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Abstract. The aerosol distribution in Europe was simulated normal distribution functions are quite well reproduced by
with the Community Multiscale Air Quality (CMAQ) model the model. The seasonality on the other hand is underes-
system version 4.5 for the years 2000 and 2001. The resultsmated by the model results because better agreement is
were compared with daily averages of pMneasurements achieved in winter.

taken in the framework of EMEP and with aerosol optical
depth (AOD) values measured within AERONET. The mod-
elled total aerosol mass is typically about 30-60% lower than

the corresponding measurements. However a comparison df Introduction

the chemical composition of the aerosol revealed a consid-

erably better agreement between the modelled and the me&erosol particles belong to those constituents of the Earth’s
sured aerosol components for ammonium, nitrate and sulfatedtmosphere that show a highly variable distribution in space
which are on average only 15-20% underestimated. Sligthhand time. Most of the particles can be found in the well
worse agreement was determined for sea salt, that was onljixed planetary boundary layer (PBL) and close to ground,
avaliable at two sites. The largest discrepancies result fromyvhere the main sources of aerosol particles are located. On
the aerosol mass which was not chemically specified by théhe other hand deep convection and frontal systems can lift
measurements. The agreement between measurements dagge amounts of particles into the free troposphere where
model is better in winter than in summer. The modelled or-they can be transported over very large distances. Although
ganic aerosol mass is higher in summer than in winter but it isglobally most of the aerosols are of natural origin (sea salt
significantly underestimated by the model. This could be oneand dust), regionally anthropogenic aerosols, either directly
of the main reasons for the discrepancies between measurémitted (primary aerosols) or generated from gaseous precur-
ments and model results. The other is that primary coars&0rs (secondary aerosols), can dominate the aerosol chemical
particles are underestimated in the emissions. The probabilcomposition.

ity distribution function of the PNy measurements followsa  Aerosols largely determine the optical properties of the
log-normal distribution at most sites. The model is only able cloud free atmosphere by scattering and absorbing sunlight.
to reproduce this distribution function at non-coastal low al- They additionally influence the reflectivity and lifetime of
titude stations. The AOD derived from the model results isclouds by acting as condensation nuclei and affecting the
20—-70% lower than the values observed within AERONET. cloud droplet size spectrum (first and second indirect aerosol
This is mainly attributed to the missing aerosol mass in theeffectTwomey, 1977 Ramaswamy et §l2001). This is one
model. The day-to-day variability of the AOD and the log- of the reasons why much attention has been paid in recent
years to correctly represent aerosol particles in general cir-
culation modelsPenner et al2007; Kinne et al, 2003 Tex-
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2005 EU legislation introduced threshold values for aerosolsulfate, ammonium, nitrate, sodium, chloride, elemental car-
particles smaller than 18m (PMjyg) to minimize respiratory  bon, organic carbon with the three subcomponents primary,
diseases and other health risks associated with the inhalatiosecondary anthropogenic and secondary biogenic, and soil.
of small particles. Among these are also carcinogenic subdnspecified anthropogenic aerosols and aerosol water are ad-
stances that are transported as particles or on the surface ditionally kept as separate components.

particles. Polyaromatic hydrocarbons (PAHs) belong to this Secondary inorganic aerosol (SIA) is generated by nu-

group and the EU fourth framework directiieq, 2005 in- cleation processes from its precursors to form nitrate, am-
cludes threshold values for one the the most harmful PAHsmonium and sulfate aerosols. Secondary organic aerosol
benzo(a)pyrene (B(a)P). (SOA) can be formed from aromatics (anthropogenic organic

This paper investigates the ability of the regional Eulerianaerosols) and terpenes (biogenic organic aeros8ishdll
chemistry transport model (CMAQ) to simulate the aerosolet al, 2001). In version 4.5 of CMAQ that was used for
distribution in Europe during the years 2000 and 2001 on athis study sea salt aerosol is parameterized according to wind
scale of 5454 kn? and over the North Sea on a scale of speed above oceans but heterogeneous chemistry is not con-
18x18kn?. Additional to the more conventional compar- sidered. The inclusion of sea salt is an important feature for
ison of the the simulated aerosol mass density to measureéPM;g studies in coastal regions that was not available in ear-
ments at near surface EMEP background stations, specidier CMAQ versions.
attention is paid to the optical effects of the aerosol parti- At the Institute for Coastal Research of the GKSS Re-
cles. Aerosol optical depth (AOD) values derived from the search Centre Geesthacht currently an addition to CMAQ
chemically resolved aerosol mass in the model is comparegs being developed to study the trans-boundary transport of
to AERONET sunphotometer measurements. PAHs and their deposition within coastal regions. In a first

Measurements of the inorganic aerosol (IA) species am-step the carcinogenic benzo(a)pyrene (B(a)P) is included in
monium, nitrate and sulfate at ground level with daily resolu- the aerosol scheme of the model version 4.5, the most re-
tion are also compared to the model results. At two stationscent CMAQ version at the time when the development was
Melpitz in Germany and Birkenes in Norway, sea salt wasdone. Because its transport and deposition is closely con-
taken into account as well. Besides a statistical evaluatiomected to that of other aerosol particles, in particular of or-
in terms of bias and correlations, the probability distribution ganic aerosols, this study aims at giving further insight in the
functions of the PMp and AOD values are presented. results for B(a)P, too. The new PAH mechanism for CMAQ

is described irAulinger et al.(2007). The results for B(a)P
are discussed in a separate pap&he contribution of B(a)P

2 Model description to the total aerosol mass is negligible because of their low
. concentrations.
2.1 Chemistry transport model The CMAQ model is setup on a 5%4 kn? grid for Eu-

_ rope and on a nested smaller domain with & 18 kn? grid
CMAQ has been developed under the leadership of the Atgor the North Sea region. The latter will be used in future

mospheric Modeling Division of the Environmental Protec- sy gies of PAH deposition into North Sea coastal regions.

tion Agency (EPA) National Exposure Research Laboratoryspecial emphasis is laid on the representation of the plan-
in Research Triangle Park, North Carolina, USA. The model-etary houndary layer to capture vertical transport and dis-

ing system and its source codes are freely available for use byjesjon of atmospheric air pollution in coastal environments,

air quality regulators, policy makers, industry, and scientistSyhere special circulation patterns (e.g. land sea breeze ef-
to address multiscale, multi-pollutant air quality concerns. 'tfects) can be of importance. Therefore, 30 vertical levels up

includes a chemistry transport model that currently allows fory 100 hpa . with 20 levels below approx. 2500 m are used in

the simulation of concentrations and deposition of the major, terrain followingo -pressure co-ordinate system. The low-

air pollutants and particulate matter. Because of its generggt [ayer that represents ground level conditions is approx.
alized coordinate system and its advanced nesting featuregg m thick.

CMAQ can be used to study the behaviour of air pollutants
from local to regional scales. A detailed description of the 5 5 Emissions
model system is given bByun and Ching1999 and more

recently byBan and Scherg2009. In the Models-3 framework, North American emissions are
~ The model includes gas phase, aerosol and aqueous chergenerated with the emissions model SMOK#(lyoux and
istry. In this study, the CBM4 mechanisi@¢ry etal, 1989  vukovich, 1999. This model cannot be directly trans-

is used for the gas phase chemistry. The aerosol is repreprred to Europe because the geostatistical information, the
sented by three size modes (Aitken, accumulation and coarse

mode), each of them is assumed to have a lognormal distribu- Ipatthias, V., Aulinger, A., and Quante, M.: CMAQ simulations
tion (Binkowski and Rosell2003. The model distinguishes  of the benzo(a)pyrene distribution in Europe in 2000 and 2001, At-
between 10 different chemical aerosol components, namelynos. Environ., submitted, 2008.

Atmos. Chem. Phys., 8, 5073697, 2008 www.atmos-chem-phys.net/8/5077/2008/



V. Matthias: The aerosol distribution in Europe 5079

speciation of the emissions and the temporal evolution of thelata was interpolated down to daily varying emissions. All
emissions are different in Europe and are currently not avail-emissions were kept the same in 2000 and 2001.

able in the needed formats. The emissions that were used to B(a)P emissions were taken frdd@nier van der Gon et al.
derive the results presented in this paper were provided by th€2005 who provided annual gridded emissions for Europe
Institute for Energy Economics and the Rational Use of En-in 2000. The temporal disaggregation of the emissions will
ergy (IER), Stuttgart, Germany. They were calculated on thebe described in detail by Aulinger et al. (2088 he emis-
basis of EMEP Yestreng and Klein2002 and the European sions from resendential heating, which is the most important
Pollutant Emission Register (EPERww.eper.cec.eu.iit  source of B(a)P, depend on the temperature at ground while
annual country emissions and include the gaseous speciggaffic and industrial emissions are adapted to the temporal
NOy, CO, SQ, NHz, and 35 non-methane volatile organic cycles of NO emissions.

compounds (NMVOCSs) in RADM2 speciatiorsSiockwell

et al, 1990. Aerosol particles were given as RMand 2.3 Meteorological fields

PMgy 5 primary emissions. . .
From the 5050 kn? grid used by EMEP, the emissions The CMAQ chemical transport model can be run with meteo-

are adapted to the 544 kn? grid, which is on a different rological fields defined on different types of grids. However,

map projection and then scaled down to thec18 kn? grid. the most common procedure is to use the MM5 mesoscale

Information about the population density, roads and indus-2{mospheric modeldrell et al, 1999, which can be directly

trial plants are considered in both steps. A temporal develop!inked to CMAQ via a Meteorology Chemistry Interface Pre-
ment of the emissions based on information about e.g. trafficProcessor (MCIPOtte, 1999. MMS is widely used and
heating and industrial production is also assumed. The |ERested in the scientific community (see e@plle et al, 2003
emissions contain all anthropogenic sources described in th€1lliam et al, 200§ which includes European groups that
European inventories. The data was delivered with one houP'S€ this model to derive meteorological input fields for their
resolution for the time period 1 January 2000 to 31 Decem-2tmospheric chemistry modeldakobs et al.1995 Sokhi
ber 2000. For the 2001 model results, it was assumed that th§t &- 2009. The model can be run with several combina-

emissions did not change compared to the year before. DdIONs Of physical parameterisations, depending on purpose
tails on the emissions model of IER are describefriadrich ~ and grid resolution. For this study, MMS5 was operated with
and Reig2004. the more sophisticated parameterisations, bec_ause Iocalifea-
There was no information available about the origin of the IUrés should be represented as good as possible. As micro-
primary particle emissions in the IER inventory. The fine par- PhYsics scheme the Reisner 2 approach was used, it includes
ticles (PMb5) were distributed to the main chemical compo- I€&: Snow and graupel as hydrometedsigner et 2).1998.
nents following a typical emission profile for particles of in- The planetqry bounda-ry. layer (PBL_) processes are based on a
dustrial origin that is used in SMOKE: sulfate 12%, elemen- Schéme which was originally used in the MRF moddétig

tal carbon (EC) 2%, organic carbon (OC) 1% and unspecified®"d Pan1999. Itis based on th@roen and Mahr(1986
particles 85%. Traffic emissions and those from residentiaf*oniocal diffusion concept. A cumulus scheme thatis formu-
heating have higher contributions of elemental and organid@ted to allow also long term simulations is the Kain Fritsch
carbon, but no distinction between emission sectors could b& SchemeKain and Fritsch1993 Kain, 2004. It consid-
made in the individual grid cells. The coarse particles were€Ts conservation of mass, thermal energy, total moisture and

completely treated as unspecified particles. CMAQ dividesMomentum. _ o

them internally into soil (90%) and other coarse particles ERA40 reanalysis dataon a11° grid served as meteoro-

(10%). logical initial and boundary conditions. A four dimensional
Natural emissions are not included in the IER emissionsdata assimilation (FDDA) scheme which is implemeted in

but to have more complete emissions specific natural emisMMS was used to keep the meteorological fields in the coarse

sion data sets from global emission inventories were takergrid as close as possiple to the observations. Se"‘?fa' tests
into account. These data sets are mostly used for global/€r® performed to define the best way of calculating the
chemistry transport modeling and the emissions are typicallyet€orology input for the chemistry transport simulation.
given as monthly averages on &d1° grid. Isoprene and During these tests, vertical profiles of temperature, humidity
terpenes as precursors of secondary organic aerosols wefd!d Wind were compared with regular radiosonde observa-
taken from the POET data bas@rénier et al.2005, while tions at 88 stations all over Europe. Closest agreement was
monthly particle emissions of elemental carbon and organic@chieved when the meteorological fields from the reanalysis
matter were taken from the Global Fire Emission Data bas¢V€re nudged every 12 h. Wind components were nudged in
(GFEDvan der Werf et a).2006 data set for the year 2000. all heights while temperature and humidity were only nudged
Dust was considered using the Aerocom emission data set 2ayjinger, A., Matthias, V., and Quante, M.: A temporal dis-
for the year 2000 Qentener et al.2008. All these global  aggregation of Benzo(a)Pyrene emissions and their application to a
data sets were first spatially interpolated to thex54 kn? 3D Eulerian chemistry transport model, Atmos. Environ., in prepa-
grid and afterwards to the 388kn? grid. The monthly  ration, 2008.
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grid cell thick and updated hourly. However, the data varies
only day by day as the MOZART model results do. Inter-
continental transport of aerosol particles was not considered.
Initial conditions are set once to average winter conditions on
25 December the year before each annual run starts. By this
spin-up time of 7 days the influence of the initial conditions
is kept very low.

3 Results

Annual runs for the years 2000 and 2001 were performed for
Europe on the 5454 kn? grid and for the North Sea region
on the 1818 kn? grid. The CMAQ output data was stored
for all variables on an hourly basis so it could be analysed in
detail and compared to the available measurements.

Fig. 1. Model domain for the 5454 kn? grid (outer thick line)and 3.1 Measurement data

the nested 1818 kn? grid (inner thin line). Position of the mea-

surement stations that were used for comparison. Symbols denotgecause the model is run for a long time series and its spa-
the type of measurement available at the individual sites. Red stargjg| resolution for the whole continent is rather coarse, it is
PMy; blue diamonds: Nigj and NG; yellow squares: S@ green  hecessary to use routine measurements (instead of data from
triangles: AOD. temporally limited field experiments) in remote areas (which
is more representative for larger areas) for comparison with
the model results. The EMEP program (Co-operative pro-

above the PBL. Additionally, the Noah land surface mOdUIegramme for monitoring and evaluation of the long range

(Chen and Dudhia200) was used to account for varying transmissions of air pollutants in Europe) provides such a

soil temperature and humidity. No nudging was applied in network of measurement stations that is distributed over

the nested grid. The simulations were done month by montrQ/vhole Europe with well documented measurements that fol-

with a spin up time of 4 days for each run and the sea surfacer‘ . .
. . . ow a common standard. The measurement data is accessible
temperature (SST) was varied accordingly. This procedure

) L - via the EMEP web pagemvw.emep.int. All stations can
kept the mflugpce of the |p|t|al cond'm(')ns on the results (?f be considered as background stations, which means that they
the runs negligible. A detailed description of the results will

be given in a separate paper (Matthias et al., 9108 are Ioc;ated at a minimum distance of approx. 10 km to Iargg
emission sources. Nevertheless, they can also be found in

countries with frequently high air pollution as Germany and
the Netherlands. Besides the gaseous photooxidants, EMEP
provides daily resolved measurements of lgMoo. How-

ever for 2000 and 2001 the number of stations where a large

ticularly if the species under investigation can undergo Iongdata set is available is rather limited and focusses on Ger-

range transport or if special atmospheric conditions prolon—many' d 'ghe Ztaglonz tthat were quec(jj for_;fhsl mcom dp?r:'sp n of
gate the atmospheric life time of some of the considereolgrour_] ase b ata are inciuded in 1abl and their
species. ocation is displayed in FigL.

For the simulations presented here, the boundary condi- To get further insight in the models ability to represent

tions were taken from MOZARTHorowitz et al, 2003 the chemical composition of the aerosol particles close to
Niemeier et al.200§ model results for the years 2000 and ground, _chem|caIIy specified dqta from EMEP ar_ld the EU
2001. The data has a resolution Ghi1° and one day. It FP5 project CREATE was considered. The considered sta-

includes the gas phase species O, O'D, CO, NO, NQ, tions together with the measured quantities are given in Ta-

SQu, HO,, OH, PAN, HCOH, isoprene, terpenes and HNO ble 1. From EMEP mainly data for sulfate was available for

The modelled concentrations of these species were interpoz-oo_0 and 2001 while fof hitrate and ammonium only eight
lated to the boundary of the CMAQ domain, which is one stations could be taken into account. The CREATE project

provides more complete daily data including sea salt for 2000
3Matthias, V., Quante, M. and Aulinger, A.: Determination &t two stations that are located within the-1E8 kn? North

of the Optimum MM5 Configuration for CMAQ Simulations of _Sea grid. One Of_ them, Birkenes (NOO1) in south Norway

Aerosol Bound Pollutants in Europe, Environmental Fluid Dynam- is an EMEP station, here black carbon or elemental car-

ics, submitted, 2008. bon (EC) and organic carbon (OC) are additionally measured

2.4 Initial and boundary conditions for CMAQ

Depending on the model set-up, initial and boundary condi-
tions can play an important role for the model results, par-

Atmos. Chem. Phys., 8, 5073697, 2008 www.atmos-chem-phys.net/8/5077/2008/
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Table 1. Location and altitude of the EMEP and CREATE PPjylammonium, nitrate, sulfate and sea salt measurement stations with data in
2000 and 2001.

Code  Country Station name Species Laxl/ Lon.PE Alt/m network
AT02  Austria Ilimitz PMo, SOy 47.46 16.46 117 EMEP
CHO02  Switzerland Payerne Ryl SOy 46.82 6.95 489 EMEP
CHO3  Switzerland Taenikon PM 47.48 8.9 539 EMEP
CZ03 Czech Republic Kosetice MHNO3, SOy 49.58 15.08 534 EMEP
DEO1 Germany Westerland ] 54.93 8.31 12 EMEP
DEO2 Germany Langenbgge PMo 52.80 10.76 74 EMEP
DEO4 Germany Deuselbach R 49.77 7.05 490 EMEP
DEO7 Germany Neuglobsow Pid, SOy 53.17 13.03 62 EMEP
DE09 Germany Zingst Ph, SOs 54.43 12.73 1 EMEP
DE44  Germany Melpitz Nk, NO3, SOy, Na, Cl 51.52 12.92 86 CREATE
DKO03 Denmark Tange SP 56.35 9.6 13 EMEP
DKO5 Denmark Keldsnor SK 54.73 10.73 10 EMEP
DK0O8 Denmark Anholt S@ 56.72 11.52 40 EMEP
ES11  Spain Barcarolla NH SOy 38.47 —6.92 393 EMEP
F122 Finland Oulanka S 66.32 294 310 EMEP
FRO9  France Revin SO 49.9 4.63 390 EMEP
GB07  Great Britain Barcombe Mills SO 50.87 —-0.03 8 EMEP
GB14 Great Britain High Muffles SP 54.33 -0.81 267 EMEP
HUO2 Hungary K-Puszta Nk NO3, SO 46.97 19.58 125 EMEP
ITO1 Italy Montelibretti NH;, NO3, SOy 42.1 12.63 48 EMEP
ITO4  ltaly Ispra NH;, NO3, SO 45.8 8.63 209 EMEP
NLO9 Netherlands Kollumerwaard  NENO3, SOy 53.33 6.28 1 EMEP
NOO1 Norway Birkenes PWb, NHg, NO3, SOy, Na, CI 58.38 8.25 190 EMEP & CREATE
NOO08 Norway Skreadalen NHNO3, SOy 58.82 6.72 475 EMEP
RUO1 Russia Janiskoski NEINO3, SOy 68.93 28.85 118 EMEP
RU18 Russia Danki Nk NO3, SO 54.9 37.8 150 EMEP
SEO2  Sweden &vik SOy 57.42 11.93 10 EMEP

since 2001. Melpitz (DE44) in central Germany (5.52 since the late 1990s and supplies a good continental coverage
12.92 E) is operated by the Institute for Tropospheric Re- within Europe. The instruments can only deliver data during
search (IfT) Leipzig. daytime and during totally cloud free periods, because they

ly on extinction measurements of the direct and scattered
gzlar radiation. In addition, the necessary annual calibration
of the instruments usually needs some weeks during which
they cannot be operated. Consequently the data coverage
(2009 the aerosol will still contain water at this humidity. IS I|_m|ted to typically 100-250 (_jays per year. The AQD is
PM;o measurements at Ispra were on average 9% higher éyplcally measured at 4, sometl_mes ! wavglengths between
50% relative humidity than at 20%. Most of the other er- 580 nm and_ 1020nm. The typical uncertainty in the mea-
ror sources refer to losses of semivolatile compounds, pargsured AOD is 0.01 to 0.0k et al, 1999 Holben et al,

ticularly ammonium nitrate and carbonaceous aerosols, fron‘?oo.]) , fepresenting a relat?ve error of 3% to 2 0% for typical
the filters at temperatures higher tharf 20 NeusiB et al. optical depths (0.1 10 0.3) in Europe. To achieve a good spa-

(2000 reported typical deviations af20% between gravi- tial coverage, stations with data on 15 days or more per year

metric methods and aerosol mass derived from number siz8© in this study cpnsidered for comparison with the_ mod_el
distributions. If the inorganic chemical components were results. An overview of the selected AERONET sations is

measured by ion chromatography, the error is usually withingiven in Table2 and their location is displayed in Fig.
10% (Putaud et a.2000. This method was used for the
measurements collected within CREATE.

The uncertainty of aerosol mass measurements strong|
depends on the method and on the chemical compositio
of the collected aerosol. Usually the collecting filters are
weighed at 50% relative humidity. Accordingfataud et al.

3.2 PMpgat ground level

The optical properties of the aerosol in the entire atmo-Figure2 displays the model derived ground level Rjulis-
spheric column are routinely observed within the Aerosoltribution over Europe in the year 2000. Highest RMalues
Robotic Network (AERONETHolben et al. 1998. The  are observed in Central Europe, particularly in The Nether-
network has grown to more than 200 stations world widelands and west Germany, south Poland, north Italy and in

www.atmos-chem-phys.net/8/5077/2008/ Atmos. Chem. Phys., 8, 50972008
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Table 2. Location and altitude of the AERONET stations with data in 2000 and/or 2001.

Code Country  Station name L&N Lon.PE Alt/m
AVI France Avignon 43.93 4.88 32
BIA France Biarritz 43.48 —-1.55 0
BOR France Bordeaux 44.78 0.58 40
BUC Romania Bucarest 44.45 26.52 44
CLE France Clermont Ferrand 45.76 2.96 1464
CRE France Creteil 48.79 2.44 57
GOT  Sweden Gotland 57.92 18.95 10
HAM Germany Hamburg 53.57 9.97 105
HEL Germany Helgoland 54.18 7.88 33
KIS Moldova  Kishinev 47.0 28.82 205
LEI Germany Leipzig 51.35 12.43 125
LIL France Lille 50.62 3.15 60
MOS Russia Moscow 55.7 37.52 192
NOR  Sweden Norrkoeping 58.58 16.15 0
OOS Belgium Oostende 51.22 2.92 23
TOU  France Toulouse 43.58 1.37 150
VEN ltaly Venice 45.32 125 10
VIN France Vinon 43.72 5.77 304

To compare the modelled total aerosol mass with the mea-
surements, only the model results in the lowest model layer
are considered. Aerosol water is not taken into account in

Annual mean PM10 in Europe

20 % 2000 this step because it has already been shown that the modelled
dry aerosol mass is more representative for the conditions
21 of 50% relative humidity under which the aerosol filters are
241 weighed. The modelled wet aerosol mass can be a factor of
7-10 higher than the dry mass in winter montMafthias
210 et al, 2008. Then, the total dry aerosol mass is averaged
180 over the sampling period which is usually from 06:00 UTC
51 to 06:00 UTC. Depending on the actual size distribution, this
might include also small contributions from particles larger
120 than 10um, but this has been neglected here. A time se-
90 ries is constructed considering all days when measurements
are available, typically this covers more than 330 days per
60 year. Examples for two selected stations are given in Fig.
30 and4. From this time series basic statistical parameters are
00 calculated, the same has been done for the measurements for
micragr/m=3 14 the comparison. In Tablgthe mean values, the relative stan-

5 s dard deviation over the time series, the skewness of the distri-

bution and the correlation coefficient are presented for 2000
and 2001. Additionally, the geometric mean and the geomet-
ric standard deviation are given. They are more appropriate

. . o ) to describe “average” properties of the aerosol mass concen-
Romania and Bulgaria. The distribution is dominated by SeC+ation, pecause the distribution function of the daily mean
ondary inorganic aerosols, namely sulfate, nitrate and ammop,;, - vajues is close to a log-normal distribution. This wil
nium. The high PMo values over the North Sea and the eastyye shown later in this paper. Nevertheless, the discussion
Atlantic are due to sea salt aerosol. The Iberian Peninsulgyt i results concentrates on the arithmetic means, because
large parts of Great Britain, Scandinavia, and Russia shoWege yajues can better be compared to other results given

the lowest aerosol load. Very high values in North Africa are i, e jiterature, where arithmetic means are most frequently
caused by Saharan dust. The modelled f8stribution for used

2001 (not shown here) is very similar to that for 2000.

Fig. 2. Modelled PM g values at ground level in Europe in 2000 for
a 54x 54 kn? grid. Boundary effects are excluded from the figure.
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Table 3. Statistical measures of the aerosol mass density at ground level in the mode!5 I6# resolution and measured at selected
EMEP sites in 2000 and 2001. Riylvalues are given iwg/m?’.

Aerosol mass density at ground level 2000

Station mean bias rel. stdv. skewness geom. mean geom. stdv. correlation
meas. model meas. model meas. model meas. model meas. model
AT02 27.3 9.7 —-176 0.56 0.50 1.33 1.10 23.6 8.6 1.73 1.65 0.49
CHO02 19.8 8.0 —-11.8 0.62 0.57 1.50 1.20 16.5 6.7 1.85 1.90 0.36
CHO3  17.9 101 -7.8 0.56 0.50 1.46 1.09 15.5 8.8 1.73 1.75 0.40
DEO1  20.5 11.7 -8.8 046 0.61 1.13 1.18 18.5 9.8 1.57 1.88 0.57
DEO2 17.3 114 -59 0.55 0.60 2.14 1.56 15.3 9.6 1.62 1.83 0.43
DEO4  14.8 114 -34 048 0.54 1.00 151 13.3 9.8 1.62 1.77 0.47
DEOQ7 17.4 9.9 -75 058 0.66 1.52 1.16 14.9 8.0 1.75 1.96 0.52
DEO09 19.6 105 -9.1 053 0.57 1.48 0.98 17.3 8.1 1.65 1.80 0.59
Aerosol mass density at ground level 2001
Station mean bias rel. stdv. skewness geom. mean geom. stdv. correlation
meas. model meas. model meas. model meas. model meas. model
AT02 26.1 9.9 -16.2 0.61 0.51 131 0.92 221 8.7 1.80 1.68 0.35
CHO02 19.3 8.1 —-11.2 0.61 0.67 1.27 1.57 16.2 6.4 1.83 2.12 0.40
CHO3 18.1 100 -8.1 0.62 0.57 1.66 1.23 15.2 8.3 1.79 1.92 0.49
DEO1 20.1 106 -95 061 0.61 1.97 1.40 17.4 8.9 1.69 1.80 0.56
DEO2 16.3 114 -49 0.73 0.64 3.77 1.72 13.7 9.5 1.75 1.84 0.63
DEO4  15.2 111 -41 053 0.56 1.13 1.01 13.2 9.3 1.73 1.88 0.68
DEOQ7 15.6 9.9 -5.7 0.79 0.76 2.54 1.67 12.5 7.6 1.92 2.07 0.69
DEOQ9 16.8 9.9 -6.9 0.74 0.67 2.81 151 139 8.1 1.81 1.91 0.64

At all stations the model mean concentrations are signifi- DE07, PM, 2000
cantly lower than the measured values. The deviations range 8o : : : :
from 23% at DEO4 in 2000 to more than 60% at ATO2 in
2000. Despite these significant discrepancies, the time series
show correlation coefficients between 0.35 and 0.69. Low
values of the correlation coefficient are caused by the fact
that the model doesn’t capture some of the higher;i°M
measurements, e.g. at DEO7 in summer 2000 (Bjcand I
at CHO2 in January/February 2000 and 2001 but also in the 0 50 100 150 200 250 300 350
summer of both years (Fidg). Better agreement is achieved julian day
in spring and fall 2001 at DEQ7. The results are similar to DE07, PM,,, 2001
those reported byahnert and Tarraso(2004 for simula- 80 v v v v
tions with the EMEP model. Compared to results for 2M
in the United StateBoylan and Russegl2006 Mathur et al,
2008 that show good agreement for the mean values (mean :
bias less than 10%), these are quite significant underestima-
tions. At continental sites the modelled PMaccounts for
approx. 90% of the total aerosol mass. This is higher than -
measured values that show a typical P¥PM;g ratio of 0 50 100 150 200 250 300 350
about 0.7 Putaud et a).2004). Therefore a comparison of julian day
the PMy 5 fraction to measurements, if they would be avail-
able, would certainly yield lower deviations than for PV

T T
Measurements

3
3
=l

Concentration / pg/m"

T T
Measurements

3
N
S

Concentration / pg/m

Fig. 3. Comparison of modelled (at 544 kn?) and measured
PMj values in 2000 and 2001 at Neuglobsow/Germany.
The modelled time series show relative standard deviations
similar to the measurements and the probability distribution
functions of both, the measured and the modelled values, are
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Table 4. Statistical measures of the Rlylprobability distribution function at stations where data from 2000 and 2001 was available. Results
of a test for a log-normal distribution on the 95(%) significance Iexén(est and KS-test, see text). Measured (mea.), modelled (mod.) and
threshold (thr.) values are given. Riyvalues are inug/m3. Bold numbers denote the test criteria were not met.

Station median s x2 KS N

mea. mod. mea. mod. mea. mod. thr. mea. mod. thr.

AT02 22.7 8.6 058 052 144 10.7 1407 0.039 0.017 0.051 713
CHO2 16.3 6.5 061 0.70 151 428 14.07 0.034 0.048 0.051 719
CHO3 153 8.6 057 060 58 428 14.07 0.020 0.045 0.050 729
DEO1 178 9.3 050 061 130 8.6 14.07 0.025 0.022 0.052 680
DEO2 144 9.6 053 061 139 103 14.07 0.024 0.014 0.051 706
DEO4 13.2 95 052 062 89 396 14.07 0.019 0.047 0.051 717
DEOQ7 135 7.8 062 070 9.7 147 1407 0.033 0.041 0.051 706
DEO09 154 8.4 056 062 89 9.6 14.07 0.020 0.020 0.051 705
NOO1 4.7 3.6 0.87 055 165 31.8 14.07 0.060 0.054 0.052 696

CHO02, PM,,, 2000 the data set. The KS-test determines the maximum absolute
80 : : : v — : dgwathn from the ideal distribution. Both t<_asts were app-
70 Mod plied with threshold values on the 95% confidence interval.
These threshold values depend on the number of classes that
were chosen for the probability distribution function and on
the total number of data points. Here, 9 classes were taken
in a typical range between 3 and 66/m? for the measure-
‘ J ments and between 1.5 and 3§/m® for the modelled val-
0 50 00 150 200 230 300 350 ues. These values were adjusted from case to case to assure
julian day a minimum value of 5 elements per size class. The width of
CHO02, PM,,, 2001 the classes increased exponentially with the;Pvalues to

80 : : : : : account for their asymmetric distribution.
70

Concentration / pg/m3

T T
Measurements

3

Table4 shows the statistical measures of the igidroba-
bility distribution function at stations where data from 2000
and 2001 was available. The ratio of the median to the mean
varies between 0.84 and 0.92 for the measurements, for the

‘ \ ‘ modelled values it is somewhat lower and ranges between
0 50 100 150 200 250 300 350 0.79 and 0.88. This already indicates that the distribution
julian day function of the modelled values slightly differs from that of
] ] the measured values. The width of the distribution on log-
Fig. 4. Comparison of modelled (at 564 kn?) and measured  geqjo represented by the standard deviatjimat seven sta-
PMyp values in 2000 and 2001 at Payerne/Switzerland. tions wider for the modelled values, at two stations it is wider
for the measured values. However, the average difference is
asymmetric with values for the skewness between 1 and 2. Ionly 0.02. Considering the statistical tests we can conclude
general, the skewness is somewhat higher for the measurafiat the measurements at six stations follow a log-normal dis-
values pointing to the fact that very high values are insuffi- tribution on the 95% significance level. At three stations
ciently captured by the model. (AT02, CHO02, NOO1) theg?-test gives slightly higher val-

Itis known that measured aerosol optical depth values fol-ues than the allowed value of 14.07 (for 9 classes and the
low a log-normal distribution@’Neill et al., 200Q Matthias  95% significance level). On the other hand, the distribution
and Bisenberg2002 Behnert et al.2007) and it is self-  function of the modelled values differs significantly from the
evident to assume that the mass densities follow such a dideg-normal distribution at four stations (CH02, CHO03, DE04,
tribution function as well. Two statistical tests were applied NOO1). At these stations also the KS-test shows values close
to the data-sets, thg?-test and the Kolmogoroff-Smirnow- to or above the limit value of approx. 0.051 (depending on
test (KS-test). Theg2-test looks for the quadratic deviation the number of values). It is interesting to note that all these
of the measured (or modelled) distribution from an ideal log- stations are at higher altitudes and in mountaineous terrain,
normal distribution derived from the statistical parameters ofalthough they are no clear mountain stations.

Concentration / pg/m
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Fig. 5. Comparison of measured and modelled time series of nitrate Fig. 6. Comparison of measured and modelled time series of ni-

ammonium and sulfate aerosol at Melpitz/Germany (DE44)in 2000.trate, ammonium and sulfate aerosol at Birkenes/Norway (NOO1)
in 2000.

One reason for the discrepancies could be the coarse hor-
izontal resolution of the model where mountains are nottotal particle mass. In a finer grid resolution the lower values
very well represented. Following this, one could expect bet-at elevated stations are better represented, but this leads to
ter agreement of the measured and the modelled values o@h enhanced bias. At coastal stations the finer grid captures
the 18<18kn? grid. All German stations (DE0O1, DE02, the higher continental P values compared to the open sea
DE04, DEO7 and DE09) and the Norwegian station (NO01)better and the bias between measurements and model results
are within this nested grid. The statistical evaluation of iS reduced.
the model results at the six stations revealed no large dif- The better model performance in terms of reduced bias
ferences when compared to the results on the coarser gricht some sites is not reflected in the other statistical param-
Such a finding was also reported bgsche et al(2006 for eters. The correlation coefficients were slightly lower at all
a 36 km/12km grid system in the eastern US. The bias bestations in both years except for NOO1 in 2000. Also the
tween measurements and model results was reduced by 1.Sstribution functions were not closer to what was observed,
2 ug/m? at the coastal stations DEO1 and DE09, and it wasonly at DEO1 and DEO7 they could be represented by a log-
enhanced by 1-1/5g/m°® at the elevated station DE0O4. At normal distribution on the 95% significance level. At DE02
the other stations, the differences were beloguglm?®. This and DEO9, where the test was passed on the coarse grid, this
result confirms the assumption that a better model resoluwas not the case on the finer grid. Obviously, the reduced
tion gives more reliable results at selected sites. At elevatedbias at some stations on the finer scale can be attributed to
stations the measured mean RMalues are typically lower the better resolution of orography and land use, which cause
than in the surrounding area that is represented by the modalystematic effects also on longer time scales. The statistical
with the coarse grid resolution. This leads to a better agreedistribution of daily mean values is not largely affected by
ment with the model results if the model underestimates thean improved spatial resolution. This might be due to the fact
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Table 5. Statistical measures of ammonium, nitrate, sulfate and sea salt at ground level in the mostéi4ké resolution and measured
at Melpitz/Germany (DE44) on 364 days and Birkenes/Norway (NOO1) on 366 days in 2000. Aerosol mass densities aregfwen in

Melpitz (DE44)
Component mean bias rel. stdv. skewness geom. mean geom. stdv. correlation
meas. model meas. model meas. model meas. model meas. model
NHg4 2.00 1.86 -0.14 0.56 0.62 0.89 1.07 2.19 1.63 2.17 3.45 0.63
NO3 2.98 3.02 0.04 0.56 0.88 2.38 1.49 1.65 151 1.97 1.99 0.67
SOq 2.85 277 -0.08 0.64 0.62 141 1.19 2.36 2.27 1.85 1.92 0.55
Na 0.32 0.13 -0.19 104 1.61 2.86 3.54 0.22 0.05 2.27 5.65 0.69
Cl 0.43 0.18 -0.25 0.90 1.61 2.20 3.54 0.32 0.06 2.08 5.65 0.48
Birkenes (NOO1)
Station mean bias rel. stdv. skewness geom. mean geom. stdv. correlation
meas. model meas. model meas. model meas. model meas. model
NO3 0.74 0.18 -0.56 1.28 2.78 2.74 5.29 0.39 n.d. 3.24 n.d. 0.49
NHg4 0.39 029 -0.10 141 1.08 2.42 3.03 0.14 0.19 4.94 2.56 0.67
SOy 1.33 0.93 -0.40 0.99 0.75 2.38 2.15 0.86 0.73 2.71 2.06 0.69
Na 0.45 0.64 0.19 1.14 0.91 2.12 1.86 0.24 0.43 3.62 2.61 0.65
Cl 0.54 0.90 0.36 1.70 0.91 3.08 1.86 0.16 0.60 5.36 261 0.81

that air masses typically travel over a few hundred kilometersMelpitz (DE44). At these stations all components are avail-
per day, so on both grids daily means represent conditions inable for 2000 which allows a more detailed investigation of
fluenced by several grid cells. the model performance. OC and EC were only available
The fact that the variability of the aerosol mass is capturedn 2001 at NOO1. According to the model they should be
quite well suggests that the transport and deposition patterngf minor importance but measurements (eRutaud et aj.
which dominate the variability of the atmospheric aerosol are2004 show that their mass fraction might be higher than
realistically modelled. Most important, many of the events the sum of the inorganic components. The importance of or-
with high aerosol load are captured quite well by the model,ganic aerosol could be seen in a CMAQ model assessment by
too, although the peak values might be underestimated. Thi#lathur et al.(2008, too, but measurements are still sparse
can particularly be seen at the German stations (sefig. in Europe and a detailed investigation of the organic aerosol
an example) where the modelled winter values are in closeould not be done for this study.
agreement with the observations while in summer the mod- For the comparison, the different size modes in the model
elled values are considerably lower than the measurementsvere added to form the total mass of sulfate (all three
At the stations in Switzerland (see F#).and Austria, PMo modes), nitrate, ammonium (both with Aitken and accumu-
is also underestimated in winter but the time series showsation mode), chloride and sodium (both with accumulation
higher correlation coefficients in winter than in summer. Thisand coarse mode). The procedure to derive daily averages
already indicates that the discrepancies between model and the same as for total P)d the different sampling period
observations could be linked to photochemistry or to seasonfrom 08:00 UTC to 08:00 UTC at DE44 was taken into ac-
ally variable emissions, e.g. from biogenic sources and it iscount. The results are presented in F@nd the statistical
therefore useful to have a closer look at the chemical compoparameters are given in Table Compared to the results

sition of the aerosol. for PMyg, the aerosol mass of the different species and their
time series are captured very well at DE44. For sulfate, am-
3.3 Chemical composition monium and nitrate, the annual mean of the modelled aerosol

mass differs less than 10% from the measurements. The cor-
Following the model results, the aerosol distribution over Eu-relation coefficients range from 0.55 for sulfate to 0.67 for ni-
rope is dominated by five chemical components in differ-trate. Sodium and chloride are underestimated by the model
ent modes: sulfate (in accumulation and coarse mode), niby more than 50%, however their contribution to the total
trate, ammonium (both in accumulation mode), chloride andaerosol mass is rather small. It is likely that the model un-
sodium (both in coarse mode). All five components were ex-derestimates the sea salt particles in the accumulation mode,
tracted from the model results for the comparison with thewhich can be transported over much longer distances than the
chemically speciated measurements at Birkenes (NOQ1) andoarse particles. In the model, typically only a negligible part
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(less than 10°) of the sea salt mass is in the accumulation Chemically unspecified aerosol, Melpitz, 2000
mode while measurements show contributions of typically =~ % ' ' ' T Measurements
a few percent of the total mass, depending on the location £ zz I Model —— L
(Putaud et a).2004. Summed up, the chemically specified § 5 | I‘ ﬂ%ﬁ o h | ‘T L
aerosol is 7.8% lower than the measurements with a corre- 5 20| ¢ | ‘ i ‘*\J‘ﬁ m Jl f ﬁ]} 1 il ﬂfn it
lation coefficient of 0.59. 83% of the modelled daily means £ 15[/ HH# st HW%WTE *ﬂyl‘,j«ﬁ %ﬂ%%, by '
agree with the measurements within a factor of 2. s Ol L | I TR 1%“&@ b
(&) 5 o8 1 I

At NOO1, the agreement of the model results with the 0 ‘ j ; : ‘
measurements of the chemically speciated compounds is also 0 0 0 10 200 20 300 30
much better than for PM (Fig. 6), but it is not as good as Chemically unspeciad aer e, Birkenes, 2000
at DE44. Nitrate is significantly underestimated, particularly 25 , : : : :

in summer. Only 24% of the measured nitrate is captured by it |

the model, the correlation coefficient is 0.49 (Table Am-
monium and sulfate are underestimated by 25% and 30%, re-
spectively, however the temporal variability and therefore the
transport patterns of these substances is captured quite Wellg
and this is represented by correlation coefficients of 0.67 and S _ A |
0.68. Similar conclusions hold for sodium and chloride with O e 10 1% a0 20 a0 0
correlation coeffcients of the annual time series of 0.65 and julian day
0.81. In contrast to the substances of anthropogenic origin,
sea salt is overestimated by 40 to 60% at NOO1. These conFig. 7. Comparison of measured chemically unspecified aerosol
pensating effects lead (however for the wrong reason) to anass density to the remaining modelled aerosol at Birkenes/Norway
good agreement of the total measured chemically speciatetNO01) and Melpitz/Germany (DE44) in 2000. The modelled
aerosol mass with the model results (biak4.9%, corr. co- aerosol_mass consists of organic aerosol, elemental carbon, soil and
eff. 0.65, 64% within a factor of 2). unspeciated PMs and PMoarse

It is interesting to have a closer look at the time series of
the not specified aerosol mass at DE44 and NOO1 (Hig.
This is the difference between Ryland the five chemically ~ganic matter. The large fraction of RN in the total aerosol
specified components sulfate, nitrate, ammonium, sodiumnass in the model results points also to the fact that coarse
and chloride. At NOO1, the largest deviations are observed€rosols are underestimated. To get answers to this ques-
between April and June, which might be caused by an ention it would be valuable to have more long term chemically
hanced contribution of primary particles of biogenic origin Speciated aerosol observations including organic carbon and
that are not included in the emission data and also not irsome soil species.
CMAQ or by a massive secondary organic aerosol forma- The sum of organic aerosol and elemental carbon at NOO1
tion caused by enhanced biogenic emissions in spring thai 2001 (February till June and October till December) was
are incorrectly modelled. This feature can also be observedompared to the modelled values. It was found to be approx.
at DE44, although here significant deviations from the modela factor of 3 higher than the modelled values. Obviously, sig-
results are observed in winter as well. Other recent publicanificant aerosol emission sources and formation processes, in
tions of CMAQ model results in the US¢sche et al2006 particular of organic aerosols, are likely to be not yet cor-
Boylan and Russell2006 McKeen et al. 2007 Mathur rectly included in the model. This includes uncertainties in
et al, 2008 also report underestimations of BMin sum- the amount of primary OC and EC emissions already men-
mer, particularly nitrate and organic carbon (OC) contributetioned in Sect2.2 An estimate showed that the total EC
to this negative biaseder and Yu2006 found in an annual and OC emissions in the inventory that was used here are
CMAQ run for 2001 covering the whole US that OC was approximately a factor of 5 lower than recently reported by
overestimated in the western part of the US except Califor-Kupiainen and Klimont2007) for the year 1995. An in-
nia and underestimated in the more industrialised regions ircrease of the OC and EC emissions by this factor would lead
the eastern US. to about twice the organic aerosol concentrations if they were

It can be concluded that the model captures nitrate, sulfat@nnually averaged over the entire domain. The large discrep-
and ammonium aerosol quite well while sea salt is underesancies in EC and OC emission inventories (see €gnd
timated at the more continental site DE44 and overestimateét al, 2004 Cooke and Wilson1996 and the deficiencies in
at NOO1 which is closer to the coast. By far the largest de-the modeling of organic aerosols have already been identified
viations of the modelled aerosol mass to the measurementsarlier and a lot of research is done to improve particularly
belongs to the particles that are chemically not specified inthe secondary organic aerosol formation in CTMs (d2gn
the measurementsPutaud et al(2004 speculate that this et al, 2003 Yin et al,, 2004 Kanakidou et al.2005 Fuzzi
unaccounted aerosol is partly aerosol water and partly oret al, 2009.

tration / ug/m
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Table 6. Comparison of ammonium aerosol measurements with model derived values%# Ed? resolution in 2000 and 2001. Aerosol
mass densities are given ig/mS, n.d.: not determined.

Ammonium mass density at ground level 2000

Station mean bias rel. stdv. skewness geom. mean geom. stdv. correlation
meas. model meas. model meas. model meas. model meas. model
Cz03 1.32 1.97 0.650 0.81 0.58 2.97 1.19 1.04 1.66 1.97 1.82 0.38 366
HUO02 1.90 1.94 0.041 0.66 0.59 1.06 1.57 1.39 1.66 2.77 1.75 0.59 349
ITO1 2.06 143 -0.631 0.58 0.93 141 2.83 1.75 1.08 1.81 2.05 0.56 345
ITO4 4.36 1.64 -2.724 0.91 0.85 1.88 2.64 2.67 1.27 3.24 2.01 0.20 312
NLO9 1.29 1.63 0.337 0.71 0.92 1.41 2.18 1.01 1.11 2.10 2.50 0.45 316
NOO08 0.28 0.26 -0.022 1.74 111 4.09 2.99 0.10 0.17 4.49 2.53 0.69 348
RUO1 0.29 0.17 -0.118 0.79 1.16 2.13 3.32 0.23 0.12 2.09 2.42 0.42 294
RU18 0.85 0.62 -0.232 0.70 1.04 2.12 2.04 0.69 0.40 1.90 2.61 0.37 326
Ammonium mass density at ground level 2001
Station mean bias rel. stdv. skewness geom. mean geom. stdv. correlation N
meas. model meas. model meas. model meas. model meas. model
Cz03 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
HUO02 1.94 1.82 -0.11 0.79 0.66 1.79 1.36 1.47 1.48 2.15 1.92 0.65 348
ITO1 1.88 1.32 -0.56 0.51 0.83 1.34 1.99 1.65 1.00 1.68 2.06 0.16 346
ITO4 2.82 1.49 -1.32 1.21 0.81 3.34 2.34 1.50 1.16 3.71 2.00 0.30 224
NLO9 1.59 1.50 -0.09 0.76 0.99 1.73 1.96 1.22 0.91 2.10 2.97 0.50 327
NOO08 0.35 0.33 -0.02 1.40 1.06 2.16 3.42 0.13 0.21 4.56 271 0.34 358
RUO1 0.35 0.19 -0.16 0.77 1.05 1.38 2.80 0.26 0.13 2.43 2.58 0.43 328
RU18 0.85 0.67 -0.18 0.65 1.23 1.60 2.51 0.71 0.39 1.84 2.78 0.35 297

Sulfate, nitrate and ammonium were in addition measuredsors are not considered in the emissions this result is very
at several EMEP stations in 2000 and 2001. Details abousatisfying. Discrepancies in modelled and measuredoPM
what was measured at which site can be derived from Taare much higher than for 1A only.
blel. Unfortunately,'atnone of these stations e.xceptatN001 Differences between the years are often quite small in
(that was already discussed) also f3Wvas available. The

; ) i both, observations and model results. They are likely caused
results are summarized in Tablés8. Largest differences

b din Ital icularl | hich i h by the meteorological influence on the aerosol distribution,
are observed In ltaly, particularly at Ispra which Is at the o556 the emissions were kept the same in the simulations

north side of the Po valley. Here nitrate, ammonium and sul-,¢ ¢ vears. The small changes in the observations between

fate are significantly underestimated, at all other stations theboth years indicate that this approach is well justified. It is

anr|1|ual rrllfe ans of Inltrate dand "’?mmog"ﬂm are captureg r[‘;"th%teresting to note that the statistical results of the compar-
we k S_:_Jhate 1S asol un Ierestlma'[f? deberm:ny an | ©Nisons at individual stations are similar in both years. Much
mark. The temporal evolution, reflected by the corre atlonIarger differences are observed among the stations, pointing

coefficient is captured well at most stations for sulfate (corre—to the fact that the results of a comparison between modelled

lation coeffments_between Q.4 and 0.7). The correlatlon_s are,nd measured aerosol concentrations highly depend on the
lower for ammonium and nitrate (about half of the stations choice of the measurement station

are not better than 0.4). Ammonium is not captured very

well in south Europe (IT0O4 and ES11) while nitrate shows

particularly low correlations in remote regions (NOO8 and 3.4 Aerosol optical depth
RUO01). Similar to CMAQ model results in the US, ammo-

nium and nitrate are significantly underestimated in summerTh | optical depth is derived f h del |
but the agreement with the observations is much better in e aerosol optical depth is derived from the model results

winter. Despite the diffculties to capture the 1A correctly in using a smple approa‘?h described Mplm et al. (1994" )
some regions like the Po valley, the total amount of IA is on This emperical formula is known as reconstructed extinction
average only underestimated by 15-20% in most regions oftnd itis already used in CMAQ to derive extinction values in

Europe. Having in mind that natural sources of SIA precur—the lowest model layer. It is valid for the r_n|d-_V|S|bIe spec-
trum around 500 nm wavelength. The extinction coefficient
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Table 7. Comparison of nitrate aerosol measurements with model derived values 54 &7 resolution in 2000 and 2001. Aerosol mass
densities are given ipg/m3, n.d.: not determined.

Nitrate mass density at ground level 2000

Station mean bias rel. stdv. skewness geom. mean geom. stdv. correlation N
meas. model meas. model meas. model meas. model meas. model
Cz03 2.78 3.22 0.44 0.73 1.02 1.53 1.59 1.98 1.70 2.65 3.74 0.38 366
HU02 2.76 244 -0.32 0.95 1.31 1.81 1.79 1.78 0.64 2.81 7.88 0.59 349
ITO1 3.62 203 -159 0.73 171 151 3.10 2.79 0.29 213 40.81 0.56 345
ITO4 10.00 238 -7.62 1.06 1.61 2.36 3.59 6.28 0.72 2.70 8.31 0.20 314
NLO9 2.78 2.83 0.05 0.74 1.19 1.40 2.62 2.10 1.34 2.30 4.16 0.45 314
NOO08 0.51 0.15 -0.35 1.34 2.39 4.79 5.40 0.31 0.03 2.68 8.53 0.69 349
RUO1 0.21 0.07 -0.14 0.92 4.06 2.85 7.05 0.16 n.d. 2.16 n.d. 0.42 294
RU18 0.67 0.69 0.02 0.87 2.09 1.68 2.83 0.48 n.d. 2.33 n.d. 0.37 325

Nitrate mass density at ground level 2001

Station mean bias rel. stdv. skewness geom. mean geom. stdv. correlation N
meas. model meas. model meas. model meas. model meas. model

Cz03 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0
HUO02 2.71 252 -0.19 1.01 1.22 2.22 1.60 1.83 0.69 2.37 7.91 0.80 348
ITO1 3.17 1.73 -143 054 1.52 1.21 2.92 2.75 0.36 1.72 17.67 0.60 346
ITO4 5.52 217 -335 1.14 1.38 1.84 2.71 2.64 0.71 3.85 6.39 0.45 227
NLO9 3.28 257 -0.71 0.83 1.25 1.60 1.97 2.23 0.97 2.71 5.68 0.72 325
NOO08 0.70 0.30 -0.40 155 2.43 411 5.81 0.37 0.04 2.96 15.63 0.30 344
RUO1 0.22 0.09 -0.14 1.12 3.05 4,54 4,51 0.16 0.00 2.31 n.d. 0.40 328
RU18 0.78 0.78 -0.00 1.16 2.12 3.23 2.81 0.51 0.00 2.43 n.d. 0.43 297

depends on aerosol mass and humidity in the following way:which means that the model captures the variability quite
well although the total mass is underestimated. The correla-

= 0.003f(RH 1
ext f (RE)GmH, + mnos + msoy)+ @) tion coefficients are somewhat lower as for the aerosol mass.
0.004mowm + 0.01mec+ This can be explained by the fact that the optical depth cannot
0.001mpmzs,,, + 0.0006mpMqse be only represented by the aerosol mass. It depends on the

actual size and shape of the particles and on their size distri-
bution in several layers. For the hygroscopic particles, which
is the largest part in Europe, this is highly dependent on the
relative humidity. A few percent difference in humidity at
The relative humidity correctionf(RH) is described by _high relative humiditie_s can lead to very large discrepancies
Malm et al.(1994 and it is provided in look-up tables. It in Fh_e AOD values which then _resu_lts in poor correlatlon co-
varies between 1 (at low RH) and 21 (at RH=99%). All co- efficients caused by a few outliers in the time series.
efficients in Eq. 1) are given in mM/mg. The extinction is To get further insight in the reasons for the discrepancies
calculated from the aerosol mass for all model layers andbetween the modelled and the measured AOD values, the av-
then vertically integrated to give the aerosol optical depth.erage annual cycle of the AOD was calculated for the sta-
The results for 11 stations in 2000 and 16 stations in 2001tions with the highest number of measurements in the years
are summarized in Tab® The aerosol optical depth is un- 2000 and 2001. At AVI, KIS, LIL and VEN, more than
derestimated at almost all stations, the range of deviations i250 measurement days from both years could be used for
20-70%. Only at CLE, a mountain station at 1464 ma.s.l.,the statistics. To take more remote areas into account the
the model overestimates the AOD because the model resultdata from GOT (121 measurement days) was additionally
include contributions from lower regions in the $84 kn? evaluated. Figur& shows the data points and an annual cy-
grid cell. The lower AOD values in the model are in agree- cle that is derived as 6 weeks gliding average from all mea-
ment with the underestimation of the aerosol mass whichsurements and the corresponding model results for AVI and
has already been described. The relative standard devid-IL. At LIL, the annual cycle of the AOD is represented in
tion of the timeseries and the skewness of the modelled anthe model results, although with lower amplitude. This was
measured distribution function are again in good agreemenélso recognized at KIS and GOT (not shown). The model

wheremy denotes the mass of speciesX which are am-
monium (NH,), nitrate (NQ), sulfate (SQ), organic mat-
ter (OM), elemental carbon (EC), other accumulation mode
aerosols (PM2 &) and all coarse mode aerosol (Rs-
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Table 8. Comparison of sulfate aerosol measurements with model derived values 34 E4¥ resolution in 2000 and 2001. Aerosol mass
densities are given ipg/m®.

Sulfate mass density at ground level 2000

Station mean bias rel. stdv. skewness geom. mean geom. stdv. correlation N
meas. model meas. model meas. model meas. model meas. model
AT02 3.07 262 -045 0.1 0.57 0.90 1.62 2.49 2.25 2.01 1.78 0.61 320
CHO2 1.78 1.87 0.09 0.64 0.58 1.30 1.39 1.45 1.58 1.97 1.85 0.28 362
DEO7 3.20 233 -0.87 0.77 0.69 1.84 1.37 2.50 1.84 2.03 2.05 0.55 338
DEO09 3.15 2.06 -1.09 0.67 0.67 1.93 161 2.63 1.68 1.80 1.92 0.65 366
DKO3 2.43 151 -0.92 0.59 0.71 1.48 1.39 2.08 1.18 1.75 2.05 0.65 327
DKO05 2.99 201 -0.98 0.56 0.67 1.13 1.67 2.56 1.64 1.79 1.92 0.64 360
DKO8 2.46 1.70 -0.76 0.60 0.62 1.59 1.17 2.10 1.39 1.75 1.97 0.66 355
ES11 2.23 2,00 -0.23 0.68 0.41 2.01 0.85 1.88 1.84 1.82 1.51 0.21 351
FI22 1.20 0.75 -0.45 0.80 0.84 1.77 3.16 0.88 0.57 2.33 2.17 0.64 364
FR0O9 2.40 3.02 0.62 0.62 0.64 1.86 2.01 2.05 2.54 1.74 1.80 0.47 342
GBO7 2.35 224 -0.11 0.74 0.67 1.40 1.97 1.81 1.86 2.10 1.82 0.49 345
GB14 1.81 211 0.30 0.73 0.75 2.43 2.07 1.49 1.66 1.83 2.03 0.42 358
HUO02 4.95 3.72 -1.23 0.63 0.56 1.40 1.26 3.83 3.19 2.50 1.77 0.64 349
ITO1 3.24 275 -049 053 0.59 0.92 231 2.80 2.40 1.76 1.67 0.48 345
ITO4 5.62 280 -2.82 0.77 0.57 1.05 1.27 3.88 2.40 2.63 1.76 0.37 314
NLO9 1.85 241 0.56 0.69 0.69 1.64 2.46 1.48 2.00 2.00 1.82 0.28 316
NOO08 1.04 0.71 -0.33 1.15 1.01 3.58 3.40 0.67 0.50 2.70 2.40 0.72 349
RUO1 1.05 0.63 -042 1.00 0.74 2,51 1.96 0.71 0.48 2.53 2.23 0.44 294
RU18 1.69 1.99 0.30 0.79 0.66 2.17 1.48 1.32 1.63 2.03 1.90 0.44 326
SE02 2.16 138 -0.78 1.01 0.68 6.79 1.54 1.59 1.11 2.37 1.99 0.54 361

Sulfate mass density at ground level 2001

Station mean bias rel. stdv. skewness geom. mean geom. stdv. correlation
meas. model meas. model meas. model meas. model meas. model

AT02 3.37 266 —-0.71 0.68 0.69 1.74 2.23 2.73 2.19 1.96 1.87 0.57 356
CHO02 2.16 1.86 -0.30 0.66 0.71 1.20 1.71 1.73 1.45 2.01 2.15 0.28 356
DEO7 3.13 241 -0.72 0.90 0.84 2.45 2.28 2.32 1.81 2.16 2.18 0.63 361
DEO9 3.21 218 -1.03 0.87 0.83 3.24 2.53 2.50 1.68 1.99 2.04 0.68 363
DKO03 2.32 1.73 -059 0.78 0.86 1.88 2.01 1.80 1.29 2.03 2.14 0.62 341
DKO05 2.52 206 -0.46 0.70 0.80 2.08 2.17 2.05 1.60 1.94 2.02 0.66 340
DKO08 241 181 -0.60 0.71 0.81 1.70 2.32 1.95 1.40 1.92 2.05 0.68 345
ES11 2.80 216 -0.64 0.87 0.55 2.19 1.50 2.14 1.89 2.00 1.69 0.44 356
Fl22 1.17 0.81 -0.36 0.78 0.88 1.22 2.23 0.83 0.58 2.43 2.35 0.59 311
FRO9 2.21 3.00 0.79 0.55 0.61 1.22 1.60 1.92 2.49 1.70 1.87 0.45 353
GBO07 2.36 2.38 0.02 0.68 0.74 1.36 2.52 1.91 1.94 1.96 1.85 0.41 297
GB14 1.85 2.15 0.30 0.77 0.88 1.77 2.92 1.44 1.63 2.05 2.07 0.39 354
HUO02 4.75 343 -1.32 0.69 0.68 1.85 2.04 3.86 2.84 1.94 1.83 0.59 348
ITO1 2.99 265 -0.34 0.53 0.55 0.86 1.96 2.59 2.32 1.76 1.67 0.50 346
ITO4 3.62 268 -094 0.73 0.63 1.47 1.39 2.74 2.24 2.23 1.81 0.33 227
NLO9 2.16 2.25 0.09 0.71 0.79 1.55 2.90 1.70 1.78 2.09 1.98 0.35 327
NOO08 1.01 0.81 -0.20 1.06 0.86 2.22 1.93 0.64 0.58 2.68 2.36 0.51 353
RUO1 1.27 0.69 -058 1.19 0.83 3.23 2.35 0.73 0.51 2.93 2.33 0.35 328
RU18 1.69 1.87 0.18 0.93 0.84 3.22 2.80 1.25 1.42 2.17 2.12 0.49 297
SEO02 2.32 1.50 -0.82 0.87 0.84 2.23 2.42 1.67 1.15 2.34 2.06 0.56 364
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Table 9. Statistical measures of the aerosol optical depth at a wavelength of 500 nm from AERONET measurements with model derived
values at 5454 kn? resolution in 2000 and 2001.

Aerosol Optical Depth 2000

Station mean bias rel. stdv skewness geom. mean geom. stdv. corr. N
meas. model meas. model meas. model meas. model meas. model

AVI 0.17 0.05 -0.12 0.68 0.85 1.49 2.73 0.14 0.04 1.89 191 0.54 190
BUC 0.20 0.11 -0.09 047 0.69 0.82 0.87 0.18 0.08 1.69 217 -010 35
CLE 0.09 0.10 0.01 0.59 0.62 0.80 0.66 0.08 0.08 2.07 2.07 060 15
GOT 0.12 0.06 —-0.06 0.88 0.89 1.96 3.02 0.09 0.05 2.17 1.86 0.8 37
HAM 0.20 0.17 -0.03 0.58 0.83 0.94 1.82 0.17 0.12 1.79 2.18 032 65
HEL 0.19 0.14 -0.05 0.74 0.84 2.02 1.30 0.16 0.09 1.79 2.60 049 43
LAM 0.25 0.07 -0.18 0.52 0.40 1.52 0.57 0.22 0.06 1.65 1.52 0.46 82
LIL 0.21 0.13 -0.08 0.72 0.80 2.82 1.64 0.17 0.10 1.80 2.04 0.39 105
KIS 0.23 0.12 -0.11 0.52 1.00 0.93 4.44 0.20 0.09 1.73 2.12 0.49 108
TOU 0.16 0.06 -0.10 0.61 1.07 181 5.86 0.14 0.05 1.76 1.89 0.27 89
VEN 0.31 0.10 -0.21 0.69 1.25 1.62 7.21 0.25 0.07 2.00 1.95 0.28 255
AVI 0.18 0.06 -0.12 0.68 0.81 1.36 2.70 0.14 0.05 1.94 0.05 0.50 251
BIA 0.16 0.08 -0.08 0.69 0.87 1.68 1.59 0.13 0.06 1.73 0.06 0.30 13
BOR 0.19 0.08 -0.11 0.65 0.81 2.00 221 0.16 0.06 1.74 0.06 0.30 166
BUC 0.29 0.15 -0.14 0.63 0.93 1.82 3.01 0.25 0.11 181 0.11 0.26 173
CLE 0.09 0.19 0.10 0.59 0.42 0.80 0.06 0.08 0.17 2.07 0.17 054 15
CRE 0.19 0.12 -0.07 0.71 0.71 1.50 0.80 0.15 0.09 1.93 0.09 0.56 17
GOT 0.12 0.05 -0.07 0.76 0.95 1.47 3.08 0.10 0.04 2.06 0.04 059 84
HEL 0.22 0.10 -0.12 0.72 0.87 1.74 1.66 0.18 0.07 1.87 0.07 017 27
LEI 0.28 0.12 -0.16 0.68 0.85 1.35 2.48 0.23 0.09 1.86 0.09 039 97
LIL 0.25 0.11 -0.14 0.60 0.85 1.38 2.11 0.21 0.08 1.75 0.08 0.38 90
KIS 0.24 0.10 -0.14 0.64 0.92 1.39 2.26 0.20 0.07 1.89 0.07 0.24 167
MOS 0.21 0.08 -0.13 0.1 0.91 1.77 151 0.15 0.05 2.13 0.05 0.36 30
NOR 0.10 0.06 —-0.04 0.62 1.06 2.07 2.63 0.09 0.04 1.66 0.04 080 71
00Ss 0.18 0.14 -0.04 094 0.78 2.66 1.35 0.14 0.10 1.87 0.10 039 39
VEN 0.29 0.09 -0.20 0.79 0.78 1.86 1.65 0.22 0.07 2.13 0.07 032 178
VIN 0.19 0.06 -0.13 0.64 0.72 0.54 1.43 0.15 0.05 2.05 0.05 0.65 39

results typically show a spring time maximum between April the results for the aerosol mass at ground level. At almost all

and June or some weeks earlier (KIS and VEN). This is re-stations the bias between the model results and the measure-

flected in the measurements at LIL, KIS and GOT, too, butments is lower in winter than in summer. Only LEI, where no

it could not be seen at VEN and AVI. Such a spring time measurements before May 2001 are available, and the south

maximum in the AOD derived from lidar data was reported European stations VEN and AVI show almost no difference

before byMatthias et al(2004) for three different stationsin  between the seasons. The picture is unclear for the correla-

Germany. Likewise, the authors didn't find this feature attions during the different seasons. Considering only stations

lidar stations in southern Europe (Italy and Greece), either with more than 200 data points in both years, the east Euro-

There are two possible explanations for this maximum. First,pean stations BUC and KIS show clearly better correlations

it could be caused by biogenic aerosols or aerosol precursongetween measurements and model in winter months. Only

emitted during the spring bloom of trees and plants whichslightly higher correlations in winter were detected for VEN

is more pronounced in central Europe than in south Europeand LIL, while at AVI the correlation was slightly lower in

Second, ammonia emissions from fertilization in spring arewinter than in summer.

concentrated in central Europe and they have their maximum Distribution functions of the AOD values were investi-

in March/April. While ammonia emissions are included in gated at six stations, AVI, BUC, GOT, LIL, KIS and VEN.

the emission data base, the aerosols resulting from biogenigt each of these stations measurements on more than 100

emissions are certainly underestimated in the model. days in both years could be considered for the statistical eval-
Better agreement between the model and the measuresation. It is expected that measured AOD values follow a

ments is achieved in winter (October till March) compared log-normal distribution @'Neill et al., 200Q Matthias and

to summer (April till September) which again corresponds to Bosenberg2002 Behnert et al.2007), here the distribution
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0.2 ]
functions of the modelled AOD values are analysed, too. The %’ 1
same statistical tests as for the RjVmeasurements were £ 0.15
. Q
applied to the data-sets, th&-test and the Kolmogoroff- <
Smirnow-test (KS-test). Again 9 classes were chosen in the
range of AOD values between 0.02 and 1 for the measure- = 0.1 T
ments and of 0.01 to 0.4 for the modelled values. Only at &
GOT, the range of AOD values was restricted to 0.02 to 0.6
for the measurements and 0.01 to 0.3 for the modelled val- 0.05 .
ues. The results are displayed in Tak@ The data from
five of the stations, namely BUC, GOT, LIL, VEN and KIS
can be very well represented by a log-normal distribution be- R T S

cause they passed both tests on the 95% level. The data from
AVI cannot be represented by a log-normal distribution on
the given significance level as indicated by thetest and

0.01 0.02 0.03 0.04 0.06 0.09 0.14 0.22 0.33
AOD

this holds also for the modelled data at this station. Never-Fig. 9. Distribution function of the measured AOD values (left side)
theless, the results from the KS-test are below the thresholdnd modelled AOD values (right side) at Avignon together with an
for the 95% confidence interval. Here, the measured distriideal log-normal distribution. The y-axis values represent the AOD
bution function looks bimodal (see Fig), with small and values of the 9 logarithmically distributed classes.

large values being more frequent than the log-normal distri-

bution would suggest. This can be interpreted as frequent ble t ture th N fv. Firstb th .
events of very high optical depths caused e.g. by Saharaf>'€ '0 capture tnese events correctly. FIrst because the main

dust events. Similarly, the modelled aerosol optical de|othSource regions are OUIS.'de thg model dpmam and second be-
values show that small values are more likely than expecte ause W.md plown dust s only mcludeq ina rather crude way
and values around the median are underrepresented, howe considering ground level dust emissions from Aerocom
this effect is less pronounced than for the measurements. S see Sect2.2).

haran dust events influence the Mediterranean region quite

frequently, the dust is mainly transported in high altitudes

where it can travel over long distances. The model is not
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Table 10. Statistical measures of the AOD probability distribution function at stations where data from more than 100 days in 2000 and 2001
was available. Results of a test for a log-normal distribution on the 95% significance;{é’v&is(t and KS-test, see text). Measured (mea.),
modelled (mod.) and threshold (thr.) values are given, fPilues are inug/me. Bold numbers denote the test criteria were not met.

2

Station median S X KS N
mea. mod. mea. mod. mea. mod. thr. mea. mod. thr.
AVI 0.14 0.04 065 0.67 451 308 14.07 0.054 0.031 0.065 441

BUC 023 011 059 074 46 3.5 1407 0.018 0.024 0.094 208
GOT 0.09 0.04 074 070 438 23 1407 0.042 0.019 0.124 121
LIL 019 009 058 075 107 74 1407 0.051 0.028 0.097 195
KIS 020 0.08 060 080 6.1 44 1407 0.035 0.017 0.065 433
VEN 0.24 0.07 072 071 55 10.8 14.07 0.019 0.025 0.082 275

4 Conclusions with a clear focus on May and June leading to similar con-
clusions as for DE44. A comparison of the organic aerosol
The aerosol distribution over Europe in 2000 and 2001 wagdhat has been measured since 2001 at NOO1 showed that the

simulated with the regional air quality model CMAQ (v4.5). model values are between a factor of 1.5 and 3 lower than
A detailed comparison of the results with measurech®M the measurements. The time series of the inorganic aerosol
values close to ground and to columnar aerosol optical deptﬁhowed reasonable correlation coefficients between 0.48 and
values was performed and presented in this paper. AIthougIQ-Sl which gives a strong indication that the main transport
the model takes both natural and anthropogenic emissionBatterns are represented by the model and that the dominant
into account, a significant underestimation of the measuredMmission sources are correctly located. However, it cannot be
PMy values was found. At the five German stations, this ef-totally excluded that at some places errors, e.g. in emissions
fect was more pronounced in summer than in winter, while@nd chemical transformations, cancel out.

in Austria and Switzerland large differences were observed Inorganic aerosol is captured well by the model, as com-
in all seasons. The investigation of the key chemical com-parisons to measurements at several EMEP stations show.
ponents of the aerosol particles (nitrate, sulfate, ammoniumQn average all the main components sulfate, nitrate and am-
sodium and chloride) at DE44 and NOO1 gave a more demonium are 15-20% lower in the model than measured, but
tailed picture. no clear regional features were observed, except for the by

At DE44 good agreement between measured and modellefr largest deviations at Ispra (IT04) close to the Alpes in
nitrate, sulfate and ammonium was found. Sodium and chlonorth Italy. Orographic features not covered by the model
ride showed good correlations but a large underestimation@nd eventually underestimated emissions might be the rea-
most likely because the model does not represent the fin60NS for the discrepancies. Nitrate is not modelled well in
fraction of sea salt aerosols. The largest differences remainetgmote areas and sulfate is underestimated in Germany and
in the fraction of aerosol that could not be further specifiedDenmark. Here, ship emissions that were not considered in
by the measurements and that most likely consists of organiéhe emission data might contribute significantly to the sulfate
aerosol, primary coarse particles and water. These differconcentrations, at least in Denmark and the northern part of
ences were much larger in summer than in winter and thisGermany. However the temporal behaviour is captured quite
suggests the conclusion that aerosols of biogenic origin, botivell at many stations as represented by correlation coeffi-
primary and secondary particles, could be responsible for &ients between 0.4 and 0.7.
large part of the discrepancies. In winter aerosol water may Most of the findings agree well with those reported for
play an important role because relative humidities aroundCMAQ studies in the USTesche et a).2006 Boylan and
100% that may cause a huge water uptake of the aerosol paRussell 2006 Eder and Yu 2006 McKeen et al. 2007,
ticles are much more frequent in winter than in summer. ThisMathur et al, 2008, e.g. the summer/winter differences in
may lead to residual water sticking to the aerosol particleshe model performance for nitrate and ammonium and the
although it is assumed that they do not contain any water atinderestimation of OC. The underestimation of the total
RH=50%. Primary coarse particle emissions seem to be stilaerosol mass is more obvious in this study, but in the US
too low in the emission inventories. mostly PM 5 is considered while in Europe the focus is still

At NOO1 the picture is very similar to DE44 although ©Nn PMuo.
here nitrate is significantly underestimated while sodium and The underestimation of aerosol mass by typically 30—
chloride are overestimated. The largest differences of thé60% on the annual average consequently leads to much
chemically unspecified aerosol are again observed in summdower aerosol optical depth values than observed within the
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AERONET sunphotometer network. Particularly at southtion. On the one hand the direct emissions of these aerosols
European stations the modelled AOD values are less thaand of their precursors may be underestimated, at least re-
50% of the measured ones. One reason might be that organl@able data for regional modeling purposes is still missing.
aerosol particles are of much higher importance at highetOn the other hand, there is still a lot of research and develop-
temperatures because the emissions of the precursors isment needed to improve secondary organic aerosol formation
prene and terpenes depend on temperature and sunlight. Thechemistry transport models. In south Europe Saharan dust
other reason is that coarse particles, that are of primary originwill play an important role as well and regional models cov-
are not adequately represented in the emission inventoriegring whole Europe should consider this important source of
Saharan dust events for example, which are quite frequenparticles. If particle mass would be correctly captured, this
in the Mediterranean cannot be captured by the model bestudy indicates that model derived aerosol optical depth val-
cause the main source regions are outside of the domain anaes over Europe could be gained from model results to study
these emissions were not considered. The correlation coeffitheir effects on regional climate.
cients are typically between 0.3 and 0.5 which is lower than  To further improve the results of the aerosol modeling with
for the PMig time series. This can be explained by the fact CMAQ the emission inventories that are used for the model
that the relative humidity plays an important role for the size runs will be amended to include a larger fraction of the pri-
of the aerosols and therefore for the optical properties. RHmary coarse particles, primary biogenic particles and the bio-
must be considered as an important additional source of ungenic precursors. Because a lot of work is already done with
certainty when optical aerosol parameters are considered irespect to SOA modeling, future versions of CMAQ will cer-
model evaluations. tainly include optimized algorithms to better treat this chal-
Despite the significant underestimation of the modelledlenging problem. Finally, CMAQ will be used for multi-
AOD values, their distribution functions follow a log-normal annual runs to determine the development of the distribu-
distribution at most of the stations, which is the same as theion of aerosol particles and of particle bound pollutants like
measurements do. Noteworthy, at stations where the appliedenzo(a)pyrene in Europe over the last decades.
statistical tests indicated deviations from the log-normal dis-
tribution, this was also true for the modelled values. Obvi- Acknowledgementd. thank US EPA for the use of CMAQ and
ously, the variability of the AOD values, may it be caused by NCAR/Penn State University for the use of MM5. Ground data was
transport, humidity, emissions or particle formation, is cor- provided by EMEP, additional data that has been collected within
rectly reproduced by the model, while the magnitude of thethe EU FP5 project CREATE (contract No. EVK2-CT2002-00173),
values is too low. At Avignon the most significant deviations thanks to K. Miller for the data from Melpitz and to T. Krognes for
from the log-normal distribution were observed. One possi-"€ data from Birkenens.
ble reason is that Saharan dust events frequently lead to high gratefully acknowledge the use of AERONET data
optical depth values that cause a distortion of the distribution(http://aeronet.gsfc.nasa.gov and PHOTONS data htp:
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The distribution functions do not show closer agreement to

a log-normal distribution at elevated sites in the nested grid Edited by: G. McFiggans

These results imply that the main reasons for the day-to-day

variability of the aerosol concentrations are already captured
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