avoid any bi-
ases associated with the soil moisture or atmospheric drought
response of OCN, we further exclude data points with a mod-
elled soil moisture constraint factor (range between 0 and 1)
below 0.8 and an atmospheric vapour pressure deficit larger
than 0.5 kPa.

Daily mean values are calculated from the remaining time
steps only where both modelled and observed values are
present. The derived daily values are furthermore constrained
to the main growing season by excluding days where the
daily GPP is less than 20 % of the yearly maximum daily
GPP.

To derive representative diurnal cycles, data for the month
July are filtered for daylight hours (taken as incoming short-
wave radiation ≥ 100 W m−2), with periods of soil or atmo-
spheric drought stress excluded as above. This is done for
modelled FstC, Rc, Vg, and FR and for both modelled and
FLUXNET observed GPP and Gc.

2.5 Modelling protocol and data for regional
simulations

For the regional simulations, OCN is run at a spatial res-
olution of 0.5◦× 0.5◦ on a spatial domain focused on Eu-
rope. Daily meteorological forcing (temperature, precipita-
tion, shortwave and longwave downward radiation, atmo-
spheric specific humidity, and wind speed) for the years
1961 to 2010 is obtained from RCA3 regional climate model
(Samuelsson et al., 2011; Kjellstrom et al., 2011), nested in
the ECHAM5 model (Roeckner et al., 2006), and has been
bias-corrected for temperatures and precipitation using the
CRU climatology (New et al., 1999). Reduced and oxidised
nitrogen deposition in wet and dry forms and O3 concentra-
tions at 45 m height for the same years are obtained from the
EMEP model, which is also run with RCA3 meteorology (as
in Simpson et al., 2014b). Emissions for the EMEP runs in
current years are as described in Simpson et al. (2014b), and
are scaled back to 1900 using data from UNECE and van
Aardenne et al. (2001) – see Appendix B. Further details of
the EMEP model setup for this grid and meteorology can be
found in Simpson et al. (2014b) and Engardt et al. (2017). For
OCN, land cover, soil, and N fertiliser application are used as
in Zaehle et al. (2011) and kept at 2005 values throughout the
simulation. Data on atmospheric CO2 concentrations are ob-
tained from Sitch et al. (2015).

OCN is brought into equilibrium in terms of the terrestrial
vegetation and soil carbon and nitrogen pools by randomly
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iterating the forcing from the period 1961–1970. This is fol-
lowed by a simulation for the years 1961–2011 with time-
varying climate and atmospheric conditions (N deposition,
CO2, and O3 concentrations) but with static land cover and
land-use information (kept at year 2005 levels). An upscaled
FLUXNET-MTE product of GPP (Jung et al., 2011), us-
ing the model tree ensembles (MTE) machine learning tech-
nique, is used to evaluate modelled GPP.

2.6 Impacts of using the ozone deposition scheme

In contrast to other terrestrial biosphere models, the OCN
ozone module accounts for the effects of aerodynamic, stom-
atal and non-stomatal resistance to O3 deposition. Due to
these resistances, the deposition of O3 to leaf level is re-
duced, and the canopy O3 concentration is lower than the
atmospheric O3 concentration. Thus, using such a deposition
scheme reduces modelled O3 uptake into plants and accumu-
lation. To get an estimate of the magnitude of this impact we
compare simulations with the standard deposition scheme as
described above (D) with a simulation where O3 surface re-
sistance is only determined by stomatal resistance and the
non-stomatal depletion of O3 is zero (D-STO), as well as a
further simulation where no deposition scheme is used and
the canopy O3 concentration is equal to the atmospheric con-
centration (ATM).

3 Results

3.1 Evaluation against daily eddy-covariance data

Figure 1 a shows that, for most sites, modelled and
observation-based GPP agree well (see Table A2 for R2

and RMSE values). The standard deviation is larger for
the observation-based estimates because of the high level
of noise in the eddy-covariance data. For sites dominated
by needle-leaved trees, the modelled and observation-based
GPP values are very close, with only slight under- and over-
estimates by the model at some sites. At sites dominated
by broadleaved trees, modelled GPP deviates more strongly
from the observation-based GPP, underestimating the obser-
vations in 7 out of 10 cases. However, the results are within
the range of standard deviation except for the drought-prone
PT-Mi1 site (see Fig. A1a for an explicit site comparison). At
C3 grassland sites, modelled GPP is in good agreement with
the observation-based GPP except for AT-Neu, which has the
highest mean GPP of all sites observed by FLUXNET with
a large standard deviation, which may reflect the effect of
site management (e.g. mowing and fertilisation), for which
no data were readily available as model forcing.

When comparing modelled and observed latent heat flux
(LE), the model fits the observations best at the needle-leaved
forest sites (Fig. 1c). However, LE is overestimated at 9 out
of 10 broadleaved forest sites but remains within the range
of the large observational standard deviation. At sites dom-

inated by C3 grasses the modelled LE differs considerably
from the observed value, at two sites overestimating and two
underestimating the fluxes, again within the observational
standard deviation.

In agreement with the comparison of GPP and LE, the
comparison of modelled to observation-based canopy con-
ductance (Gc) shows the best agreement for sites domi-
nated by needle-leaved trees (Fig. 1b). At sites dominated by
broadleaved trees, the modelled Gc varies more widely from
the FLUXNET Gc. The modelled Gc at sites dominated by
C3 grasses is in very good agreement with FLUXNET Gc,
with slight overestimation of Gc at two out of three sites,
except for the DE-Meh site, where means differ outside the
standard deviation (see Fig. A1b).

The comparison of the average modelled summertime LAI
and point measurements at the FLUXNET illustrates that the
variability in the measured LAI is much greater than that of
OCN (Fig. 1d). The modelled LAI values approach light-
saturating, maximum LAI values and are not able to repro-
duce between-site differences in, for example, the growth
stage, site history, or maximum possible LAI values. Fur-
thermore, it should be borne in mind that the observed LAI
values are averages of point measurements, which are not
necessarily representative of the modelled time period, and
that the model had not been parameterised specifically for
the sites. Modelled GPP depends not only on LAI but also on
light availability, temperature, and soil moisture. The much
better represented values of GPP, Gc, and LE compared to
FLUXNET data (Fig. 1a–c) indicate that OCN is able to ad-
equately transform available energy into carbon uptake and
water loss and thus simulate key variables impacting ozone
uptake within a reasonable range.

3.2 Mean diurnal cycles of key O3 parameters.

For further evaluation of the modelled O3 uptake, we anal-
ysed the diurnal cycles of O3 uptake (FstC), O3 surface re-
sistance (Rc), O3 deposition velocity (Vg), and flux ratio
(FR)) as well as GPP and Gc. We selected three sites (a
broadleaved, a needle-leaved, and a C3 grass site) based on
the selection criteria that modelled and FLUXNET GPP and
LAI agree well and a minimum of five observation years
is available to reduce possible biases from the inability of
the model to simulate short-term variations from the mean.
The selected sites are a temperate broadleaved summer green
forest (IT-Ro1), a boreal needle-leaved evergreen forest (FI-
Hyy), and a temperate C3 grass land (CH-Oe1). We eval-
uate modelled GPP and Gc against observations from the
FLUXNET sites. The modelled mean diurnal cycles of O3
related variables (FstC, Rc, Vg, FR) are compared to reported
values in the literature since we did not have access to site-
specific observations.

Modelled and observed mean diurnal cycles of GPP and
Gc are in general agreement at the three selected FLUXNET
sites (see Fig. 2a, g, m and b, h, n) with particularly good
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Figure 1. Comparison of measured (a) GPP, (b) canopy conductance (Gc), (c) latent heat flux (LE), and (d) LAI at 26 European FLUXNET
sites and simulations by OCN. Displayed are means and standard deviations of daily means of the measuring/simulation period, with the
exception of FLUXNET-derived LAI, which is based on point measurements. Dots symbolise sites dominated by broadleaved trees, triangles
sites dominated by needle-leaved trees, and asterisks sites dominated by C3 grasses. The grey line constitutes the 1 : 1 line.

agreement for the mean diurnal cycle of GPP at the needle-
leaved site FI-Hyy, where the hourly means are very close
and the observational standard deviation is narrow (see
Fig. 2g). At the grassland site IT-Ro1 the overall daytime
magnitude of the fluxes is reproduced in general except for
the observed afternoon reduction in GPP (see Fig. 2a). The
modelled hourly values fall in the range of the observed val-
ues. Modelled and observation-based hourly means of GPP
at the site CH-Oe1 agree well except for the evening hours,
where the observed values increase again. The mean diur-
nal cycles of Gc derived from the FLUXNET data are again
best matched at the site FI-Hyy, whereas the model gener-
ally overestimates the diurnal cycle of Gc slightly at the site
IT-Ro1, and overestimates peak Gc at the CH-Oe1 site. The
fact that OCN does not always simulate the observed midday
depression of Gc, suggests that the response of stomata to
atmospheric and soil drought in OCN requires further eval-
uation and improvement. Similar to the daily mean values
(see Fig. 1a, b), the mean hourly values show the best match
of GPP and Gc for the needle-leaved tree site and stronger
deviations for the sites covered by broadleaved trees and C3
grasses.

The stomatal O3 uptake FstC (Fig. 2c, i, o) is close to
zero during night-time, when the stomata are assumed to be
closed, because gross photosynthesis is zero. At FI-Hyy and
CH-Oe1, peak uptake occurred at noon, when photosynthesis
(Fig. 2g, m) and stomatal conductance (Fig. 2h, n) are high-
est, at values between 8 and 9 nmol m−2 s−1. At the Italian
site IT-Ro1, maximum uptake occurs in the afternoon hours
around 15 h, with much larger standard deviation compared
to the other two sites (Fig. 2c). The magnitude of stomatal
O3 uptake corresponds well to some values reported, for ex-
ample, for crops (Gerosa et al., 2003, 2004; daily maxima of
4–9 nmolm−2 s−1) and holm oak (Vitale et al., 2005; approx.
7–8 nmol m−2 s−1). Lower daily maximum values have been
reported for an evergreen Mediterranean forest dominated by
Holm Oak of 4 nmol m−2 s−1 under dry weather conditions
(Gerosa et al., 2005) and 1–6 nmolm−2 s−1 for diverse south-
ern European vegetation types (Cieslik, 2004). Much higher
values are reported for Picea abies (50–90 nmolm−2 s−1),
Pinus cembra (10–50 nmol m−2 s−1), and Larix decidua (10–
40 nmol m−2 s−1) at a site near Innsbruck, Austria (Wieser
et al., 2003), where canopy O3 uptake was estimated by sap-
flow measurements in contrast to the studies mentioned be-
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Figure 2. Simulated and observed hourly means over all days of the months of July of 2002–2006 for CH-Oe1 and IT-Ro1, as well as
for 2001–2006 for FI-Hyy. Plotted are mean hourly values (local time) of (a, g, m) GPP (blue: OCN; red: FLUXNET), (b, h, n) canopy
conductance (Gc) (blue: OCN; red: FLUXNET), (c, i, o) O3 uptake (FstC), (d, j, p) the flux ratio (FR), (e, k, q) O3 deposition velocity (Vg),
and (f, l, r) O3 surface resistance (Rc). The error bars indicate the standard deviation from the hourly mean. The dotted line in panels (d),
(j), and (p) indicates the daily mean value.

fore where the eddy-covariance technique was applied. The
much higher FstC values in that study result from much
higher canopy conductances to O3 (GO3

c ), which are up to
12 times higher than the modelled GO3

c values in our study
(see Fig. 2, GO3

c = Gc
1.51 ).

The ratio between the stomatal O3 uptake and the total sur-
face uptake (FR) is close to zero during night-time hours and
increases steeply in the morning hours (Fig. 2d, j, p). The
24 h average is approximately 0.3 for IT-Ro1 and 0.4 for FI-
Hyy and CH-Oe1 (Fig. 2d, j, p). Peak hourly mean values
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are close to 0.6 at IT-Ro1, around 0.7 at FI-Hyy, and close
to 0.8 at CH-Oe1. These values are comparable to the ra-
tios reported for crops (Gerosa et al., 2004; Fowler et al.,
2009; 0.5–0.6), Norway spruce (Mikkelsen et al., 2004; 0.3–
0.33), and various southern European vegetation types (Cies-
lik, 2004; 0.12–0.69). The modelled flux ratios here show
slightly higher daily maximum flux ratios than reported in
the listed studies. Daily mean flux ratios are well within the
reported range.

The modelled deposition velocities Vg are lowest dur-
ing night-time, with values of approximately 0.002 ms−1

(Fig. 2e, k, q). These values increase to maximum hourly
means of 0.006–0.007 m s−1 during daytime. These values
compare well with reported values of deposition velocities,
which range from 0.003 to 0.009 m s−1 at noon (Gerosa et al.,
2004) for a barley field and are approximately 0.006 ms−1

at noon for a wheat field (Tuovinen et al., 2004) and ap-
proximately 0.009 ms−1 at noon at a potato field (Coyle
et al., 2009). The estimates for FI-Hyy also agree well
with maximum deposition velocities reported for Scots pine
site of 0.006 ms−1 (Keronen et al., 2003; Tuovinen et al.,
2004) and noon values from Danish Norway spruce sites of
0.006–0.010 ms−1 (Mikkelsen et al., 2004; Tuovinen et al.,
2001). Mean daytime deposition velocities of 0.006 ms−1

(range 0.003–0.008 ms−1) are reported at a Finnish moun-
tain birch site (Tuovinen et al., 2001). Simulated monthly
mean values of Vg differ substantially between the sites (see
Fig. A2). When comparing the monthly means over all sites
(Fig. A2 dashed line) of a functional group (broadleaved,
needle-leaved, C3 grasses) to the ensemble mean of 15 CTMs
(Hardacre et al., 2015), the values simulated here are higher
for needle-leaved tree sites. For broadleaved tree sites and
grassland sites, higher values, but which are still within the
observed ensemble range, are found for the summer months.

The modelled hourly mean O3 surface resistance Rc is
highest during night-time, at approximately 400 sm−1, and
decreases during daytime to values of 100–180 s m−1, where
the lowest surface resistance of approximately 100 s m−1 is
modelled at the grassland site CH-Oe1 (Fig. 2f, l, r). These
values are slightly higher than independent estimates (for
grasses and crops obtained for other sites) of noon surface re-
sistances ranging from 50 to 100 sm−1 (Padro, 1996; Coyle
et al., 2009; Gerosa et al., 2004; Tuovinen et al., 2004).
Tuovinen et al. (2004) reported noon values of approximately
140 sm−1 for a Scots pine forest and 70–140 s m−1 for a Nor-
way spruce forest site (Tuovinen et al., 2001), which com-
pares well with the modelled Rc values at the needle-leaved
forest site (FI-Hyy; Fig. 2l). Higher noon values of approx-
imately 250 sm−1 are reported at a Danish Norway spruce
site (Mikkelsen et al., 2004). For a mountain birch forest,
noon values of 110–140 s m−1 (Tuovinen et al., 2001) are ob-
served which is slightly lower than the modelled value at the
IT-Ro1 site (dominated by broadleaved tree PFT).

Ra b rext R̂gs Gc Rb

−
1.

0
−

0.
5

0.
0

0.
5

1.
0

(a)

Ra b rext R̂gs Gc Rb

FR
Fg

FstC
Vg

Rc

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

(b)

Figure 3. (a) Mean partial correlation coefficients and (b) strength
of the correlation in % per %. Ra, b, rext, R̂gs, andGc are perturbed
within ±20% of their central estimate. Results from simulations at
the FLUXNET site FI-Hyy for the simulation period 2001–2006.

3.3 Sensitivity analysis

We assess the sensitivity of the modelled O3 uptake and de-
position, represented by Fg, FstC, Vg, and Rc, to uncertainty
in six weakly constrained variables and parameters of the O3
deposition scheme (Ra, b, rext, R̂gs, Gc, and Rb). Figure 3a
shows, for example, the results for the boreal needle-leaved
forest FI-Hyy. As expected, all uptake/deposition variables,
except for the flux ratio (FR) are negatively correlated with
the aerodynamic resistance Ra, which describes the level of
decoupling of the atmosphere and land surface. Increasing
Ra decreases the canopy internal O3 concentration and hence
stomatal (FstC) and total (Fg) deposition as well as the depo-
sition velocity (Vg). The flux ratio FR is slightly positively
correlated with changes in Ra due to the stronger negative
correlation of FstC relative to Fg.

In decreasing order, but as expected, the level of external
leaf resistance (rext), the scaling factor b (Eq. 9), the soil re-
sistance (R̂gs), and the canopy-scale quasi-laminar layer re-
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Figure 4. Ensemble range of key O3 uptake/deposition variables resulting from the perturbation of Ra, b, rext, R̂gs, and Gc within ±20% of
their central estimate. Shown are simulated daily mean values of (a) O3 uptake (FstC), (b) the O3 flux ratio (FR), (c) O3 deposition velocity
(vg) and (d) O3 surface resistance (Rc) for the boreal needle-leaved evergreen forest at the finish FLUXNET site FI-Hyy for the year 2001.
Red dashed: unperturbed model; yellow: median of all sensitivity runs; light-grey area: min–max range of all sensitivity runs. Simulated daily
mean values for the respective site and year of (e) atmospheric O3 concentrations O3 and (f) cumulative uptake of O3 (CUO) and canopy
conductance Gc.

sistance (Rb) increase Rc and consequently reduce Fg and
Vg. Reducing the non-stomatal deposition by increasing rext,
b, R̂gs, and Rb increases the canopy internal O3 concentra-
tion and thus stomatal O3 uptake (FstC). The combined ef-
fects of a reduction in total deposition Fg and an increase in
FstC cause a positive correlation of FR to rext, b, R̂gs, and Rb.

Increasing canopy conductance (Gc) increases stomatal
O3 uptake (FstC) and thereby also increases Vg and Fg. The
increased total O3 uptake (Fg) decreases the surface resis-
tance to O3 uptake Rc, resulting in a negative correlation of
Rc with Gc. The stronger increase in FstC relative to Fg re-
sults in a positive correlation of FR.

Despite these partial correlations, only changed values for
rext and Gc have a notable effect on the predicted fluxes
(Fig. 3b), whereas for the other factors (Ra, b, and R̂gs) the
impact on the simulated fluxes is less than 0.1 % due to a 1 %
change in the variables/parameters of the deposition scheme.

The flux ratio FR is very little affected by varying rext and
Gc.

Notwithstanding the perturbations, all four O3 related flux
variables show a fairly narrow range of simulated values
(Fig. 4). For all four variables the unperturbed model and the
ensemble mean lie on top of each other (see dashed red and

yellow line in Fig. 4a–d). The seasonal course of the surface
resistances and fluxes is maintained. The simulations show a
strong day-to-day variability in FstC, which is conserved with
different parameter combinations and which is largely driven
by the day-to-day variations in Gc and the atmospheric O3
concentration (see Fig. 4f and e respectively). Ozone uptake
by the leaves reduces the O3 surface resistance during the
growing season such that Rc becomes lowest. The cumula-
tive uptake of O3 (CUO) is lowest at the beginning of the
growing season but not zero because the evergreen pine at
the Hyytiälä site accumulates O3 over several years (Fig. 4f).
The CUO increases during the growing season and declines
in autumn, when a larger fraction of old needles are shed.

The minor impact of the perturbations on the simulated O3
uptake and deposition variables suggests that the calculated
O3 uptake is relatively robust against uncertainties in the pa-
rameterisation of some of the lesser known surface proper-
ties.

3.4 Regional simulations

We used the model to simulate the vegetation productivity,
O3 uptake, and associated ozone damage of plant produc-
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tion over Europe for the period 2001–2010 (see Sect. 2.5 for
modelling protocol).

Simulated mean annual GPP for the years 1982–2011
shows in general good agreement with an independent es-
timate of GPP based on upscaled eddy-covariance measure-
ments (MTE; see Sect. 2.5), with OCN on average underesti-
mating GPP by 16 % (European mean). A significant excep-
tion are cropland dominated areas (Fig. 5) in parts of eastern
Europe, southern Russia, Turkey, and northern Spain, which
show consistent overestimation of GPP by OCN of 400–
900 gCm−2 yr−1 (58 % overestimation on average). Regions
with a strong disagreement coincide with high simulated LAI
values by OCN and a higher simulated GPP in summer com-
pared to the summer GPP by MTE. In addition, OCN sim-
ulates a longer growing season for croplands since sowing
and harvest dates are not considered. It is worth noting, nev-
ertheless, that there are no FLUXNET stations present in the
regions of disagreement hotspots, making it difficult to assess
the reliability of the MTE product in this region.

North of 60◦ N, OCN has the tendency to produce
lower estimates of GPP than inferred from the observation-
based product, which is particularly pronounced in low-
productivity mountain regions of Norway and Sweden. It is
unclear whether this bias is indicative of a N limitation that
is too strong in the OCN model.

Average decadal O3 concentrations generally increase
from northern to southern Europe (Fig. 6a) and with in-
creasing altitude, with local deviations from this pattern in
centres of substantial air pollution. The pattern of foliar
O3 uptake differs distinctly from that of the O3 concentra-
tions, showing highest uptake rates in central and eastern
Europe and parts of southern Europe (Fig. 6b), associated
with centres of high rates of simulated gross primary pro-
duction (Fig. 5a) and thus canopy conductance. The cumu-
lative O3 uptake reaches values of 40–60 mmolm−2 in large
parts of central Europe (Fig. 6c). The highest accumulation
rates of 80–110 mmol m−2 are found in eastern Europe and
parts of Scandinavia as well as in Italy, the Alps, and the
Bordeaux region. The concentration-based exposure index
AOT40 (Fig. 6d) shows a strong north–south gradient similar
to the O3 concentration (Fig. 6a) and is distinctly different to
the flux-based CUO pattern (Fig. 6c).

Simulated reduction in mean decadal GPP due to O3 range
from 80 to 160 gC m−2 yr−1 over large areas of central, east-
ern, and south-eastern Europe (Fig. 7a) and is generally
largest in regions of high productivity. The relative reduc-
tion in GPP is fairly consistent across large areas in Europe
and averages 6–10 % (Fig. 7b). Higher reductions in relative
terms are found in regions with high cover of C4 PFTs, e.g.
the Black Sea area. Lower relative reductions are found in
northern Europe and parts of southern Europe, where pro-
ductivity is low and stomatal O3 uptake is reduced by, for
example, low O3 concentrations or drought control on stom-
atal fluxes respectively. Slight increases or strong decreases
in relative terms are found in regions with very small produc-

tivity like in northern Africa and the mountainous regions of
Scandinavia. A slight increase in GPP might be caused by
feedbacks of GPP damage on LAI, canopy conductance, and
soil moisture content such that water savings, for example,
enable a prolonged growing season and thus a slightly higher
GPP. Overall, simulated European productivity has been re-
duced from 10.6 to 9.8 PgC yr−1 corresponding to a 7.6 %
reduction.

The O3-induced reductions in GPP are associated with
a reduction in mean decadal transpiration rates of 8–
15 mmyr−1 over large parts of central and eastern Europe
(Fig. 7c). These reductions correspond to 3–6 % of transpira-
tion in central Europe and 6–10 % in northern Europe. As ex-
pected, the relative reductions in transpiration rates are there-
fore slightly less than for GPP due to the role of aerodynamic
resistance in controlling water fluxes in addition to canopy
conductance. Very high reductions in transpiration are found
in the eastern Black Sea area associated with strong reduc-
tions in GPP and in the mountainous regions of Scandinavia,
where absolute changes in transpiration are very small. Re-
gionally (in particular in eastern Spain, northern Africa, and
around the Black Sea) lower reductions in transpiration or
even slight increases are found (Fig. 7d). These are related
to O3-induced soil moisture savings during the wet growing
season, leading to lower water stress rates during the drier
season. The very strong reduction in transpiration west of
the Crimean Peninsula are related to the strong reductions
in GPP mentioned above. Overall, simulated European mean
transpiration has been reduced from 170.4 to 163.3 mm cor-
responding to a 4.2 % reduction.

3.5 Impacts of using the ozone deposition scheme

At the FI-Hyy site the canopy O3 concentration, uptake
and accumulated uptake (CUO) increases approximately 10–
15 % for the D-STO model (non-stomatal depletion of O3
is zero) and 20–25 % for the ATM model version (canopy
O3 concentration is equal to the atmospheric concentration)
compared to the standard deposition scheme (D) used here
(Figs. 8a–c and A3). The exact values however are site- and
PFT-specific (see Fig. A3 for the CH-Oe1 and IT-Ro1 site).

The regional impact of using the ozone deposition scheme
on CUO is shown in Fig. 9. CUO substantially decreases for
the D-STO (Fig. 9b) compared to the ATM model (Fig. 9a).
Using the standard deposition model D (Fig. 9c) further re-
duces the CUO compared to the ATM version where the
stomata respond directly to the atmospheric O3 concentra-
tion.

Calculating the canopy O3 concentration with the help
of a deposition scheme that accounts for stomatal and non-
stomatal O3 deposition thus reduces O3 accumulation in the
vegetation.
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Figure 6. Mean decadal (a) O3 concentration (ppb), (b) canopy-integrated O3 uptake into the leaves (nmolm−2 s−1), (c) canopy-integrated
cumulative uptake of O3 (CUO) (mmol m−2), and (d) AOT40 (ppmyr−1), for Europe of the years 2001–2010.

4 Discussion

We extended the terrestrial biosphere model OCN by a
scheme to account for the atmosphere–leaf transfer of O3 in
order to better account for air pollution effects on net pho-
tosynthesis and hence regional to global water, carbon, and
nitrogen cycling. This ozone deposition scheme calculates
canopy O3 concentrations and uptake into the leaves depend-
ing on surface conditions and vegetation carbon uptake

Estimates of the regional damage to annual average GPP
(−7.6 %) and transpiration (−4.2 %) simulated by OCN for
2001–2010 are lower than previously reported estimates.
Meta-analyses suggest on average a 11 % (Wittig et al., 2007)

and a 21 % (Lombardozzi et al., 2013) reduction in instanta-
neous photosynthetic rates. However, because of carry-over
effects, this does not necessarily translate directly into reduc-
tions in annual GPP. Damage estimates using the CLM sug-
gest GPP reductions of 10–25 % in Europe and 10.8 % glob-
ally (Lombardozzi et al., 2015). Reductions in transpiration
have been estimated as 5–20 % for Europe and 2.2 % glob-
ally (Lombardozzi et al., 2015). Lombardozzi et al. (2015),
however, used fixed reductions of photosynthesis (12–20 %)
independent of cumulative O3 uptake for two out of three
simulated plant types. Damage was only related to cumula-
tive O3 uptake for one plant type with a very small slope
and hence little increase in damage due to increases in cu-
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Figure 8. Mean daily values of the (a) O3 surface concentration (ppb), (b) canopy-integrated O3 uptake into the leaves (nmolm−2 s−1), and
(c) canopy-integrated cumulative uptake of O3 (CUO) (mmolm−2) at the FLUXNET site FI-Hyy. Black: ATM model; dark blue: D-STO
model; light blue: standard deposition model (D).

mulative O3 uptake. Sitch et al. (2007) simulated global GPP
reductions of 8–14 % (under elevated and fixed CO2 respec-
tively) for low plant ozone sensitivity and 15–23 % (under
elevated and fixed CO2 respectively) for high plant ozone
sensitivity for the year 2100 compared to 1901. For the Euro-
Mediterranean region an average GPP reduction of 22 % was
estimated by the ORCHIDEE model for the year 2002 using
an AOT40-based approach (Anav et al., 2011).

Possible causes for the discrepancies are differences in
dose–response relationships, flux thresholds accounting for
the detoxification ability of the plants, atmospheric O3 con-
centrations, simulation periods, and simulation of climate

change (elevated CO2) and air pollution (nitrogen deposi-
tion). We discuss the most important aspects below. To elu-
cidate the reasons for the substantial differences in the dam-
age estimates, further studies are necessary to disentangle the
combined effects of differing flux thresholds, damage rela-
tionships, climate change, and deposition of nitrogen.

4.1 Atmosphere–leaf transport of ozone

The sensitivity analysis in Sect. 3.3 demonstrates that the es-
timate of canopy conductance (Gc) is crucial for calculat-
ing plant ozone uptake; therefore, reliable observations to
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Figure 9. Mean decadal canopy-integrated cumulative uptake of O3 (CUO) (mmolm−2) for Europe of the years 2001–2010. (a) Canopy
O3 concentration is equal to the atmospheric concentration (ATM) and (b) O3 surface resistance is only determined by stomatal resistance
(D-STO). (c) Standard ozone deposition scheme (D).

constrain modelled canopy conductance are highly impor-
tant. The site-level evaluation shows that OCN produces rea-
sonable estimates of simulated gross primary productivity
(GPP), canopy conductance, and latent heat flux (LE) com-
pared to FLUXNET observations. This agreement has to be
seen in the light of the diverse set of random and system-
atic errors in the eddy-covariance measurements as well as
derived flux and conductance estimates (Richardson et al.,
2012; Knauer et al., 2016). Next to uncertainties about the
strength of the aerodynamic coupling between atmosphere
and canopy, problems exist at many sites with respect to
the energy balance closure (Wilson et al., 2002). Failure to
close the energy balance can cause underestimation of sen-
sible and latent heat, as well as an overestimation of avail-
able energy, with mean bias of 20 % where the imbalance is
greatest during nocturnal periods (Wilson et al., 2002). This
imbalance propagates to estimates of canopy conductance,
which is inferred from latent and sensible heat fluxes. The
energy imbalance furthermore appears to affect estimates of
CO2 uptake and respiration (Wilson et al., 2002). Flux par-
titioning algorithms which extrapolate night-time ecosystem
respiration estimates to daytime introduce an additional po-
tential for bias in the estimation of GPP (Reichstein et al.,
2005). Nevertheless, the general good agreement ofGc com-
pared to FLUXNET estimates, together with the finding that
modelled values of key ozone variables are within observed
ranges, supports the use of the extended OCN model for de-
termining the effect of air pollution on terrestrial carbon, ni-
trogen, and water cycling.

A key difference from previous studies is our use of the
use of the ozone deposition scheme, which reduces O3 sur-
face concentrations and hence also the estimated O3 uptake
and accumulation (see Fig. 9). Accounting for stomatal and
non-stomatal deposition in the calculation of the surface O3
concentrations considerably impacts the estimated plant up-
take of O3. O3 uptake and cumulated uptake are consider-
ably overestimated when atmospheric ozone concentrations
are used to calculate O3 uptake or when in the calculation
of leaf-level O3 concentrations only stomatal destruction of
O3 is regarded (see Sect. 3.5). Compared to the values that

would have been obtained if the CTM O3 concentrations of
the atmosphere (from ca. 45 m height) had been used di-
rectly at the leaf surface, our simulations yield a decrease in
CUO by 31 % (European means for the years 2001–2010). A
significant fraction of the decreases is associated with non-
stomatal O3 uptake and destruction at the surface, which
decreased the simulated cumulative O3 uptake by 16 %. To
obtain an estimate of CUO that is as accurate as possible,
stomatal and non-stomatal destruction of O3 and their im-
pacts on canopy O3 concentrations should be accounted for
in terrestrial biosphere models (Tuovinen et al., 2009). Flux-
based ozone damage assessment models may overestimate
ozone-related damage unless they properly account for non-
stomatal O3 uptake at the surface.

We note that vegetation type and dynamics also impact
the stomatal and non-stomatal deposition of O3, and hence
the calculation of the leaf-level O3 concentrations. This im-
pedes the use of CTM-derived leaf-level O3 concentration,
as CTM and vegetation specifications may differ strongly.
Using the O3 from the lowest level of the atmosphere re-
duces this problem, but running a terrestrial biosphere with a
fixed atmospheric boundary condition (and not coupled to
a atmospheric CTM) is still a simplification that prevents
biosphere–atmosphere feedbacks and therefore to potential
discrepancies between vegetation and CTM. Not accounting
for this feedback and stomatal and non-stomatal O3 depo-
sition might result in an overestimation of O3 uptake and
hence potential damage in the vegetation model. The deposi-
tion scheme in OCN offers the potential to couple vegetation
and chemical transport modelling and is thus a step forward
towards coupled atmosphere–vegetation simulations.

4.2 Estimating vegetation damage from ozone uptake

A key aspect of ozone damage estimates are the assumed
dose–response relationships, which relate O3 uptake to
plant damage. The use of flux-based relationships is gen-
erally thought to improve damage estimates compared to
concentration-based metrics (e.g. AOT40), since stomatal
constraints on O3 uptake are taken into account, yielding
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very different spatial patterns of exposure hotspots (Simp-
son et al., 2007). Similar to Simpson et al. (2007), we find
strongly differing patterns between cumulative O3 uptake
(CUO) and AOT40 in our simulations here (see Fig. 6),
where highest exposure is found not only in southern Europe,
where the O3 concentration is highest, but also in eastern Eu-
rope.

Several dose–response relationships exist for biomass
or yield damage (see LRTAP Convention, 2010, for an
overview), there are few estimates of the likely cause of this
damage, i.e. the reduction in net photosynthesis. In this study,
the damage relationship to net photosynthesis proposed by
Wittig et al. (2007) is used. The major advantage of this re-
lationship is that it has been obtained by meta-analysis of
many different tree species and thus might indicate an av-
erage response. This relationship is therefore used for all
modelled PFTs. However, a substantial disadvantage is that
the meta-analysis implies a damage of 6.16 % at zero accu-
mulated O3 uptake with a rather minor increase in damage
with increasing O3 uptake. This might be an important fac-
tor explaining the lower ozone damage estimates of OCN
compared to other terrestrial biosphere models. In Lombar-
dozzi et al. (2015) also a damage relationship derived from a
meta-analysis is used; however, the disadvantage of predicted
ozone damage at zero accumulated O3 uptake there is even
greater compared to Wittig et al. (2007). Two out of three
modelled PFTs assume−12.5 and−16.1 % ozone damage at
zero accumulated O3 uptake (broadleaved and needle-leaved
species respectively) and the third PFT (grass and crop) as-
sumes 19.8 % at zero accumulated O3 uptake together with
a small increase in damage with increasing O3 uptake (Lom-
bardozzi et al., 2015). An evaluation of the different proposed
damage functions implemented in terrestrial biosphere mod-
els (e.g. Wittig et al., 2007; Lombardozzi et al., 2015; Sitch
et al., 2007) is necessary to elucidate which are able to repro-
duce, for example, observed patterns of biomass damage and
hence might be suitable to predict regional or global damage
estimates. Furthermore, new damage relationships for differ-
ent plant groups would be desirable for use in dynamic veg-
etation models to improve the ozone damage estimates, for
example by ensuring an intercept close to one (zero damage
at zero accumulated O3).

The use of a (possibly PFT-specific) flux threshold and its
magnitude naturally also impacts the CUOY (canopy cumu-
lative O3 uptake above a threshold of Y nmol m−2 s−1) and
possible damage estimates (Tuovinen et al., 2007). The in-
cluded damage function (Wittig et al., 2007) is designed for
the CUO without a flux threshold (Y = 0). The impacts of us-
ing different flux thresholds on regional estimates of O3 up-
take, accumulation, and damage are still poorly understood
and need further research.

It should be noted that using plant O3 uptake based on
leaf-level O3 concentrations, as done here, together with em-
pirical ozone damage functions, where O3 uptake is calcu-
lated from atmospheric O3 concentrations, introduces a dis-

crepancy. The O3 uptake rates of the experiments forming
the damage relationship however are calculated from mean
ozone concentrations, for example, over the exposure pe-
riod and the respective average stomatal conductances (Wit-
tig et al., 2007) such that the estimated O3 uptake and cu-
mulated uptake used to derive the damage relationship are
coarse approximations and underlie considerable uncertainty.
The error introduced in OCN by using leaf-level O3 concen-
trations instead of atmospheric concentrations seems small,
especially since the use of the leaf-level O3 concentration is
the physiologically more appropriate approach.

In the current version of OCN only ozone damage to net
photosynthesis is accounted for. Other processes like detoxi-
fication of O3 and injury repair (Wieser and Matyssek, 2007;
Ainsworth et al., 2012), stomatal sluggishness (Paoletti and
Grulke, 2010), and early senescence (Gielen et al., 2007;
Ainsworth et al., 2012) are not accounted for. Decoupling of
photosynthesis and stomatal conductance (e.g. through stom-
atal sluggishness) might impact GPP and transpiration dam-
age estimates and requires further analysis. Accounting for
direct impairment of the stomata might reduce the reported
reductions in transpiration or even cause an increase com-
pared to simulations with no ozone damage. Reduced car-
bon gain due to early senescence might impact the growth
and biomass accumulation of plants (Gielen et al., 2007;
Ainsworth et al., 2012) and ought to also be included in ter-
restrial biosphere models.

5 Conclusions

Estimates of O3 impacts on plant gross primary productivity
vary substantially. This uncertainty in the magnitude of dam-
age and hence the potential impact on the global carbon bud-
get is related to different approaches to model ozone damage.
The use of a comparatively detailed ozone deposition scheme
that accounts for non-stomatal as well as stomatal deposition
when calculating surface O3 concentrations substantially af-
fects O3 uptake in our model. We therefore recommend that
non-stomatal O3 uptake be routinely included in model as-
sessments of ozone damage to obtain a better estimate of
ozone uptake and accumulation. We show that O3 uptake into
the stomata is mainly determined by the canopy conductance
in the ozone deposition scheme used here. This highlights the
importance of reliable modelling of canopy conductances as
well as realistic surface O3 concentrations to obtain as ac-
curate as possible estimates of O3 uptake, which are the ba-
sis for plant damage estimates. Suitable ozone damage re-
lationships to net photosynthesis for different plant groups
are essential to relate the accumulated O3 uptake to plant
damage in a model. Mean responses of plant groups similar
to commonly modelled PFTs are also desirable. Only a few
damage relationships exist, which indicate mean responses of
several species (e.g. Wittig et al., 2007; Lombardozzi et al.,
2013, which, however, propose very different relationships).
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Furthermore, the impact of the plants ability to detoxify O3
should be considered by using, for example, flux thresholds,
as well as the combined effects of O3 with air pollution (ni-
trogen deposition) and climate change (elevated CO2) on the
plants’ carbon uptake.

6 Data availability

No original measurements were used. The FLUXNET mea-
surements can be accessed from the La Thuile Dataset (http:
//fluxnet.fluxdata.org/data/la-thuile-dataset/).
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Appendix A: Aerodynamic resistance

To calculate the O3 deposition of the free atmosphere at the
lowest level of the CTM (approximately 45 m) to the vege-
tation canopy, it is necessary to know the aerodynamic resis-
tance between these heights (Ra,45). These data are model-
and land-cover-specific, and thus not provided by the CTM.
Instead, we approximate Ra,45 from the wind speed at 45 m
height (u45) and the friction velocity u∗ according to

Ra,45 =
u45

u∗2
, (A1)

where u∗ is calculated from the wind speed at 10 m height
(u10) using the atmospheric resistance calculations of the
ORCHIDEE model (Krinner et al., 2005). The wind at 45 m
(u45) is approximated by assuming the logarithmic wind
profile for neutral atmospheric conditions (Monteith and
Unsworth, 2007) due to the lack of information on any other
relevant atmospheric properties at 45 m height:

u45 = u10
log( 45

z0
)

log( 10
z0
)
, (A2)

where z0 is the roughness length.
eaves depending on surface conditions and vegetation car-

bon uptake.

Appendix B: Emissions inventory

Emissions for the EMEP model were derived by merging
data from three main sources. Firstly, emissions for 2005 and
2010 were taken from the ECLIPSE database produced by
IIASA for various EU Projects and the Task Force on Hemi-
spheric Transport of Air Pollution (Amann et al., 2013; Stohl
et al., 2015), although with improved spatial resolution over
Europe by making use of the 7 km resolution MACC-2 emis-
sions produced by TNO (Kuenen et al., 2014). For 1990,
emissions from land-based sources were taken directly from
the EMEP database for that year, since 1990 had been the
subject of recent review and quality control (e.g. Mareckova
et al., 2013). Emissions between 1990 and 2005 were esti-
mated via linear interpolation between these 2005 and EMEP
1990 values. Emissions prior to 1990 were derived by scal-
ing the EMEP 1990 emissions by the emissions ratios found
in the historical data series of Lamarque et al. (2010).

Emissions of the biogenic hydrocarbon isoprene from veg-
etation are calculated using the model’s land cover and me-
teorological data (Simpson et al., 2012, 1999). Emissions of
NO from biogenic sources (soils, forest fires, etc.) were set
to zero given both their uncertainty and sporadic occurrence.
Tests have shown that this approximation has only a small
impact on annual deposition totals to the EU area, even for
simulations at the start of the 20th century. Volcanic emis-
sions of sulfur dioxide (SO2) were set to a constant value
from the year 2010.
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Table A1. Characteristics of the FLUXNET sites used in this study.

Sites Latitude Longitude Climatea PFTb Years Reference

AT-Neu 47.12 11.32 Cfb TeH 2002–2005 Wohlfahrt et al. (2008b)
CH-Oe1 47.29 7.73 Cfb TeH 2002–2006 Ammann et al. (2007)
DE-Bay 50.14 11.87 Cfb CEF 1997–1998 Rebmann et al. (2004)
DE-Hai 51.08 10.45 Cfb TeBDF 2000–2006 Kutsch et al. (2008)
DE-Meh 51.28 10.66 Cfb TeH 2004–2006 Scherer-Lorenzen et al. (2007)
DE-Tha 50.96 13.57 Cfb CEF 2004–2006 Grünwald and Bernhofer (2007)
DK-Lva 55.68 12.08 Cfb TeH 2005–2006 Gilmanov et al. (2007)
DK-Sor 55.49 11.65 Cfb TeBDF 1997–2006 Lagergren et al. (2008)
ES-ES1 39.35 −0.32 Csa CEF 1999–2004 Sanz et al. (2004)
FI-Hyy 61.85 24.29 Dfc CEF 2001–2006 Suni et al. (2003)
FR-Hes 48.67 7.06 Cfb TeBDF 2001–2006 Granier et al. (2000)
FR-LBr 44.72 −0.77 Cfb CEF 2003–2006 Berbigier et al. (2001)
FR-Pue 43.74 3.60 Csa TeBEF 2001–2006 Keenan et al. (2010)
IL-Yat 31.34 35.05 BSh CEF 2001–2002 Grünzweig et al. (2003)
IT-Cpz 41.71 12.38 Csa TeBEF 2001–2006 Tirone et al. (2003)
IT-Lav 45.96 11.28 Cfb CEF 2006–2006 Marcolla et al. (2003)
IT-MBo 46.02 11.05 Cfb TeH 2003–2006 Wohlfahrt et al. (2008a)
IT-PT1 45.20 9.06 Cfa TeBDF 2003–2004 Migliavacca et al. (2009)
IT-Ro1 42.41 11.93 Csa TeBDF 2002–2006 Rey et al. (2002)
IT-Ro2 42.39 11.92 Csa TeBDF 2002–2006 Tedeschi et al. (2006)
IT-SRo 43.73 10.28 Csa CEF 2003–2006 Chiesi et al. (2005)
NL-Loo 52.17 5.74 Cfb CEF 1997–2006 Dolman et al. (2002)
PT-Esp 38.64 −8.60 Csa TeBEF 2002–2006 Pereira et al. (2007)
PT-Mi1 38.54 −8.00 Csa TeS 2003–2005 Pereira et al. (2007)
SE-Fla 64.11 19.46 Dfc CEF 2000–2002 Lindroth et al. (2008)
SE-Nor 60.09 17.48 Dfb CEF 1996–1997 Lagergren et al. (2008)

a Köppen–Geiger climate zone (BSh: hot arid steppe; Cfa: humid, warm temperate, hot summer; Cfb: humid, warm temperate, warm summer;
Csa: summer dry, warm temperate, hot summer; Dfb: cold, humid, warm summer; Dfc: cold, humid, cold summer). b Plant functional type
(TeBEF: temperate broadleaf evergreen forest; TeBDF: temperate broadleaf deciduous forest; CEF: coniferous evergreen forest; TeS: temperate
open woodland with C3 grass; TeH: C3 grassland).

Table A2. Coefficient of determination (R2) and root mean square error (RMSE) for GPP, canopy conductance (Gc), and latent heat flux
(LE) for all sites and for sites dominated by broadleaved trees, needle-leaved trees, C3 grass, and C3 grass excluding the AT-Neu site (outlier).

All sites Broadleaved Needle-leaved C3 grass C3 grass
(excluding AT-Neu)

R2: GPP 0.465 0.714 0.8 0.139 0.058
RMSE: GPP 3.495 3.771 1.944 5.175 2.257
R2: Gc 0.458 0.69 0.722 0.013 0.01
RMSE: Gc 0.001 0.002 0.001 0.002 0.002
R2: LE 0.566 0.725 0.9 0.022 0.002
RMSE: LE 30.897 39.725 13.977 37.124 40.493
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Figure A1. Comparison of measured (a) GPP, (b)Gc, (c) latent heat flux (LE), and (d) LAI at 26 European FLUXNET sites (red) and simu-
lations by OCN (blue). Displayed are means and standard deviation of daily means of the measuring/simulation period, with the exceptions
of FLUXNET-derived LAI, which is based on point measurements.
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Figure A2. Simulated monthly mean values of O3 uptake (FstC), O3 deposition velocity (Vg), O3 surface resistance (Rc), and the flux ratio
(FR) for sites dominated by broadleaved trees (left column), needle-leaved trees (central column), and C3 grasses (right column). The colour
indicates the location of the site. Dark blue: Denmark, Sweden, and Finland; light blue: Germany, France, and Netherlands; green: Austria
and Switzerland; red: Italy, Portugal, Spain, and Israel. Broken line: mean of all sites and years of the 12 months.
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Figure A3. Differences in mean daily values of the (a) O3 surface concentration (ppb), (b) canopy-integrated O3 uptake into the leaves
(nmolm−2 s−1), and (c) canopy-integrated cumulative uptake of O3 (CUO) (mmolm−2) for the three FLUXNET sites CH-Oe1, FI-Hyy and
IT-Ro1. Blue: difference between the D-STO model and the standard model (D); black: difference between the ATM model and the standard
model (D).
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Abstract. Regional estimates of the effects of ozone pollu-
tion on forest growth depend on the availability of reliable
injury functions that estimate a representative ecosystem re-
sponse to ozone exposure. A number of such injury func-
tions for forest tree species and forest functional types have
recently been published and subsequently applied in terres-
trial biosphere models to estimate regional or global effects
of ozone on forest tree productivity and carbon storage in
the living plant biomass. The resulting impacts estimated by
these biosphere models show large uncertainty in the magni-
tude of ozone effects predicted. To understand the role that
these injury functions play in determining the variability in
estimated ozone impacts, we use the O-CN biosphere model
to provide a standardised modelling framework. We test four
published injury functions describing the leaf-level, photo-
synthetic response to ozone exposure (targeting the maxi-
mum carboxylation capacity of Rubisco (Vcmax) or net pho-

tosynthesis) in terms of their simulated whole-tree biomass
responses against data from 23 ozone filtration/fumigation
experiments conducted with young trees from European tree
species at sites across Europe with a range of climatic con-
ditions. Our results show that none of these previously pub-
lished injury functions lead to simulated whole-tree biomass
reductions in agreement with the observed dose–response re-
lationships derived from these field experiments and instead
lead to significant over- or underestimations of the ozone
effect. By re-parameterising these photosynthetically based
injury functions, we develop linear, plant-functional-type-
specific dose–response relationships, which provide accu-
rate simulations of the observed whole-tree biomass response
across these 23 experiments.
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1 Introduction

Ozone is a phytotoxic air pollutant which enters plants
mainly through the leaf stomata, where reactive oxygen
species (ROSs) are formed that can injure essential leaf func-
tioning (Ainsworth et al., 2012). Ozone-induced declines in
net photosynthesis (Morgan et al., 2003; Wittig et al., 2007)
have been observed as the result of injury of the photosyn-
thetic apparatus and increased respiration rates caused by
investments in the repair of injury, as well as the produc-
tion of defence compounds (Wieser and Matyssek, 2007;
Ainsworth et al., 2012). At the leaf-scale, ozone injury oc-
curs and accumulates when the instantaneous stomatal ozone
uptake of leaves surpasses the ability of the leaf to detox-
ify ozone (Wieser and Matyssek, 2007). These effects are
likely the primary cause for reduced rates of net photosynthe-
sis and a decreased supply of carbon and energy for growth
and net primary production (NPP), which contributes to the
commonly observed ozone-induced reductions in leaf area
and plant biomass (Morgan et al., 2003; Lombardozzi et al.,
2013; Wittig et al., 2009). Changes in tropospheric ozone
abundance and associated changes in ozone-induced injury
thus have the potential to affect the ability of the terrestrial
biosphere to sequester carbon (Harmens and Mills, 2012;
Oliver et al., 2018). However, a quantitative understanding
of the effect of ozone pollution on forest growth and carbon
sequestration at the regional scale is still lacking. Terrestrial
biosphere models can be used to obtain regional or global es-
timates of ozone damage based on an understanding of how
ozone affects plant processes leading to C assimilation and
growth. Modelling algorithms to estimate regional or global
impacts of ozone on gross primary production (GPP) have
been developed for several of these terrestrial biosphere mod-
els (Sitch et al., 2007; Lombardozzi et al., 2012a, 2015; Franz
et al., 2017; Oliver et al., 2018). However, simulated reduc-
tions in GPP due to ozone-induced injury vary substantially
between models and model versions (Lombardozzi et al.,
2012a, 2015; Franz et al., 2017; Sitch et al., 2007).

This uncertainty is predominantly due to the different ap-
proaches that these models use to relate ozone uptake (or
ozone exposure) to reductions in whole-tree biomass and in
the exact parameterisation of the injury functions and dose–
response relationships applied (Karlsson et al., 2004; Pleijel
et al., 2004; Wittig et al., 2007; Lombardozzi et al., 2012a,
2013). The injury functions employed by current terrestrial
biosphere models differ decidedly in their slope (i.e. the
change in injury per unit of time-integrated ozone uptake),
intercept (ozone injury at zero time-integrated ozone uptake)
and their assumed threshold, below which the ozone uptake
rate is considered sufficiently low that ozone will be detox-
ified before any injury occurs (Karlsson et al., 2004; Plei-
jel et al., 2004; Lombardozzi et al., 2012a). For example,
Sitch et al. (2007) relates the instantaneous ozone uptake ex-
ceeding a flux threshold to net photosynthetic injury via an
empirically derived factor. An alternative approach has been

to relate ozone injury to net photosynthesis in response to
the accumulated ozone uptake rather than to the instanta-
neous ozone uptake as in Sitch et al. (2007), e.g. by using
the CUOY, which refers to the cumulative canopy O3 uptake
above a flux threshold of Y nmol m−2 s−1 (Wittig et al., 2007;
Lombardozzi et al., 2012a, 2013; Cailleret et al., 2018).

The effect of ozone on plant growth has been investigated
by ozone filtration/fumigation experiments either at the indi-
vidual experimental level or by pooling data from multiple
experiments that have been conducted according to a stan-
dardised experimental method. These experiments typically
rely on young trees because of their small size. A challenge in
developing and testing process-based models of ozone dam-
age from these ozone fumigation experiments is that often
only the difference in biomass accumulation between plants
grown in an ozone treatment and in ambient or charcoal-
filtered air at the end of the experiment are reported. Data
from these studies provide evidence for a linear, species-
specific relationship between accumulated ozone uptake and
reductions in plant biomass (Pleijel et al., 2004; Mills et al.,
2011; Nunn et al., 2006, e.g.). Sitch et al. (2007) for instance
calibrated their instantaneous leaf-level injury function be-
tween ozone uptake and photosynthesis by relating simulated
annual net primary production and accumulated ozone up-
take to observed biomass dose–response relationships devel-
oped by Karlsson et al. (2004) and Pleijel et al. (2004), where
biomass/yield damage is related to the phytotoxic ozone dose
(PODy). The PODy refers to the accumulated ozone uptake
above a flux threshold of y nmol m−2 s−1 by the leaves rep-
resentative of the upper-canopy leaves of the plant. Such
an approach applies biomass dose–response relationships of
young trees to mature trees. However, the effects of ozone on
leaf physiology (e.g. net photosynthesis and stomatal con-
ductance) or plant carbon allocation may differ between ju-
venile and adult trees (Hanson et al., 1994; Samuelson and
Kelly, 1996; Kolb and Matyssek, 2001; Paoletti et al., 2010).
Whether or not biomass dose–response relationships can be
used to calibrate injury functions for mature trees is uncer-
tain.

An alternative approach is to directly simulate ozone
injury to photosynthesis, which may have been a major
cause for the observed decline in plant biomass production
(Ainsworth et al., 2012). Possible injury targets in the sim-
ulations can be, for example, the net photosynthesis or leaf-
specific photosynthetic activity (such as represented by the
maximum carboxylation capacity of Rubisco, Vcmax). For in-
stance, Lombardozzi et al. (2012a) based their injury func-
tion on an experimental study involving a single forest tree
species, whereas more recent publications (e.g. Lombardozzi
et al., 2015 and Franz et al., 2017) have used injury functions
from meta-analyses of a far larger set of filtration/fumigation
studies. Meta-analyses have attempted to summarise the re-
sponses of plant performance to ozone exposure across a
wider range of experiments and vegetation types (Wittig
et al., 2007; Lombardozzi et al., 2013; Feng and Kobayashi,
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2009; Li et al., 2017; Wittig et al., 2009) and to develop in-
jury functions for plant groups that might provide an esti-
mate of mean plant group responses to ozone. However, these
meta-analyses suffer from a lack of consistency in the deriva-
tion of either plant injury or ozone exposure and generally re-
port a large amount of unexplained variance. A further com-
plication in the meta-analyses of ozone injury (e.g. Wittig
et al., 2007; Lombardozzi et al., 2013) is that they have to in-
directly estimate the cumulative ozone uptake underlying the
observed ozone injury based on a restricted amount of data,
which causes uncertainty in the derived injury functions.

Büker et al. (2015) provides an independent data set of
whole-tree biomass plant responses to ozone uptake which
is independent of data sets that were used to describe in-
jury functions by Wittig et al. (2007) and Lombardozzi
et al. (2013). This data set has been collected from exper-
iments that follow a more standardised methodology to as-
sess dose–responses and has associated meteorological and
ozone data at a high time resolution that allow more accu-
rate estimates of modelled ozone uptake to be made. These
dose–response relationships describe whole-tree biomass re-
ductions in young trees derived from standardised ozone fil-
tration/fumigation methods for eight European tree species at
10 locations across Europe (see Table A2 for details; Büker
et al., 2015). These data thus provide an opportunity to evalu-
ate simulations of biosphere models that use leaf-level injury
functions (describing the effect of ozone uptake on photo-
synthetic variables) to estimate C assimilation, growth and
ultimately whole-tree biomass against these robust empiri-
cal dose–response relationships that relate ozone exposure
directly to whole-tree biomass response.

Here we test four alternative, previously published ozone
injury functions that target either net photosynthesis or the
leaf carboxylation capacity (Vcmax), which have been in-
cluded in state-of-the-art terrestrial biosphere models (Lom-
bardozzi et al., 2012a, 2015; Franz et al., 2017) against these
new biomass dose–response relationships by Büker et al.
(2015). We incorporate these injury functions into a single
modelling framework, the O-CN model (Zaehle and Friend,
2010; Franz et al., 2017). To reduce model–data mismatch,
we test the functions in simulations that mimic to the ex-
tend possible the conditions of each of the experiments in
the Büker et al. (2015) data set, in particular the young age,
such that we can directly compare the simulated to the ob-
served whole-tree biomass reductions in the empirically de-
rived dose–response relationships. This allows us to iden-
tify the contribution of these alternative injury function for-
mulations on the simulated whole-tree biomass response.
The simulated biomass dose–response relationships are then
compared to the data from the experiments to evaluate the
capability of the different model versions to reproduce ob-
served dose–response relationships. Based on these compar-
isons we use a similar approach to that of Sitch et al. (2007)
and develop alternative parameterisations of the injury func-
tions to improve the capability of the O-CN model to simu-

late the whole-tree biomass responses observed in the fumi-
gation experiments, with the notable exception that we ex-
plicitly simulate in-fumigation experiments and the approxi-
mate age of the trees. Finally, we explore whether or not there
is a substantial difference in the biomass response to ozone of
young or mature trees by using a sequence of model simula-
tions and comparing the response both in terms of whole-tree
biomass as well as net primary production.

2 Methods

We use the O-CN terrestrial biosphere model (Zaehle and
Friend, 2010; Franz and Zaehle, 2018), which is an extension
of the ORCHIDEE model (Krinner et al., 2005) to simulate
conditions of the ozone fumigation experiments described in
Büker et al. (2015). The O-CN model, an average–individual
dynamic vegetation model, simulates the terrestrial coupled
carbon (C), nitrogen (N) and water cycles for up to 12 plant
functional types and is driven by climate data and atmo-
spheric composition.

O-CN simulates a multilayer canopy with up to 20 layers
with a thickness of up to 0.5 leaf area index each. Net pho-
tosynthesis is calculated according to a modified Farquhar
scheme for shaded and sunlit leaves considering the light pro-
files of diffuse and direct radiation (Zaehle and Friend, 2010).
Leaf nitrogen concentration and leaf area determine the pho-
tosynthetic capacity. Increases in the leaf nitrogen content in-
crease Vcmax and Jmax (nitrogen-specific rates of maximum
light harvesting, electron transport) and hence maximum net
photosynthesis and stomatal conductance per leaf area. The
leaf N content is highest at the top of the canopy and ex-
ponentially decreases with increasing canopy depth (Friend,
2001; Niinemets et al., 2015). Following this net photosyn-
thesis, stomatal conductance and ozone uptake are gener-
ally highest in the top canopy and decrease with increasing
canopy depth.

Canopy-integrated assimilated carbon enters a labile non-
structural carbon pool, which can either be used to fuel main-
tenance respiration (a function of tissue nitrogen), storage
(for seasonal leaf and fine-root replacement and buffer of
inter-annual variability in assimilation) or biomass growth.
The labile pool responds within days to changes in GPP;
the long-term reserve has a response time of several months,
depending on its use to support seasonal foliage and fine-
root development or sustain growth in periods of reduced
photosynthesis. After accounting for reproductive produc-
tion (flowers and fruits), biomass growth is partitioned into
leaves, fine roots and sapwood according to a modified pipe
model (Zaehle and Friend, 2010), accounting for the costs
of biomass formation (growth respiration). In other words,
changes in leaf-level productivity affect the build-up of plant
pools and storage and thereby feed back on the ability
of plants to acquire C through photosynthesis or nutrients
through fine-root uptake.
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2.1 Ozone injury calculation in O-CN

Throughout the paper we refer to the biological response to
O3 uptake at the leaf level as “injury” and to responses of
plant production, growth and biomass at the ecosystem level
as “damage” following Guderian (1977). The relationship
between ozone uptake and injury is called “injury function”;
the relationship between ozone uptake and damage is called
“dose–response relationship”.

Leaf-level ozone uptake is determined by stomatal con-
ductance and atmospheric O3 concentrations, as described
in Franz et al. (2017). To mimic the conditions of the fu-
migation experiments with plot-level controlled atmospheric
O3 concentrations, simulations are conducted with a model
version of O-CN, in which atmospheric O3 concentrations
are directly used to calculate ozone uptake into the leaves,
and the transfer and destruction of ozone between the at-
mosphere and the surface is ignored (ATM model version in
Franz et al., 2017). Deviating from Franz et al. (2017), stom-
atal conductance gst here is calculated based on the Ball and
Berry formulation (Ball et al., 1987) as

gst,l = g0+ g1×
An,l ×RH× f (heightl)

Ca
, (1)

where net photosynthesis (An,l) is calculated as described in
Zaehle and Friend (2010) as a function of the leaf-internal
partial pressure of CO2, absorbed photosynthetic photon flux
density on shaded and sunlit leaves, leaf temperature, the
nitrogen-specific rates of maximum light harvesting, electron
transport (Jmax) and carboxylation rates (Vcmax). RH is the
atmospheric relative humidity, f (heightl) the water-transport
limitation with canopy height, Ca the atmospheric CO2 con-
centration, g0 the residual conductance when An approaches
zero, and g1 the stomatal-slope parameter as in Krinner et al.
(2005). The index l indicates that gst is calculated separately
for each canopy layer.

The stomatal conductance to ozone gO3
st,l is calculated as

g
O3
st,l =

gst,l

1.51
, (2)

where the factor 1.51 accounts for the different diffusivity of
O3 from water vapour (Massman, 1998).

For each canopy layer, the O3 stomatal flux (fst,l ,
nmol m−2 (leaf area) s−1) is calculated from the atmospheric
O3 concentration the plants in the field experiments were fu-
migated with (χO3

atm), and gst,l is calculated as

fst,l = (χ
O3
atm−χ

O3
i )g

O3
st,l, (3)

where the leaf-internal O3 concentration (χO3
i ) is assumed to

be zero (Laisk et al., 1989).
The accumulation of ozone fluxes above a threshold of Y

nmol m−2 (leaf area) s−1 (fst,l,Y , nmol m−2 (leaf area) s−1)
with

fst,l,Y =MAX(0,fst,l −Y ) (4)

gives the CUOYl . The canopy value of CUOY is calculated
by summing CUOYl over all canopy layers (Franz et al.,
2017).

For comparison to observations, the POD (mmol m−2) can
be diagnosed by the accumulation of fst,l for the top canopy
layer (l = 1), in accordance with LRTAP-Convention (2017)
and Büker et al. (2015). The accumulation of ozone fluxes
of the top canopy layer above a threshold of y nmol m−2

(leaf area) s−1 gives the PODy . The estimates of PODy (both
POD2 and POD3) can be used offline to re-construct dose–
response relationships equivalent to those described in Büker
et al. (2015). These modelled dose–response relationships
can then be compared with the empirically derived dose–
response relationships to assess the ability of the model to
estimate injury. As such, the POD2 and POD3 used for the
formation of these modelled dose–response relationships are
purely diagnostic variables and not involved in the injury cal-
culation of the model. The flux thresholds (2 and 3 nmol m−2

(leaf area) s−1) are not the flux thresholds that are used to es-
timate biomass response in the O-CN model simulations.

Ozone injury, i.e. the fractional loss of carbon uptake asso-
ciated with ozone uptake dO3

l , is calculated as a linear func-
tion of the cumulative leaf-level uptake of ozone above a
threshold of Y nmol m−2 (leaf area) s−1 (CUOYl)

d
O3
l = a− b×CUOYl, (5)

where a is the intercept and b is the slope of the injury func-
tion. The injury fraction (dO3

l ) is calculated separately for
each canopy layer l based on the specific accumulated ozone
uptake of the respective canopy layer (CUOYl) and takes val-
ues between 0 and 1. The magnitude of dO3

l in Eq. (5) varies
between the canopy layers because CUOYl varies driven by
within-canopy gradients in stomatal conductance and photo-
synthetic capacity.

The effect of ozone injury on plant carbon uptake is calcu-
lated by

x
O3
l = xl(1− d

O3
l ), (6)

where xl is either leaf-level net photosynthesis An,l or
the maximum photosynthetic capacity (Jmax,l and Vcmax,l),
which is used in the calculation of An,l . Jmax,l and Vcmax,l
are reduced in proportion such that the ratio between the two
is not altered. While there is some evidence that ozone can
affect the ratio between Jmax and Vcmax, we believe that for
the purpose of this paper, it is justifiable to assume a fixed
ratio between them.

Reductions inAn,l cause a decline in stomatal conductance
(gst,l) due to the tight coupling between both. Other stress
factors that impact gst,l are accounted for in the preceding
calculation of the gst,l uninjured by ozone (see Eq. 1). Re-
ductions in gst,l decrease the O3 uptake into the plant (fst,l)
and slow the increase in CUOYl and thus ozone injury.
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2.2 Model set-up

Four published injury functions were applied within the O-
CN model (see Table 1 for the respective slopes, intercepts
and flux thresholds). As shown below in Fig. 1 and explained
in the results section, these did not match well with the ob-
served biomass dose–response relationships by Büker et al.
(2015). Following this we manually calibrated two additional
injury relationships – one each forAn or Vcmax – based on the
data presented in Büker et al. (2015) (see Table 1 for slopes
and intercepts). For these calibrated injury functions, we
chose a flux threshold value of 1 nmol m−2 (leaf area) s−1, as
suggested by LRTAP-Convention (2017). We forced the in-
tercept (a) of these relationships to 1 to simulate zero ozone
injury at zero accumulated O3 (for ozone levels that cause
less then 1 nmol m−2 (leaf area) s−1 instantaneous ozone up-
take). As described above, in all model versions, ozone in-
jury is calculated independently for each canopy layer based
on the accumulated O3 uptake (CUOYl) in that layer, above a
specific flux threshold of Y nmol m−2 (leaf area) s−1 for the
respective injury function (see Table 1).

2.3 Model and protocol for young trees

Single-point simulations were run for each fumigation
experiment using meteorological input from the daily
CRU-NCEP climate data set (CRU-NCEP version 5;
LSCE (https://vesg.ipsl.upmc.fr/thredds/catalog/store/
p529viov/cruncep/V5_1901_2013/catalog.html, last access:
15 November 2018) at the nearest grid cell to the coordinates
of the experiment sites. The meteorological data provided
by the experiments incompletely described the atmospheric
boundary conditions required to drive the O-CN model.
Atmospheric CO2 concentrations were taken from Sitch
et al. (2015), and reduced as well as oxidised nitrogen
deposition in wet and dry forms was provided by the EMEP
model (Simpson et al., 2014). Hourly O3 concentrations
were obtained from the experiments, as in Büker et al.
(2015).

Büker et al. (2015) report data for eight tree species at 11
sites across Europe (see Table A2 for experiment and sim-
ulation details). The O-CN model simulates 12 plant func-
tional types (PFTs) rather than explicit species; therefore,
the species from the experiments were assigned to the cor-
responding PFT: all broadleaved species except Quercus ilex
were assigned to the temperate broadleaved summer-green
PFT. Quercus ilex was classified as temperate broadleaved
evergreen PFT. All needleleaf species were assigned to the
temperate needleleaf evergreen PFT.

The fumigation experiments were conducted on young
trees or cuttings. Prior to the simulation of the experiment,
the model was run in an initialisation phase from bare ground
until the simulated stand-scale tree age was stable and rep-
resentative of 1–2 year old trees. During this initialisation,
O-CN was run with the climate of the years preceding the

experiment and zero atmospheric O3 concentrations. Using
ambient ozone concentrations during the initialisation phase
would have resulted in different initial biomass values for the
different response functions, which would have reduced the
comparability of the different model runs. The impact of the
ozone concentrations in the initialisation phase on our results
here can be considered negligible since we only evaluate the
simulated biomass from different treatments in relation to
each other and do not evaluate it in absolute terms.

The duration of the initialisation phase depends on the site
and PFT and averages 7.8 years (mean over all simulated ex-
periments). Some of the published injury functions and/or
parameterisations applied have intercepts unequal to 1 (a in
Eq. 5; see Table 1), which induces reductions (a < 1) or in-
creases (a > 1) in photosynthesis at zero ozone concentra-
tion and thus causes a bias in biomass and in particular fo-
liage area at the end of the initialisation phase. To eliminate
this bias, the nitrogen-specific photosynthetic capacity of a
leaf was adjusted for each of the six parameterisations of the
model to obtain comparable leaf area index (LAI) values at
the beginning of the experiment (see Table A1). This adap-
tion of the nitrogen-specific photosynthetic capacity of a leaf
only counterbalances the fixed increases or decreases in the
calculation of photosynthesis implied by the intercepts un-
equal to 1 and has no further impact on ozone uptake and
injury calculations.

The simulations of the experiments relied on the meteo-
rological and atmospheric forcing of the experiment years.
Simulations were made for all reported O3 treatments of the
specific experiment, including the respective control treat-
ments. Büker et al. (2015) obtained estimates of biomass
reductions due to ozone by calculating the hypothetical
biomass at zero ozone uptake for all experiments that re-
ported ozone concentrations greater than zero for the con-
trol group (e.g. for charcoal-filtered or non-filtered air) and
calculated the biomass damage from the treatments against a
completely undamaged biomass. Our model allows us to run
simulations with zero ozone concentrations and skip the cal-
culation of the hypothetical biomass at zero ozone concen-
trations as done by Büker et al. (2015). Following this, we
ran additional reference simulations with zero O3 and based
our biomass damage calculations upon them.

2.4 Modelling protocol for mature trees

To test whether biomass dose–response relationships of ma-
ture forests will show a similar relationship as observed in
the simulations of young trees, we ran additional simulations
with mature trees. To allow the development of a mature for-
est where biomass accumulation reached a maximum, and
high and medium turnover soil pools reached an equilib-
rium, the model was run for 300 years in the initialisation
phase. The simulations were conducted with the respective
climate previous to the experiment period and zero atmo-
spheric O3 concentration. For the simulation years previous
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Table 1. Slopes and intercepts, partly PFT specific, of all four published (W07PS, L12PS, L12VC, L13PS) and two tuned (tunPS, tunVC)
injury functions included in O-CN. Targets of ozone injury are net photosynthesis (PS) or Vcmax. Injury calculations base on the CUOY with
a specific flux threshold for each injury function.

ID Target Slope Intercept Plant group Flux threshold Reference
(b) (a) (nmol m−2

(leaf area) s−1)

W07PS PS 0.0022 0.9384 All 0 Wittig et al. (2007)
L12PS PS 0.2399 1.0421 All 0.8 Lombardozzi et al. (2012a)
L12VC Vcmax 0.1976 0.9888 All 0.8 Lombardozzi et al. (2012a)
L13PS PS 0 0.8752 Broadleaf 0.8 Lombardozzi et al. (2013)
L13PS PS 0 0.839 Needleleaf 0.8 Lombardozzi et al. (2013)

tunPS PS 0.065 1 Broadleaf 1 Tuned here
tunPS PS 0.021 1 Needleleaf 1 Tuned here
tunVC Vcmax 0.075 1 Broadleaf 1 Tuned here
tunVC Vcmax 0.025 1 Needleleaf 1 Tuned here

to 1901, the yearly climate is randomly chosen from the years
1901–1930. Constant values of atmospheric CO2 concentra-
tions are used in simulated years previous to 1750 followed
by increasing concentrations up to the experiment years. The
subsequent experiment years are simulated in the same way
as the simulations with the young trees. The ozone injury for
mature trees is calculated based on the same tunVC injury
function (see Table 1) that is used in the simulation of young
trees (see Sect. 2.5 for details on the development of tunVC).

2.5 Calculation of the biomass damage relationships

The ozone-induced biomass damage is calculated from the
difference between a treatment and a control simulation. At
each experiment site and for all treatments, the annual reduc-
tion in biomass due to ozone (RB) is calculated as in Büker
et al. (2015):

RB=
(

BMtreat

BMzero

) 1
n

, (7)

where BMtreat represents the biomass of a simulation which
experienced an O3 treatment and BMzero the biomass of the
control simulation with zero atmospheric O3 concentration.
The exponent imposes an equal fractional biomass reduc-
tion across all simulation years for experiments lasting longer
than 1 year.

Büker et al. (2015) report the dose–response relationships
for biomass reduction with reference to PODy with flux
thresholds y of 2 and 3 nmol m−2 (leaf area) s−1 (POD2 and
POD3) for the needleleaf and broadleaf category, respec-
tively, where the PODy values were derived from simula-
tions with the DO3SE model (Emberson et al., 2000) given
site-specific meteorology and ozone concentrations. To be
able to compare the simulated biomass reduction by O-CN
with these estimates, we also diagnosed these PODy values
for each simulation from the accumulated ozone uptake of

the top canopy layer (PODyO-CN = CUOYl=1). Note that the
PODyO-CN is purely diagnostic and not used in the injury
calculations, which are based on the CUOYl (see Eq. 5). As
O-CN computes continuous, half-hourly values of ozone up-
take (see Franz et al., 2017, for details), the PODyO-CN values
have to be transformed to be comparable to the simulated
mean annual PODy values reported in Büker et al. (2015).
For deciduous species, the yearly maximum of PODyO-CN
was taken as a yearly increment PODyO-CN,i . The PODyO-CN
of evergreen species was continuously accumulated over sev-
eral years. To obtain the yearly increment PODyO-CN,i , the
PODyO-CN at the beginning of the year i is subtracted from
the PODyO-CN at the end of the year i.

The selected yearly PODyO-CN,i was used to calculate
mean annual values necessary for the formation of the
dose–response relationships integrating all simulation years
(PODdr

y ) as

PODdr
yi =

∑i
k=1PODyO-CN,i

i
, (8)

where PODyO-CN,i is the PODy of the ith year calculated by
O-CN. The PODdr

y values are used to derive biomass dose–
response relationships.

Separate biomass dose–response relationships were esti-
mated by grouping site data for broadleaved and needleleaf
species. The biomass dose–response relationships are ob-
tained from the simulation output by fitting a linear model
to the simulated values of RB and PODdr

y (with flux thresh-
olds of 2 and 3 nmol m−2 (leaf area) s−1 for needleleaf and
broadleaved species, respectively), where the regression line
is forced through 1 at zero PODdr

y . Büker et al. (2015) report
two alternative dose–response relationships for their data set:
the simple and the standard model – BSI and BST, respec-
tively. We evaluate our different model versions regarding
their ability to reach the area between those two functions
(target area) with the biomass dose–response relationships
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Figure 1. Biomass dose–response relationships for simula-
tions based on published injury relationships, separate for
(a) broadleaved species and (b) needleleaf species. The dose–
response relationships by Büker et al. (2015) (BSI and BST) de-
fine the target area (orange). The displayed dose–response relation-
ships are simulated by model versions which base injury calcu-
lations either on net photosynthesis W07PS (Wittig et al., 2007),
L12PS(Lombardozzi et al., 2012a) and L13PS (Lombardozzi et al.,
2013) or on Vcmax L12VC (Lombardozzi et al., 2012a) (see Table 1
for more details). See Tables A3 and A4 for slopes, intercepts, R2

and p values of the displayed regression lines. Injury calculation in
the simulations is based on CUOY (see Table 1) and not on POD2
or POD3 (see Sec. 2.5 for more details).

computed from their output. The tuned injury relationships
tunPS and tunVC were obtained by adjusting the slope b in
Eq. (5) such that the corresponding biomass dose–response
relationships fits the target area. The intercept of the injury
relationships are forced to 1 to simulate zero ozone injury at
ozone fluxes lower than 1 nmol m−2 (leaf area) s−1.

3 Results

3.1 Testing published injury functions

None of the versions where ozone injury is calculated based
on previously published injury functions fit the observa-
tions well. Some versions strongly overestimate the simu-
lated biomass dose–response relationship and others strongly
underestimate it (see Fig. 1) compared to the dose–response
relationships developed by Büker et al. (2015).

In the W07PS simulations, where injury is calculated based
on the injury function by Wittig et al. (2007), biomass dam-
age is strongly underestimated compared to the estimates
from Büker et al. (2015). Ozone injury estimates are mainly
driven by the intercept of the relationship, which assumes
a reduction in net photosynthesis by 6.16 % at zero ozone
uptake. Little additional ozone damage occurs due to the ac-
cumulation of ozone uptake. As a consequence, the ozone
treatments and reference simulations differ little in their sim-
ulated biomass. Similarly, the Lombardozzi et al. (2013) in-
jury function (L13PS) calculates ozone injury as a fixed re-
duction in net photosynthesis independent of the actual accu-

mulated ozone uptake. The reference simulations with zero
atmospheric ozone thus equal the simulations with ozone
treatments and result in an identical simulated biomass. We
tested accounting for effects of ozone on stomatal conduc-
tance besides net photosynthesis as suggested by Lombar-
dozzi et al. (2013). However, this additional direct injury to
stomatal conductance yielded a minimal decrease in simu-
lated biomass accumulation in needleleaf trees, but did not
qualitatively change the results (results not shown). These
results indicate that injury functions, with a large intercept
and a very shallow (or non-existing) slope cannot simulate
the impact of spatially varying O3 concentrations or altered
atmospheric O3 concentrations.

The simulations L12PS and L12VC (net photosynthesis and
Vcmax injury according to Lombardozzi et al. (2012a), re-
spectively) strongly overestimate biomass damage compared
to Büker et al. (2015). Both injury functions assume an ex-
tensive injury to carbon fixation at low ozone accumulation
values (CUOY) of about 5 mmol O3. This results in a very
steep decline in relative biomass at low values of POD3.
Notably, despite a linear injury function, the very steep ini-
tial decline in biomass of broadleaved trees at low values of
POD3 is not continued at higher exposure, resulting in a non-
linear biomass dose–response relationships. Higher accumu-
lation of ozone doses does not result in higher injury rates
beyond a threshold of about 5 mmol O3 m−2 leaf area, and
relative biomass declines remain at 50 % to 70 %. Whereas
non-linear dose–response relationships are observed in ex-
periments, e.g. for leaf injury (Marzuoli et al., 2009), such a
non-linear relationship is not produced in the biomass dose–
response relationship by Büker et al. (2015).

We investigated the cause for this using the example of the
Pinus halepensis stand in the Ebro Delta with a high ozone
treatment as shown in Fig. 2. The simulated CUOY quickly
increases after the onset of fumigation (Fig. 2a) and is par-
alleled by a rapid decline in canopy-integrated net photosyn-
thesis (Acan

n , see Fig. 2b). Once all canopy layers accumu-
lated more than 5 mmol O3 m−2, the canopy photosynthesis
is fully reduced, andAcan

n becomes negative as a consequence
of ongoing leaf maintenance respiration. Thereafter, leaf and
total biomass steadily decline (Fig. 2c, d), and the plants are
kept alive only by the consumption of stored non-structural
carbon reserves. Despite the 100 % reduction in gross pho-
tosynthesis, the biomass compared to a control simulation
(relative biomass, RB) reaches only values of approximately
0.7 (Fig. 2e) because of the remaining woody and root tissues
(see Eq. 7 for the calculation of RB).

3.2 Tuned injury relationships

We next tested whether a linear injury function is in princi-
ple able to reproduce the observed biomass dose–response
relationships. Simulations conducted with our tuned in-
jury relationships produce biomass dose–response relation-
ships which fit the target area defined by the BSI and BST
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Figure 2. Simulated cumulative ozone uptake above a threshold of
0.8 nmol m−2 (leaf area) s−1 (CUOY), canopy-integrated net pho-
tosynthesis (Acan

n ), leaf carbon content (Leaf C), total carbon in
biomass (biomass C) and relative biomass (RB) of Pinus halepensis
at the Ebro Delta fumigated with the NF+ ozone treatment. Simu-
lations are conducted with the L12PS model version. Panels (a-d)
display the entire simulation period. The red line indicates the on-
set of O3 fumigation (NF+) in the fifth of eight simulations years.
The relative biomass compared to a control simulation with zero O3
concentration (e) is displayed for the O3 fumigation years.

dose–response relationships by Büker et al. (2015) (see
Fig. 3 and Tables A5, A6). For the calibrated relation-
ships used in these simulations, we chose a flux threshold
value of 1 nmol m−2 (leaf area) s−1, as suggested by LRTAP-
Convention (2017). We forced the intercept (a) of these re-
lationships through 1, to simulate zero ozone injury at ozone
fluxes lower than 1 nmol m−2 (leaf area) s−1. The resulting
slope of the tunPS function for broadleaved PFTs is approx-
imately 30 times higher compared to the slope suggested
by Wittig et al. (2007) and a fourth of the slope by Lombar-
dozzi et al. (2012a). For the needleleaf PFT, the tuned slope
(tunPS) is approximately 10 times higher (lower) than the
slopes by Wittig et al. (2007) and Lombardozzi et al. (2012a),
respectively. Notably, we did not observe any difference in
the model performance irrespective of whether net photosyn-
thesis or photosynthetic capacity (Vcmax and simultaneously
Jmax) was reduced.

3.3 Ozone injury to mature trees

The simulation of young trees (simulated as in the previ-
ous section) compared to adult trees with the same model
version reveals a distinct difference between the simulated-
versus-observed dose–response relationship when expressed
as reduction in biomass. Ozone injury causes a much shal-
lower simulated biomass dose–response relationship for
adult trees (tunmature

VC in Fig. 4a, b) compared to young trees(
tunyoung

VC in Fig. 4a,b
)
, both for broadleaved and needleleaf
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Figure 3. Biomass dose–response relationships for simulations
based on tuned injury functions (see Table 1 for abbreviations), sep-
arate for (a) broadleaved species and (b) needleleaf species. The
dose–response relationships by Büker et al. (2015) (BSI and BST)
define the target area (orange). See Tables A5 and A6 for slopes,
intercepts, R2 and p values of the displayed regression lines. Injury
calculation in the simulations is based on CUO1 (see Table 1) and
not on POD2 or POD3 (see Sect. 2.5 for more details).

Table 2. Slopes and intercepts of biomass (RB) and NPP (RN)
dose–response relationships (DRRs) for broadleaved species sim-
ulated by the tunVC model version (see Table 1). The fumigation of
young trees

(
tunyoung

VC

)
with O3 is compared to the fumigation of

mature trees
(
tunmature

VC
)
.

DRR ID Intercept Slope R2 p value
(a) (b)

RB tunyoung
VC 1 0.0091 0.93 5× 10−25

RB tunmature
VC 1 0.00142 0.91 9.8× 10−23

RN tunyoung
VC 1 0.0167 0.96 6.2× 10−30

RN tunmature
VC 1 0.0144 0.93 1.4× 10−24

species. It is worth noting that this is primarily the conse-
quence of the higher initial biomass of the adult trees before
ozone fumigation starts

(
tunmature

VC
)
. Comparing the dose–

response relationship of young and mature trees based on
the annual NPP shows nearly identical slopes for needle-
leaf species (Fig. 4d and Table 3), whereas the slopes for
broadleaved tree species (Fig. 4c and Table 2) suggest only a
slightly lower reduction in NPP in mature compared to young
trees, likely related to the larger amount of non-structural re-
serves that increases the resilience of mature versus young
trees.

4 Discussion

Injury functions that relate accumulated ozone uptake to fun-
damental plant processes such as photosynthesis are a key
component for models that aim to estimate the potential im-
pacts of ozone pollution on forest productivity, growth and
carbon sequestration. We tested four published injury func-
tions for net photosynthesis and Vcmax within the frame-
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Table 3. Slopes and intercepts of biomass (RB) and NPP (RN)
dose–response relationships (DRRs) for needleleaf species simu-
lated by the tunVC model version (see Table 1). The fumigation of
young trees

(
tunyoung

VC

)
with O3 is compared to the fumigation of

mature trees
(
tunmature

VC
)
.

DRR ID Intercept Slope R2 p value
(a) (b)

RB tunyoung
VC 1 0.0042 0.93 2.2× 10−09

RB tunmature
VC 1 0.000785 0.79 4.2× 10−06

RN tunyoung
VC 1 0.00858 0.97 2.3× 10−12

RN tunmature
VC 1 0.00808 0.99 3.7× 10−16
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Figure 4. Biomass (RB) and NPP (RN) dose–response relationships
of simulations with young (tunyoung

VC ) and mature trees (tunmature
VC )

separately for (a, c) broadleaf species and (b, d) needleleaf species.

work of the O-CN model to assess their ability to repro-
duce the empirical whole-tree biomass dose–response rela-
tionships derived by Büker et al. (2015). The biomass dose–
response relationships calculated from the O-CN simulations
show that the parameterisation of the injury functions in-
cluded in the model has a large impact on the simulated
whole-tree biomass: the published injury functions either
substantially over- or substantially underestimated whole-
tree biomass reduction compared to the data presented by
Büker et al. (2015). Our results highlight the importance for
improved evaluation of injury functions applied in the simu-
lation of ozone damage for large-scale risk assessments, and
we discuss a number of important considerations for an im-
proved parameterisation below.

The simulation results from the O-CN version applying
an injury function based on a single, ozone-sensitive species
(Lombardozzi et al., 2012a) to a range of European tree
species leads to a strong overestimation of the simulated
biomass damage compared to the observations used in this
study. The problem of using such injury parameterisations
based on short-term experiments of ozone-sensitive species
is further highlighted when applying them in simulations of
multiple season fumigation experiments and/or high ozone
concentrations. Under such conditions, fumigation with high
O3 concentrations can lead to lethal doses, which might not
be observed in field experiments due to restricted experiment
lengths. Previous studies have suggested that in large areas
of Europe, the eastern US and southeast Asia average grow-
ing season values of CUOY for recent years range between
10 and 100 mmol O3 m−2 (Lombardozzi et al., 2015; Franz
et al., 2017). The injury relationships L12PS and L12VC by
Lombardozzi et al. (2012a) assume a 100 % injury to net pho-
tosynthesis or Vcmax at accumulation values of about 5 mmol
O3 m−2. This would imply that in these large geographic re-
gions, photosynthesis would have been completely impaired
by ozone, which is clearly not the case. This result highlights
the need for a representative set of species for the develop-
ment of injury functions for large-scale biosphere models.
Overall, our results suggest that the estimates by Lombar-
dozzi et al. (2012a) of global GPP reduction as a result of
ozone pollution are strongly overestimated.

Meta-analyses (Wittig et al., 2007; Lombardozzi et al.,
2013) are designed to minimise the effect of species-specific
ozone sensitivities and provide estimates of the average
species response. However, we found that the relationships
derived by these meta-analyses substantially underestimate
biomass damage. Technically, the reasons for this are a weak
or non-existent increase in the ozone injury with increased
ozone uptake (shallow or non-existent slopes) and/or high
ozone injury at zero accumulated ozone uptake (intercept
lower than 1). Apparently, the diversity of species responses
and experimental settings that are assembled in the meta-
analyses by Wittig et al. (2007) and Lombardozzi et al.
(2013), together with uncertainties in precisely estimating
accumulated ozone uptake in these databases preclude the
identification of injury functions that are consistent with the
damage estimates by Büker et al. (2015). The high intercepts
in the meta-analyses by Wittig et al. (2007) and Lombar-
dozzi et al. (2013), which assume a considerable injury frac-
tion even when no ozone is taken up at all, seem to be eco-
logically illogical and suggest that an alternative approach
is necessary to simulate ozone injury. As a consequence of
these points, the Europe-wide GPP reduction estimates by
Franz et al. (2017), which have been based on the injury func-
tion by Wittig et al. (2007), may substantially underestimate
actual GPP reduction. Similarly, global estimates as well as
spatial variability in ozone damage to GPP by Lombardozzi
et al. (2015), based on Lombardozzi et al. (2013), are virtu-
ally independent of actual ozone concentrations or uptake for
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all tree plant functional types and should be interpreted with
caution.

A crucial aspect in forming dose–response relationships is
the calculation of the accumulated ozone uptake (e.g. PODy
or CUOY). The calculation of accumulated ozone uptake is
realised in different ways in the meta-analyses and the study
by Büker et al. (2015) as well as in our approach here. Ex-
periments synthesised in the meta-analyses generally do not
have access to stomatal conductance values at high resolution
measured throughout the experiment, which impedes precise
determination of O3 uptake. The uncertainty in the neces-
sary approximations of accumulated ozone uptake can be as-
sumed to be considerable, and it is thus highly recommend-
able to measure and report required observations in future
ozone fumigation experiments. Büker et al. (2015) use the
DO3SE model to simulate ozone uptake and accumulation
in a similar way as in our model here. These modelled val-
ues for ozone uptake and accumulation can be assumed to
be more reliable since both models simulate processes that
determine ozone uptake continuously for the entire experi-
ment length at high temporal resolution. They account for
diurnal changes in stomatal conductance as well as climate
factors restricting stomatal conductance and hence ozone up-
take. However, both models vary in their complexity of the
simulated plants, carbon assimilation and growth processes,
which will also impact the estimates of ozone accumulation
(PODy) and hence their suggested biomass dose–response
relationships.

The meta-analyses do not account for non-stomatal ozone
deposition (e.g. to the leaf cuticle or soil), which imposes a
bias towards overestimating ozone uptake and accumulation,
contrary to the DO3SE model used by Büker et al. (2015),
which accounts for this. The O-CN model in principle can
simulate non-stomatal ozone deposition from the free at-
mosphere to ground level (see Franz et al., 2017). The leaf
boundary layer is implicitly included in the calculation of
the aerodynamic resistance of O-CN and included in Franz
et al. (2017). However, for the simulation of the chamber
experiments we used the observed chamber O3 concentra-
tions, rather than estimating the canopy-level O3 concentra-
tion based on the free atmosphere (approximately 45 m above
the surface) and atmospheric turbulence. This required not
accounting for aerodynamic resistance and therefore also the
leaf-boundary layer resistance as it prevented the calculation
of the non-stomatal deposition, which may lead to a slight
overestimation of ozone uptake and accumulation in our sim-
ulations.

The calibration of injury functions to net photosynthe-
sis and Vcmax shows that, in principle, the linear structure
of Eq. (5) is sufficient to simulate biomass dose–response
relationships comparable to Büker et al. (2015) in O-CN.
An advantage of the injury functions derived here com-
pared to previously published injury functions (Wittig et al.,
2007; Lombardozzi et al., 2012a, 2013) is the intercept of
1, implying that simulated ozone injury is zero at zero ac-

cumulated O3 and steadily increases with increased ozone
accumulation. The flux threshold used in the simulations
is 1 nmol m−2 (leaf area) s−1 as suggested by the LRTAP-
Convention (2017). Since the tuned injury functions are
structurally identical to previously published injury func-
tions based on accumulated ozone uptake, they can be di-
rectly compared to them. Slopes of the tuned injury func-
tions lie in between the values proposed by Wittig et al.
(2007) and Lombardozzi et al. (2012a) and thus take val-
ues in an expected range. We did not find any significant
difference in simulated biomass responses between the use
of net photosynthesis or leaf-specific photosynthetic capac-
ity (Vcmax) as a target for the ozone injury function, although
we do note that the slopes were slightly lower for the net
photosynthesis-based functions. The simulation of ozone ef-
fects on leaf-specific photosynthetic capacity (Vcmax) seems
preferable over the adjustment of net photosynthesis because
Vcmax and Jmax are parameters in the calculation of net pho-
tosynthesis and thus are likely more easily transferable be-
tween models. Models with different approaches to simulate
net photosynthesis might obtain better comparable results by
using injury relationships that target Vcmax instead of net pho-
tosynthesis.

All injury functions included in the O-CN model base in-
jury calculations on the injury index CUOY (canopy value)
rather than PODy , as used by some other models, e.g. the
DO3SE model (Emberson et al., 2000). We tested the effect
of basing the injury calculation on POD1 rather than CUO1
and found that these produced comparable biomass dose–
response relationships as the injury relationships based on
CUO1 presented in Fig. 3 (results not shown). The slopes
of injury functions based on POD1 are approximately two-
thirds and half compared to the slopes based on CUO1 for
broadleaved and needleleaf species, respectively. The differ-
ence in the slope values associated with POD1 and CUO1 re-
sults from the different calculation and application of them.
PODy is calculated in the top canopy layer and the respec-
tive injury fraction is then applied uniformly to all canopy
layers. CUOY and the associated injury fraction is calculated
separately for each canopy layer and varies with the canopy
profile of stomatal conductance and therefore the distribu-
tion of light and photosynthetic capacity (other factors such
as vertical gradients of temperature or ozone are currently
not represented in O-CN). More analysis of the gradients of
ozone injury within deep canopies are required to evaluate
whether the scaling of top-of-the-canopy injury to whole-
canopy injury is appropriate or if alternative simulation ap-
proaches need to be developed. Higher-frequency data on the
ozone injury incurred by plants are required to disentangle
whether an ozone injury parameterisation based on instanta-
neous (e.g. similar to the approach by Sitch et al., 2007) or
accumulated ozone uptake results in a more accurate simula-
tion of the seasonal effects of ozone fumigation.

Further aspects that determine ozone sensitivity and dam-
age to the carbon gain of plants, like leaf morphology (Ca-
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latayud et al., 2011; Bussotti, 2008), different sensitivity of
sunlit and shaded leafs (Tjoelker et al., 1995; Wieser et al.,
2002), early senescence (Gielen et al., 2007; Ainsworth et al.,
2012), and costs for the detoxification of ozone and/or the re-
pair of ozone injury that likely increases the plant’s respira-
tion costs (Dizengremel, 2001; Wieser and Matyssek, 2007),
are not considered by either approach. Marzuoli et al. (2016)
observed an ozone-induced reduction in biomass but no sig-
nificant reduction in physiological parameters like Vcmax.
They suggest that the reduced growth is caused by higher en-
ergy investments and reducing power for the detoxification
of ozone whereas the photosynthetic apparatus remained un-
injured (Marzuoli et al., 2016).

Species within the same plant functional type are known
to exhibit different sensitivities to ozone (Wittig et al., 2007,
2009; Mills et al., 2011; Büker et al., 2015). This suggests
that the application of a single injury function for a large
set of species and plant functional types may not be suffi-
cient to yield reliable estimates of large-scale damage esti-
mates. Species interaction and competition, differing geno-
types, and individuals ontogeny may further alter ozone im-
pacts on plants and ecosystems (Matyssek et al., 2010). For
instance, a modelling study using an individual-based for-
est model showed that ozone may not reduce the carbon se-
questration capacity in forests if at the ecosystem level the
reduced carbon fixation of ozone-sensitive species is com-
pensated for by an increased carbon fixation of less ozone-
sensitive species (Wang et al., 2016). First-generation dy-
namic global vegetation models such as O-CN do not simu-
late separate species but are based on plant functional types,
which combine a large set of species. This restricts per se
the ability of global models to simulate ozone-induced com-
munity dynamics and may therefore lead to overestimates
of the net ozone impact if the parameterisation of the dam-
age functions is entirely based on ozone-sensitive species. In
our study, we have presented an approach to use the existing
experimental evidence to parameterise a globally applicable
model in a simple design to generate injury functions which
are based on a relevant range of species rather than relying
on species-specific injury functions as a first step towards a
more reliable parameterisation of large-scale ozone damage.

Some studies have found that ozone-affected stomata re-
spond much more slowly to environmental stimuli than un-
affected cells (Paoletti and Grulke, 2005), which can de-
lay closure and trigger stomatal sluggishness, an uncoupling
of stomatal conductance and photosynthesis (Reich, 1987;
Tjoelker et al., 1995; Lombardozzi et al., 2012b) and thus
impact transpiration rates (Mills et al., 2009; Paoletti and
Grulke, 2010; Lombardozzi et al., 2012b) and the plant’s
water use efficiency (Wittig et al., 2007; Mills et al., 2009;
Lombardozzi et al., 2012b). The O-CN model is able to di-
rectly impair stomatal conductance, by uncoupling injury to
net photosynthesis from the subsequent injury to stomatal
conductance. In this version of the O-CN model, both net
photosynthesis and stomatal conductance can directly be in-

jured by individual injury functions. The simulation of this
kind of direct injury to stomatal conductance additional to
the injury of net photosynthesis, both according to the injury
functions by Lombardozzi et al. (2013), have a negligible im-
pact on biomass production compared to not accounting for
direct injury to the stomata (results not shown). However, our
above-mentioned concerns regarding the structure of the in-
jury relationships by Lombardozzi et al. (2013) should be
taken into account when considering this result.

A key challenge for the use of fumigation experiments to
parameterise ozone injury in models is that trees (as opposed
to grasses fumigated from seeds) typically possess a certain
amount of biomass at the beginning of the fumigation exper-
iment. Even at lethal ozone doses, the relative biomass thus
cannot decline to zero, and tree death may occur at values
of a relative biomass greater than zero. The relative biomass
is positive even if carbon fixation is fully reduced and the
plants survive due to the use of stored carbon. The higher
the initial biomass and the slower the annual biomass growth
rate of the tree is, the harder it is to obtain low values of RB.
When comparing RB values obtained from trees with sub-
stantially different initial biomass and tree species with dif-
ferent growth rates, proportionate damage rates thus cannot
be directly inferred. This indicates that the explanatory value
of the relative biomass between a control and a treatment to
estimate long-term plant damage at a given O3 concentra-
tion is limited. This is particularly the case when evaluating
the damage of more mature forests. The simulated biomass
dose–response relationships of adult trees are much more
shallow than dose–response relationships of young trees (see
Fig. 4) because of the high initial biomass prior to fumiga-
tion. This suggests that the use of biomass injury functions
derived from experiments with young trees to parameterise
the biomass loss of adult trees, as done in Sitch et al. (2007),
will likely lead to an overestimation of plant damage and
loss of carbon storage. Dose–response relationships based on
biomass increments or growth rates might be better transfer-
able between young and mature trees and hence better suit-
able for parameterising global terrestrial biosphere models.

Our approach to overcome this challenge was to alter the
vegetation model to simulate the ozone damage of young
trees, where we could directly compare simulated biomass
reductions to observations. Since we used injury relation-
ships that are based on the calculation of leaf-level photosyn-
thesis, we are able to apply the calibrated model also for ma-
ture stands. Our simulations have demonstrated that despite
the different sizes of young and mature trees and associated
changes in the wood growth rate and the available amount of
non-structural carbon reserves to repair incurred injury, the
simulated effect of ozone on the net annual biomass produc-
tion (NPP) was very similar when using an injury function
associated with leaf-level photosynthesis. Overall our find-
ings support the idea that the photosynthesis-based injury re-
lationships developed here and evaluated against fumigation
experiments of young trees might be useful to estimate effect
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on forest production of older trees. Monitoring approaches
of ozone damage that are either capable of measuring the ac-
tual increment of biomass or quantify at the leaf and canopy
level the change in net photosynthesis over the growing sea-
son would allow us to develop injury/damage estimates that
could be more readily translated into modelling frameworks.

The extrapolation of results from short-term experiments
with young trees to estimate responses of adult trees grown
under natural conditions is subject to several issues, e.g.
due to the differing environmental conditions and changing
ozone sensitivities with increasing tree size or age (Schaub
et al., 2005; Cailleret et al., 2018). It is still uncertain whether
the simulation of injury to photosynthesis based on exper-
iments with young trees can indeed be transferred to adult
trees to yield realistic biomass damage estimates. The sparse
knowledge of ozone effects on the biomass of adult forest
trees prevents an evaluation of simulated ozone damage of
adult trees. Ozone fumigation is mostly found to reduce the
biomass or diameter of adult trees (e.g. Matyssek et al., 2010
for an overview), but this is not always the case (Samuelson
et al., 1996; Percy et al., 2007). Results from phytotron and
free-air fumigation studies suggest that in natural forests, a
multitude of abiotic and biotic factors exist that have the po-
tential to impact the plants ozone effects (Matyssek et al.,
2010). If more data become available, e.g. regarding the
changes in ozone sensitivity between young and mature trees,
a more realistic damage parameterisation of mature forests in
terrestrial biosphere models might become possible.

Terrestrial biosphere models in general assume that plant
growth is primarily determined by carbon uptake. However,
an alternative concept proposes that plant growth is more
limited by direct environmental controls (temperature, water
and nutrient availability) than by carbon uptake and photo-
synthesis (Fatichi et al., 2014). The O-CN model provides a
first step into this direction because it separates the step of
carbon acquisition from biomass production, both in terms
of a non-structural carbon buffer as well as a stoichiomet-
ric nutrient limitation on growth independent of the current
photosynthetic rate. This would in principle allow us to ac-
count for ozone effects on the carbon sink dynamics within
plants. However, it is not clear that data readily exist to pa-
rameterise such effects. Instead of targeting net photosynthe-
sis as done in our approach here, ozone injury might be bet-
ter simulated by targeting biomass growth rates or processes
that limit these, e.g. stomatal conductance, which impacts the
plants’ water balance, assuming that suitable data to param-
eterise a large-scale model become available.

All in all, a multitude of aspects that impact ozone dam-
age to plants has not yet been incorporated into global ter-
restrial biosphere models. The ongoing discussion of which
processes are major drivers for observed damage, how they
interact and impact different species and plant types, and the
lack of suitable data needed to parameterise a global model
are reasons why the simulation of ozone damage has up to

now focussed only on a few aspects where suitable data are
available, as presented in our study.

5 Conclusion

The inclusion of previously published injury functions in the
terrestrial biosphere model O-CN led to a strong over- or un-
derestimation of simulated biomass damage compared to the
biomass dose–response relationship by Büker et al. (2015).
Injury functions included in terrestrial biosphere models are
a key aspect in the simulation of ozone damage and have a
great impact on the estimated damage in large-scale ozone
risk assessments. The calibration of injury functions per-
formed in this study provides the advantage of calculating
ozone injury close to where the actual physiological injury
might occur (photosynthetic apparatus) and simultaneously
reproduces observed biomass damage relationships for a
range of European forest species used by Büker et al. (2015).
The calibration of ozone injury functions similar to our ap-
proach here in other ozone sub-models of terrestrial bio-
sphere models might improve damage estimates compared
to previously published injury functions and might lead to
better estimates of terrestrial carbon sequestration. The com-
parison of simulated biomass dose–response relationships
of young and mature trees shows strongly different slopes.
This suggests that observed biomass damage relationships
from young trees might not be suitable for estimating the
biomass damage of mature trees. The comparison of simu-
lated NPP dose–response relationships of young and mature
trees shows similar slopes and suggests that they might more
readily be transferred between trees differing in age.

Data availability. For data on the ozone fumigation/filtration ex-
periments, please see Büker et al. (2015). The model source code
can be found in Franz and Zaehle (2018).
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Appendix A

Table A1. Original and adapted values of the nitrogen-specific photosynthetic capacity of a leaf (npl) for three out of four different O-CN
versions (ID) including published injury functions. The intercept of the fourth O-CN version (L12VC) is very close to 1 and simulations
produce comparable LAI values without an adaption of npl.

ID PFT npl original npl adapted

W07PS Broadleaf 1.50 1.60
W07PS Needleleaf 0.75 0.80
L12PS Broadleaf 1.50 1.45
L12PS Needleleaf 0.75 0.70
L13PS Broadleaf 1.50 1.75
L13PS Needleleaf 0.75 0.90

Table A2. List of fumigation experiments used by Büker et al. (2015) and simulated here.

Site Longitude Latitude Species O3 treatment Fumigation
(◦ E) (◦N) start year (yr)

Östad (S) 12.4 57.9 Betula pendula 1997 2
Birmensdorf (CH) 8.45 47.36 Betula pendula 1989 1
Birmensdorf (CH) 8.45 47.36 Betula pendula 1990 1
Birmensdorf (CH) 8.45 47.36 Betula pendula 1992 1
Birmensdorf (CH) 8.45 47.36 Betula pendula 1993 1
Kuopio (FIN) 27.58 62.21 Betula pendula 1994 2
Kuopio (FIN) 27.58 62.21 Betula pendula 1996 3
Kuopio (FIN) 27.58 62.21 Betula pendula 1994 5
Schönenbuch (CH) 7.5 47.54 Fagus sylvatica 1991 2
Zugerberg (CH) 8.54 47.15 Fagus sylvatica 1987 2
Zugerberg (CH) 8.54 47.15 Fagus sylvatica 1989 3
Zugerberg (CH) 8.54 47.15 Fagus sylvatica 1991 2
Curno (I) 9.03 46.17 Populus spec. 2005 1
Grignon (F) 1.95 48.83 Populus spec. 2008 1
Ebro Delta (SP) 0.5 40.75 Quercus ilex 1998 3
Col-du-Donon (F) 7.08 48.48 Quercus robur or petraea 1999 2
Headley (U.K.) −0.75 52.13 Quercus robur or petraea 1997 2
Ebro Delta (SP) 0.5 40.75 Pinus halepensis 1993 4
Col-du-Donon (F) 7.08 48.48 Pinus halepensis 1997 2
Schönenbuch (CH) 7.5 47.54 Picea abies 1991 2
Zugerberg (CH) 8.54 47.15 Picea abies 1991 2
Östad (S) 12.4 57.9 Picea abies 1992 5
Headley (UK) −0.75 52.13 Pinus sylvestris 1995 2
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Table A3. Slopes and intercepts of biomass dose–response relation-
ships for broadleaved species simulated by O-CN versions based
on published injury functions to net photosynthesis or Vcmax (see
Table 1). BSI and BST represent the simple and standard model of
Büker et al. (2015). A dash (“–”) indicates that no values were avail-
able.

ID Intercept (a) Slope (b) R2 p value

BSI 0.99 0.0082 0.34 < 0.001
BST 0.99 0.0098 0.38 < 0.001
W07PS 1 0.00045 0.93 1× 10−24

L12PS 1 0.0142 0.77 2× 10−14

L15PS 1 0.0000 – –
L12VC 1 0.0120 0.80 1.9× 10−15

Table A4. Slopes and intercepts of biomass dose–response relation-
ships for needleleaf species simulated by O-CN versions based on
published injury functions to net photosynthesis or Vcmax (see Ta-
ble 1). BSI and BST represent the simple and standard model by
Büker et al. (2015). A dash (“–”) indicates that no values were avail-
able.

ID Intercept (a) Slope (b) R2 p value

BSI 1 0.0038 0.46 < 0.001
BST 1 0.0042 0.52 < 0.001
W07PS 1 0.00058 0.93 1.5× 10−09

L12PS 1 0.0119 0.83 9.4× 10−07

L15PS 1 0.0000 – –
L12VC 1 0.0096 0.85 3.5× 10−07

Table A5. Slopes and intercepts of biomass dose–response relation-
ships for broadleaved species simulated by O-CN versions based on
tuned injury functions to net photosynthesis or Vcmax (see Table 1).
BSI and BST represent the simple and standard model by Büker
et al. (2015).

ID Intercept (a) Slope (b) R2 p value

BSI 0.99 0.0082 0.34 < 0.001
BST 0.99 0.0098 0.38 < 0.001
tunPS 1 0.0093 0.94 1.4× 10−26

tunVC 1 0.0091 0.93 5× 10−25

Table A6. Slopes and intercepts of biomass dose–response relation-
ships for needleleaf species simulated by O-CN versions based on
tuned injury functions to net photosynthesis or Vcmax (see Table 1).
BSI and BST represent the simple and standard model by Büker
et al. (2015).

ID Intercept (a) Slope (b) R2 p value

BSI 1 0.0038 0.46 < 0.001
BST 1 0.0042 0.52 < 0.001
tunPS 1 0.0039 0.94 4.8× 10−10

tunVC 1 0.0042 0.93 2.2× 10−09
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