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Abstract. The impacts of changes in ozone precursor emis-
sions as well as climate change on the future ozone ex-
posure of the vegetation in Europe were investigated. The
ozone exposure is expressed as AOT40 (Accumulated expo-
sure Over a Threshold of 40 ppb O3) as well as PODY (Phy-
totoxic Ozone Dose above a thresholdY ). A new method
is suggested to express how the length of the period during
the year when coniferous and evergreen trees are sensitive to
ozone might be affected by climate change. Ozone precursor
emission changes from the RCP4.5 scenario were combined
with climate simulations based on the IPCC SRES A1B sce-
nario and used as input to the Eulerian Chemistry Transport
Model MATCH from which projections of ozone concentra-
tions were derived. The ozone exposure of vegetation over
Europe expressed as AOT40 was projected to be substantially
reduced between the periods 1990–2009 and 2040–2059 to
levels which are well below critical levels used for vegeta-
tion in the EU directive 2008/50/EC as well as for crops and
forests used in the LRTAP convention, despite that the future
climate resulted in prolonged yearly ozone sensitive periods.
The reduction in AOT40 was mainly driven by the emis-
sion reductions, not changes in the climate. For the toxico-
logically more relevant POD1 index the projected reductions
were smaller, but still significant. The values for POD1 for
the time period 2040–2059 were not projected to decrease to
levels which are below critical levels for forest trees, repre-
sented by Norway spruce. This study shows that substantial
reductions of ozone precursor emissions have the potential to
strongly reduce the future risk for ozone effects on the Euro-

pean vegetation, even if concurrent climate change promotes
ozone formation.

1 Introduction

Surface ozone (O3) is the most important gaseous air pol-
lutant with respect to effects on vegetation on regional and
global scales (Hollaway et al., 2012; Mills et al., 2011; Royal
Society, 2008). Experiments in which ambient O3 concentra-
tions were reduced by air filtration have shown that current
levels of O3 are sufficient to cause significant yield loss in
sensitive crops such as wheat (Pleijel, 2011). In addition, O3
affects forest growth (Braun et al., 1999, 2007; Karlsson et
al., 2006), human health (Royal Society, 2008), and acts, di-
rectly and indirectly by affecting carbon storage, as an im-
portant greenhouse gas (Sitch et al., 2007).

O3 is formed in the troposphere in reactions driven by the
energy of solar radiation, involving the precursors nitrogen
oxides (NOx), volatile organic compounds (VOC) and car-
bon monoxide (CO). The concentration of surface O3 is af-
fected by a number of factors including (1) concentrations of
O3 precursors, which are a function of anthropogenic emis-
sions and the mixing and transport in the atmosphere, (2) ef-
fects of temperature and solar radiation on the rate of chemi-
cal reactions and on emissions of biogenic VOCs, which may
enhance O3 formation (Doherty et al., 2013) and (3) deposi-
tion to vegetated and non-vegetated surfaces, which depends
on both vertical air mixing (Klingberg et al., 2012) and the
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effects of air and soil humidity, solar radiation and tempera-
ture on vegetation gas exchange (Tuovinen et al., 2009).

AOT40 (the Accumulated exposure Over a Threshold of
40 ppb(v) O3) has been used widely in air pollution regula-
tion in Europe (Fuhrer et al., 1997; Mills et al., 2007; EU
directive 2008/50/EC) to assess the risk of O3 effects on veg-
etation. However, the stomatal conductance (gsto) of plants
is of critical importance for the uptake of O3 and thus for its
negative effects on e.g. photosynthesis (Wittig et al., 2009)
and leaf senescence (Uddling et al., 2006). For example,
dry air and low soil moisture tend to cause stomatal clo-
sure of plant leaves, thus reducing plant water loss and at
the same time limiting plant stomatal uptake of O3 (Ember-
son et al., 2000b; Pleijel et al., 2007). It is therefore impor-
tant to consider factors influencing the stomatal uptake of O3
in risk assessment (Klingberg et al., 2011). A flux-based in-
dex (PODY , phytotoxic O3 dose above a flux thresholdY )
has been developed, which takes into account the influence
of temperature, solar radiation, water vapour pressure deficit
(VPD), soil water potential (SWP), atmospheric O3 concen-
tration and plant development stage (phenology) on stomatal
O3 uptake (CLRTAP, 2011; Pleijel et al., 2007).

Several investigations have shown that climate change is
likely to enhance O3 formation over Europe (Demuzere et
al., 2009), more so in the south than in the north (Andersson
and Engardt, 2010). These earlier studies assumed constant
O3 precursor emissions. However, air pollutant emissions in
Europe are likely to decline, both as a result of existing in-
ternational legislation and as an indirect effect of attempts to
reduce carbon dioxide emissions (Rafaj et al., 2013). It is dif-
ficult to estimate the development of O3 precursor emissions
during the present century, since it depends on e.g. political
decisions that are not known. To handle this problem, four so-
called RCP (Representative Concentration Pathway) scenar-
ios have been defined to represent different possible devel-
opments of global emissions of greenhouse gases and other
air pollutants (Moss et al., 2010). Using air pollutant emis-
sions from RCP4.5, the second most optimistic RCP scenario
(Thomson et al., 2011), Langner et al. (2012a) showed that
this emission scenario has the potential to significantly re-
duce O3 concentrations over Europe and that this effect is
likely to be much larger than concurrent promotion of O3
formation by climate change.

In this study, the chemical transport model MATCH
(Robertson et al., 1999), with O3 precursor emissions ac-
cording to the RCP4.5 scenario and climate change under the
IPCC SRES A1B scenario (Nakićenovíc et al., 2000), was
used to estimate the combined influence of climate change
and emission reductions on the future risk of O3 effects on
vegetation in Europe.

The aims of this study were as follows:

– To estimate the O3 index AOT40, used to set target val-
ues for the protection of the vegetation against harmful
effects of O3 (EU directive 2008/50/EC) for crops (rep-

resenting vegetation in general in the EU Directive) and
trees in Europe today (1990–2009) and as projections
for the near future (2040–2059), assuming O3 precursor
emission reductions following the RCP4.5 scenario and
climate change under the IPCC SRES A1B scenario.

– To estimate the toxicologically more relevant flux-based
O3 index POD1 for coniferous and evergreen forest
trees during the time period 1960–2100 at five sites rep-
resenting different climate regions in Europe.

– To suggest a new approach to assess the influence of
climate change on the length of the time period during
the year when coniferous and evergreen forest trees are
sensitive to O3.

– To assess the combined influence of climate change
and O3 precursor emissions reductions on AOT40 and
POD1 for coniferous and evergreen forest trees in Eu-
rope during the time period 1960–2100.

2 Methods

2.1 MATCH and RCA3 model setup

MATCH is an Eulerian, off-line, chemistry transport model
(CTM). It is a flexible system aimed at describing the re-
gional distribution of air pollution given relevant meteorol-
ogy and emission data. Detailed description of the model
can be found in Robertson et al. (1999) and Andersson et
al. (2007). A number of recent studies have demonstrated
the ability of MATCH to simulate O3 concentrations over
Europe when forced with meteorology from a regional cli-
mate model (see Andersson and Engardt, 2010; Engardt
et al., 2009; Langner et al., 2012a, b). The present study
uses the results described by Langner et al. (2012a) from
their experiment “ECH_RCP4.5_BC2000”. Here MATCH is
forced with gridded and temporally evolving (1960–2100) air
pollutant emission data from the RCP4.5 scenario (Thom-
son et al., 2011) while the meteorological data are taken
from a dynamic downscaling of the global climate model
ECHAM5 (Roeckner et al., 2006). The dynamic downscal-
ing was performed with Rossby Centre’s regional climate
model (RCA3). Both studies use the regional climate simula-
tion number 11 in Table 1 of Kjellström et al. (2011), which
simulates the IPCC SRES A1B (Nakićenovíc et al., 2000)
greenhouse gas emission scenario. RCA3 is described and
evaluated in Samuelsson et al. (2011).

The reason for the apparent use of two different emission
scenarios is that we base our work on the published down-
scaled climate projections from RCA3 that were available
when this study was initiated. In terms of greenhouse gas
concentrations the RCP4.5 and IPCC SRES A1B scenario
are not very different in the period up to 2050, while to-
wards the end of the century the climate change signal in
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Table 1. Description of the 14 EMEP monitoring sites with O3 observations and nearby temperature (T ) observations included in the
comparison between observations and simulations. The five stations used for POD1 calculations are marked in bold.

EMEPID Station Latitude Altitude O3 data* Station Latitude Altitude T data*
O3 obs. Longitude (m a.s.l.) T obs. Longitude (m a.s.l.)

SE13 Esrange 67◦53′ N
21◦04′ E

475 1991–2012 (21) Esrange 67◦52′ N
21◦05′ E

328 1994–2009 (15)

FI22 Oulanka 66◦19′ N
29◦24′ E

310 1990–2011 (19) Kuusamo
Kiutakongas

66◦22′ N
29◦19′ E

160 1990–2012 (23)

SE35 Vindeln 64◦15′ N
19◦46′ E

225 1990–2012 (22) Vindeln-
Sunnansjönäs

64◦08′ N
19◦46′ E

237 1990–2011 (20)

NO39 Kårvatn 62◦47′ N
08◦53′ E

210 1992–2011 (20) Sunndalsora III 62◦41′ N
08◦34′ E

33 1990–2008 (18)

SE11 Vavihill 56◦01′ N
13◦09′ E

175 1990–2012 (23) Munka-
Ljungby

56◦14′ N
12◦59′ E

48 1990–2012 (23)

DK41 Lille Valby 55◦41′ N
12◦08′ E

10 1992–2009 (17) Koebenhavn:
Landbohojskolen

55◦41′ N
12◦32′ E

9 1990–2012 (23)

GB02 Eskdalemuir 55◦19′ N
03◦12′ W

243 1990–2012 (22) Eskdalemuir 55◦19′ N
03◦12′ W

242 1990–2012 (23)

GB06 Lough Navar 54◦27′ N
07◦52′ W

126 1990–2011 (17) Ballyshannon 54◦30′ N
08◦11′ W

38 1990–2012 (22)

DE07 Neuglobsow 53◦10′ N
13◦02′ E

62 1992–2010 (19) Neuglobsow 53◦09′ N
13◦02′ E

62 1995–2009 (15)

NL10 Vredepeel 51◦32′ N
05◦51′ E

28 1990–2010 (19) Volkel 51◦40′ N
05◦42′ E

20 1990–2012 (23)

AT02 Illmitz 47 ◦46′ N
16◦46′ E

117 1990–2010 (21) Illmitz 47◦46′ N
16◦46′ E

117 1991–2011 (21)

CH02 Payerne 46◦49′ N
06◦57′ E

489 1990–2010 (20) Payerne 46◦49′ N
06◦57′ E

490 1990–2012 (23)

IT01 Montelibretti 42 ◦06′ N
12◦38′ E

48 1996–2009 (13) Roma
Ciampino

41◦47′ N
12◦35′ E

105 1990–2012 (23)

ES07 Viznar 37◦14′ N
3◦32′ W

1265 1998–2010 (13) Granada 37◦08′ N
3◦38′ W

687 1990–2010 (21)

*Within parentheses: number of years with less than 10 % missing data.

the RCP4.5 scenario is smaller than in IPCC SRES A1B
(e.g. Rogel et al., 2012). For O3 precursors there are how-
ever large differences between the scenarios, with RCP4.5
assuming much larger emission reductions than the IPCC
SRES A1B scenario (see discussion in Wild et al., 2012).
Global emissions of NOx and VOC for 2050 are 65 and
46 % larger, respectively, in IPCC SRES A1B than in RCP4.5
(Langner et al., 2012a). Aggregated over the European part
of the CTM domain used in the study, the NOx, VOC and
CO emissions decrease by 53, 22 and 17 % respectively,
from year 2000 to 2050 according to the RCP4.5 scenario
(Langner et al., 2012a). Further characteristics of the climate
and air pollutant emission scenarios are discussed in Langner
et al. (2012a, b), who use this meteorological data set for
studies of future O3 concentrations across Europe.

The tracer boundary concentrations in MATCH (i.e. the
global “background” O3 concentrations) are varying season-
ally, but remain the same for all years. The boundaries are
based on observations from the margins of Europe (Anders-
son et al., 2007) and approximately represent the conditions
in the year 2000. The horizontal domain and resolution of
MATCH and RCA3 are identical; the models utilise a “ro-

tated latitude–longitude grid” with grid-square sizes of ap-
proximately 50km× 50km.

The main time step in MATCH is 10 min; most results are
saved as hourly averages. Hourly mean O3 concentrations are
available from the lowest model layer in MATCH (∼ 30 m),
and downscaled to 3 m above ground at every time step to
take into account the near-surface profile of O3 generated by
the surface uptake.

2.2 O3 risk assessment: AOT40 and POD1

AOT40 (Fuhrer et al., 1997) is given by

AOT40=

∑
max

(
[O3] − 40ppb,0

)
1t, (1)

where [O3] is the 1 h mean O3 concentration, expressed in
ppb(v). AOT40 has been used widely in air pollution regu-
lation in Europe (Fuhrer et al., 1997; Mills et al., 2007) to
assess the risk for O3 effects on vegetation and is included
in the Mapping Manual of the Convention on Long-Range
Transboundary Air Pollution (CLRTAP, 2011). In the EU
legislation (EU directive 2008/50/EC) AOT40 is accumu-
lated over the hours 8–20 CET from May to July. An AOT40
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of 9000 ppb-hours is used as target value not to be exceeded
and 3000 ppb-hours as a long-term objective to protect veg-
etation. CLRTAP (2011) uses an AOT40 critical level of
3000 ppb-hours for agricultural crops and 5000 ppb-hours for
forest trees. For crops a 3-month (different months in differ-
ent parts of Europe) accumulation period is used and for trees
the growing season is set to April–September if site-specific
information is not available. According to CLRTAP (2011),
AOT40 is accumulated over daylight hours (global radia-
tion > 50 W m−2). The hourly mean O3 concentrations at 3 m
height from MATCH were used for the calculation of May–
July AOT40 mainly relevant for crops, and O3 concentrations
from the lowest model layer in MATCH (∼ 30 m) were used
for the calculation of April–September AOT40 mainly rele-
vant for trees.

The concept of AOT40 does only to a limited extent
(through exclusion of the dark hours during which stomata
are largely closed and the leaf gas exchange is small; CLR-
TAP, 2011) include factors that affect the phytotoxic relevant
dose, i.e. the O3 uptake through the stomata to the leaf in-
terior where it can damage cell compartments sensitive to
oxidative stress such as membranes (Sandelius et al., 1995).
Despite the limitations the AOT40 index is still commonly
used due to its simplicity and well-established dose–response
relations. To reflect the risk for O3 damage from a plant phys-
iologically relevant perspective, the change in the PODY in-
dex was also estimated.

The stomatal O3 flux was calculated using a multiplica-
tive algorithm: an extension of the concepts presented by
Jarvis (1976) and Emberson et al. (2000a, b). It includes
functions accounting for the limiting effects of various abi-
otic factors on stomatal conductance, thereby regulating the
O3 flux into the plant leaf. The multiplicative algorithm is
(CLRTAP, 2011)

gsto =gmax · fphen· flight · max[
fmin, (ftemp· fVPD · fSWP)

]
, (2)

wheregsto is the stomatal conductance (mmol O3 m−2 sun-
lit projected leaf area (PLA) s−1) and gmax is the species-
specific maximumgsto. The functionsfphen, flight, ftemp,
fVPD andfSWPare expressed in relative terms (taking values
between 0 and 1). These functions allow for the influence of
phenology and the environmental variables (solar radiation,
temperature, VPD and SWP) ongsto to be estimated.

The stomatal flux (Fst) of O3 to a plant leaf is calculated
using a resistance analogue:

Fst = C(z) ·
1

rb + rc
·

gsto

gsto+ gext
. (3)

The O3 concentration at the top of the canopy (C(z)) is as-
sumed to be a reasonable estimate of the concentration at the
surface of the laminar leaf boundary layer near the sunlit up-
per canopy leaves. The 1/(rb+rc) term is the deposition rate
to the leaf determined by the quasi-laminar resistance (rb)

and the leaf surface resistance (rc). gsto/(gsto+ gext) repre-
sents the fraction of the O3 flux to the plant which is taken up
through the stomata, where 1/gext is the external leaf resis-
tance. The POD accumulated per unit PLA above a threshold
of Y nmol m−2 s−1 was calculated as

PODY =

∑
max(Fst− Y,0)1t. (4)

The PODY is accumulated over a time period corresponding
to the part of the growing season when the plant is consid-
ered to be sensitive to O3. The threshold used for forest trees
is Y = 1 nmol m−2 PLA s−1 (CLRTAP, 2011). Due to uncer-
tainties caused by difficulties in modelling a plant-relevant
SWP and the potentially large variations in soil moisture
within a model grid, soil moisture was assumed not to limit
gsto (i.e. fSWP= 1). Hence, the estimates of PODY used in
this study may be regarded as a “most sensitive case”, when
the soil moisture is not limiting leaf O3 uptake.

In this study the flux-based index POD1 (phytotoxic O3
dose above a flux thresholdY = 1) was calculated off-line
in a post-processing step at five sites (bold in Table 1) based
on the methodology for different European climate regions
representative tree species (i.e. Northern European Norway
spruce at Vindeln and Vavihill, Atlantic Central European
Scots pine at Eskdalemuir, Continental Central European
Norway spruce at Illmitz and Mediterranean Holm oak at
Montelibretti; CLRTAP, 2011).

O3 and meteorological input data for the POD1 calcula-
tions should be valid for the height of the canopy, which
is assumed to be 20 m for Norway spruce and Scots pine
and 15 m for Holm oak. The hourly mean O3 concentra-
tions from the lowest model layer in MATCH (∼ 30 m) were
assumed to be representative for the forest canopy height.
Modelled wind speed (from RCA3) at 10 m was adjusted to
canopy height using the logarithmic wind law, assuming neu-
tral stability. Canopy height wind speed was used to estimate
the leaf boundary layer resistance required in the flux cal-
culation. Modelled temperature and relative humidity (from
RCA3) corresponding to 2 m had hourly temporal resolution.
Incoming short-wave radiation data (W m−2) was converted
to photosynthetic photon flux density (PPFD) by multiplying
with a factor of 2 (Monteith and Unsworth, 2008).

2.3 Growing season and O3 sensitive period

For crops a fixed 3-month time window of May–July was
used to assess AOT40 exposure in line with the EU directive
(2008/50/EC). The May–July exposure window is mainly
relevant for agricultural crops, but in the EU directive used
for protection of vegetation. The CLRTAP Mapping Manual
suggests a fixed 6-month time window of April–September
to assess AOT40 exposure for forest trees. Furthermore, it is
suggested to use a latitude and altitude model to estimate the
start and end of the growing season of trees to assess POD1,
if site-specific information on the relevant growing season
does not exist (CLRTAP, 2011). In none of these methods is
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there a potential influence of climate change on the length of
the growing season. Especially in cold–temperate climates,
rising temperatures will extend the length of the growing sea-
son and thus the duration of the period during which plants
can take up O3. Sakalli and Simpson (2012) explored sev-
eral methods to estimate the growing season of birch with
the EMEP MSC-W model and showed that there is a strong
need to include more realistic treatments of growing seasons
in CTMs. Thus, in order to analyse whether or not a pro-
longed growing season due to climate change would coun-
teract future reductions in O3 concentration, it was necessary
in this study to estimate the length of the time periods when
trees may be regarded as sensitive to O3, i.e. when leaf O3
uptake occurs. The impacts of future climate change on the
timing of budburst for deciduous tree species are governed
not only by temperature, but also by day length (e.g. Arora
and Boer, 2005). To avoid the complication associated with
day length dependence, the analysis in this study was limited
to evergreen tree species. Furthermore, we suggest using the
more general concepts of anozone sensitive period(O3SP)
instead of the term “growing season” used in the CLRTAP
Mapping Manual.

In northern Europe the start of the O3SP for trees was
calculated as when the 24 h average temperature exceeded
5◦C for 5 consecutive days and the end as when the 24 h
average temperature fell below 5◦C for 5 consecutive days
(Tanja et al., 2003). The reason for using a separate defini-
tion for northern Europe is that winter dormancy represents
an important limitation for physiological activity in this geo-
graphical region (e.g. Tanja et al., 2003; Kolari et al., 2007).
In Atlantic Central, Continental Central and Mediterranean
Europe we suggest a new approach of defining the time pe-
riod when coniferous and evergreen trees are sensitive to O3.
The O3SP was based on calculations of stomatal conduc-
tance (Eq. 2) wherefphen and fSWP were set to 1 (never
limiting). The calculated hourly stomatal conductance was
summed for each day (24 h). The start (end) of the O3SP was
estimated as the first (last) day of the year when the daily
summedgsto exceeded 30 % of the theoretically maximum
daily summedgsto (gmax summed over 24 h). A compari-
son with the growing season length calculated according to
the latitude and altitude model in Mapping Manual (CLR-
TAP, 2011) showed that the use of a threshold of 20–30 %
resulted in approximately the same length in O3SP in present
climate (1990–2009). The higher threshold, 30 %, was pro-
visionally chosen in order to result in a clear signal of the
potential climate change impacts on the O3SP of European
evergreen tree species. The stomatal conductance was calcu-
lated based on different parametrisations in different parts of
Europe. The parametrisations used to calculate stomatal con-
ductance were Scots pine in Atlantic Central Europe, Nor-
way spruce in Continental Central Europe and Holm oak in
Mediterranean Europe (CLRTAP, 2011). The O3SP calcula-
tions described above were used for generating a proxy for

growing season during current and future climate over which
AOT40 was accumulated.

POD1 was calculated over a fixed time period at five Eu-
ropean sites, with the start and end of the stomatal O3 ac-
cumulation period based on latitude and altitude (CLRTAP,
2011) and for the O3SP defined above. At two sites, Illmitz
in Continental Central Europe and Montelibretti in Mediter-
ranean Europe, the O3SP was defined differently for POD1
compared to AOT40 in order to follow the CLRTAP Map-
ping Manual as closely as possible. At Illmitz the accumula-
tion period was assumed to occur when the air temperatures
fell within theTmin andTmax thresholds of theftemp relation-
ship and for Montelibretti the accumulation period was year
round with a fixed period of reduction in stomatal conduc-
tance during summer when soil water deficits are commonly
high (CLRTAP, 2011). The definition of O3SP and stomatal
conductance parametrisations used at the different European
regions and sites are summarised in Table S1 in the Supple-
ment.

2.4 Comparison of simulations and observations

The MATCH-RCA3 performance has earlier been evaluated
and shown good agreement with O3 measurements in Eu-
rope. In Langner et al. (2012a) a comparison with summer
observations revealed that the modelling system has a ten-
dency to overestimate average O3 concentrations by 1–7 %,
but underestimate daily maximum concentrations by 2–7 %.
According to Kjellström et al. (2011), the mean absolute er-
ror in temperature over land in RCA3 (ECHAM5 A1B-r3) is
0.90–1.05◦C in spring, summer and autumn.

In this study, observed O3 concentrations and tempera-
tures were used to estimate the performance of the MATCH-
RCA3 modelling system at 14 monitoring sites within the
European Monitoring and Evaluation Programme (EMEP)
within CLRTAP. These sites were chosen since they had long
time series of O3 concentration observations and available
nearby temperature measurements (within the same grid cell
in MATCH). Hourly O3 observations were obtained from the
EMEP website (www.emep.int) and air temperature obser-
vations from the Swedish Meteorological and Hydrological
Institute (www.smhi.se), European climate assessment and
data set (Tank et al., 2002), Umweltbundesamt, Austria and
the Federal Environment Agency, Germany. Only years with
less than 10 % missing data were included. More informa-
tion about the sites is given in Table 1 and locations are
shown in Fig. 1a. The RMSE (root mean square error), spatial
correlation and bias of model and observations were calcu-
lated for daily minimum, mean and maximum temperature,
daily mean and maximum O3 concentrations and May–July
AOT40. Spatial correlation is the correlation between the 14
pairs of time-averaged observed and modelled values – 14 is
the number of sites included in the comparison in this study
(Table 1).
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Figure 1. Present and future modelled AOT40 (ppb-hours) as 20-year averages, 1990–2009(a) and 2040–2059(b) assuming O3 precursor
emission reductions according to the RCP4.5 scenario and climate change under the IPCC SRES A1B scenario. AOT40 was accumulated
over the hours 8–20 CET during May–July, which is used in the EU directive 2008/50/EC for protection of vegetation, but mainly relevant for
crops. Model results are from 3 m above ground. Included in(a) are the 14 EMEP monitoring sites used for comparison between observations
and model simulations (Table 1).

3 Results and discussion

3.1 Model performance

The results of the comparisons of simulations with obser-
vations are displayed in Table 2. The spatial correlation of
temperature was high but the model tends to underestimate
maximum temperatures by on average 2.8◦C. The daily av-
erage O3 concentrations had notably low spatial correlation,
which was also observed in Langner et al. (2012a) for sta-
tions north of 50◦ N. The May–July AOT40 was on average
well captured by the model with only a small average bias
of −15 %, which indicates that systematic errors in the cal-
culations of AOT40 are likely to be minor. However, for in-
dividual sites the differences can be rather large as shown
by the RMSE of 2888 ppb-hours. Regional-scale models of-
ten tend to underestimate peak O3 concentrations during O3
episodes (Langner et al., 2012b). This is the case also with
the MATCH model in this study. As a result, modelled daily
maximum O3 concentrations and AOT40 are underestimated
to a greater extent than modelled average O3 concentrations
compared to observations.

Further comparisons between observations and simula-
tions with respect to O3 concentrations and temperature at
the five sites (shown in bold in Table 1) selected to illustrate
differences in the evolvement of O3SP, AOT40 and POD1
1960–2100 in different European climate regions are shown
in Figs. S1 and S2 in the Supplement.

3.2 Changes in AOT40 with a fixed accumulation period

The estimated daytime (8–20 CET) AOT40 across Europe,
accumulated during May–July mainly relevant for crops but
representing vegetation in general in the EU directive, is
shown in Fig. 1a for the period 1990–2009 and in Fig. 1b as
a projection for the period 2040–2059. For the period 1990–
2009, the long-term EU objective of 3000 ppb-hours (which
is also the CLRTAP critical level, but note the slightly dif-
ferent definition of accumulation period) was exceeded over
most of Europe including a large part of the UK and the
southern parts of Fennoscandia. For the period 2040–2059,
the projected AOT40 was estimated to exceed 3000 ppb-
hours only in the Mediterranean area and at some spots along
the coasts of Portugal, France, Belgium, Netherlands and the
southern parts of the UK. The high levels along the coastal
areas are the result of the higher O3 concentrations over the
sea, resulting from low deposition and the well-mixed ma-
rine boundary layer as compared to land, which also affect
coastal areas (Pleijel et al., 2013).

Figure 2 shows time series of the May–July AOT40 val-
ues over the period 1960–2100 at five sites. It suggests that
AOT40 peaked before 2000 and is followed by a decline un-
til 2100. From Fig. 2 it can be inferred that by the second
half of the present century, May–July AOT40 values have de-
clined not only below the EU target value of 9000 ppb-hours
but, with the exception of Montelibretti, also the long-term
objective of 3000 ppb-hours based on the model results and
emission scenarios used in this study. The performance of the
MATCH model is indicated by the inclusion of observed data
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Table 2.Comparison between observations and simulations of daily average, maximum and minimum temperature (T in ◦C) over the whole
year, daily average and maximum O3 (ppbv) at 3 m above ground over the whole year and AOT40 accumulated from May to July (ppb-hours)
of the 14 EMEP monitoring sites and nearby temperature observations described in Table 1.

Tmean Tmax Tmin O3 mean O3max AOT40mjj
(◦C) (◦C) (◦C) (ppb) (ppb) (ppbh)

RMSE 1.6 3.0 2.3 4.8 2.7 2888
Spatial
correlation 0.95 0.96 0.91 0.22 0.80 0.78
Mean obs. 8.3 12.7 4.1 28.3 39.5 5539
Mean model 7.6 9.9 5.4 29.7 38.6 4705
Bias −0.7 −2.8 1.3 1.4 −1.0 −834
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Figure 2. Modelled AOT40 (ppm-hours), 3 m above ground, accu-
mulated over the hours 8–20 CET during May–July 1960–2100 at
five sites in Europe assuming O3 precursor emission reductions ac-
cording to the RCP4.5 scenario and climate change under the IPCC
SRES A1B scenario. Discrete symbols represent AOT40 based on
observations of O3 concentrations∼ 1990–2012 at these sites. The
May–July AOT40 is used in EU directive 2008/50/EC for protection
of vegetation, but is mainly relevant for crops.

at the five sites considered. Note that observations are not di-
rectly comparable to model results from the same simulated
year since MATCH is driven by meteorology from a climate
model and not observed meteorology. The large between-
years variation in AOT40 derived from observations was not
resolved by the model. This is partly related to the underes-
timation of the meteorological variability in our regional cli-
mate model compared to the real world. It is also related to
the general problem of calculating the accumulated sum of
exceedances, close to ambient levels. Although MATCH in
general underestimates AOT40 (see Table 2), the model over-
estimates AOT40 at Vavihill, Eskdalemuir and Montelibretti.
However, the model captures the range of AOT40 from low
in the north to high in the south of Europe reasonably well.

The estimated daylight (global radiation > 50 W m−2)

AOT40 during the fixed April–September period mainly rel-

Table 3. Average length of the O3 sensitive period (O3SP in days)
relevant for coniferous and evergreen tree species during the two
20-year time periods 1990–2009 and 2040–2059 at the five sites
representing different climate regions of Europe.

Vindeln Vavihill Eskdalemuir Illmitz Montelibretti

1990–2009 158 265 196 324 254
2040–2059 183 294 203 341 264
Change 24 29 7 17 10

evant for forest trees across Europe is shown in Fig. 3a as a
mean value for the period 1990–2009 and in Fig. 3b as a pro-
jection for the period 2040–2059. The CLRTAP critical level
of 5000 ppb-hours was exceeded in 1990–2009 over most of
Europe, including most of the UK and the southern parts of
Fennoscandia. By the period 2040–2059, the exceedance was
greatly reduced and again restricted to the Mediterranean re-
gion and some coastal spots around Spain, France, Belgium,
the Netherlands and the UK.

The likelihood of the projections regarding the decline in
the exceedance of AOT40 for crops and forests (Figs. 1–3)
depends strongly on the achievability of the rather exten-
sive reduction of O3 precursor emissions suggested by the
RPC4.5 scenario. Langner et al. (2012a) showed that even
though climate change leads to increasing surface O3 con-
centrations during April–September in some areas of Europe,
the RCP4.5 projected air pollutant emission reductions in
Europe have a much stronger opposing effect, resulting in
net reductions of O3 concentrations. Provided that the sub-
stantial air pollutant emission reductions suggested by the
RCP4.5 scenario is achieved, O3 concentrations will reach
levels where AOT40 declines strongly and may be well be-
low current limit values over large areas, but not the whole of
Europe. The AOT40 index, which is based on the exceedance
of a relatively high threshold, and thus highly sensitive to
modest changes in concentrations near that threshold (Sofiev
and Tuovinen, 2001), declines much more than the average
O3 concentrations (data not shown). Thus, AOT40 is more
sensitive to emission reductions compared to concentration
averages.
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Figure 3. Present and future modelled AOT40 (ppb-hours) as 20-year averages(a) 1990–2009 and(b) 2040–2059 assuming O3 precursor
emission reductions according to the RCP4.5 scenario and climate change under the IPCC SRES A1B scenario. AOT40 was accumulated
over daylight hours (global radiation > 50 W m−2) during the fixed April–September accumulation period mainly relevant for forest trees.
Model results are based on O3 concentrations from the lowest model layer (∼ 30 m above ground).
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Figure 4. Calculated length of O3 sensitive period (days), relevant
for coniferous and evergreen tree species, during 1960–2100 at five
sites in Europe. At Vindeln and Vavihill (Northern Europe) the start
(end) of the period is defined as when the daily average tempera-
ture exceeds (falls below) 5◦C on 5 consecutive days. At Eskdale-
muir (Atlantic Central Europe), Illmitz (Central Continental Eu-
rope) and Montelibretti (Mediterranean Europe) the start (end) of
the period is defined as the first (last) day that the daily summed
stomatal conductance exceeds 30 % of the theoretical maximum
daily summed stomatal conductance. At Illmitz the stomatal con-
ductance was calculated based on Continental Central European
Norway spruce parametrisation, at Eskdalemuir the Atlantic Cen-
tral European Scots pine parametrisation and at Montelibretti the
Mediterranean Europe Holm oak parametrisation.

3.3 Changes in O3 sensitive period and AOT40

In Fig. 4 the length of the O3SP for trees is shown at five sites
across Europe 1960–2100. The duration of the O3SP for trees
is projected to increase at all five sites (see also Table 3), with
the most pronounced increases in northern Europe. An earlier
onset of the growing season during spring is of particularly
large importance in northern Europe (Karlsson et al., 2007)
since the O3 concentrations can be high at northern latitudes
during this time of year (Klingberg et al., 2009). Today this
O3 peak mostly takes place before the start of the growing
season, but may overlap to a larger extent with O3SP in the
future.

The estimated daylight AOT40 during the O3SP is shown
in Fig. 5a as a mean value for the period 1990–2009 and in
Fig. 5b as a projection for the period 2040–2059. As a con-
sequence of the extended O3SP suggested by the model (Ta-
ble 3 and Fig. 4), the period during which AOT40 was accu-
mulated in Fig. 5b was generally longer than in Fig. 5a. The
strong reduction in AOT40 between the two periods is the
net effect of reduced emissions of O3 precursors which act to
reduce O3 concentrations, and on the other hand two factors
that favour an increase in O3 exposure: a longer accumulation
period and the promotion of O3 formation by climate change.
By comparing the changes in AOT40 revealed by Figs. 3
and 5, respectively, it is evident that reduced emissions of
O3 precursors is the dominating effect and that a prolonged
accumulation period does not substantially reverse this ef-
fect. Hence, it further emphasises the strong reduction in O3
exposure, resulting from the strict air pollutant emission re-
ductions under the RCP4.5 scenario used in the model setup.
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Figure 5. Present and future modelled AOT40 (ppb-hours) as 20-year averages(a) 1990–2009 and(b) 2040–2059 assuming O3 precursor
emission reductions according to the RCP4.5 scenario and climate change under the IPCC SRES A1B scenario. AOT40 was accumulated
over daylight hours (global radiation > 50 W m−2) during the O3 sensitive period relevant for coniferous and evergreen tree species. Model
results are based on O3 concentrations from the lowest model layer (∼ 30 m above ground)

3.4 Changes in POD1

In Fig. 6a–e the projections for AOT40 and POD1 using two
different accumulation periods are compared for the sites
Vindeln, Vavihill, Eskdalemuir, Illmitz and Montelibretti.
Several important observations can be made from the pro-
jections. Although POD1 declines at all sites (most strongly
in Illmitz and Montelibretti), the decline is much smaller
than the decline in AOT40. Thus the estimated improvement
in terms of risk for vegetation is likely to be larger by us-
ing AOT40 rather than the physiologically and toxicologi-
cally more relevant POD1. While the critical level value for
AOT40 is suggested to be exceeded only and just marginally
at Montelibretti by the end of this century, the critical level
of the POD1 index continues to be exceeded in Vavihill,
Eskdalemuir, Illmitz and Montelibretti and, depending on
which definition of the accumulation period is used, even at
far north Vindeln.

The fact that AOT40 is declining at a much faster rate
than POD1 is related to the fact that concentrations as low
as 10–15 ppb (data not shown) will contribute to POD1 when
stomatal conductance is relatively high. Thus POD1 is more
linked to the development of low to moderate O3 concentra-
tions, which are suggested to change much less than higher
O3 concentrations and the exceedance of 40 ppb defining the
concept of AOT40.

POD1 generally declined at a slower rate when calculated
with an accumulation period based on O3SP as compared
to when based on the fixed accumulation period calculated
from the latitude and altitude model (Fig. 6). This is partly

explained by the observation (Fig. 4) that the projected future
climate will increase the duration of the O3SP.

To shed further light on the effect of altered climate on
gsto and thus O3 uptake as defined in POD1, Fig. 7 shows
the daily summedgsto based on modelled temperature, VPD
and solar radiation as an average for the periods 1990–2009
and 2040–2059 at the five sites in Europe. Although these
calculations suggest a stronger summer depression ofgsto in
Illmitz and Montelibretti, and a weak but general increase
in spring and fall conductance for 2040–2059 compared to
1990–2009, the overall pattern is not suggested to change
much. Thus, it can be concluded that also for POD1, as earlier
noted for AOT40, the major driver of the declining POD1
values was reduced emissions of O3 precursors.

3.5 Uncertainties and future work

In this study we have described how AOT40 is affected by
projected O3 precursor emission reductions according to the
RCP4.5 scenario and climate change under the IPCC SRES
A1B scenario. We have also estimated the present century
change of POD1 at five sites across Europe based on the same
climate and air pollutant emission projections. Included in
the flux-based O3 index POD1 were the influence of phenol-
ogy and the environmental variables solar radiation, temper-
ature and VPD ongsto and the risk of O3 damage to vegeta-
tion.

It is important to note that this study did not include the
effect of changing soil moisture. Especially in southern Eu-
rope drought is an important factor influencing thegsto (e.g.
Paoletti, 2009, Büker et al., 2012). In part, this is taken into
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Figure 6. Modelled POD1 and AOT40 at(a) Vindeln, (b) Vavihill, (c) Eskdalemuir,(d) Illmitz and (e) Montelibretti during 1960–2100.
POD1 was calculated based on the northern European Norway spruce parametrisation (Vindeln and Vavihill), the Atlantic Central European
Scots pine parametrisation (Eskdalemuir), the Continental Central European Norway spruce parametrisation (Illmitz) and the Mediterranean
Europe Holm oak parametrisation (Montelibretti). At all sites POD1 and AOT40 was calculated for a fixed time period (not changing in
time), for POD1 based on the Mapping Manual latitude and altitude model (lat-model) and for AOT40 April–September. AOT40 and POD1
were also calculated over the O3 sensitive period (O3SP) shown in Fig. 4. At Illmitz and Montelibretti the O3SP was defined differently for
POD1 compared to AOT40 in order to follow the CLRTAP Mapping Manual as close as possible (see also Table S1 in the Supplement). For
Illmitz the accumulation period of POD1 was assumed to occur when the air temperatures fell within theTmin andTmax thresholds of the
ftemp relationship (POD1 ftemp) and for Montelibretti the POD1 accumulation period was year round with a fixed period of reduction in
stomatal conductance during summer when soil water deficits are commonly high (POD1 year round).
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Figure 7. Daily summed stomatal conductance (gsto) based on temperature, VPD and light as an average year 1990–2009 and 2040–2059.
At (a) Vindeln and(b) Vavihill the stomatal conductance was calculated based on the northern European Norway spruce parametrisation, at
(c) Eskdalemuir the Atlantic Central European Scots pine parametrisation, at(d) Illmitz the Continental Central European Norway spruce
parametrisation and at(e) Montelibretti the Mediterranean Europe Holm oak parametrisation. The dotted line represents the 30 % threshold
of the theoretically maximum daily summedgsto, used to define the O3 sensitive period at each site.

account through the phenology function in the calculations
of POD1 in Mediterranean Europe (see also Table S1 in the
Supplement). This study should be regarded as a “most sensi-
tive case”, representing a situation when soil moisture is not
limiting leaf O3 uptake. The inclusion of soil moisture could

lead to further reductions in POD1 and, through a shorter
O3SP, also AOT40. Thus, improved modelling of soil mois-
ture across Europe would be of great value for analyses of
future O3 impact on vegetation.
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An additional factor with potential to significantly reduce
O3 toxicity, which was not taken into account in this study,
is the projected reduction in stomatal conductance under ris-
ing CO2 concentrations in future climate (Klingberg et al.,
2011). The sensitivity of vegetation to O3 would also be af-
fected by potential future changes in land-use and changes in
the composition of species. Further uncertainties lie in poten-
tial changes in antioxidative defence capacity and secondary
effects such as pest and diseases (Fuhrer, 2009). These fac-
tors have not been considered in this study, but deserve fur-
ther investigation.

In order to focus on the effect of climate change and de-
creasing European air pollutant emissions, we kept the tracer
boundary concentrations of our regional CTM constant in
this study. This is clearly a simplification given the sub-
stantial role of external sources to background concentra-
tions of O3 in Europe (Wild et al., 2012). Recent studies
with global CTMs using climate projections and air pollu-
tant emissions following the four RCPs (Young et al., 2013)
point towards small (0–2 ppb) decreases of the O3 concen-
tration across most of the Northern Hemisphere troposphere
from 2000 to 2030. In 2100 the decreases in annual mean
concentrations have increased to 5–10 ppb according to these
studies. These findings strengthen our conclusion that if Eu-
ropean (and global) emissions follow the RCP4.5 pathway,
O3 exposure of European vegetation is likely to be reduced
significantly from 2000 to 2050.

The results presented in this study strongly depend on the
choice of emission scenario for O3 precursors in Europe. The
RCP4.5 emission scenario assumes substantial air pollution
abatement measures and it remains to be seen if these reduc-
tions can be realised. According to the IIASA TSAP-2012
baseline scenario, which assumes full implementation of ex-
isting air pollution control legislation of the European Union,
NOx emissions are reduced by > 65 % and VOC emissions
decline by 40 % in the EU-27 until 2030 compared to 2005
(Amann, 2012). Between 2030 and 2050 the emissions are
more or less constant in that scenario. This suggests that for
the first half of the century, the decline in air pollutant emis-
sions in the RCP4.5 scenario are actually smaller than the re-
ductions assumed if existing air pollution control legislation
are implemented.

The European O3 concentrations in 2050 are substantially
smaller than those in the IPCC SRES A1B, A2 and B2 sce-
narios under all four RCP scenarios as shown by Wild et
al. (2012). RCP4.5 is the second most optimistic of the RCP
scenarios regarding O3 precursor emission reductions. With
this study we demonstrate that if substantial air pollution
control measures are undertaken, it is possible to signifi-
cantly reduce the negative effects of O3 on vegetation in a
not too distant future.

Finally, future analyses of O3 effects on European vege-
tation would benefit from validation of the relevance of the
POD1 index, the dose–response functions based on POD1
and the limit values used. This would require new, well-

designed toxicological experiments, such as FACE (free-air
O3 enrichment) and chamber experiments including filtered
air treatments as well as studies based on epidemiological
techniques, providing independent data sets to further evalu-
ate the current methodology for estimating the magnitude of
biological effects.

4 Conclusions

This study considered the combined effect of projected emis-
sion reductions according to the RCP4.5 air pollutant emis-
sion scenario and climate change under the IPCC SRES A1B
scenario during the period 1960–2100. The following impor-
tant conclusions can be drawn:

– Powerful, but realistic, air pollutant emission reductions
outlined in the RCP4.5 scenario have the potential to
strongly reduce the exposure of plants to O3 in Europe.
Over wide areas AOT40 will, by the time period 2040–
2059, decrease to levels which are well below O3 crit-
ical levels used for vegetation in the EU legislation as
well as critical levels used in the LRTAP convention.

– For the physiologically and toxicologically more rele-
vant POD1 index the reductions are smaller, but still
substantial, especially in South and Central Europe.
However, the values for POD1 by the time period 2040–
2059 will not decrease to levels which are below O3 crit-
ical levels used for forest trees, represented by Norway
spruce, in the methods currently used by LRTAP Con-
vention.

– The smaller reductions of the POD1 values are ex-
plained by the fact that this index is more sensitive to
the development of low to moderate O3 concentrations,
while AOT40 depends strongly on the peaks of O3,
i.e. the time-integrated exceedance of the concentration
over 40 ppb O3 will decline much more than concentra-
tions above the lower threshold (ca. 10–15 ppb) associ-
ated with POD1.

– If emissions are not substantially reduced in line with
the RCP4.5 scenario, surface O3 will continue to be a
serious problem to European vegetation, which is ag-
gravated by climate change.

The Supplement related to this article is available online
at doi:10.5194/bg-11-5269-2014-supplement.
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K., Smith, S. J., Stouffer, R. J., Thomson, A. M., Weyant, J. P.,
and Wilbanks, T. J.: The next generation of scenarios for climate
change research and assessment, Nature, 463, 747–756, 2010.
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