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Abstract. The impacts of changes in ozone precursor emis-pean vegetation, even if concurrent climate change promotes
sions as well as climate change on the future ozone exezone formation.

posure of the vegetation in Europe were investigated. The
ozone exposure is expressed as AOT40 (Accumulated expo-
sure Over a Threshold of 40 pplYas well as POPp (Phy-
totoxic Ozone Dose above a threshdf)l 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 precursopurface ozone (§) is the most important gaseous air pol-
emission changes from the RCP4.5 scenario were combinelyitant with respect to effects on vegetation on regional and
with climate simulations based on the IPCC SRES A1B sce-dlobal scales (Hollaway et al., 2012; Mills et al., 2011; Royal
nario and used as input to the Eulerian Chemistry Transporociety, 2008). Experiments in which ambieng@ncentra-
Model MATCH from which projections of ozone concentra- tions were reduced by air filtration have shown that current
tions were derived. The ozone exposure of vegetation ovelevels of G are sufficient to cause significant yield loss in
Europe expressed as AOT40 was projected to be substantial§ensitive crops such as wheat (Pleijel, 2011). In additien, O
reduced between the periods 1990-2009 and 2040-2059 ffects forest growth (Braun et al., 1999, 2007; Karlsson et
levels which are well below critical levels used for vegeta- al-» 2006), human health (Royal Society, 2008), and acts, di-
tion in the EU directive 2008/50/EC as well as for crops and'ectly and indirectly by affecting carbon storage, as an im-
forests used in the LRTAP convention, despite that the futurgPortant greenhouse gas (Sitch et al., 2007).

climate resulted in prolonged yearly ozone sensitive periods. Os is formed in the troposphere in reactions driven by the
The reduction in AOT40 was mainly driven by the emis- €nergy of solar radiation, involving the precursors nitrogen
sion reductions, not changes in the climate. For the toxico-0Xides (NQ), volatile organic compounds (VOC) and car-
logically more relevant PODindex the projected reductions Pon monoxide (CO). The concentration of surfacgi©af-
were smaller, but still significant. The values for PODr fected by a number of factors including (1) concentrations of
the time period 2040—-2059 were not projected to decrease t§3 Precursors, which are a function of anthropogenic emis-
levels which are below critical levels for forest trees, repre-Sions and the mixing and transport in the atmosphere, (2) ef-
sented by Norway spruce. This study shows that substantidects of temperature and solar radiation on the rate of chemi-
reductions of 0zone precursor emissions have the potential téal reactions and on emissions of biogenic VOCs, which may

strongly reduce the future risk for ozone effects on the Euro-€nhance @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- resenting vegetation in general in the EU Directive) and

ture on vegetation gas exchange (Tuovinen et al., 2009). trees in Europe today (1990-2009) and as projections
AOT40 (the Accumulated exposure Over a Threshold of for the near future (2040—2059), assumingpPecursor

40 ppb(v) @) has been used widely in air pollution regula- emission reductions following the RCP4.5 scenario and

tion in Europe (Fuhrer et al., 1997; Mills et al., 2007; EU climate change under the IPCC SRES A1B scenario.
directive 2008/50/EC) to assess the risk @feifects on veg-
etation. However, the stomatal ConductancgoIg)f p|ants — To estimate the tOXiCOlOgica”y more relevant flux-based
is of critical importance for the uptake ofs@nd thus for its Os index POD for coniferous and evergreen forest
negative effects on e.g. photosynthesis (Wittig et al., 2009)  trees during the time period 1960-2100 at five sites rep-
and leaf senescence (Uddling et al., 2006). For example,  resenting different climate regions in Europe.
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 @mber-
son et al., 2000b; Pleijel et al., 2007). It is therefore impor-
tant to consider factors influencing the stomatal uptakezof O
in risk assessment (Klingberg et al., 2011). A flux-based in-
dex (POLy, phytotoxic G dose above a flux threshold)
has been developed, which takes into account the influence
of temperature, solar radiation, water vapour pressure deficit
(VPD), soil water potential (SWP), atmospherig €ncen-
tration and plant development stage (phenology) on stomatal
O3 uptake (CLRTAP, 2011, Pleijel et al., 2007). 2  Methods

Several investigations have shown that climate change is
likely to enhance @ formation over Europe (Demuzere et 2.1 MATCH and RCA3 model setup
al., 2009), more so in the south than in the north (Andersson
and Engardt, 2010). These earlier studies assumed constaMATCH is an Eulerian, off-line, chemistry transport model
O3 precursor emissions. However, air pollutant emissions in(CTM). It is a flexible system aimed at describing the re-
Europe are likely to decline, both as a result of existing in-gional distribution of air pollution given relevant meteorol-
ternational legislation and as an indirect effect of attempts toogy and emission data. Detailed description of the model
reduce carbon dioxide emissions (Rafaj et al., 2013). It is dif-can be found in Robertson et al. (1999) and Andersson et
ficult to estimate the development o @recursor emissions al. (2007). A number of recent studies have demonstrated
during the present century, since it depends on e.g. politicathe ability of MATCH to simulate @ concentrations over
decisions that are not known. To handle this problem, four soEurope when forced with meteorology from a regional cli-
called RCP (Representative Concentration Pathway) scenamate model (see Andersson and Engardt, 2010; Engardt
ios have been defined to represent different possible develet al., 2009; Langner et al., 2012a, b). The present study
opments of global emissions of greenhouse gases and otheses the results described by Langner et al. (2012a) from
air pollutants (Moss et al., 2010). Using air pollutant emis- their experiment “ECH_RCP4.5_BC2000". Here MATCH is
sions from RCP4.5, the second most optimistic RCP scenaridorced with gridded and temporally evolving (1960-2100) air
(Thomson et al., 2011), Langner et al. (2012a) showed thapollutant emission data from the RCP4.5 scenario (Thom-
this emission scenario has the potential to significantly re-son et al., 2011) while the meteorological data are taken
duce Q@ concentrations over Europe and that this effect isfrom a dynamic downscaling of the global climate model
likely to be much larger than concurrent promotion of O ECHAMS5 (Roeckner et al., 2006). The dynamic downscal-
formation by climate change. ing was performed with Rossby Centre’s regional climate

In this study, the chemical transport model MATCH model (RCA3). Both studies use the regional climate simula-
(Robertson et al., 1999), with Oprecursor emissions ac- tion number 11 in Table 1 of Kjellstrém et al. (2011), which
cording to the RCP4.5 scenario and climate change under theimulates the IPCC SRES A1B (N&kinovt et al., 2000)
IPCC SRES A1B scenario (Naenovt et al., 2000), was greenhouse gas emission scenario. RCA3 is described and
used to estimate the combined influence of climate changevaluated in Samuelsson et al. (2011).

— 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 Q.

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

and emission reductions on the future risk of €¥fects on The reason for the apparent use of two different emission
vegetation in Europe. scenarios is that we base our work on the published down-
The aims of this study were as follows: scaled climate projections from RCA3 that were available

when this study was initiated. In terms of greenhouse gas

— To estimate the @index AOT40, used to set target val- concentrations the RCP4.5 and IPCC SRES A1B scenario
ues for the protection of the vegetation against harmfulare not very different in the period up to 2050, while to-

effects of Q (EU directive 2008/50/EC) for crops (rep- wards the end of the century the climate change signal in
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Table 1. Description of the 14 EMEP monitoring sites withs @bservations and nearby temperaturg ¢bservations included in the
comparison between observations and simulations. The five stations used fercBl©mations are marked in bold.

EMEPID Station Latitude Altitude  @data* Station Latitude Altitude T data*
O3 obs. Longitude (ma.s.l) T obs. Longitude (ma.s.l)

SE13 Esrange 663 N 475 1991-2012 (21) Esrange G2 N 328 1994-2009 (15)
21°04 E 21°05 E

FI22 Oulanka 6619 N 310 1990-2011 (19) Kuusamo 66°22 N 160 1990-2012 (23)
29°24'E Kiutakongas 29°19E

SE35 Vindeln 6415 N 225 1990-2012 (22) Vindeln- 64°08' N 237 1990-2011 (20)
1946 E Sunnansjonds 19°46 E

NO39 Karvatn 6247 N 210 1992-2011 (20) Sunndalsora lll 8’ N 33 1990-2008 (18)
08°53 E 08°34 E

SE11 Vavihill 56°01 N 175 1990-2012 (23) Munka- 56°14' N 48 1990-2012 (23)
1309 E Ljungby 12°59 E

DK41 Lille Valby 55°41' N 10 1992-2009 (17) Koebenhavn: 55°41 N 9 1990-2012 (23)
12°08 E Landbohojskolen12°32 E

GBO02 Eskdalemuir 5519 N 243 1990-2012 (22) Eskdalemuir 599 N 242 1990-2012 (23)
0312 W 03*12 W

GB06 Lough Navar 527 N 126 1990-2011 (17) Ballyshannon B0 N 38 19902012 (22)
07°52 W 08°117'W

DEOQ7 Neuglobsow 530N 62 1992-2010 (19) Neuglobsow B N 62 1995-2009 (15)
1302 E 13*02 E

NL10 Vredepeel 5132 N 28 1990-2010 (19) \Volkel 510N 20 1990-2012 (23)
05°51 E 05°42 E

ATO2 llimitz 47°46 N 117 1990-2010 (21)  llmitz 4746 N 117 1991-2011 (21)
16°46 E 16°46 E

CHO02 Payerne 4819 N 489 1990-2010 (20) Payerne 4 N 490 1990-2012 (23)
06°57 E 06°57 E

ITO1 Montelibretti 42 °06' N 48 1996-2009 (13) Roma 41°47'N 105 1990-2012 (23)
12°38 E Ciampino 12°35' E

ESO07 Viznar 3714 N 1265 1998-2010 (13) Granada °88 N 687 1990-2010 (21)
3*32W 338 W

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

the RCP4.5 scenario is smaller than in IPCC SRES AlBtated latitude—longitude grid” with grid-square sizes of ap-
(e.g. Rogel et al., 2012). ForsQprecursors there are how- proximately 50kmx 50km.
ever large differences between the scenarios, with RCP4.5 The main time step in MATCH is 10 min; most results are
assuming much larger emission reductions than the IPCGaved as hourly averages. Hourly meatOncentrations are
SRES A1B scenario (see discussion in Wild et al., 2012).available from the lowest model layer in MATCH-(30 m),
Global emissions of N@and VOC for 2050 are 65 and and downscaled to 3m above ground at every time step to
46 % larger, respectively, in IPCC SRES A1B than in RCP4.5take into account the near-surface profile afg@nerated by
(Langner et al., 2012a). Aggregated over the European patthe surface uptake.
of the CTM domain used in the study, the NO/OC and
CO emissions decrease by 53, 22 and 17 % respectively2-2 Oz risk assessment: AOT40 and POR
from year 2000 to 2050 according to the RCP4.5 scenario L
(Langner et al., 2012a). Further characteristics of the climaté*CT40 (Fuhrer etal., 1997) is given by
and air pollutant emission scenarios are discussed in Langne
et al. (2012a, b), who use this meteorological data set fof&OTA'OZ Zmax([03] —40pph O>At’ @
studies of future @concentrations across Europe.

The tracer boundary concentrations in MATCH (i.e. the
global “backgr_ound” @ concentrations) are varying S€asoN- |5tion in Europe (Fuhrer et al., 1997; Mills et al., 2007) to
ally, but remain the same for all years. The boundaries ar

based b i ¢ th ) fE And ssess the risk for £effects on vegetation and is included
ased on observations from the margins of Europe (An 'S the Mapping Manual of the Convention on Long-Range

son et al., 2007) and approximately represent the conditiong o1 ndary Air Pollution (CLRTAP, 2011). In the EU
in the year 2000. The horizontal domain and resolution Oflegislation (EU directive 2008/50/EC) AOT40 is accumu-
MATCH and RCA3 are identical; the models utilise a “ro- .. over the hours 8-20 CET from May to July. An AOT40

where [(¥] is the 1 h mean @ concentration, expressed in
ppb(v). AOT40 has been used widely in air pollution regu-
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of 9000 ppb-hours is used as target value not to be exceedesihd the leaf surface resistaneg)( gsio/ (gsto+ gext) repre-

and 3000 ppb-hours as a long-term objective to protect vegsents the fraction of the{Jlux to the plant which is taken up
etation. CLRTAP (2011) uses an AOT40 critical level of through the stomata, wherg gey; is the external leaf resis-
3000 ppb-hours for agricultural crops and 5000 ppb-hours fottance. The POD accumulated per unit PLA above a threshold
forest trees. For crops a 3-month (different months in differ-of ¥ nmol m2s-1 was calculated as

ent parts of Europe) accumulation period is used and for trees

the growing season is set to April-September if site—specificP ODy

informat.ion is not available. AccorQing to CLRTAP (2011), The POD is accumulated over a time period corresponding
AQT40 is accumulated over daylight hours (global radia- , ihe part of the growing season when the plant is consid-

. 2 .
tion>50Wnt). The hourly mean @concentrations at 3m  ¢q 16 pe sensitive tog0The threshold used for forest trees
height from MATCH were used for the calculation of May— i y — 1 nmolnr2PLA s 1 (CLRTAP, 2011). Due to uncer-

July AOT40 mainly relevant for crops, angGoncentrations  ainties caused by difficulties in modelling a plant-relevant
from the lowest model layer in MATCH{ 30 m) were used  q\yp and the potentially large variations in soil moisture
for the calculation of April-September AOTA40 mainly rele- i a model grid, soil moisture was assumed not to limit

vant for trees. gsto (i.-e. fswp=1). Hence, the estimates of P@Mised in

The concept of AOT40 does only to a limited extent s o1,y may be regarded as a “most sensitive case”, when
(through exclusion of the dark hours during which stomatay, o soil moisture is not limiting leaf Quptake.

are largely closed and the leaf gas exchange is small; CLR- | his study the flux-based index P@@phytotoxic G
TAP, 2011) include factors that affect the phytotoxic relevant y <o above a flux threshold — 1) was calculated off-line

do_se, 1.€. the_ @uptake through the stomata to the Ie?‘_f N ina post-processing step at five sites (bold in Table 1) based
terior where it can damage cell compartments sensitive tn the methodology for different European climate regions

oxidative stress such as membranes (Sandelius et al., 1998}, o entative tree species (i.e. Northern European Norway
Despite the limitations the AOT40 index is still commonly spruce at Vindeln and Vavihill, Atlantic Central European

useq duetoits simplicityand well-established dose-responsg g pine at Eskdalemuir, Continental Central European
relations. To reflect the risk forg&@lamage from a plant phys- Norway spruce at lllmitz and Mediterranean Holm oak at
iologically relevant perspective, the change in the ROD Montelibretti; CLRTAP, 2011).

dex was also estimated. _ o O3z and meteorological input data for the POEalcula-

~ The stomatal @ flux was calculated using a multiplica- o5 should be valid for the height of the canopy, which
tive algorithm: an extension of the concepts presented b¥s assumed to be 20m for Norway spruce and Scots pine
Jarvis (1976) and Emberson et al. (2000a, b). It includes, 4 15m for Holm oak. The hourly meang @oncentra-
functions accounting for the limiting effects of various abi- ;s from the lowest model layer in MATCH<{30 m) were

otic factors on stomatal conductance, thereby regulating th%ssumed to be representative for the forest canopy height.
O3 flux into the plant leaf. The multiplicative algorithm is Modelled wind speed (from RCA3) at 10 m was adjusted to
(CLRTAP, 2011) 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-
[fmin» (ftemp- fvPD - fSWF’)]’ (2) culation. Modelled temperature and relative humidity (from
RCA3) corresponding to 2 m had hourly temporal resolution.
Incoming short-wave radiation data (W#) was converted

to photosynthetic photon flux density (PPFD) by multiplying
with a factor of 2 (Monteith and Unsworth, 2008).

= Zmax(Fst— Y,0) At. 4)

8sto =8&max- fphen- fiight - Max

wheregso is the stomatal conductance (mmai@—2 sun-

lit projected leaf area (PLA)S) and gmax is the species-
specific maximumgsg. The functions fphen fiight: ftemp
Jfvpp and fsypare expressed in relative terms (taking values
between 0 and 1). The;e functions allpw for the ianuepcc_a of; 3 Growing season and @sensitive period
phenology and the environmental variables (solar radiation,

temperature, VPD and SWP) @gy to be estimated. For crops a fixed 3-month time window of May—July was
The stomatal flux £s) of Oz to a plant leaf is calculated ysed to assess AOT40 exposure in line with the EU directive
using a resistance analogue: (2008/50/EC). The May-July exposure window is mainly
1 gsto relevant for agricultural crops, but in the EU directive used

Fs=C(2)- (3)  for protection of vegetation. The CLRTAP Mapping Manual

"ot Te gstot ext suggests a fixed 6-month time window of April-September

The O; concentration at the top of the canopy (C(z)) is as-to assess AOT40 exposure for forest trees. Furthermore, it is
sumed to be a reasonable estimate of the concentration at theiggested to use a latitude and altitude model to estimate the
surface of the laminar leaf boundary layer near the sunlit up-start and end of the growing season of trees to assesg,POD
per canopy leaves. The &y +rc) term is the deposition rate  if site-specific information on the relevant growing season
to the leaf determined by the quasi-laminar resistamge ( 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 ofjrowing season during current and future climate over which
the growing season. Especially in cold—temperate climatesAOT40 was accumulated.

rising temperatures will extend the length of the growing sea- POD; was calculated over a fixed time period at five Eu-
son and thus the duration of the period during which plantsropean sites, with the start and end of the stomatah©®

can take up @. Sakalli and Simpson (2012) explored sev- cumulation period based on latitude and altitude (CLRTAP,
eral methods to estimate the growing season of birch with2011) and for the 5P defined above. At two sites, Ilimitz
the EMEP MSC-W model and showed that there is a strongn Continental Central Europe and Montelibretti in Mediter-
need to include more realistic treatments of growing seasonsanean Europe, the{SP was defined differently for PQD

in CTMs. Thus, in order to analyse whether or not a pro-compared to AOT40 in order to follow the CLRTAP Map-
longed growing season due to climate change would counping Manual as closely as possible. At llimitz the accumula-
teract future reductions in4xoncentration, it was necessary tion period was assumed to occur when the air temperatures
in this study to estimate the length of the time periods whenfell within the Tmin andTmax thresholds of thefemp relation-
trees may be regarded as sensitive t i&. when leaf @ ship and for Montelibretti the accumulation period was year
uptake occurs. The impacts of future climate change on theound with a fixed period of reduction in stomatal conduc-
timing of budburst for deciduous tree species are governedance during summer when soil water deficits are commonly
not only by temperature, but also by day length (e.g. Arorahigh (CLRTAP, 2011). The definition of §3P and stomatal
and Boer, 2005). To avoid the complication associated withconductance parametrisations used at the different European
day length dependence, the analysis in this study was limitedegions and sites are summarised in Table S1 in the Supple-
to evergreen tree species. Furthermore, we suggest using tmeent.

more general concepts of azone sensitive periofD3SP)
instead of the term “growing season” used in the CLRTAP
Mapping Manual.

In northern Europe the start of the3BP for trees was
calculated as when the 24 h average temperature exceedddhe MATCH-RCA3 performance has earlier been evaluated
5°C for 5 consecutive days and the end as when the 24 tand shown good agreement withy @easurements in Eu-
average temperature fell below® for 5 consecutive days rope. In Langner et al. (2012a) a comparison with summer
(Tanja et al., 2003). The reason for using a separate definiebservations revealed that the modelling system has a ten-
tion for northern Europe is that winter dormancy representsdency to overestimate averagg €bncentrations by 1-7 %,
an important limitation for physiological activity in this geo- but underestimate daily maximum concentrations by 2—7 %.
graphical region (e.g. Tanja et al., 2003; Kolari et al., 2007).According to Kjellstrom et al. (2011), the mean absolute er-
In Atlantic Central, Continental Central and Mediterraneanror in temperature over land in RCA3 (ECHAMS5 A1B-r3) is
Europe we suggest a new approach of defining the time ped.90-1.05C in spring, summer and autumn.
riod when coniferous and evergreen trees are sensitivg.to O In this study, observed fconcentrations and tempera-
The O;SP was based on calculations of stomatal conductures were used to estimate the performance of the MATCH-
tance (Eq. 2) whergfphen and fswp were set to 1 (never RCA3 modelling system at 14 monitoring sites within the
limiting). The calculated hourly stomatal conductance wasEuropean Monitoring and Evaluation Programme (EMEP)
summed for each day (24 h). The start (end) of ta8Pwas  within CLRTAP. These sites were chosen since they had long
estimated as the first (last) day of the year when the dailytime series of @ concentration observations and available
summedgsio exceeded 30 % of the theoretically maximum nearby temperature measurements (within the same grid cell
daily summedgsio (gmax sSummed over 24 h). A compari- in MATCH). Hourly O3 observations were obtained from the
son with the growing season length calculated according tEMEP website \fww.emep.int and air temperature obser-
the latitude and altitude model in Mapping Manual (CLR- vations from the Swedish Meteorological and Hydrological
TAP, 2011) showed that the use of a threshold of 20-30 %nstitute (vww.smhi.s¢, European climate assessment and
resulted in approximately the same length g8P in present  data set (Tank et al., 2002), Umweltbundesamt, Austria and
climate (1990-2009). The higher threshold, 30 %, was pro-the Federal Environment Agency, Germany. Only years with
visionally chosen in order to result in a clear signal of the less than 10 % missing data were included. More informa-
potential climate change impacts on theSP of European tion about the sites is given in Table 1 and locations are
evergreen tree species. The stomatal conductance was calcshown in Fig. 1a. The RMSE (root mean square error), spatial
lated based on different parametrisations in different parts otorrelation and bias of model and observations were calcu-
Europe. The parametrisations used to calculate stomatal cottated for daily minimum, mean and maximum temperature,
ductance were Scots pine in Atlantic Central Europe, Nor-daily mean and maximum £xoncentrations and May—July
way spruce in Continental Central Europe and Holm oak inAOT40. Spatial correlation is the correlation between the 14
Mediterranean Europe (CLRTAP, 2011). TheSP calcula-  pairs of time-averaged observed and modelled values — 14 is
tions described above were used for generating a proxy fothe number of sites included in the comparison in this study

(Table 1).

2.4 Comparison of simulations and observations

www.biogeosciences.net/11/5269/2014/ Biogeosciences, 11, 52322014
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Figure 1. Present and future modelled AOT40 (ppb-hours) as 20-year averages, 1990a2808 2040—205%) assuming @ precursor

emission reductions according to the RCP4.5 scenario and climate change under the IPCC SRES A1B scenario. AOT40 was accumulate
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. Includéd)are the 14 EMEP monitoring sites used for comparison between observations
and model simulations (Table 1).

3 Results and discussion 3.2 Changes in AOT40 with a fixed accumulation period

The estimated daytime (8—20 CET) AOT40 across Europe,
3.1 Model performance 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
The results of the comparisons of simulations with obser-a projection for the period 2040-2059. For the period 1990—
vations are displayed in Table 2. The spatial correlation 0f2009, the long-term EU objective of 3000 ppb-hours (which
temperature was high but the model tends to underestimatis also the CLRTAP critical level, but note the slightly dif-
maximum temperatures by on average°8The daily av-  ferent definition of accumulation period) was exceeded over
erage @Q concentrations had notably low spatial correlation, most of Europe including a large part of the UK and the
which was also observed in Langner et al. (2012a) for stasouthern parts of Fennoscandia. For the period 2040—2059,
tions north of 50 N. The May—July AOT40 was on average the projected AOT40 was estimated to exceed 3000 ppb-
well captured by the model with only a small average biashours only in the Mediterranean area and at some spots along
of —15%, which indicates that systematic errors in the cal-the coasts of Portugal, France, Belgium, Netherlands and the
culations of AOT40 are likely to be minor. However, for in- southern parts of the UK. The high levels along the coastal
dividual sites the differences can be rather large as showireas are the result of the higheg @ncentrations over the
by the RMSE of 2888 ppb-hours. Regional-scale models ofsea, resulting from low deposition and the well-mixed ma-
ten tend to underestimate peak Gncentrations during$  rine boundary layer as compared to land, which also affect
episodes (Langner et al., 2012b). This is the case also witltoastal areas (Pleijel et al., 2013).
the MATCH model in this study. As a result, modelled daily = Figure 2 shows time series of the May—July AOT40 val-
maximum G concentrations and AOT40 are underestimatedues over the period 1960-2100 at five sites. It suggests that
to a greater extent than modelled averagecGncentrations  AOT40 peaked before 2000 and is followed by a decline un-
compared to observations. til 2100. From Fig. 2 it can be inferred that by the second

Further comparisons between observations and simulahalf of the present century, May—July AOT40 values have de-

tions with respect to ®@concentrations and temperature at clined not only below the EU target value of 9000 ppb-hours
the five sites (shown in bold in Table 1) selected to illustratebut, with the exception of Montelibretti, also the long-term
differences in the evolvement of36P, AOT40 and POD  objective of 3000 ppb-hours based on the model results and
1960-2100 in different European climate regions are showremission scenarios used in this study. The performance of the
in Figs. S1 and S2 in the Supplement. MATCH model is indicated by the inclusion of observed data

Biogeosciences, 11, 5269283 2014 www.biogeosciences.net/11/5269/2014/
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Table 2. Comparison between observations and simulations of daily average, maximum and minimum temgiatu@ over the whole
year, daily average and maximum (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 Tmm 03 mean Qmax AOT40m”

-~~~ EU long term objective

°C) (O (0O (ppb)  (ppb) (ppbh)
RMSE 1.6 3.0 2.3 4.8 2.7 2888
Spatial
correlation 095 096 0091 0.22 0.80 0.78
Mean obs. 8.3 127 4.1 28.3 39.5 5539
Mean model 7.6 9.9 5.4 29.7 38.6 4705
Bias -0.7 -28 1.3 14 -1.0 —834
30 v Table 3. Average length of the @sensitive period (gSP in days)
——Vavihil relevant for coniferous and evergreen tree species during the two
D Eskdalemuir 20-year time periods 1990-2009 and 2040-2059 at the five sites
_ L‘l’:‘n‘;”brems representing different climate regions of Europe.
ézo L ; O Vindeln obs
€ 0 = Vavihill obs Vindeln  Vavihill Eskdalemuir lllmitz  Montelibretti
2 A Eskdalemuir obs
E % limitz obs 1990-2009 158 265 196 324 254
2z ¢ Montelibretti obs 2040-2059 183 294 203 341 264
s —EU target value Change 24 29 7 17 10

evant for forest trees across Europe is shown in Fig. 3a as a
‘ e ST mean value for the period 1990-2009 and in Fig. 3b as a pro-
1960 1980 2000 w0 200 2060 2080 2100 jection for the period 2040-2059. The CLRTAP critical level
of 5000 ppb-hours was exceeded in 1990-2009 over most of
Figure 2. Modelled AOT40 (ppm-hours), 3m above ground, accu- Europe, including most of the UK and the southern parts of
mulated over the hours 8-20 CET during May—July 1960-2100 afFennoscandia. By the period 2040-2059, the exceedance was
five sites in Europe assumings@recursor emission reductions ac- g:eatly reduced and again restricted to the Mediterranean re-

cording to the RCP4.5 scenario and climate change under the IPCC. . .
SRES A1B scenario. Discrete symbols represent AOT40 based o lon and some coastal spots around Spain, France, Belgium,

observations of @ concentrations- 1990-2012 at these sites. The e Netherlands and the UK.

May—July AOTA0 is used in EU directive 2008/50/EC for protection 1€ likelihood of the projections regarding the decline in
of vegetation, but is mainly relevant for crops. the exceedance of AOT40 for crops and forests (Figs. 1-3)

depends strongly on the achievability of the rather exten-

sive reduction of @ precursor emissions suggested by the

RPC4.5 scenario. Langner et al. (2012a) showed that even
at the five sites considered. Note that observations are not dthough climate change leads to increasing surfaged-
rectly comparable to model results from the same simulatectentrations during April-September in some areas of Europe,
year since MATCH is driven by meteorology from a climate the RCP4.5 projected air pollutant emission reductions in
model and not observed meteorology. The large betweenEurope have a much stronger opposing effect, resulting in
years variation in AOT40 derived from observations was notnet reductions of @ concentrations. Provided that the sub-
resolved by the model. This is partly related to the underesstantial air pollutant emission reductions suggested by the
timation of the meteorological variability in our regional cli- RCP4.5 scenario is achievedg ©oncentrations will reach
mate model compared to the real world. It is also related tdevels where AOT40 declines strongly and may be well be-
the general problem of calculating the accumulated sum ofow current limit values over large areas, but not the whole of
exceedances, close to ambient levels. Although MATCH inEurope. The AOT40 index, which is based on the exceedance
general underestimates AOT40 (see Table 2), the model overf a relatively high threshold, and thus highly sensitive to
estimates AOT40 at Vavihill, Eskdalemuir and Montelibretti. modest changes in concentrations near that threshold (Sofiev
However, the model captures the range of AOT40 from lowand Tuovinen, 2001), declines much more than the average
in the north to high in the south of Europe reasonably well. Oz concentrations (data not shown). Thus, AOT40 is more

The estimated daylight (global radiation>50 W sensitive to emission reductions compared to concentration

AOT40 during the fixed April-September period mainly rel- averages.

www.biogeosciences.net/11/5269/2014/ Biogeosciences, 11, 52322014
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Figure 3. Present and future modelled AOT40 (ppb-hours) as 20-year ave(@ge390—2009 angb) 2040—-2059 assuming{Jprecursor

emission reductions according to the RCP4.5 scenario and climate change under the IPCC SRES A1B scenario. AOT40 was accumulate
over daylight hours (global radiation >50 W) during the fixed April-September accumulation period mainly relevant for forest trees.
Model results are based ory@oncentrations from the lowest model layer30 m above ground).

3.3 Changes in Q sensitive period and AOT40

In Fig. 4 the length of the €BP for trees is shown at five sites
across Europe 1960-2100. The duration of ta€BPfor 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 @ concentrations can be high at northern latitudes

Length of O, sensitive period (days)

" ‘4 Vi VN T yeen during this time of year (Klingberg et al., 2009). Today this
125 e Eskdalemuir O3 peak mostly takes place before the start of the growing
. season, but may overlap to a larger extent wigsB in the
s ‘ ‘ ‘ ‘ ‘ ‘ future.
1080 1080 2000 20 ear 2080 2080 e The estimated daylight AOT40 during the8P is shown

in Fig. 5a as a mean value for the period 1990-2009 and in

Figure 4. Calculated length of @sensitive period (days), relevant Fi roiection for th riod 2040—2 A n-
for coniferous and evergreen tree species, during 1960—-2100 at five g- 5b as a projection for the period 2040-2059. As a co

sites in Europe. At Vindeln and Vavihill (Northern Europe) the start Sequence of the extended &P suggested by the model (Ta-

(end) of the period is defined as when the daily average temperat-)Ie 3 and Fig. 4), the period during which AOT40 was accu-

ture exceeds (falls below)® on 5 consecutive days. At Eskdale- Mulated in Fig. 5b was generally longer than in Fig. 5a. The
muir (Atlantic Central Europe), llimitz (Central Continental Eu- Strong reduction in AOT40 between the two periods is the
rope) and Montelibretti (Mediterranean Europe) the start (end) ofnet effect of reduced emissions o Precursors which act to
the period is defined as the first (last) day that the daily summededuce @ concentrations, and on the other hand two factors
stomatal conductance exceeds 30% of the theoretical maximunthat favour an increase ing@xposure: a longer accumulation
daily summed stomatal conductance. At llimitz the stomatal con-period and the promotion ofJormation by climate change.
ductance was calculated based on Continental Central Europeagy comparing the changes in AOT40 revealed by Figs. 3
Norway spruce parametrisation, at Eskdalemuir the Atlantic Cen-5q 5 yespectively, it is evident that reduced emissions of
tral I_European Scots pine parametrisation _anc_i at Montelibretti the03 precursors is the dominating effect and that a prolonged
Mediterranean Europe Holm oak parametrisation. . . . .
accumulation period does not substantially reverse this ef-
fect. Hence, it further emphasises the strong reductiorgin O
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 ave(@ge390—2009 angb) 2040—-2059 assuming{Jprecursor

emission reductions according to the RCP4.5 scenario and climate change under the IPCC SRES A1B scenario. AOT40 was accumulate
over daylight hours (global radiation >50 W) during the Q sensitive period relevant for coniferous and evergreen tree species. Model
results are based ong@oncentrations from the lowest model layer30 m above ground)

3.4 Changesin PODR explained by the observation (Fig. 4) that the projected future
climate will increase the duration of the;SP.

To shed further light on the effect of altered climate on
In Fig. 6a—e the projections for AOT40 and POOsIiNg two  ggto and thus @ uptake as defined in PQDFig. 7 shows
different accumulation periods are compared for the siteghe daily summedgsi, based on modelled temperature, VPD
Vindeln, Vavihill, Eskdalemuir, Ilimitz and Montelibretti. and solar radiation as an average for the periods 1990-2009
Several important observations can be made from the proand 2040-2059 at the five sites in Europe. Although these
jections. Although POBPdeclines at all sites (most strongly calculations suggest a stronger summer depressiggdih
in lllmitz and Montelibretti), the decline is much smaller Ilimitz and Montelibretti, and a weak but general increase
than the decline in AOT40. Thus the estimated improvemenin spring and fall conductance for 2040-2059 compared to
in terms of risk for vegetation is likely to be larger by us- 1990-2009, the overall pattern is not suggested to change
ing AOT40 rather than the physiologically and toxicologi- much. Thus, it can be concluded that also for ROE3 earlier
cally more relevant POD While the critical level value for  noted for AOT40, the major driver of the declining POD
AOTA40 is suggested to be exceeded only and just marginallwalues was reduced emissions of @ecursors.
at Montelibretti by the end of this century, the critical level
of the POD index continues to be exceeded in Vavihill, 3.5 Uncertainties and future work
Eskdalemuir, Ilimitz and Montelibretti and, depending on
which definition of the accumulation period is used, even atin this study we have described how AOT40 is affected by
far north Vindeln. projected @ precursor emission reductions according to the

The fact that AOT40 is declining at a much faster rate RCP4.5 scenario and climate change under the IPCC SRES
than POL is related to the fact that concentrations as low A1B scenario. We have also estimated the present century
as 10-15 ppb (data not shown) will contribute to PQihen  change of POBPat five sites across Europe based on the same
stomatal conductance is relatively high. Thus R@®Pmore  climate and air pollutant emission projections. Included in
linked to the development of low to moderatg €ncentra-  the flux-based @index PO} were the influence of phenol-
tions, which are suggested to change much less than highargy and the environmental variables solar radiation, temper-
O3 concentrations and the exceedance of 40 ppb defining thature and VPD orgsio and the risk of @ damage to vegeta-
concept of AOT40. tion.

POD; generally declined at a slower rate when calculated It is important to note that this study did not include the
with an accumulation period based onSP as compared effect of changing soil moisture. Especially in southern Eu-
to when based on the fixed accumulation period calculatedope drought is an important factor influencing the, (e.g.
from the latitude and altitude model (Fig. 6). This is partly Paoletti, 2009, Biker et al., 2012). In part, this is taken into
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5278 J. Klingberg et al.: Declining ozone exposure of European vegetation

16 8
a) Vindeln oot tosapraeh 30 | b) Vavihill eyt
14 ——Critical level POD1 7 ——Critical level POD1
AOTA40 (Apr-Sep) AOT40 (Apr-Sep)
--- AOT40 (035P) i --- AOT40 (035P) 20
-~ Critical level AOT40 6 2 i -~ Critical level AOT40
— =z —
m m
5 5 = 20 E
2 7 2
€
€ =
49 e) g_
= € 15 s
g £ g
- 10
36 g 5
< e 10 <
2
5
5
1
h A -
AN Ny S . . .
1960 1980 2000 2020 2040 2060 2080 2100 1960 1980 2000 2020 2040 2060 2080 2100
Year Year
40 45 35
p— | )it ~roms o
—Critical level POD1 40 ——Critical level POD1
AOT40 (Apr-Sep) AOT40 (Apr-Sep) 30
--- AOT40 (035P) --- AOT40 (035P)
-~ Critical level AOT40 10 35 =~ Critical level AOT40
25
& 3% B
8 3 T 5
'; €25 | 20 _;
s ° o
= E =
=y €20 =
5 =, 53
s g g
< & 15 z
4 10
'll
TR S A 10
S 7 H " h
AL
s VRV A a2 s
OTVARAN 5
WV
! ¥ ¥ ‘-”“u.‘ M e,
R R VA T YPT L NPR
0 0 0 0
1960 1980 2000 2020 2040 2060 2080 2100 1960 1980 2000 2020 2040 2060 2080 2100

Year

60

—#—POD1 (lat-model)

——POD1 (year round)

—— Critical level POD1
A . AOTA40 (Apr-Sep) 1 50

60 |- N X : 1 === AOTA40 (03SP)

-~ Critical level AOT40

70 | ) Montelibretti

@

S
IS
S

POD, (mmol m? PLA)
8 &
g
AOT40 (ppm hours)

N
15}

N
S

- 10

1960 1980 2000 2020 2040 2060 2080 2100
Year

Figure 6. Modelled PO} and AOT40 af(a) Vindeln, (b) Vavihill, (c) Eskdalemuir(d) llimitz and (e) Montelibretti during 1960-2100.

POD; 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 (llimitz) and the Mediterranean
Europe Holm oak parametrisation (Montelibretti). At all sites RGIdd AOT40 was calculated for a fixed time period (not changing in

time), for POD based on the Mapping Manual latitude and altitude model (lat-model) and for AOT40 April-September. AOT40 gnd POD
were also calculated over the;®@ensitive period (gSP) shown in Fig. 4. At llimitz and Montelibretti thesSP was defined differently for

POD; compared to AOT40 in order to follow the CLRTAP Mapping Manual as close as possible (see also Table S1 in the Supplement). For
llimitz the accumulation period of PODwas assumed to occur when the air temperatures fell withifithe and Tmax thresholds of the

Sfremp relationship (PODR fiemp) and for Montelibretti the POPaccumulation period was year round with a fixed period of reduction in
stomatal conductance during summer when soil water deficits are commonly high @bround).
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Figure 7. Daily summed stomatal conductanggtf) 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 parametrisati¢a, Bimitz the Continental Central European Norway spruce
parametrisation and &) Montelibretti the Mediterranean Europe Holm oak parametrisation. The dotted line represents the 30 % threshold
of the theoretically maximum daily summegho, used to define the £sensitive period at each site.

account through the phenology function in the calculationslead to further reductions in PQDand, through a shorter

of PODy in Mediterranean Europe (see also Table S1 in theO3SP, also AOT40. Thus, improved modelling of soil mois-
Supplement). This study should be regarded as a “most sensiure across Europe would be of great value for analyses of
tive case”, representing a situation when soil moisture is nofuture Qs impact on vegetation.

limiting leaf Oz uptake. The inclusion of soil moisture could
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An additional factor with potential to significantly reduce designed toxicological experiments, such as FACE (free-air
O3 toxicity, which was not taken into account in this study, Oz enrichment) and chamber experiments including filtered
is the projected reduction in stomatal conductance under risair treatments as well as studies based on epidemiological
ing CO, concentrations in future climate (Klingberg et al., techniques, providing independent data sets to further evalu-
2011). The sensitivity of vegetation tos@vould also be af-  ate the current methodology for estimating the magnitude of
fected by potential future changes in land-use and changes ihiological effects.
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 fa¢- Conclusions

tors _have r_10t peen considered in this study, but deserve fur'i'his study considered the combined effect of projected emis-
ther investigation.

In order to focus on the effect of climate change and ge-Sion reductions according to the RCP4.5 air pollutant emis-

. ) L sion scenario and climate change under the IPCC SRES A1B
creasing European air pollutant emissions, we kept the tracer

boundary concentrations of our regional CTM constant in-_c 21O during the period 1969_2100' The following impor-
. o RS . tant conclusions can be drawn:

this study. This is clearly a simplification given the sub-

stantial role of external sources to background concentra-

tions of Gy in Europe (Wild et al., 2012). Recent studies outlined in the RCP4.5 scenario have the potential to
with gIoiba.I CTMs using climate projections and air pollu- strongly reduce the exposure of plants tpi®Europe.
tant emissions following the four RCPs (Young et al., 2013) Over wide areas AOT40 will, by the time period 2040~

point towards small (0-2 ppb) decreases of thecOncen- 2059, decrease to levels which are well belowd@it-
tration across most of the Northern Hemisphere troposphere .4 jevels used for vegetation in the EU legislation as

from 2000 to 2030. In 2100 the decreases in annual mean || a5 critical levels used in the LRTAP convention.
concentrations have increased to 5-10 ppb according to these

studies. These findings strengthen our conclusion that if Eu- — For the physiologically and toxicologically more rele-
ropean (and global) emissions follow the RCP4.5 pathway, vant POD) index the reductions are smaller, but still
O3 exposure of European vegetation is likely to be reduced substantial, especially in South and Central Europe.

— Powerful, but realistic, air pollutant emission reductions

significantly from 2000 to 2050. However, the values for POy the time period 2040—-
The results presented in this study strongly depend on the 2059 will not decrease to levels which are belowd@it-
choice of emission scenario fos@recursors in Europe. The ical levels used for forest trees, represented by Norway

RCP4.5 emission scenario assumes substantial air pollution  spruce, in the methods currently used by LRTAP Con-
abatement measures and it remains to be seen if these reduc- vention.

tions can be realised. According to the IIASA TSAP-2012
baseline scenario, which assumes full implementation of ex- - v ; B
isting air pollution control legislation of the European Union, plained by the fact that this index is more sensitive to
NOy emissions are reduced by >65 % and VOC emissions the_ development of low to moderate; @oncentrations,
decline by 40% in the EU-27 until 2030 compared to 2005  While AOT40 depends strongly on the peaks of, O
(Amann, 2012). Between 2030 and 2050 the emissions are 1€ the tlme—lnte.grated. exceedance of the concentration
more or less constant in that scenario. This suggests that for ~ ©Ver 40 ppb @ will decline much more than concentra-
the first half of the century, the decline in air pollutant emis- tions above the lower threshold (ca. 10-15 ppb) associ-
sions in the RCP4.5 scenario are actually smaller than the re- ated with POR.

ductions assumed if existing air pollution control legislation  _ |t emissions are not substantially reduced in line with

are implemented. o _ the RCP4.5 scenario, surface @ill continue to be a
The European @concentrations in 2050 are substantially serious problem to European vegetation, which is ag-

smaller than those in the IPCC SRES A1B, A2 and B2 sce- gravated by climate change.

narios under all four RCP scenarios as shown by Wild et

al. (2012). RCP4.5 is the second most optimistic of the RCP

scenarios regardinggJprecursor emission reductions. With  The Supplement related to this article is available online

this study we demonstrate that if substantial air pollution at doi:10.5194/bg-11-5269-2014-supplement

control measures are undertaken, it is possible to signifi-

cantly reduce the negative effects 0§ On vegetation in a

not too distant future.
Finally, future analyses of $effects on European vege-

tation would benefit from validation of the relevance of the

POD; index, the dose-response functions based on {POD

and the limit values used. This would require new, well-

— The smaller reductions of the P@Drvalues are ex-
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