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Abstract. The impact of climate change and changes innon-methane volatile organic compounds (NMVOC) (Isak-
0zone precursor emission on summer surface ozone in Eusen et al., 2009). &in the lower troposphere is also regulated
rope was studied using a regional CTM over the periodby climatic factors such as temperature and solar radiation
1990 to 2100. Two different climate simulations under the as well as by surface deposition which in the case of vege-
SRES A1B scenario together with ozone precursor emissiotiated surfaces is again regulated by temperature, solar radia-
changes from the RCP4.5 scenario were used as model inpuion, humidity and soil water availability (Jacob and Winner,
In southern Europe regional climate change leads to increas2009; Andersson and Engardt, 2010). Given that projections
ing surface ozone concentrations during April-Septemberpf future climate in Europe indicate substantial changes in
but projected emission reductions in Europe have a strongethese variables there is concern about increasing concentra-
effect, resulting in net reductions of surface ozone concentrations of Q; due to climate change (Royal Society, 2008).
tions. In northern Europe regional climate change decreases Several studies with regional chemistry transport models
surface Q and reduced European emissions acts to furthehave pointed out the importance of climate change for fu-
strengthen this trend also when including increasing hemiture surface @in Europe (e.g. Langner et al., 2005; Meleux
spheric background concentrations. The Europegarpi@- et al.,, 2007; Engardt et al., 2009; Andersson and Engardt,
cursor emission reductions in RCP4.5 are substantial and i2010; Katragkou et al., 2011). The previous studies based
remains to be seen if these reductions can be achieved. Thetkeir analysis on simulations over time slices of 10-30yr
is substantial decadal variability in the simulations forcedfor current and future climate. In most cases climate pro-
by climate variability which is important to consider when jections based on one global climate model was used. The
looking at changes in surfaces@oncentrations, especially purpose of the present study is to extend the analysis of fu-
until the first half of the 21st century. In order to account ture changes in surfacezOn Europe to include the com-
for changes in backgroundsQuture regional model stud- bined transient effects of changes in climate, changesin O
ies should couple global (hemispheric) and regional CTMsprecursor emissions and changes in background concentra-
forced by a consistent set of meteorological and precursotions over the 110-yr period from 1990 to 2100. We use re-
emission data. cent compilations of historic and future trends of emissions
of air pollutants over Europe and climate projections from
two different global climate models downscaled over Europe
to show regional detail.

Section 2 provides details on the setup of the current study
including general information on the utilized climate and
chemistry transport models. Section 2 also contains an eval-
uation of the modelling systems’ ability to reproduce sur-

over the northern mid-latitudes have increased by a facm'?ace Q concentrations in Europe. In Sect. 3 we present the

of two to three since the end of the 19th century ,(PamShresults. We focus on summer (April-September) mean and
et al., 2009). This is to a large extent related to increas-

) q L ¢ h " mean of daily maximum (daily max) concentrations af. O
INg man made emissions oscpregursors such as methane g mmer is the main growing season and also when surface
(CHg), carbon monoxide (CO), nitrogen oxides (NCGand

1 Introduction

Surface ozone (§) has negative effects on human health
and vegetation. Background levels of @ the troposphere
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Oz is at its maximum in Europe and hence this period is of 2040-2959 while precipitation generally decrease in south-

main interest for impacts on human health and vegetationern and south-western Europe. Connected to this is also a

Finally we present conclusions in Sect. 4. summer total cloudiness increase in northern Europe and de-
crease in southern Europe with the same spatial pattern as
for precipitation. The reduction of precipitation in summer

2  Methods and data is larger in south-western Europe in ECHAMS5 and conse-
quently also changes in cloud cover and soil moisture. These

To simulate the evolution of surface ozone over Europe durfactors are important for ozone production and dry deposi-

ing the period 1990-2100 we make use of a chain of mod-ion to vegetation. Six-hourly meteorological output on 21

els starting with global climate models (GCMs) that feeds model levels, as well as a range of output variables at the

boundary conditions into a regional climate model (RCM) surface, was stored from the RCA3 simulations to be used in

with higher spatial resolution over Europe. The resultingthe CTM modelling.

meteorological output from the RCM is then used to drive

the simulation of emissions, transport, atmospheric chem2.2 Regional chemistry transport model

istry and deposition of air pollutants in a chemistry transport

model (CTM) over Europe. We used the regional, off-line, Eulerian CTM, MATCH, to
simulate the evolution of ®and a range of other air pollu-
2.1 Climate projection tants over Europe. The model structure, boundary layer pa-

rameterization, advection scheme and numerical treatment
In order to investigate the uncertainty related to the choiceare given by Robertson et al. (1999). The chemical scheme
of GCM in projecting future climate change we used re-in MATCH is based on Simpson et al. (1993), with exten-
sults downscaled by a RCM from two different GCMs; the sions described by Andersson et al. (2007). The dry depo-
ECHAMS model (Roeckner at al., 2006) and the HadCM3 sition of gases and aerosols is calculated using a resistance
model (Collins et al., 2010). Both climate projections usedapproach depending on land surface type and for gases the
in this study were derived using the SRES A1B scenariodeposition to vegetated surfaces is coupled to soil moisture,
(Nakicenovt et al., 2000). The RCM used was the Rossbytemperature, vapour pressure deficit and photosynthetically
Centre Regional Climate model version 3, RCA3. Model de-active radiation (PAR) as described in Andersson and En-
scription and evaluation of both current and future climategardt (2010). The wet scavenging is assumed to be propor-
simulated with RCA3 is given by Samuelsson et al. (2011)tional to the precipitation intensity for most gaseous and
and Kjellstom et al. (2011). They show that the simulation of aerosol components. ForsOhydrogen peroxide and sulfur
past climate using ERA40 as forcing on the boundaries showdioxide in-cloud scavenging is calculated assuming Henry's
improvements in the climate simulated by RCA3 comparedlaw equilibrium; sub-cloud scavenging is neglected for these
to previous versions of the model. Remaining model biasespecies. Important model parameters, such as dry deposition
include underestimate of the diurnal temperature range ovevelocities and scavenging coefficients are tabulated in Ander-
northern Europe in summer and overestimates of precipitasson et al. (2007). The model domain covers Europe and part
tion and surface evaporation in northern Europe in the sumeof the North Atlantic using a rotated latitude/longitude grid
mer (Samuelsson et al., 2011). When using GCM input towith 85 by 95 cells and a horizontal resolution of .43y
drive the simulations for the control period (1961-1990) us-0.44 (ca. 50 by 50 km). In the vertical direction, the CTM
ing boundaries from HadCM3 gives lowest bias compared todomain reaches 5-6 km above the surface using 15 model
observations while the simulation using ECHAMS5 is gen- levels. The lowest model layer is 60 m thick, increasing to
erally too cold and too wet in northern Europe in sum- ~ 700 m in layer 15. The temporal resolution of the meteo-
mer (Kjellstbm et al., 2011). The climate as downscaled rological input data is six hours, interpolated to one hour in
by RCA3 carries on broad features of the climate simu-MATCH; the overall model time step is ten minutes.
lated by the parent GCM. The projection downscaled from
HadCMs3 has an average temperature change df@8e- 2.3 Emission data
tween the periods 1961-1990 and 2040-2070 for the Euro-
pean domain while the corresponding value for the projectionAnthropogenic emissions of NQsulfur dioxide, ammonia,
downscaled from ECHAMS is 20C. The HadCM3 pro- NMVOC and CO used in the MATCH simulations were
jection thereby has the second highest temperature changaken from the RCP4.5 scenario (Thomson et al., 2011;
in an ensemble of 16 projections downscaled from differentLamarque et al., 2010). The RCP scenarios have been devel-
GCM runs by RCA3 over Europe by Kjellgétim et al. (2011) oped as a replacement of the SRES scenarios and are now the
while the ECHAMS projection has the fourth lowest. Both basis for current modelling activities in the climate modelling
climate projections show an increase in summer precipitatiorcommunity. There are four RCP scenarios corresponding to
in large parts of northern Europe extending also to south-eadbtal anthropogenic radiative forcing estimated to 2.6, 4.5, 6
over Poland and Belarus between the periods 1990-2009 arghd 8.5 WnT?2 respectively in the year 2100. The RCP data
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base provides global gridded historic anthropogenic emis- 60 ;
sions and scenarios for future emissions for different sec- a)
tors and pollutants geographically resolved on & 8y50.5
latitude-longitude grid. Emission estimates are available for 50}

every ten years and for use in the CTM modelling we lin- =
early interpolated this data to yearly resolution. It should be F
noted that the RCP scenarios assume more aggressive air pol-g 40>
lution abatement measures and correspondingly larger de-
creases in @precursors both in Europe and globally com- ©
pared to e.g. the SRES scenarios. The extent to which such 30}
decreases could be achieved is debated (Fiore et al., 2012).
Aggregated over the European CTM domain,NAMVOC
and CO emissions decrease by 53, 22 and 17 % respectively, 20 2000 2020 2040 2080 2080
from year 2000 to 2050. The decrease is however not uni-
form. Looking specifically at the changes between 2000 and 60
2020 we find that emissions decrease by 50—-60 % fof IO
e.g. Germany, Italy, France, Spain and UK, while emissions
decrease by more than 80 % in Russia and Ukraine. Wild fire 507
emissions were not included in the simulation and the VOC <
speciation was constant with time. ;
Global emissions of C@and methane for 2050 are 45and & 40
37 % larger respectively in SRES A1B, used in the climate
projections, than in the RCP4.5 emission scenario used in
the CTM modelling. Global emissions of N@nd NMVOC
for 2050 are 65 and 46 % larger respectively in SRES A1B
than in RCP4.5. SRES A1B therefore corresponds to a world ‘ ‘ ‘ ‘ ‘
with substantially larger emissions of both long-lived green- 2000 2020 2040 2060 2080
house gases and air pollutants. For the climate change projec- Year
tions this is not so important for the first half of the 21stcen- { ——  HAD-EM2000-BC2000 { HAD-EM2000-BC2000
ECH-EM2000-BC2000 — ECH-EM2000-BC2000

b

Oq

307

tury where already committed emissions of long-lived green-  paiy
house gases dominate the radiative forcing while towards
the end of the century the climate change signal under th%i 1. Simulated geographical-average evolution of summer
RCP4.5 scenario would be expected to be smaller than fOE g- . geograp g -
il ] - April-September) mean surfacez@oncentration and summer

SRES A1B. For Europe emission reductions of air pollutants,aan of daily maximum surface{Qconcentration from 1990 to
in the RCP4.5 until 2020 are comparable to e.g. the PRIMES 100, Results ar) for the European land area north oP30 and
base line scenario by IIASA (Amann et al., 2010) for NO (b) south of 50 N. Thick lines correspond to a 5-yr running mean
but smaller for VOC. and the shaded areas correspond to the interval between the 5-yr

Emissions of biogenic isoprene are calculated online inrunning mean of the minimum and maximum summer mean values.
MATCH following Simpson et al. (1995). The isoprene
source strength is a function of vegetation type (i.e. tree
species), local temperature and PAR. The calculated isopren£999 and for the top boundary on ozone sonde data from Ire-
emissions increase with PAR and temperature, which ardand, UK and Norway for the period 1996—2001 (Andersson
from the driving regional climate model. The relative pro- et al., 2007). Concentrations ofs@t background locations
portion of the different tree species in each grid cell remainsin Europe have been increasing during the last few decades
the same throughout all model scenarios. There is currentlyLelieveld et al., 2004; Derwent et al., 2007) although the ob-

= ECH-RCP4.5-BCtrend
e ECH-RCP4.5-BC2000

=== ECH-RCP4.5-BCtrend
— ECH-RCP4.5-BC2000

no treatment of natural sources of nitrogen in MATCH. served trend has weakened in the first years of the 21st cen-
tury (Isaksen et al., 2009). A similar increase is also observed
2.4 Boundary conditions in the boundary layer air inflow at the west coast of North

America (Parrish et al., 2009). To assess the importance of
Boundary conditions of the chemical components simulatedcontinued increase of background ®e performed one sim-
by MATCH were held at current levels (ca. year 2000) in ulation where the background concentration @fificrease
the simulations, with a monthly, horizontal and vertical vari- by 0.1 ppb(v) yr! from 1990 to 2100. This is a weaker trend
ation as described in Andersson et al. (2007). For l&x- than has been observed during recent decades at Mace Head
eral boundary conditions are based on back-trajectory anaDerwent et al., 2007) but still implies a substantial increase
lyzed measurement data from the EMEP network for yearof background @ of 5 ppb(v) over the period 2000-2050. In
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Table 1. Modelled surface @compared to observed values over the years 1990-2009 at EBAS stations in®Europe

Observation  Model spatial RMSE
ppb(v) ppb(v) bias% correlation ppb(v) #stations

April-September mean

North of 5¢ N 317 33.8 6.8 0.06 4.8 45
South of 50 N 37.8 38.1 0.9 0.58 54 49

April-September mean of daily max

North of 5¢ N 42.4 414 -23 0.61 3.5 45
South of 50 N 52.1 48.6 —6.6 0.58 5.3 49

2 Modelled (Increasing boundary case, ER€P4.5BCtrend) and measured average values at EBAS sites were
constructed for years with measurement data capture exceeding 75 % to account for trend in emissions and observed
trend in hemispheric background. Sites at an elevation deviating more than 250 m from the model height were
excluded from the evaluation. Model data were taken from the level 3 m above surface.

this experiment we also allow the concentration of ,Gbl the present study which are 0.55 and 0.71 respectively. It is
vary according to the concentration pathway provided by theimportant to note that the comparison is sensitive to which
RCP4.5 scenario. This means that the global average corsimulated time period that is used in the comparison, due to
centration of CH increases to a maximum of 1842 ppb(v) in long-term (decadal) variations in the simulated climate that

2040 and then drops to 1576 ppb(v) in 2100. do not necessarily coincide with the observed meteorology.
The spatial correlation for average ozone north of 180s
25 Model evaluation particularly low while it is higher to the south and also higher

for average of daily maximum. The bias and RMSE for mean
O3 in north Europe is comparable to the values in south Eu-
syope and for mean of daily maximum. The low spatial corre-
lation for average ozone in the north could partly be due to
E)iases in the simulation of current climate in the global cli-
mate projection from ECHAMS. However, the scores using

played in Table 1. The @measures compared are daily mean gfltsOro;?g;ﬂo(:it:rt?]()e\'rv:écarfdefmTh Hai%?rhéllzt'sohr?\cl)\:‘ g'rgé
and daily maximum averages, for the summer half year for W vald urope, wi ' :

. 0 .
stations north and south of 58 respectively. In the evalu- and a bias of 12.4 % for summer mean concentrationssof O

ation we accounted for the fact that the emissions of ozone

precursors change over time during 1990-2009 by formings Results and discussion

and comparing station-averages only during those years with

valid observations. The number of stations given in Table 1in this section we discuss the results from four MATCH sim-
refers to the total number of stations used in each part of theilations covering the period 1990-2100:

domain. The requirement for including a station apart from ] o

the elevation difference criteria was a 75 % data capture for 1. Climate sensitivity case 1 (ECRCP2000BC2000);

each year. In the north and south, 82 and 69 % respectively ~ describing the effect of changing climate (downscaled

To evaluate the performance of the MATCH-RCA3 mod-
elling system, we compare our “Increasing boundary case
(see below) to measuredz@oncentrations for 1990-2009.
The observations were extracted from the EBAS data bas
(http://ebas.nilu.nNp The results of the evaluation are dis-

of the included stations had more than 10yr of valid data. ~ ECHAMS) on surface @ Boundary concentration of
The present setup of the modelling system shows compara-  CHaand &, and anthropogenic precursor emissions are
ble performance as earlier applications of MATCH using cli- kept at the level of year 2000.

mate model output (e.g. Langner et al., 2005; Andersson and 2. Climate sensitivity case 2 (HAIRCP2000BC2000);
Engardt, 2010), but the spatial correlation is not as good. Part modelling set up as in case 1, but simulated with an-
of the difference can be related to differences in climate sim- other climate projection (downscaled HadCM3).

ulated by the GCMs used in the different studies. Evaluation

of MATCH driven by meteorological data constrained by ob- 3. Emission reduction case (ECRCP4.5BC2000);
servations shows better correlation. For example, evaluation  where anthropogenic{precursor emissions in Europe

of a 7-yr simulation with MATCH for the period 1997-2003 follow RCP4.5, while background concentrations of
using ERA40 as meteorological input has been presented by O3 and CH, are kept at the level of year 2000. The
Andersson et al. (2009). The correlation for the whole do- climate projection downscaled from ECHAMS is used

main was in this case 0.61 for mean values and 0.87 for in this case.
daily max values which are better than what we obtained in
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Table 2. Model simulated 20-yr mean surface @nd variability?* during different periods over the European land area.

April-September daily max April-September mean

1990-2009 2040-2059 2080-2099 1990-2099 1990-2009 2040-2059 2080-2099 1990-2100
North of 50 N ppb(v) ppb(v) century?! ppb(v) ppb(v) century?
ECH.RCP2000BC2000 40 39 39 -0.5 32 32 32 -0.5
HAD_RCP2000BC2000 42 41 41 -0.8 33 33 33 -0.8
ECH_.RCP4.5BC2000 40 34 32 -9.2 32 28 26 -7.2
ECH.RCP4.5BCtrend 40 36 35 -5.0 32 30 29 -3.8
South of 50 N
ECH_.RCP2000BC2000 50 51 53 35 38 39 40 2.1
HAD_RCP2000BC2000 51 52 54 3.2 39 40 40 1.9
ECH_.RCP4.5BC2000 50 41 38 -12.8 39 32 30 -95
ECH.RCP4.5BCtrend 50 43 41 -9.7 38 33 32 -7.1
North of 50 N variability ppb(v)
ECH.RCP2000BC2000 19 2.2 2.7 1.7 15 2.1
HAD_RCP2000BC2000 1.8 2.6 1.9 1.4 2.0 15
ECH.RCP4.5BC2000 3.3 2.2 1.6 2.4 1.8 1.3
ECH.RCP4.5BCtrend 3.0 1.7 1.8 2.1 1.6 15
South of 50 N
ECH_.RCP2000BC2000 24 43 6.2 14 2.3 35
HAD_RCP2000BC2000 2.9 6.0 5.3 1.6 3.3 2.9
ECH.RCP4.5BC2000 5.7 3.7 4.2 3.2 25 3.0
ECH.RCP4.5BCtrend 5.2 3.7 4.5 2.8 2.4 3.2

2 variability is defined as the difference between the highest and lowest summer mean value in each 20-yr period. Trends are from linear regressions over the period 1990-2100.

4. Increasing boundary case (EQRCP4.5BCtrend); in-  and increase in biogenic isoprene emissions, with decrease
cluding varying anthropogenic precursor emissions inin dry deposition being the dominant effect in the southern-
Europe according to RCP4.5, increasing backgroundmost parts of Europe and both being equally important in
ozone with 0.1ppb(v)yrt and changing CHl con- central Europe (Andersson and Engardt, 2010). The reasons
centrations following RCP4.5. The climate projection for the reduced concentrations in northern Europe have not
downscaled from ECHAMS is used in this case. been addressed in detail here but both cloudiness and precip-

) ) itation increase in northern Europe in the climate projections

Figure 1a and b show the temporal evolution of summeryhich should lead to increased scavenging of ozone precur-
mean and summer mean of daily max for the four simu- o5 and less solar radiation for driving the photochemistry.
lations averaged over the European land area north and soufis interesting to note the substantial decadal variability in
of 50° N, respectively. - _ the trend of surface ©especially in southern Europe. For

The upper two lines in each four-line group correspond t0gxample, during the period 2020 to 2030 climate variability

the two climate sensitivity cases (ECRICP2000BC2000  |gads to decreasing surface i@ southern Europe in both the
and HAD.RCP2000BC2000). Here we kept the {Opre-  EcH RCP2000BC2000 and HADRCP2000BC2000 sim-
cursor emissions and boundary concentrations constant OvV&fiation. with a more prominent decrease in the latter case.
time at their year 2000 values to isolate the effect of meteoro- \yhen we include also the change in ozone precur-
logical changes. Eor northern Europe we note a slight downyo, emissions in Europe following the RCP4.5 scenario
ward trend for daily max-{0.5 and—0.8 ppb(v) century'  (EcH RCP4.5BC2000) we obtain decreasing surfacg O
for ECHRCP2000BC2000 and HADRCP2000BC2000  concentrations across Europe. The impact of reduced emis-
respectively) with small inter-annual variability. Trends over gjons in Europe clearly dominates over climate change im-
the whole period are given in Table 2. In southern EuropepactS and leads to reductions of daily maxI@th in north-
there are increases in surfacg Qver time for the climate gy and southern Europe until 21009.2 and—12.8 ppb(v)
sensitivity cases. The variability in the simulations are differ- century L, respectively). Applying a potential trend of back-
ent for different time periods, but the trends in the two Simu'ground Q of +0.1 ppb(v) yr* (ECH.RCP4.5BCtrend) re-
lations are similar (+3.5 and +3.2 ppb(v) centutyor daily  gyits in partial cancellation of thegQlecrease due to emis-
max). Earlier studies using the MATCH model have shown g changes in — especially northern — but also south-
that two main drivers for the increasing summer surfage O gy Europe. The resulting change in surface daily max O

in southern Europe are decrease in dry depositionsof@  from 1990 to 2100 in these regions now becoms.0
to reduced soil water and thereby reduced vegetation uptake,

www.atmos-chem-phys.net/12/10097/2012/ Atmos. Chem. Phys., 12, 1009765 2012
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and—9.7 ppb(v) century?, respectively. The current model 12 @) o o smoaunn |12 ) —tori Europe (19902009
setup is less well suited to model ozone trends during 1990~ —Saun g 150 ) o —Saun o 150 )
2009 since the meteorological data used to drive the CTM

simulations are taken from climate model output. Trends in

meteorological variables in the simulation are therefore not
necessarily in phase with observed changes.

Due to substantial year to year variability in the simula-
tions it is important to study averages over sufficiently long
time periods in order to find statistically significant changes.
We use climate projections from two global climate models
to account for some of the uncertainty in simulating future % 20 40 60 80 100 120 140 % 20 40 60 80 100 120 140
climate change. Although the long-term trend in the two sim- pRE(Y) pRL(Y)
ulations is similar differences for shorter periods can be largerig. 2. Frequency distributions of daily maxg@oncentrations in
as a reflection of the inherent variability in the climate sys- North and South Europe during the periods 1990-2009 and 2040—
tem. Table 2 summarizes 20-yr average concentrations ang059 in the Increasing boundary case simula@anand Climate
variability for northern and southern Europe over the peri- sensitivity case Ib). The distributions show the number of days
ods 1990-2009 and 2040-2059 and 2080-2099. The absder year one arbitrary model grid point in northern and southern
lute variability is larger in southern Europe than in northern Europe experiences daily maximun @oncentrations betweex
and itincreases with time in the climate sensitivity case based@ndX + 1 ppb(v) during the respective 20-yr period.
on ECHAMS. When using HadCM3 the variability first in-
creases and then decreases. The opposite is seen in the Emis-

sion reduction case and Increasing boundary case. The dg_rally in the range 0-3 ppb(v) for summer mean. Decrease

crease in variability until mid-century is probably due to de- 0f 03 ppb(v) in summer meanyQs simulated in the north-

. P . . e ern part of the model domain. Changes for summer mean
creasing emissions whereas the increasing variability in the P 9

ECHAMS downscaling cause further variability beyond this of daily max are somewhat larger, 3—6 ppb(v), in regions of

point as can be seen throughout the century in the Increasin outhern Europe, Wh'le the .refjuctlons in the northern part
boundary case f the model domain are still in the range 0-3 ppb(v). In-

Figure 2 shows the current and future frequency dismbu_%SESEZr?(rjealssoomci)v\v/Z?tla:?rgre;xginogig‘r?hﬂ\;\?e;:?r?gjoprg-
tions of G; concentrations in northern and southern Europejv\/hen including the trendgin RCP4.5 anthropogenic I’eCLE)I‘ )
for the Increasing boundary case and for the Climate sensi- hcluding : "~ Pog P

or emissions reductions ofs@re evident everywhere ex-

tivity case 1. For the Increasing boundary case we observg®" © ) 7 .
that there is a shift over time of the peak of the distribu- cept in northern Africa were §precursor emissions are in-

tion to lower concentrations, the shift being slightly smaller creasing until 2040 in RCP4.5 and for a few grid points close

for northern Europe than for southern Europe. For high con 0 Helsinki and Moscow. In these urban areas the reductions
in NOy emissions lead to a reduced loss of through re-

centrations we note larger changes in the frequency distribu- " . . . : .

tion both in northern and southern Europe. This shows tha ction with NO and Increasing fconcentrations locally.

emission reductions within Europe are especially effective -or mean @ the effect is visible also for a few other loca-

in reducing the highest £concentrations connected tg O tions in the _northern part. of Eur_ope, e.g. London and Am

episodes also in northern Europe although the overall averag%terdam Wh.'le the effe_ct IS not V'S'bl.e furthe_:r sou_th. Th's IS
related to differences in photochemical regimes in different

is only reduced slightly due to increasing background con- . " i :
y gntly 9 9 arts of Europe with more NGsensitive regimes in northern

centrations. When considering only climate change (keepin .
emissions and lateral boundaries at their ca. 2000 values), th urope (Beekman and Vautard, 2010). Reductions excged
ppb(v) for summer mean and 12 ppb(v) for summer daily

trends in the f distributi ite diff t. Th . . ;
rends in the frequency dIStributions are quite diteren emax in a region extending from northern Italy to Hungary.

peaks of the distributions remain unchanged in both North—F the | ina bound h q d trend

ern and Southern Europe. For southern Europe, the high endok; E ncregsmg? olun_ ary (ia?ﬁ € assutm?_ up\l/var thren

tail of the distribution is, however clearly increased during In background @clearly impacts the concen ration along the
estern and northern part of the model domain. The change

the period 2040-2059 compared to 1990-2009. This featurd’ . " .
is also seen in northern Europe, but to a lesser extent. Th ver the North Atlantic and the British Isles is reversed from

implication is that climate change increases the peak valuegegat've. to po§|tlve compared to the scenario with constant
of surface ozone. oundaries, with net ©changes now of 0 to +3 ppb(v) on

The spatial distributions of the changes in mean and dailythe British Isles for daily mean. However, most parts of the

max Qs between the periods 1990-2009 and 2040-2059 fOt](E:uropean :;a_nd arr]eas St'l.l e;pclenence%;iecreqsqg mean O
the four simulations are shown in Figs. 3 and 4 respectively orresponding changes in dally max bave a similar geo-

Climate change alone increaseg @ southern Europe in graphical pattern, but smaller magnitude.
both the climate sensitivity simulations. The increase is gen-

10

8 0.0010 8! 0.0010

0.0008 0.0008

6
0.0006 0.0006

0.0004
\\4“ 0.0002

0 80 90 100110120130 0

Number of days
(2]

N

0.0004

0.0002

n

2

70 80 90 100110120130 0

Atmos. Chem. Phys., 12, 100970105 2012 www.atmos-chem-phys.net/12/10097/2012/



J. Langner et al.: European summer surface ozone 1990-2100 10103

Fig. 3.Change in summer (April-September) mean surfagedd- Fig. 4. Change in summer (April-September), daily maximum,
centration from 1990-2009 to 2040-20%&) and(b) changes due  surface @ concentration from 1990-2009 to 2040-2089). and

to change in climate only; RCA3 downscaling of ECHAMS and (b) changes due to change in climate only; RCA3 downscaling
HadCM3, respectivelyic) ECHAM5 downscaling and change in of ECHAMS5 and HadCM3, respectivelyc) ECHAMS5 downscal-
European @ precursor emissiongd) Increasing boundary case; ing and change in Europeamg@recursor emissiongd) Increas-

the combined change due to change in climate, changeg ipr& ing boundary case; the change due to combined change in climate,
cursor emissions and an increasing hemispheric backgroung of Ochange in @ precursor emissions and an increasing hemispheric
of 0.1 ppb(v) yr_l. Non-significant changes at 95% confidence level background of @ of 0.1 ppb(v) yr_l. Non-significant changes at
are masked white. 95 % confidence level are masked white.

It is clear from the results presented above that the fu-and shifted to the east and south. For the summer period the
ture evolution of background tropospherig @ the north-  decrease is much larger2.4 and—4.3 ppb(v) for our In-
ern hemisphere will be important for the resulting surfacecreasing boundary case and Emission reduction case respec-
O3 concentration in large parts of Europe. Wild et al. (2012) tively, illustrating that the reduction in European @recur-
present estimates of regional changes of surfacba3ed on  sor emissions are much more important in summer than in
average source receptor calculations with 14 different globathe annual mean.
models for present (2001) meteorological and emission con-
ditions. They estimate that changes in annual megh&
tween 2000 and 2050 averaged over Europe would be negat Conclusions
tive for all RCP scenarios except for RCP 8.5 which has the
largest increase of greenhouse gases. The changes are siWile have studied the impact of climate change and changes in
stantially different than estimated with the SRES A1B, A2 O3 precursor emissions on summer time surfag@@er Eu-
and B2 scenarios, reflecting the assumptions of more strinrope using two different projections of global climate from
gent @ precursor emission controls under the RCP scenarthe SRES A1B scenario and the combined effect of also in-
ios. Domain and annual average changes in megm ©ur cluding ozone precursor emission changes under the RCP4.5
Increasing boundary case-+€.2 ppb(v) which can be com- scenario over the period 1990 to 2100. The following con-
pared to-2.7 and +0.3 ppb(v) estimated by Wild et al. (2012) clusions can be drawn:
for RCP4.5 and 8.5 respectively. The change in our Emis-
sion reduction case, which assumes that background O 1. In southern Europe regional climate change gives a sub-
unchanged around Europe, 4€2.5 ppb(v) which is similar stantial positive contribution to future surface €on-
to the total change given by Wild et al. (2012) for RCP 4.5 centrations, but emission reductions are more important
but it is somewhat larger than the change they estimate dueto  leading to reduced £concentrations, also when includ-
reduction in European precursor emissions for RCP 8.5 and  ing increasing hemispheric background concentrations.
2.6, which are about-1.5 to —2 ppb(v). It should be noted
that the European domains used in these calculations are not2. In northern Europe regional climate change decreases
identical; the domain used by Wild et al. (2012) being larger surface @ and reduced emissions acts to further
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