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Abstract. Predicting how European air quality could evolve analyses, the simulation accurately reproduces the observed
over the next decades in the context of changing climatevalues of Q, NOy, SO, and, with some bias that can be ex-
requires the use of climate models to produce results thaplained by the set-up, P). We study how the simulations
can be averaged in a climatologically and statistically sounddriven by climate forcings differ, both due to the realism of
manner. This is a very different approach from the one that ighe forcings (lack of data assimilated and lower resolution)
generally used for air quality hindcasts for the present periodand due to the lack of representation of the actual chronology
analysed meteorological fields are used to represent specifef events. We conclude that the indicators such as mean bias,
cally each date and hour. Differences arise both from the factmean normalized bias, RMSE and deviation standards can be
that a climate model run results in a pure model output, withused to interpret the results with some confidence as well as
no influence from observations (which are useful to correctthe health-related indicators such as the number of days of
for a range of errors), and that in a “climate” set-up, simula- exceedance of regulatory thresholds. These metrics are thus
tions on a given day, month or even season cannot be relatectbnsidered to be suitable for the interpretation of simulations
to any specific period of time (but can just be interpreted in aof the future evolution of European air quality.

climatological sense). Hence, although an air quality model
can be thoroughly validated in a “realistic” set-up using anal-
ysed meteorological fields, the question remains of how far

its outputs can be interpreted in a “climate” set-up. For thisl Introduction

purpose, we focus on Europe and on the current decade

using three 5-yr simulations performed with the multiscale The issues of climate change and air quality are intertwined;
chemistry-transport model MOCAGE and use meteormogi_anthropogenic emissions contribute to climate change, and
cal forcings either from operational meteorological analysesthe evolution of the climate through changes in meteoro-
or from climate simulations. We investigate how statistical logical parameters (temperature, precipitation) impacts con-
skill indicators compare in the different simulations, discrim- centrations and distributions of pollutants in the atmosphere.
inating also the effects of meteorology on atmospheric fieldsn the lower troposphere, ozone {0s a pollutant that af-
(winds, temperature, humidity, pressure, etc.) and on the defects human health'fHO, 2004 Schlink et al, 200§ and
pendent emissions and deposition processes (volatile organk@uses damages to cropsulirer and Booker2003 and
compound emissions, deposition velocities, etc.). Our result§COSystems. s a secondary pollutant; its principal precur-
show in particular how differing boundary layer heights and SOrs are carbon monoxide (CO), volatile organic compounds
deposition velocities affect horizontal and vertical distribu- (VOCs) and nitrogen oxides (N@emitted by both natural

tions of species. When the model is driven by operational(Piogenic) and anthropogenic (transport, industries) sources.
Several studies have shown how ghotochemistry depends
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upon meteorological conditions such as temperature and preaverage from 1961-1990 to 2071-2100, based on the A2
cipitation. During summer, conditions of high temperature scenario, and highlighted the role of surface deposition pro-
and low precipitation favor oxidant accumulation, and sur-cessesCarvalho et al(2010 concluded that Pl levels
face concentrations of £reach high valuesGuicherit and  will be impacted by climate change depending on the month
van Dop 1977 Sillman, 2000 and have the potential to ex- and region, with a maximum increase reaching 30 gg m
ceed air quality standards. These conditions also favor thén September over Portug&zopa et al(2006 investigated
production of secondary pollutants such as sulphate and niimpacts of local anthropogenic emission changes and back-
trate aerosols, and organic aerosols which can contribute tground Q changes. They estimated that thed@ncentration
the high levels of particulate matter (PM) during summer-in July may increase up to 5ppbv across Europe by 2030.
time. Nevertheless, the frequency and intensity of pollutionAccording to all these findings, the expectation of a warmer
episodes vary considerably from year to year depending omlimate in the next decade may well affect air quality directly
weather; as an example the summer 2003 heat wave in Eudespite regulations to reduce the emission of pollutaais (
rope has been associated with exceptionally higls@cen-  ropean Commissiqr2008.
trations (angner et al.2005 Vautard et al. 2005 2007, In most “climate” studies, air quality modeling systems
Guerova and Jone2007 Solberg et al.2008. In fall and  are chemistry-transport models (CTM) that rely on global or
winter, stagnant conditions also enhance levels of primaryegional climate models to provide the meteorological forc-
pollutants (S@, NOy) in the atmosphere and thus concen- ings for future periods. The purpose of this paper is to as-
trations of PMg (particles with an aerodynamic diameter sess how realistic air quality hindcasts are when driven by
smaller than 10 um), another pollutant of concern connectedorcings from climate models for the current period over
to air quality and health problems. Europe, in comparison to a reference obtained using in-
The interactions between climate change and air qualitystead analysed meteorological forcings (analyses), which in-
have been already extensively studied. At the global scaleclude meteorological observations and are thus very real-
studies Prather et a).2003 Dentener 2006 have for in-  istic and specific for each single date. The results will be
stance evaluated the effects of changing emissions and clievaluated using a range of statistical tools and air quality
mate on surface §concentrations under an A2 scenario indicators. In our study, we have used the chemistry and
(IPCC AR4).Dentenel(2006 showed that global mean sur- transport model MOCAGE of Kieo-France Reuch et al.
face @ may increase by about 4432.2 ppbv by the year 1999 for three multi-year simulations covering the present
2030 and the area of global natural ecosystems exposed time (2004—-2008) over a European domain. Comparisons be-
critical nitrogen deposition may increase up to 25 % by thistween the simulations and the AirBase observations allow
time. Regional models centered over the continental Unitedus to infer how a range of statistical indicators are affected
States have been used to examine US air quality in the fuwhen using different types of forcings. This work will pro-
ture due to climate change alone independently of evoluvide guidance on how far to interpret air quality hindcasts
tion in emissions in North America and elsewherm@refe  relying on climate model outputs, which is essential for the
et al, 2004 Knowlton et al, 2004 Dawson et al.2009. study of future air quality.
Hogrefe et al(2004 concluded that the average daily sum- In this paper, Sect. 2 describes the modeling approaches
mertime maximum 8-h @concentrations will increase by and the numerical experiment design. We also discuss the
2.7 ppbv and 4.2 ppbv for summers in the 2020s and 2050sstatistical indicators and the representativeness of the mea-
respectively. In the literature, a set of regional models havesurement stations used for this study. Section 3 compares
similarly focused on the European region to isolate the im-simulations in order to evaluate separately how emissions
pacts of climate changééngner et al.2005 Meleux et al, and meteorological changes affect the distributions of pol-
2007 Giorgi and Meleux2007 Carvalho et a].201Q An- lutants over Europe. Finally, the experiments run with the
dersson et al.201Q0 Katragkou et al.2011 Huszar et al.  analyses and the climate forcings are compared against ob-
2011, Juda-Rezler et gl2012. PreciselyZlatev(2007) and  servations in Sect. 4. The statistical indicators that produce
Langner et al(2005 presented the impacts of climate change similar results for the two experiments will be the most use-
on air quality over Europe with a constant emission rate andul ones to consider when examining future trends.
showed an increase in photochemical production in future
climate scenarios. IMeleux et al.(2007), the authors iso-
lated the impacts of European summer climate change o2 Methodology
the increase in ®@levels by using the same emissions and
global chemical boundary conditions for the present day and2.1  Model set-up and experimental design
future periodsKatragkou et al(201J) investigated the sen-
sitivity of surface ozone to the future climates of the 2040sThe model used in this study is the three-dimensional multi-
and 2090s by studying changes in meteorological paramescale chemistry-transport MOCAGE (Mélé de Chimie At-
ters under an A1B scenariéd\ndersson et al(2010 sug-  mosplerique a Grande Echelle), which simulates the in-
gested changes in surface ozone betwedrto 13 ppbv on  teractions between the dynamical, physical and chemical
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processes in the troposphere and stratosptireach et aJ. For the anthropogenic emissions, the inventory is the one
1999. The configuration allows for the representation of (Visschedijk and Denier van der GoR005 Pouliot et al,
both long range transport of pollutants and regional impacts2012 developed for the Global and regional Earth-system
of pollutants on air quality. This model is used for operational Monitoring using Satellite and in-situ data (GMES) project
air quality forecasting in Francehttp://www.prevair.org  (Hollingsworth et al. 2008. This inventory has a high spa-
Honote et al, 2008 and in the context of the GMES atmo- tial resolution compatible with our model and a temporal res-
spheric monitoring serviceHpllingsworth et al.2008, and  olution of 1 h. It is representative of the year 2003. We chose
has been evaluated during several campaigns, see for instannet to modify emissions depending on each specific year as
Dufour et al.(2004 andBousserez et a(2007). this would be meaningless for runs driven by climate forc-
MOCAGE uses a semi-Lagrangian advection schemengs. Biogenic emissions of isoprene and monoterpene are
(Williamson and Rascgh. 989 to transport chemical species. calculated offline with MEGANv2.04 modeGuenther et a).
On the vertical, the configuration has 47 hybrid levels from 2006. Two types of input files were required: the land cover
the surface up to 5 hPa with a resolution of about 150 m in thevariables (leaf area index, plant functional type and emis-
lower troposphere increasing to 800 m in the higher tropo-sions factors) and the weather data. The land cover variables
sphere. Turbulent diffusion is parameterized with the schemare available at a spatial resolution 96 km (150 s longi-
of Louis (1979 and convective processes with the schemetudex 150 s latitude). The meteorological fields (tempera-
of Bechtold et al(200]). The chemical scheme used in this ture, solar radiation) are provided either by ARPEGE anal-
study is RACMOBUS,; it is a combination of the strato- yses or ARPEGE-Climate simulations.
spheric scheme REPROBUSeféevre et al. 1994 and the The numerical experiment design is as follows (Table
tropospheric scheme RACMs{ockwell et al. 1997). Over-  Three five-year periods of the current climate were simu-
all, this chemical scheme includes 119 individual specieslated using different meteorological forcings and surface pro-
with 94 prognostic variables and 377 chemical reactions. Incesses. ANALY simulation acts as the reference. INT relies
our study, a sulfur cycle has been implemented; the oxidaupon meteorological forcings from a climate model, and sur-
tion reactions in the gaseous and aqueous phases lead to tfece exchanges (weather-dependent emissions and deposi-
formation of sulphate aerosols asheénegoz et al(2012. tion velocities) are the same as for ANALY. CLIM is driven
These reaction mechanisms are provided in the Supplemenby climate forcings, and surface processes are computed with
MOCAGE simulates the evolution of five types of aerosols: meteorological conditions of ARPEGE-Climate. The sum-
black carbon, sea salts, desert dusts, anthropogenic primarmer heat wave of 2003 was uncharacteristic of the current cli-
particulate matter and sulphates. They are compartmented imate, and studies have shown a similar pattern of heatwaves
size bins Martet et al, 2009 and divided into 6 bins for  with future climate conditionsMeleux et al, 2007 Solberg
each aerosol compound: between 0.1 pm and 100 um for dugtt al, 2008. The climatological forcings from ARPEGE-
aerosols, 0.001 um and 10 pm for black carbon, 0.03 um an€limate are representative of the current decade and do not
20 um for sea salt, 0.005um and 10 um for anthropogeniaeproduce the extremely hot and cold events. For this reason,
particulate matter and 0.01 um and 20 um for sulphates. Niyear 2003 is not considered in the statistical comparisons.
trate and organic aerosols are not taken into account in thi§Ve chose the 2004—2008 period for our simulations. 5yr is
study. A negative bias is thus expected by design on total PMa short time on the one hand to represent the meteorological
The model uses two-way nested domains on°& 2° variability over Europe. On the other hand, we require that
horizontal grid over the globe and a ©8:20.2° horizon-  emissions do not evolve too much in time during the period,
tal grid over Europe (3ON-70° N; 15° W-35 E). Three- and 5yr is certainly at the limit for such an assumption. The
hourly forcings are used for meteorology in this study, from choice of 5yr is thus clearly a compromise.
either operational analyses frométdo-France (ARPEGE,
Courtier et al, 1997) or from climate simulations obtained 2.2 Statistical indicators
with ARPEGE-Climate, (version 5.Déqlé et al, 1994, for ) )
the present decade. The resolution of ARPEGE is in a T79d" Europe, air quality thresholds of acceptable levels gf O

spectral stretched grid (resolution of around 15 km over Eu-(EUropean Commissior2003, NO, and SQ (European
rope and 60 km in the Pacific) while ARPEGE-Climate op- COmmission 1999 200]) and PMs and PMo (European

erates on a T63 triangular truncation, equivalent to a resoCOMMIssion1999 2001, 2008 have been established in or-

lution of about 2.8. Anthropogenic forcings of ARPEGE- der to protect and inform populations, as described in Ta-
Climate (GHG, aerosols) refer to the climatology of the PI€ 2. The impact of these air quality policies, in Europe
present time. For the present simulation, ARPEGE-Climate2nd in the world as well, can be evaluated using numerical
is driven by prescribed observed SSTs (sea surface tempefil duality modeling. As an example, in Europe, the CAFE
atures), and for the future simulations, the SSTs are thu$C!e@n air for europe) program has been set up to assess the
from RCP8.5 scenario ocean—atmosphere coupled simuldMPacts of these policies on the pollutants’ levalui{elier
tions. Meteorological forcings are interpolated horizontally etal, 2007).

on the two MOCAGE domains.
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Table 1. Simulations considered for the present study.

Simulations  Periods Meteorological Emissions Deposition
forcings anthropogenic biogenic desert dust, sea salt velocities
ANALY 2004-2008 ARPEGE GEMS MEGANv2.4 ARPEGE ARPEGE
/ARPEGE

INT 5yr of ARPEGE-Climate GEMS MEGANv2.4 ARPEGE ARPEGE
2000-2010 climate /ARPEGE

CLIM 5yr of ARPEGE-Climate GEMS MEGANv2.4 ARPEGE-Climate = ARPEGE-Climate
2000-2010 climate /ARPEGE-Climate

Table 2. Some regulatory European air quality thresholds gf O Table 3. Definition of the metrics used in the evaluation of the
NOy, SO, and PMg levels. MOCAGE model performancel refers to the modelQ refers to
the observationsV = % > (M;)andO = % >(0)).

Pollutant  Parameter Threshold values
M bi
O3 hourly average 180 ugﬁ"f' eanblas MB=LY"  (M—0)=H—0
; ; ; m ] ] =n Zi=1'\Mi i)=
daily maxima of 8 h running 120 ug Mean normalized bias
NO» hourly average 200 ug e MNB = L s Mi=0;
| average 40 pgTA - SN &=l o
annual averag Hg Mean fractional error
SO, hourly average 350 ugﬁ‘?’ MFE = % Y, (‘%i_gi‘)
i 7 = i+0i
daily average 125pgm Mean fractional bias
PMyg daily average 50 pg me MFB= 2 3 E%i;gi;
1= i i

Correlation coefficient ) .
Y iz1(Mi=M)(0;=0)

r= n 1\2 \ N\ 2 172
{(Yii(Mi—M)2 Y11 (0i—0)?}

In order to forecast air quality, to understand the dynamics =~ Root mean square error

of air pollution and to develop regulations to reduce emis- RMSE= /& >, (M; — 0;)2
sions, air quality modeling systems are needed. A variety of ~Sigma ratio

metrics has been used over the years to evaluate the perfor- o= V& Xl (M —)?
mance of air quality modeldJS-EPA 1984 1991, Chang JEY 1(0;-0)2

and Hanna2004 Boylan and Russell200§. Mean bias
(MB), mean normalized bias (MNB), root mean square er-
ror (RMSE) and correlation coefficient (CORR) are com-
mon statistical parameters used by the mode“ng Community_stl.ldy. The definitions of these metrics are indicated in Ta-
Furthermore, the mean normalized bias error (MNBE) andble 3. We also considered the mean diurnal cycle and the tem-
the mean normalized gross error (MNGE), normalizing theporal series. Mean diurnal cycles are averaged over all avail-
bias and error for each model-observed pair by the observaable days of concentrations for each 24 h period, while time
tions, are also useful parameters. For the evaluation of particseries are based on the daily mean. Seasonal mean statistics
ulate matter concentratioBoylan and Russel2006 sug- are computed, with seasons corresponding to summer (June,
gested the consideration of the mean fractional bias (MFB)uly, August and September) and winter (December, January,
and the mean fractional error (MFE) parameters instead of€bruary and March). We chose to study these two seasons
MNBE and MNGE. They proposed that the model perfor- of interest in air pollution while autumn and spring are rather
mance criteria would be met when both MEE5% and  transitional seasons. As summarized in Tahlenetrics are
MFB < +60 %, respectively. The model performance goal calculated for hourly values and daily averages forNED;
would be met when both MFE 50 % and MFB< +30 %. and PM g, while the hourly value and daily maximum 8-h av-
The US-EPA suggested several performance criteria for simerage concentration (M8h) statistics are computed forO
ulated @, such as MNBE< +15% and MNGE< 435 % as the Mk 8h is one of the most important parameters to be
(US-EPA 1991), while the EC proposes a modeling quality considered for this species.
objective given as a relative uncertainty (%): 50 % and 30 %
for PM1g/PM25/03 and NQ /SO, annual average, respec-
tively (European CommissioR008.

The model to data statistics MB, MNB, RMSE, correla-
tion coefficient and sigma ratio are selected for the present

Geosci. Model Dev., 5, 1568587, 2012 www.geosci-model-dev.net/5/1565/2012/



G. Lacressonnere et al.: Air quality hindcasts driven by forcings from climate model

Table 4. Metrics considered in the evaluation 0§ NOx, SO, and PM g concentrations.

1569

Indicators Parameters Codes
O3 NOx SO, PMsg

Mean bias hourly value MBgH MBNOxH MBSO;H -

daily mean - MBNQDM MBSO,DM MBPM1g

M x8h MBO3MAX - - -
Mean normalized bias hourly value MNBE& MNBNOyH MNBSO>H -

daily mean - MNBNQDM MNBSO,DM  —

M x8h MNBO3MAX  — - -
Mean fractional bias daily mean - - - MFBRM
Mean fractional error daily mean - - - MFERMW
Correlation coefficient  hourly value CORRB CORRNGH CORRSGQH -

daily mean - CORRN(DM CORRSQDM CORRPMyg

M x8h CORRGMAX - - -
Roor mean square error  hourly value RMSED RMSENGH RMSESGH -

daily mean - RMSEN¢(DM  RMSESGDM  —

M x8h RMSEQMAX - - -
Sigma ratio hourly value oO3zH oNOxH o SOH -

daily mean - oNOxDM 0 SO,DM oPMz1q

M x8h o O3MAX - - -
SOMO35* Mx8h SOMO35 - - -

* SOMO35: annual sum of excess of daily maximurh Btean ozone over the cut-off of ph

a) O3 b) NO,

2.3 Observations and representativeness

In order to evaluate the performance of MOCAGE and to
be in position to investigate and put into context the differ-
ences between the simulations, we used AirBase (Version 5;
measurement data. The AirBase metadata describes both tI°
site area (urban, suburban or rural) and the site type (traf
fic, industrial or background). Giving the spatial resolution
of our model (0.2 x 0.2°), not all the reporting sites are rep-
resentative enough. Idoly and Peuclf2012, an objective  Fig. 1. Mean diurnal cycles of @(a) and NG (b), as a function of
classification of the AirBase sites based on past measureiour, simulated with MOCAGE (dashed lines) and observed by Air-

ments has been proposed in order to overcome issues of |ladgase (solid lines) averaged for the summer (JJAS) of 2007. Diurnal

of homogeneity and erroneous information in the metadataCYcles are represented for the classes 1-2, 1-5, 1-10 and 6-10.

This classification allows for selection of the monitoring sites

that are representative of the spatial resolution of our model.

Through 10 classes, the less polluted stations (class 1) areersus for classes 1-10) due to titration by NO. Nevertheless,

distinguished from the very polluted sites (class 10). The ro-simulated Q values do not decrease as much as the observa-

bustness of this approach is obtained with a pollutant-specifitions for classes 6—-10 and 1-10. As expected, a large vari-

classification, taking into account that transport, chemistryation in observed NQconcentrations is seen when the sta-

and lifetime are specific to each pollutant. tions considered are from different class types. Except when
In order to highlight the effect of site representativeness,considering sites of classes 1-2, the amplitude of d@n-

we have compared the summertime (JJAS) average diurnalentrations is generally underestimated by the model. The

cycles for classes 1-2 (1 and 2), 1-5, 1-10 and 6-10 oveamplitude of the median diurnal cycles changed significantly

France for @ and NQ (Fig. 1) for the simulation ANALY. between categories 1-2 and 1-5 both for,Nddd G. For

The median diurnal cycles observed (red) and simulated wittclasses 6—10 and 1-10, i.e. when most polluted sites are con-

MOCAGE (black) are presented for the year 2007. As shownsidered, the model does not reproduce the high observed val-

in Fig. 1, the modeled variability of ozone and M@ not  ues because, at least in part, of the model’s horizontal reso-

as pronounced as in observations, whatever the type of sitefution.

During nighttime hours, ozone levels decrease when polluted To conclude, the choice of the sites used for verifica-

stations are added to the sample (statistics for classes 1-bn according to an objective classification allows for an

- - MOCAGE/"6-10"

NOx, microgr/m3

© 1
Time (hours) Time (hours)
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Fig. 2. From top to bottom: average summertime surface temperdtGjegrecipitation (mm 1), humidity (g kg~1) and planetary bound-
ary layer height (m) for the summer period (JJAS) of ANALY and INT. Differences between ANALY and INT are shown on the right.

improvement in accounting for representativeness. Fof,NO into account for each pollutant and country are summarized
which are short lived species, it is necessary to reduce thén Table5.

sample of sites to classes 1-2 only to focus on sites that

are representative enough for the model grid size. Due to

transport effects, 5 classes (1-5) can be used to evaluat¢ Results

simulations for longer-lived species such ag i@ order to

have a larger geographical basis. The spatial distribution ofn the following section, we discuss MOCAGE’s capabil-
PMjo (not shown) has the same behavior ag @nd the ity to simulate realistic air quality hindcasts when driven by
same conclusion can be applied. In conclusion, the perforforcings from climate modeling for the current period. We
mances of MOCAGE will be assessed by comparing simula-will evaluate statistical tools and air quality indices and com-
tions against observations at sites of classes 1-54car@  pare how they evolve with different sets of forcings. Two
PMjo, and of classes 1-2 for NGand SQ (not shown, but  main parts can be distinguished. First, in Sect. 3.1, compar-
same behavior as N The number of sites finally taken isons between ANALY and INT, as well as between INT and

Geosci. Model Dev., 5, 1568587, 2012 www.geosci-model-dev.net/5/1565/2012/
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Table 5. Number of representative sites available by countries andaverage PBLs in ANALY than in INT are seen over Spain
species. Countries are, from left to right, France (FR), Spain (ES)and Greece.

England (GB), Germany (DE), Italy (IT) and Poland (PL).

In Fig. 3, we represent the average surface concentra-
tions of G; (a), isoprene (b), NQ(c), SG (d) and sulphate

Species  Classes Countries aerosols (e) for the summertime 2004—2008 in ANALY and
Europe FR ES GB DE IT PL INT. Here, the observed changes in pollutant distributions are
03 15 970 201 191 33 202 54 47  only due to differences in the meteorological conditions, as
NOy 1-2 354 68 115 - 97 9 - emissions and deposition velocities are identical. The spatial
SO 1-2 342 31 101 7 101 17 7 pattern of mean @concentrations is similar for the two sim-
PM1o 1-5 824 168 151 47 259 - 28 ylations over the European domain. The highest concentra-

CLIM, allow us to detect the effects due to the meteorolog-
ical forcings and to changes in surface exchange fluxes, r
spectively. As described previously, ARPEGE analyses an
ARPEGE-Climate fields differ regarding horizontal resolu-
tion. Surface exchanges (emissions that depend upon m
teorology, as well as surface deposition) have been com
puted with two sets of meteorological conditions (ARPEGE

and ARPEGE-Climate). The differences are for the biogenic

volatile organic compounds, desert dust and sea salt emi

e_

tions are found in Southern Europe, over the Mediterranean
Sea (50-60 ppbv), caused by intense photochemical produc-
tion of O3 (EEA, 2005 Vautard et al.2005. The meteoro-
logical fields such as temperature influence the production
f O3 (Meleux et al, 2007 Hedegaard et gl2008. Fields of
change in @ present some similarities to the changes in tem-

é)_erature (Fig2). As noticed previously, over Spain, Africa

and Northern Europe ANALY outputs higher temperatures
up to 4-5°C and higher @ concentrations{6-8 ppbv). The
highest positive temperature differences seen over Europe

relate to the highest positivezQlifferences. Other studies

r‘:ﬁave shown that among all the meteorological parameters,

sions, as well as for deposition velocities, which depend o
meteorology. Section 3.2 presents statistical skill scores o
ANALY and CLIM against AirBase data (for “representative
sites” only).

%he one that causes the greatest impact on ozone is temper-
ature Pawson et al.2007). Nevertheless, as explained in
Katragkou et al(2010, other variables such as differences

in solar radiation, zonal and meridional winds and changes
in atmospheric stability also impact ozone concentrations.
Similar temperatures andsGpatial patterns with the oppo-
site sign are observed over the Mediterranean basin (ltaly,
Greece).

High concentrations of isoprene, in the range of 2.5—
Figure2 shows the mean differences in surface temperature3 ppbv, are simulated over North Africa and Greece with the
precipitation, humidity and planetary boundary layer heightsimulation INT. The biogenic emissions calculated to drive
(PBL) for the JJAS period between ANALY and INT run. ANALY and INT are the same, but the differences in sim-
The purpose is to evaluate briefly how climate meteorolog-ulated isoprene cannot be explained by the isoprene emis-
ical forcings differ from the analyses. For the comparisons,sions or the temperature fields. A longitudinal cross-section
we have thus averaged spatially the analyses fields to a hofnot shown) at a latitude of 38N (across Africa) displays
izontal resolution similar to the climate run. Focusing on higher isoprene concentrations at the surface from 0 to 10
the temperature first, similar structures are found over Eu-with INT. The accumulation of isoprene near the surface can
rope and an increasing gradient from the northern to themainly be explained by the boundary layer, which is less
Mediterranean areas. However, over the northeastern pawell-mixed in INT than in ANALY.
of the domain, the temperatures simulated by ANALY are The simulated distributions of summertime averagey,NO
locally significantly higher up to 4-8C. In contrast, over concentrations (N@ NOy) show levels around 8-12 ppbv in
the Italian and Greek areas, INT displayed higher temperathe Netherlands, Belgium, central and eastern England and
tures. The lower resolution of INT described previously ex- the industrial Po Valley (Fig3). In ANALY and INT, higher
plains partly the differences observed because ANALY dis-concentrations of NQare also found over major shipping
plays more structured fields. Orography is smoothed in INTroutes (North Sea, Gibraltar) and near emissions sources.
and the fields are representative of the current decade. Highdiropospheric columns of NO(not shown) are identical in
precipitations are simulated by INT over Europe and NorthANALY and INT; the differences seen over Europe at the sur-
Africa, but the spatial patterns are similar between the twoface are mainly explained by differing boundary layer mixing
simulations. Concerning the humidity, the spatial pattern isin the two experiments.
correctly reproduced by ARPEGE-Climate, with higher hu-  Simulated S@ concentrations over Europe display their
midity over the Mediterranean Sea. The PBL is another im-highest levels over Spain, Eastern Europe (Poland, Romania,
portant field to be considered as it affects the dilution of Greece) as well as Belgium and the UK. Over northern Spain
pollutants in the atmosphere. As depicted in Flghigher  (Fig. 3), the concentrations reach up to more than 8 ppbv

3.1 Comparisons between ANALY, INT and CLIM

3.1.1 Impact of changes in meteorological fields on

European air pollution levels
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(due to large plant sources in coastal Spain in the emission$ropospheric columns of sulphate (Fid). indeed indicate
dataset). Similar geographical distributions and ground lev-very similar quantities in the two simulations.
els of SQ are observed in ANALY and INT. Once emitted  To sum up, meteorological forcings (temperature, humid-
in the atmosphere, SOeads to the formation of sulphate ity, horizontal and vertical winds) differ in ANALY and INT.
aerosols. Over the northeastern part of the domain, the levThese differences lead to changes in the vertical and horizon-
els of sulphate are higher in INT than in ANALY. Figuke tal simulated distributions of pollutants. For all pollutants,
shows higher precipitation and humidity in ANALY than in primary as well as secondary, differences are primarily due
INT over this area. These differences imply enhanced transto differing PBL mixing heights in the two simulations.
formation of SQ into sulphate aerosols but also increased
wet deposition; those two contrasting effects can explain the3.1.2  Impact of changes in surface exchanges on
differences seen in sulphate concentrations for the two simu- European air pollution levels
lations. Figured represents a latitudinal cross-section of sul-
phate at the longitude of S&, averaged for the summertime Comparisons between INT and CLIM indicate the contri-
period of 2004-2008 (JJAS). From¥ to 7 N, the ver-  bution of surface processes on the pollutant level changes.
tical extent of the sulphate distribution is lower in INT than The differences between these simulations are related to the
in ANALY. The difference in sulphate near the surface is duebiogenic emissions of isoprene and terpene, the desert dust
to differing PBL mixing properties in the two simulations. and sea salt emissions, as well as the deposition veloci-
ties. In Fig.5a, the spatial distributions of summer isoprene
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Deposition velocity-INT Deposition velocity-CLIM Deposition velocity/INT-CLIM

Fig. 7. O3 deposition velocity averaged for the summertime period simulated by INT (left) and CLIM (middle). Differences between INT
and CLIM are shown on the right.

emissions in INT and CLIM are shown. Temperature anddifferences lead to differing concentrations between INT and
solar radiation are key driving variables that regulate emis-CLIM. In the case of N, higher concentrations observed
sions of isoprene and other biogenic volatil organic com-in CLIM over the northern area (as in England, Belgium)
pounds (BVOCs) Guenther et al.1993 1995 2006. In are related to lower flux deposition at the surface. In addi-
accordance with the temperature field differences (Bjg. tion, SG concentrations rise by 1-1.5ppbv in CLIM over
higher levels of isoprene are emitted in INT over central northern Spain and Belgium (Fic); the simulated changes
Spain, Central Europe, Scandinavia and the northeastern paare related to the SOdeposition fluxes (FigBc). Very simi-
of Africa than in CLIM. The changes in isoprene emissions lar distribution and levels of sulphate aerosol are observed in
induce corresponding changes in the geographical pattertNT and CLIM (Fig. 6e) across Europe.
of isoprene concentrations. Elevated concentrations of iso- In summary, the comparisons between ANALY and CLIM
prene & 1 ppbv) are observed over Central Europe, Greecerepresented in Figd have revealed the contribution of both
and North Africa in INT compared to CLIM (Figgh). The  meteorological and flux changes to simulated air pollutants.
mean deposition fluxes (ugThs™1) of isoprene (Fig5b) The differences linked to the meteorological parameters or
show smaller differences between INT and CLIM. surface processes are pollutant dependent. Depending on the
Over Central Europe, ©deposition velocities are higher species that are considered, the differences can be driven
by up to 0.2-0.3cms! in INT than in CLIM (Fig. 7). Av- mainly by the meteorological fields or the emission invento-
erage nighttime and daytime velocities have been calculatedes. The meteorological and surface process effects can also
for both INT and CLIM; daytime is considered to be from compensate each other. Over the whole domain, the changes
08:00 to 16:00 UTC and nighttime is considered to be fromin sulphate concentrations between ANALY and CLIM are
20:00 to 04:00 UTC. For INT, daytime and nighttime mean mostly determined by chemical, physical and dynamical pro-
deposition velocities reach 0.57 cmisand 0.24 cmst, re- cesses due to the meteorological fields (humidity, precipita-
spectively, over land (0.06 cnm$and 0.05cm st over sea).  tion). The major changes in isoprene concentrations (Spain,
For CLIM, daytime and nighttime mean deposition velocities North Africa, Greece) are attributed to both changes in atmo-
reach 0.54cms! and 0.24cms! over land (0.05cmst spheric circulation and stability (ANALY vs INT), as well as
and 0.04 cm's! over sea). Over land, similar deposition ve- to differences in surface emissions and deposition (INT vs
locities are thus calculated in INT and CLIM. Higher veloci- CLIM). For the short lived species N@nd SQ, we see that
ties are found during the day as it is known thatd@position  the larger changes are localized near the high emission spots.
velocity has a strong diurnal cycle due to increase in surfacdn case of S@, the differences between ANALY and CLIM
resistance at night. The mean deposition fluxes (fagsn?) over Europe are explained by both the changes in deposition
of O3, NOy, SO and sulphate have been computed for the fluxes and by the meteorological fields. Thg&ncentration
summertime period (Fid). In Fig. 6, the changes in concen- differences between the two simulations are partly related to
trations between INT and CLIM follow the changes in depo- the changes in meteorological fields (such as temperature)
sition fluxes and velocities. Where higher deposition fluxesbut are principally due to the changes in deposition veloci-
are seen in INT than in CLIM (parts of Spain, England, Italy ties.
and the north and west of France), higher concentrations of
ozone are simulated in CLIM. On the contrary, over otherar-3 2 gtatistical results: ANALY and CLIM against
eas (mainly in Central Europe) the mean deposition flux is AirBase
higher in CLIM compared to INT, leading to higher concen-
trations in INT than in CLIM.
In contrast with Q, smaller differences in flux deposition
are observed for NQ SO, and sulphate; nevertheless, these

First, in Sect. 3.2.1, we discuss the interannual variability
simulated by the model. The statistical records are then de-
scribed in detail in Sect. 3.2.2. To finish, Sect. 3.2.3 evaluates
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Fig. 8. From top to bottom(a) deposition flux of @, (b) deposition flux of NQ, (c) deposition flux of S@ and(d) deposition flux of
sulphate. Deposition flux are in ug‘rﬁs—l and averaged for the summertime period of INT and CLIM simulations.

the impacts of chronology of pollution events on the skill realistic way than CLIM, which reproduces the climate of the

scores. decade 2000-2010. The interannual variability af<gimu-
lated by ANALY follows the measured variability of mete-
3.2.1 Model interannual variability orological events in terms of correlation and amplitude. The

positive and negative anomalies estimated for ANALY are in-
(deed mostly correlated with the observations (COBR&:
0.61). This is obvious for the case of the summer 2006 heat

sured AirBase data (red line) as an average of the daily mealy@ve- A Positive anomaly, slightly underestimated, is cal-
03 (a), NO; (b), SO» (c) and particulate matter P (d) culated with ANALY, while this summer was particularly
from 2004 to 2008 across the European domain. If we Sub_extreme _With an intense production of @5truzewska a“?’
tract the observed and simulated annual cycle averaged f&?am'nSk" 200§ compared to the mean level of the period

the period 2004—2008 from these time series, positive and004-2008. Tablé summarizes the statistics of the hourly

negative anomalies remain. The meteorology of ANALY medan and daIin M8: ?3 levels, averaged f<|)|r Lhe annual
is expected to follow the day-to-day variability in a more @nd seasonal period of 2004-2008 over all the European

Figure 10 represents the temporal series of the mode
(ANALY in black line; CLIM in gray line) and monthly mea-
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Fig. 9. Same as Fig6 but comparing ANALY and CLIM.

stations considered (TabB. If the annual trend and the show better performance in term of correlation in winter
interseasonal variability are reproduced, a systematic negfCORRNQH = 0.42; CORRNQDM = 0.55) than in sum-
ative bias is detected with CLIM throughout the summersmer (CORRNQH = 0.29; CORRNQDM = 0.43). During
(MBO3H = —4.6 ug n7 3, MBO3MAX = —5.2 ug nT3). winter, chemical processes that lead togPoduction are less
The model-observation comparisons of N@esented in  dominant compared to transport and could explain such dif-
Fig. 10b highlight a slightly overestimated annual ampli- ferencesBessagnet et al2004).
tude of the concentrations for ANALY (with too high win- Time series of monthly mean concentrations oH3@m
ter values and too low summer values), while the winterthe AirBase stations and the model simulations are repre-
NOy values simulated by CLIM are much more overesti- sented in Fig.10c. Results show that the $SQoncentra-
mated (MBNQDM = 8ug n13). The dynamics and the in- tions are overestimated for both ANALY and CLIM. Over-
tensities of the anomalies are often well-captured by theall, a good agreement is observed for the anomalies between
simulation ANALY; the positive anomalies estimated at the ANALY and the observations in term of amplitude. From
beginning of 2005 and 2006 are for instance well corre-the year 2006, we notice a decrease in the observed SO
lated with the observations. Winter pollution characterizedconcentrations due to the regulations reducing anthropogenic
by high levels of NQ (30-40pug m?3) is depicted on the emissions. Indeed, emissions have been reduced in the sector
time series. For ANALY, the statistics compiled in Table of power and heat generation with the emission abatement
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Fig. 10. (1) Simulated (ANALY: black lines; CLIM: gray lines) and measured (at the AirBase stations; red lines) time series of monthly
mean concentrations ofa), NOx (b), SO, (c) and PM (d). The time series are plotted from 1 January 2004 to 31 December 2008 and
averaged over the European domain. Concentrations are in*ﬁg(m) Anomalies calculated when subtracting the average annual series
from the time series in (1).

Table 6. Seasonal and annual statistics obtained with MOCAGE over Europe at the AirBase stations. Statistics are averaged for the 5-
yr period. Summer: June, July, August and September; winter: December, January, February and March. The calculated statistics are
mean bias (MB@H, MBO3MAX; pg m—3), mean normalized bias (MNB{B, MNBO3MAX, %), correlation coefficient (CORREM,
CORRGMAX), root mean square error (RMSEBE, RMSEQ;MAX; g m*3) and sigma ratiofH, o MAX). Statistics are computed for

the Gz hourly value and @ M x8h. SOMO35 values are in ug‘rﬁ d.

O3 metrics ANALY CLIM

Year JJAS DJFM Year JJAS DJFM
MBO3H 27 =29 6.4 —-53 -—-46 -82
MNBO3H 51 -45 13.8 -98 -—-77 -177
CORRGH 0.61 0.59 0.58 0.3 0.32 0.17
RMSEG;H 24.7 24.9 24.3 343 354 34.1
oH 0.87 0.73 1.04 0.98 0.97 1.08
MBO3MAX 001 -81 5.7 -63 -52 -91
MNBO3MAX 0.04 -944 9.8 -88 -59 -155
CORRGMAX 0.7 0.63 0.65 0.4 0.04 0.25
RMSEQ;MAX  21.3 21.4 215 327 352 32.2
oMAX 0.85 0.66 1.09 0.99 0.90 1.22
SOMO35 3925 1552 915 3628 2043 531

Geosci. Model Dev., 5, 15658587, 2012 www.geosci-model-dev.net/5/1565/2012/
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Table 7. Same as Tablé for hourly value and daily mean NQroncentrations.

NOx metrics ANALY CLIM

Year JJIAS DJIFM Year JJIAS DJIFM
MBNOxH -0.19 -25 2.2 21 =21 8.4
MNBNOxH -1.2 -325 13.9 17.0 —-28.8 55.1
CORRNGH 0.46 0.29 0.42 0.14 0.08 0.05
RMSENGH 13.2 8.8 15.9 20.5 10.6 29.2
oNOxH 1.20 0.91 1.19 1.64 1.00 1.78
MBNOxDM -0.12 -24 2.2 21 =21 8.0

MNBNOxDM -0.67 -32.4 14.6 175 -27.9 54.3

CORRNGDM 0.61 0.43 0.55 0.20 0.09 0.07
RMSENGDM 9.8 6.1 11.9 17.6 7.6 25.7
oNOxDM 1.34 0.98 1.30 1.92 1.07 2.08

Table 8. Same as Tablé for hourly value and daily mean S@oncentrations.

SO, metrics ANALY CLIM

Year JJAS DJFM Year JJAS DJFM
MBSOxH 0.39 -0.06 0.79 0.46 —-0.06 1.3
MNBSO>H 18.6 -29 36.7 242 -3.1 50.8
CORRSQGH 0.23 0.15 0.27 0.02 -0.01 -0.01
RMSESGH 4.3 3.3 4.9 55 3.8 7.4
oSOH 1.37 1.16 1.53 1.65 1.21 2.05

MBSO,DM 0.37 -0.07 0.79 0.45 -0.07 1.25
MBNSO,DM 178 -35 35.4 232 -4.0 49.7
CORRSGDM 0.36 0.3 0.4 0.03 -0.01 -0.01
RMSESGDM 3.2 2.3 3.7 4.5 2.8 6.29
ocSO,DM 1.53 1.35 1.70 1.92 1.47 242

strategies in some European countries during the period 08.2.2 Statistical results
2000-2010 EEA, 2007). In our simulations, we kept the
same emissions inventory representative of the year 2003[he statistics of the model are spatially displayed in Eif.
According to the time series of anomalies, and as describeave illustrate the mean biases fog @aily Mx8h values, as
in Table8, the biases calculated in ANALY and CLIM are well as for NQ and SQ daily mean concentrations across
of the same order of value (MBSOM = 0.37 pg n2 for the representative European stations. The scores are aver-
ANALY and MBSO,DM = 0.45 pg n13 for CLIM). aged for the summer season (JJAS). Regarding the results
Although the simulation ANALY presents a persistent of simulation ANALY in the case of g two distinct spatial
negative bias (Tabl®), it has the capability to reproduce regimes can be distinguished from the figures; positive and
the dynamics of PNy for each year. The underestimation low biases are shown over Germany while negative biases
of PM1g can be explained principally by the lack of sec- are noticed in Spain and Italy. The correlations (not shown)
ondary particulate and nitrate aerosols in our representaare also more elevated in the northern part of Europe, no-
tion of PMyo. During summer, when photochemistry fa- tably in Germany (0.6-0.8) while in Southern Europe (Italy
vors the formation of these particulates, the biases beand Spain), the performance of the model is rather IBay(
tween simulated and observed concentrations become greatet al, 2010. Comparisons between the statistical metrics
(MBPM1oDM = —11.9ug nt3, Fig. 10and Table9). Inthe  of ANALY and CLIM indicate comparable biases over Eu-
case of CLIM, the time series of anomalies displays the caparope for the daily M<8h Os. The spatial distribution and
bility of the model to reproduce the particulate matter eventsthe amplitude of the negative and positive biases are mostly
(CORRPM DM = 0.39), although the model hardly repro- similar, except for the stations in Germany and France,
duces their amplitude. which display higher positive (30—40 ug1) and negative
biases in CLIM than in ANALY, respectively. As shown in
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Table 9.Same as Tabléfor the PM;g daily mean. The calculated statistics are MBf3IM (ug m—3), MFBPM1oDM (%), MFEPM; DM
(%), CORRPMgDM, RMSEPM;gDM (g m~3) ando PM;oDM.

PM1q metrics ANALY CLIM

Year JJAS DJFM Year JJAS DJFM
MBPM;oDM -82 -119 -46 -53 -11.38 4.6
MFBPM;oDM —595 —-946 -336 —48.5 97.9 3.5
MFEPM;oDM 75.1 96.9 58.0 854 101.7 77.4
CORRPM DM 0.39 0.2 0.48 0.04 —-0.04 0.03
RMSEPM (DM 15.1 14.4 15.1 21.6 15.3 28.3
ocPM;1oDM 0.96 0.49 1.02 1.39 0.60 1.59

/
-10

Fig. 11. Spatial distribution of mean bias (ug*r?\) for daily Mx8h O3 (a), daily mean NQ (b) and daily mean S&(c) concentrations for
the average summertime period of 2004—-2008. The two rows represent ANALY (top) and CLIM (bottom).

Table6, for ANALY, annual correlations of hourly values negative biases are thus exhibited by CLIM in wintertime
and daily Mx8h Oz concentrations reach 0.61 and 0.7, re- (MBOsH = —8.2ug nT3; MBO3MAX = —9.1ug nT3), as
spectively. Also, annual and seasonal MNB values for hourlyseen in Fig.10, due to the differences in deposition ve-
and daily Mx8h O3 show good performance in accordance locities and in the concentrations in the lower atmosphere.
with the recommendation of US-EPA (MNBEZ+15 %). Daily M x8h are also best reproduced by the model (corre-
In summer, the model tends to slightly underestimate theations between 0.63 and 0.7); the variability of dailygh
hourly levels of @ (MBOsH =—2.9ugnT3) and daily is mainly driven by photochemistry as well as the bound-
M x8h concentrations (MBEMAX = —8.1ug nT3), while ary layer height. To examine if the model is able to simulate
it overestimates concentrations in winter months (MBIG= the variability of @ concentrations, we used the sigma ra-
6.4pg nT3; MBO3MAX =5.7ug n13). Correlation values  tio, which is the standard deviation of the modeled time se-
are lowest for both hourly values and daily\8h over ries divided by the standard deviation of the observed time
winter, 0.58 and 0.65, respectively. During winter; @& series (Table8). In Table6 the sigma ratio values are sum-
controlled by processes other than photochemistry (such asarized, averaged for the period of 2004-2008. For both
boundary conditions, deposition, titration)3 @ thus sen-  simulations, the model underestimates the observed variabil-
sitive to physical and dynamic characteristics (higher reso-ty of hourly and daily Mx8h values, except for the win-
lution of forcings, emissions, deposition velocities). Higher ter season. In addition, two health related parameters are
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considered: SOMO35 and the number of exceedance days. a)

SOMOZ35 corresponds to the yearly sum of the differences

between daily maximum 8 h running average concentrations 19 ‘ ‘ ‘ ‘ =
that are greater than 35 pphroiann et al,2005. It is used as Z
an indicator for Q health impact and is recommended by the cum_ [l
World Health Organization (WHO). The values of SOMO35 170
are summarized in Tablé When averaged over all of the
European stations considered, the observed seasonal levels
reach 2221 ug mPd and 496 ug m®d in summer and win-

ter, respectively (4118 ugmid for the all year). Both sim-
ulations catch the levels of SOMO35 and the seasonal vari-
ation (van Loon et al.2007). According to ANALY, about

40 % of the SOMO35 is produced during summer and 20 % ‘ ‘ ‘ ‘ . ‘
during winter. Over the summer period, the number of days B "
with O3 exceeding the 120 ugmi threshold for the daily b)

maximum 8-h average concentration is underestimated in

ANALY (n =5.7 days) and fairly well estimated in CLIM 180

(n = 12 days), in comparison to the observations=(15.4 I | v
days) from the European stations. The mean ozone concen- . cum
trations above the threshold of 120 ug#nfor the Mx8h

simulated by ANALY are mostly in line with the observa-
tions or within the interannual variability. More elevated val-
ues are reached in CLIM than ANALY, as shown for the
French and Italian stations (Fi§j2a). Figurel2b shows the
percentile of daily @ maximum simulated by ANALY and
CLIM simulations. The interval between the 20th and 70th 2
percentiles display similar values for both simulations. The

occurrence of extreme values (maxima) is underestimated by » Sercentite ¢ ° .

the model for both simulations. As seen previously, above the

threshold of 180 pg m8, CLIM simulates a higher number of Fig. 12. (a) Summertime average ozone concentrations (over the

occurrences than the observations. These figures depict, hov%Eatlons available) above the threshold of 120 ig'rover 6 Eu-

. . ropean countries. FR is France, ES is Spain, DE is germany, GB
ever, overall that MOCAGE driven by climate model outputs is England, IT is ltaly, and PL is Poland. The standard deviation

as forcings is able to simulate realistic 0zone concentrationgneasuring the interannual variability is represented by the vertical
over Europe. bars.(b) Distribution of daily Q; maximum percentiles for AirBase
As exposed in Tabl8, 354 stations were used to provide measurements (red) and MOCAGE simulations (ANALY in black,
NOx measurements throughout Europe. Considering the spacLIM in gray).
tial distribution of mean biases for daily mean NQtatisti-
cal results show satisfactory seasonal mean bias for ANALY
(MBNO4DM = —2.4pg nT2 during summer) without spa- present better performances in comparison with the hourly
tial pattern between north and south. Similar geographicalalues.
distributions and values of mean bias are displayed for CLIM For SQ, low correlations are mainly concentrated in
(Fig. 11), while the summer mean bias reachea 1 ug m3 Southern Europe (coefficients under 0.2), as in Spain, while
(Table 7). The spatial distribution of the correlation coeffi- some northern stations display high correlations ©.7) in
cients shows a large variability per station; while northernregard to statistical results of ANALY. Averaged over all Eu-
stations display high correlations.0< r < 0.8), low corre-  ropean stations, the summertime mean correlation of daily
lations are observed in Southern Europe<(0.4). The per- mean SQ reaches 0.3. Considering the mean bias for sum-
formances of the model are reduced with CLIM for all sea- mer (Fig.11), low biases are depicted across all the stations
sons, notably during winter (Fi@) when the concentrations (MBSO,DM = —0.07 pg nm 3 for ANALY and CLIM). Nev-
of NOy are overestimated, as shown in Fi. Thus, inwin-  ertheless, the stations located in Poland display high positive
ter, MNBNO,H and MNBNQ,DM reach 55.1 % and 54.3%, biases & 2 pg nt3). The uncertainties of the emissions in-
respectively; also, RMSEN® and RMSENQDM reach  ventory in Eastern Europe may contribute to the higher bias
29.2ug m3 and 25.7 ug m3, respectively. In summer, the observed. In some stations in Spain, higher bias is also ob-
MNB values for hourly and daily mean are near the uncer-served, due to the emission inventory in part. The regulation
tainty proposed by EC and US-EPA for the ANALY simula- of SO, emissions in Spain have lead to an emission reduc-
tion. Globally, the annual and seasonal daily mean statisticsion of 50 % (Spain Environment Ministry, 2011). As shown
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in Table 8, the highest correlations are obtained in winter the higher values (0.36 versus 0.24-0.49). The calculated
(CORRSQH = 0.27; CORRSGDM = 0.40), but the con- RMSE reaches 3.2 ugTh against 2.7-10.9 ug ™ for the
centrations are overestimated leading to a high value of MNBother modelsiiass et al.2003 van Loon et al.2004. For
close to the EC criteria. PM;io, statistical results are in the same range as for other
As seen in Fig.10, the model presents a systematic studies; nevertheless, the annual daily mean correlation is
negative bias for the simulated concentrations of 1M rather low and reaches 0.39 compared to 0.38-0.55; the an-
For the ANALY simulation, the correlation coefficient for nual RMSE is 15.1 ug e (versus 12.4-16.6 ugm).
the annual daily mean is 0.39, while it reaches 0.2 and To summarize, MOCAGE performs well according to the
0.48 for the summer and winter season, respectively (Tacomparisons between ANALY and AirBase observations, as
ble 9). The spatial distribution of mean bias and correlationsdiscussed previously. The statistical scores gf RO« and
(not shown here) present a homogeneous pattern over EL80, display satisfactory performances compared to other
rope. The annual MFE (MFEP)MDM = 75.1%) and MFB  studies, while the accuracy in our representation ofifM
(MFBPM;0DM = —59.5%) calculated for ANALY does not exhibits poorer results, which are expected by design. Com-
meet the performance criteria or the performance goal proparisons between the simulations ANALY and CLIM have
posed byBoylan and Russel(2006. The performance of shown that the geographical distribution of mean biases are
the model is better during winter when the MBEJDM is quite similar for each pollutant considered. In this section,
about—4.6 ug nT3 (against—11.9 ug nT3 in summer) and  the model to observation comparisons were based on a com-
the mean correlation reaches 0.48 (against 0.2 for the sunmon approach, which consists in comparing each year of the
mer). The underestimation of Rlycan be explained by the simulation with the matching measured values from the Air-
lack of secondary particulate and nitrate aerosols in our repBase database. In CLIM, the meteorological forcings are rep-
resentation of Plyh. Differences between the seasons areresentative of the current decade; there is no particular match
linked to chemical processes, dominant in summer, whichin the sequence of years, and the representativeness of the
favor the formation of these particulates and increase theskill scores can be assessed by permutations of all years. By
bias between simulated concentrations (lacking these chemdoing the same for ANALY, the comparisons will allow us
cal processes) and observations. to determine which statistical tools are useful to consider for
Several air quality models operated in Europe have beeffuture studies.
evaluated either individually or in comparison to other mod-
els in the literature. In the following discussion, a quick com- 3.2.3 Impacts of chronology of pollution events
parison with other regional air quality modelddss et al.
2003 van Loon et al.2004 2007 and MOCAGE will be  We evaluated each year of the simulations with 5yr of mea-
carried out in order to situate our model among the com-surements, giving 25 model-to-date pairs of statistics for both
munity. For this reason, we used the studies similar withANALY and CLIM. On the time basis of the 2004—2008 pe-
our simulation ANALY, which had a long time scale of 1yr riod, we calculated every possible permutation, but on this
over the European domain on a regional scale with hori-period of 5yr, we did not consider the same year of measure-
zontal resolutions similar to MOCAGE. Also, these mod- ments more than once. We also filtered out the cases when
els were evaluated against ground observations at rural sitesne or more simulated years correspond with the same years
from AirBase and EMEP. Concerningz@aily Mx8h, sat-  of data. Finally, these conditions let us consider 44 realiza-
isfactory performances are displayed with MOCAGE, in tions, which provide a large statistical basis.
terms of annual MNB values: 0.04% versud to 10 %; In order to give a concise statistical summary, we used the
correlations: 0.7 versus 0.69-0.84a( Loon et al. 2007); Taylor diagrams, which indicate how well observed and sim-
and RMSE: 21.3 ug e versus 18.1-25.5 ug ™ (van Loon  ulated patterns match each other in terms of correlation and
et al, 2004. Values for summer and winter daily #h Oz normalized standard deviation (NSDjaflor, 2001). The
are also in the range of other models, as for the correlationgorrelation coefficienk gives a measure of the co-variance
(0.63 versus 0.61-0.77 for summer; 0.65 versus 0.45-0.62f simulated and observed values. The NSD gives a mea-
for winter) and the MNB {9.44% versus—5 to 8% for  sure of the amplitude of the variance in modeled values ver-
summer; 9.8 % versus20 to 15 % for winter) according to  sus observed values. When NSD reaches a value lower than
the study ofvan Loon et al(2007). The MOCAGE perfor- 1, it means that the temporal standard deviation in simu-
mances for N@ can be compared with the performance of lated values is lower than observed. Figur& shows the
NO, in other models. The annual correlation of daily mean normalized Taylor plots that summarize the ANALY and
NOy obtained in this study reaches 0.61, compared to 0.03-€LIM permutations. The statistics are computed for the sum-
0.52 Hass et a].2003 van Loon et al.2004 and the RMSE ~ mertime daily Mx8h Oz concentrations (a) and daily av-
value is around 9.8 ugm versus 8.5-13.9ugn? (Hass erages of NQ (b) and SQ (c). For each plot, “ANALY”
et al, 2003 van Loon et al.2004. As for Oz, the MOCAGE  refers to the reference model-observation analyses (black
results for S@ show good performances in comparison with cross) whereas “ANALY-p” (blue symbols) and “CLIM-p”
the other studies. The annual daily mean correlation is amongred symbols) refer to the permutation cases. Considering
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Fig. 13.Taylor plots of the comparison between modeled and obserwe8HvD; concentrations, daily mean N@nd daily mean S@ The
radial distance from the origin corresponds to NSD, &brresponds to the azimuthal position.

Table 10. Seasonal JJAS statistics obtained with the permutation
ANALY-p and CLIM-p. Statistics are the median values of the per-

mutations. The calculated statistics are mean bias (f#)mmean . .
normalized bias (%), correlation coefficient, root mean square errorOf the correlations reach 0.04 (against 0.63 for ANALY).
(ng m*3) and sigma ratio. Statistics are computed for thehGurly
value and daily Mk8h concentrations.

O3 metrics
ANALY-p CLIM-p  ANALY

MBO3MAX -7.9 —5.6 -8.1
MNBO3MAX -9.1 —-6.4 —-9.4
CORRGMAX 0.04 0.07 0.63
RMSEG;MAX 31 34.6 21.4
o O3MAX 0.67 0.9 0.66
MBO3H -2.8 -5.0 -2.9
MNBO3zH —4.4 -7.9 —4.5
CORRGH 0.33 0.34 0.59
RMSEQ;H 30.9 35.1 24.9
oO3H 0.75 0.98 0.73

www.geosci-model-dev.net/5/1565/2012/

the results of ozone first, comparisons between ANALY and
ANALY-p confirm there is no day-to-day variability with the
Spermutations of ANALY-p as shown by the correlations. As
summarized in Tabld.0, for ANALY-p, the median value

The median RMSE of ANALY-p are not as good as the me-
dian RMSE for ANALY for both the hourly (RMSEgH =
31pg n13 for ANALY-p and 21.4 pg m3 for ANALY) and
daily Mx8h (RMSEQMAX = 30.9ug nT2 for ANALY-p

and 24.9 ug m2 for ANALY) of O 3. Nevertheless, very sim-
ilar values of MNBQMAX and MNBOgzH in the ranges of
—9% and—4.5%, respectively, are obtained. The standard
deviation valuesd) are similar in ANALY and ANALY-p

and range around 0.66, meaning that the model underesti-
mates the daily M8h ozone variability. The same conclu-
sions can be extended to the daily averages of,N&D,
(Table 11) and PMg (Table 12) concentrations. ANALY
and ANALY-p only differ by the correlations while the MB,
RMSE and variances are quite similar. For the daily mean
NOx (Fig. 13), the NSD are close to the reference, meaning
that the amplitude of the simulated N@grees with the ob-
servations. To sum up, these results point out that, for all the
species, the correlations calculated for ANALY-p are weaker
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Table 11.Same as Tabl&0 for hourly values and daily average of N@nd SQ.

NOyx metrics SQ@ Metrics
ANALY-p CLIM-p ANALY ANALY-p CLIM-p ANALY

MBNOyxDM -2.5 —-2.0 —2.4 MBSG,DM —0.09 —-0.04 -0.07
MNBNOxDM -32.6 —-27.8 -32.4 MNBSGDM —2.8 -1.0 -3.5
CORRNQ.DM 0.09 0.07 0.43 CORRS(DM —0.004 0.005 0.3
RMSENGDM 7.1 7.6 6.1 RMSESeDM 2.6 2.7 2.3
oNOxDM 0.98 1.07 0.98 o0 SO,DM 1.39 1.47 1.35
MBNOxH -2.5 -2.1 -25 MBSGH —0.08 —-0.04 —0.06
MNBNOxH -32.7 —28.6 -32.5 MNBSGH —2.6 —-0.68 -2.9
CORRNQH 0.09 0.07 0.29 CORRSSI —0.008 —-0.01 0.15
RMSENOQH 9.9 10.5 8.8 RMSESgH 3.6 3.8 3.3
oNOyH 0.90 0.98 0.91 oSOH 1.18 1.21 1.16

Table 12. Seasonal JJAS statistics obtained with the permutationsshow a tendency of model underestimation as the median
ANALY-p and CLIM-p. Statistics represent the median values of reaches—9.1% in ANALY-p and —6.4% in CLIM-p. For

the permutations. The calculated statistics are mean bias 3y m  the hourly and daily average NGnd SQ concentrations,
mean fractional bias (%), mean fractional error (%), correlation co-the simulations ANALY-p and CLIM-p are now well corre-
efficient, root mean square error (ugR) and sigma ratio. Statis- lated (TableL1). During summer, ANALY-p and CLIM-p un-

tics are computed for the Pid daily mean concentrations. derestimate the daily mean and hourly N€ncentrations.
From ANALY-p to CLIM-p, the median MNBN®@DM and
MNBNOyxH change by about 14 % while the RMSENOM

and RMSENQH change by about 7 %. Concerning the am-

PM; metrics
ANALY-p CLIM-p  ANALY

MBPM1oDM -119 -118 119 plitude of the NQ variances (Figl3), a satisfactory agree-
MFBPM;oDM —93.8 986  —-94.6 ment is observedy reaches 0.98 in ANALY-p and 1.07 in
MFEPM;oDM 97 102.2 96.9 CLIM-p for daily mean NQ (Table11). For the SQ results,
CORRPMoDM 0.01 0.01 0.2 the variance is overestimated by the model for both ANALY-
RMSEPM; DM 14.9 15.1 14.4

p and CLIM-p. For the daily mean of Pjd concentrations,
the amplitude of the variances are in line for ANALY-p
and CLIM-p simulations. The simulations underestimate the
variability of the PMg (6 PM1oDM = 0.49 for ANALY-p
and o PM1gDM = 0.59 for CLIM-p). MBPM;gDM reaches
than ANALY due to the permutations. The RMSE values similar values for ANALY-p and CLIM-p. MFB and MFE
increase by 19%, 11% and 8% for the hourly values of metrics do not reach the performance criterion.

oPM10DM 0.49 0.59 0.49

O3, NO and SQ, respectively, from ANALY to ANALY- To summarize, the use of permutations have made the
p. However, for the metrics MB, MNB andgl, similar values =~ comparisons between the simulations suitable for discussion
are computed. of the statistical results. Comparisons between the reference

For Oz (Fig. 13), low and similar correlations of daily case “ANALY” with “ANALY-p” corroborate the incorrect
M x 8h levels are calculated for both ANALY-p and CLIM-p. phasing between the measurements and simulations when the
As shown in Tabldl0, the correlations between the observed day-to-day variability is not reproduced. Finally, the results
and simulated hourly values (0.33 for ANALY-p and 0.34 allow us to conclude that statistical metrics such as variances,
for CLIM-p) are higher than daily M8h. The daily vari- MB, MNB and RMSE give robust and sound information
ability of ozone, characterized by higher levels during after-when climate forcings are used to drive the model.
noon and lower values during nighttime hours is still cap-
tured with the permutations. The RMSE values show lower
performances for CLIM-p compared to ANALY-p for both
daily Mx8h (+10%) and hourly @ (+13%) levels. The 4 Conclusions
o values indicate the tendency of ANALY-p to underesti-
mate ozone variance in summer. The CLIM-p simulationsThis paper has investigated how different the hindcasts of
show betters values (0.9 and 0.98 versus 0.67 and 0.75an air quality modeling system are when using two different
for ANALY-p), which is unexpected and cannot be inter- types of meteorological forcings: meteorological analyses or
preted as greater performance. The MNB okBh ozone fields from a climate model. This is ground work needed to
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qualify and properly interpret statistical conclusions that can

be drawn from simulations of air quality in a future climate.

The comparisons between three 5-yr experiments allow
us to quantify the relative importance of changes in surface
fields and upper air meteorology. We find that both elements
contribute to changes in {oconcentrations. Differences in
sulphate aerosols and in isoprene (as a proxy for biogeniqrhe publication of this article is financed by CNRS-INSU.
volatile organic compounds) are mainly related to changes
in meteorology and mixing, while it is the contrary for $O
and NQ, which essentially depend upon changes in surfaceReferences
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