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Abstract. The sensitivity to two different emission inven- values with both emission inventories underestimate the ob-
tories, injection altitude and temporal variations of anthro- served AERONET AOD values by 20-30%, whereas a case
pogenic emissions in aerosol modelling is studied, using thestudy using MODIS data shows a high spatial agreement.
two way nested global transport chemistry model TM5 fo-  Our evaluation of the role of temporal distribution of an-
cussing on Europe in June and December 2000. The simuhropogenic emissions on aerosol calculations shows that the
lations of gas and aerosol concentrations and aerosol opticalaily and weekly temporal distributions of the emissions are
depth (AOD) with the EMEP and AEROCOM emission in- only important for NQ, NH3 and aerosol nitrate. However,
ventories are compared with EMEP gas and aerosol surfactor all aerosol species SO NH;, POM, BC, as well as for
based measurements, AERONET sun photometers retrievalsOD, the seasonal temporal variations used in the emission
and MODIS satellite data. inventory are important. Our study shows the value of in-

For the aerosol precursor gases,Sand NG, in both cluding at least seasonal information on anthropogenic emis-
months the model results calculated with the EMEP inven-sions, although from a comparison with a range of measure-
tory agree better (overestimated by a factor 1.3 for both SO ments it is often difficult to firmly identify the superiority
and NQ)) with the EMEP measurements than the simulationof specific emission inventories, since other modelling un-
with the AEROCOM inventory (overestimated by a factor certainties, e.g. related to transport, aerosol removal, water
2.4 and 1.9, respectively). uptake, and model resolution, play a dominant role.

Besides the differences in total emissions between the twe
inventories, an important role is also played by the vertical
distribution of SQ and NG emissions in understanding the 1 |ntroduction
differences between the EMEP and AEROCOM inventories.

In December N@ and SQ from both simulations agree Greenhouse gases and aerosols play an important role in
within 50% with observations. climate change (Charlson et al., 1991; Kiehl and Briegleb,

In June SG evaluated with the EMEP emission inventory 1993). Greenhouse gases reduce the emission of long wave
agrees slightly better with surface observations than the AEradiation back to space, leading to a warming of the at-
ROCOM simulation, whereas in December the use of bothmosphere. Aerosol can change the atmosphere’s radiation
inventories results in an underestimate of SO4 with a factor 2budget by reflecting or absorbing incoming radiation (direct
Nitrate aerosol measured in summer is not reliable, howevegffect) and by modifying cloud properties (indirect effect).
in December nitrate aerosol calculations with the EMEP andQuantification of the role of aerosols on the Earth’s radia-
AEROCOM emissions agree with 30%, and 60%, respection balance is more complex than for greenhouse gases, be-
tively with the filter measurements. Differences are caused-ause aerosol mass and particle number concentrations are
by the total emissions and the temporal distribution of thehighly variable in space and time, and the optical properties
aerosol precursor gases N@nd NHs. Despite these differ-  of aerosol are uncertain.
ences, we show that the column integrated AOD is less sensi- A good estimate of the emissions of aerosol precursor
tive to the underlying emission inventories. Calculated AOD gases and primary aerosols in the emission inventories is
therefore crucial for estimating aerosol impacts on air quality
Correspondence toA. de Meij and climate change, and evaluating coherent reduction strate-
(alexander.de-meij@jrc.it) gies.
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Two major uncertainties of the current regional and globalput was analyzed for a summer (June) and winter (Decem-
scale emission inventories comprise the accurate estimatioher) month to highlight the seasonal dependency of emis-
of the quantity of the aerosols and precursor emissions, andions and their interaction with the different meteorological
the role of the temporal distribution of the emissions in the conditions prevailing in summer and winter.
inventories. The first simulation (further denoted agyEp) uses the

Whereas some work on the impact of the temporal distri-EMEP inventory for the European domain, including their
bution of emissions on photochemistry in regional and urbantemporal (including, daily, weekly and seasonal variability)
areas has been performed (e.g. Pont and Fontan, 2001; Pryand height distribution. The second simulatiofego used
and Steyn, 1995; Jenkin et al., 2002), to our knowledge nahe AEROCOM recommended emission inventory. The third
studies have been devoted to evaluate its impact on aerossimulation, $uep_c, ignored the weekly and daily tempo-
surface concentrations and mid-visible aerosol optical depthsal distribution of emissions, but seasonal temporal distribu-
(AODs). The latter is an important parameter that is neededions are stillincluded. Finally we performed a simulation for
to calculate the Angstrom parameter, which provides infor-which a seasonally constant temporal distribution was imple-
mation on the size of the particles in a given atmosphericmented, Svep_c_annuat
column.

This study has two main objectives. The first objective is 2.1 The nested TM5 model
to evaluate uncertainties in gas, aerosol and aerosol optical
depth calculations, resulting from two widely used emission The TM5 model is an off-line global transport chemistry
inventories focussing on Europe. To this end we performednodel (Bergamaschi et al., 2005; Krol et al., 2005; Peters
with the global transport chemistry TM5 model simulations €t al., 2004) driven by meteorological ECMWF (European
using a zoom over Europe, for which we had two differ- Centre for Medium-Range Weather Forecasts) data. The
ent emission inventories available, EMEP and AEROCOM. Presently used configuration of TM5 has a spatial global res-
The European scale EMEP inventory has been used for manglution of & x4° and a two-way zooming algorithm that al-
years in the evaluation of emission reduction strategies, anéPWs resolving regions, e.g. Europe, Asia, N. America and
contains reported emissions by member countries, as well adffica, with a finer resolution of 1x1°. A domain of 3 x2°
expert estimates. The AEROCOM project provided a com-has been added, to smooth the transition between the global
pilation of recommended global scale aerosol and precursofnd finer region. The zooming algorithm gives the advantage
emission inventories for the year 2000 and was used in th&f a high resolution at measurement locations. The vertical
recent AEROCOM global aerosol module intercomparisonstructure has 25 hybrid sigma-pressure layers. In this study
(Kinne et al., 2006; Textor et al., 2006; Dentener et al., 2006) the T x1° resolution was used for Europe/North African re-

The second objective is to evaluate the role of the tempo-9ion spanning from 21W to 39’ E and from 12 S to 66 N.
ral and height distribution of the emissions on aerosol (pre- Transport, chemistry, deposition and emissions are solved
cursor) concentrations and AOD calculations. For this weusing the operator splitting. The slopes advection scheme
performed simulations using the EMEP inventory, with the (Russel and Lerner, 1981) has been implemented and deep
standard recommendations on the temporal distribution ofnd shallow cumulus convection is parameterised according
emissions (including seasonal variability) and compared it tof0 Tiedtke (1989).

a simulation ignoring daily emissions variations and another The gas phase chemistry is calculated using the CBM-IV
simulation that used annual averaged emissions. chemical mechanism (Gery et al., 1989a, b) solved by means
The model performance was evaluated comparing aerosdf the EBI (Eulerian Backward Iterative) method (Hertel et
precursor gases (NQSQ, NH3) and aerosols components &, 1993), like in the parent TM3 model, which has been
(SO, NHi, NOj, black carbon (BC) and particulate or- widely used in many global atmospheric chemistry studies
ganic matter (POM)) to the EMEP network surface observa-(Houweling et al., 1998; Peters et al., 2002; Dentener et al.,

tions and to AERONET and MODIS AOD focussing on June 2003). In the current model version CO, NMVOC, BiH
and December 2000, over Europe. SO, and NQ, gas phase, and BC (black or elemental car-

Section 2 deals with the description of the simulations, Pon), POM (particulate organic matter), mineral dust, sea salt
model and emission inventories. In Sect. 3 a description of€xternally mixed), S@, NO3, NH; aerosol components
the remote sensing data and measurement data is given. Were included. Mineral dust and sea salt (SS) were described

Sect. 4 the results are presented. We discuss the results #5iNg @ log-normal distribution (3 for SS, 2 for dust) and
Sect. 5 and we finish with conclusions in Sect. 6. their aerosol number and mass were separately transported

using a fixed standard deviation of the size distribution (Vi-
gnati et al., 2005). The aerosol components; S@ethane
2 Methodology sulfonic acid (MSA) NG, NH;, POM, and BC, were in-
cluded assuming that they were entirely present in the ac-
Using the two way nested global chemistry transport modelcumulation mode and externally mixed. In this first aerosol
TM5, we performed four simulations for the year 2000. Out- version of TM5, aerosol dynamics (coagulation, nucleation,
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condensation and evaporation) are not included. Howevergoarseg=2.0) and three modes for sea salt (Aitker1.59,
gas-aerosol equilibrium of inorganic salts and water up-accumulationg=1.59 and coarse;,= 2.0). As described be-
take is considered using the Equilibrium Simplified Aerosol fore, water uptake by the aerosol is taken into account and
Model (EQSAM version v03d, Metzger, 2000; Metzger et modify the above mentioned diameters.
al., 2002a, b). This model allows non-iterative calculation To calculate aerosol optical depth (AOD) at 550 nm, we
of the equilibrium partitioning of major aerosol compounds use the Mie code provided by O. Boucher (2004, personal
of the ammonia (NH), nitric acid (N&), sulphuric acid  communication) to pre-calculate a look-up table for a number
(SOy) and water system. EQSAM assumes internally mixedof refractive indices and lognormal distributions. The optical
aerosols and that the water activity of an aqueous aerosol iproperties of these lognormal distributions are determined
equal to the ambierRH (relative humidity). Hence, aerosol by numerical interpolation in discrete size intervals corre-
water is a diagnostic rather than transported model paramesponding to the median diameter. In Table S1 of the elec-
ter. Water uptake on SS, is calculated using the descriptionronic supplement (EShttp://www.atmos-chem-phys.net/6/
of Gerber et al. (1985). 4287/2006/acp-6-4287-2006-supplemenf)ftie densities
Formation of secondary organic aerosol was not explicitlyand optical properties that are used for the optical calcula-
described, but included as pseudo organic aerosol emissiortins are listed.
for the AEROCOM simulation but not for the simulation us-
ing EMEP emissions (see Sect. 2.3.2). 2.3 Emission data
Dry deposition is parameterized according to Ganzeveld
(1998). In-cloud as well as below-cloud wet removal are In this study we used two independent emission invento-
parameterized differently for convective and stratiform pre-ries for aerosol and aerosol precursor gases for the year
cipitation, building on the work of Guelle et al. (1998), and 2000. (i) The 50knx50km European scale EMEP in-
Jeuken et al. (2001). ventory, which is widely used for air quality studies in
For BC and POM we assume 100% hydrophilic propertiesEurope, and (ii) the %x1° global AEROCOM inventory,
in our model, and hence we assume that BC/POM is removedvhich is used for climate modeIIing studies. Below, a brief
by wet and dry depositional processes like soluble inorganicdescription of the two emission inventories is given, to-
aerosol (S@). TM5 utilized information from the 6-h IPS  gether with the major differences between the two inven-
forecast on 3-D cloud cover and cloud liquid water content,tories. In ES Table S2htp://www.atmos-chem-phys.net/
convective and stratiform rainfall rates at the surface, and sur6/4287/2006/acp-6-4287-2006-supplemen).pat present
face heat fluxes to calculated convection. an overview of the species which are included in the two
Removal by convective clouds is taken into account by re-emission inventories.
moving aerosols and gases in convective updrafts- with a cor-
rection for sub-grid effects on the larger model scale. 2.3.1 EMEP emission inventory
Removal by stratiform clouds considers precipitation for-
mation and evaporation, and cloud cover, and takes into acl he Co-operative Programme for Monitoring and Evaluation
count a grid-dependency. Effectively rain-out on smaller Of the Long-range Transmission of Air Pollutants in Europe
grids works more effectively than on larger grids. Removal (EMEP) evaluates air quality in Europe by operating a mea-
of gases further take their Henry solubility into account. For Surement network, as well as performing model assessments.
aerosol we used an in-cloud wet removal efficiency of 70% The EMEP emission inventory(tp://agm.jrc.it/eurodelta
for the soluble aerosols and a below cloud removal efficiencyand http://webdab.emep.int/ contains reported anthro-
of 100%. Sedimentation was only taken into account for dustoogenic emission data for each European country, comple-
and sea salt (large particles) and is considered to be negliginented by expert judgements when incomplete or erroneous

ble for the sub-micron accumulation mode. data reports are detected. The 50kH0 km emission in-
ventory contains S& NOy (as NQ), NHz, NMVOC, CO,
2.2 Aerosol size distribution and AOD calculation PM2.5 and PMcoarse for 11 CORINAIR source sectors. The

emissions are temporally distributed per source sector us-
For optical calculations, the accumulation mode aerosoling time factors. We consider hourly (a multiplication fac-
comprising sulphate, nitrate, ammonium, aerosol watertor that changes each hour and modifies the daily emission),
POM and BC, is described by a fixed Whitby lognormal dis- daily (a factor that changes the weekly emissions) and sea-
tribution, using a dry particle median radius of 0.ga#% and  sonally (a factor that changes each month, thus altering the
standard deviations() 2.0. As mentioned before, dust and seasonal distribution). For instance, it is important for traf-
sea salt are described with multi-model lognormal distribu-fic to include rush-hours and weekday-weekend driving pat-
tion. Aerosol mass and number are transported separatelyerns, and also the intensity of domestic heating differs from
and as a consequence, the size distribution is allowed tavinter to summer. To match the PM2.5 emissions with the
change due to transport and deposition. Two modes are corcomponents used in TM5 we assumed the following mass
sidered for anthropogenic dust (accumulatiers1.59 and  fractions: POM 35%, anthropogenic dust 15%, BC 25% and
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sulphate 25%, based on Putaud et al. (2003). PM coarse isesses of SOA, AEROCOM therefore made the simpli-
assumed to contain dust only. We added from the globafying assumption that 15% of natural terpene emissions
AEROCOM emission inventory biomass burning, natural form SOA, altogether amounting to 19.11 Tg POM/year. In
dust, sea salt and volcanic emissions for the year 2000 (sethe TM5 model most other anthropogenic emissions such
Sect. 2.3.2). Outside Europe we also use the AEROCOMas NQ, are taken from the EDGAR3.2 (1995) database,
inventory. ES Table S3hftp://www.atmos-chem-phys.net/ http://www.mnp.nl/edgar NH3z emissions were based on
6/4287/2006/acp-6-4287-2006-supplemen).pdbvides an  Bouwman et al. (1997, 2002), and distributed using the
overview of the 11 CORINAIR source sectors, together with hours of daylight per month after Dentener and Crutzen
the emissions per sector. Gas and PM emissions are dig1994). For the other components the yearly emissions
tributed to different height levels based on the sector theyare equally distributed over the year with no seasonal vari-
belong to. Point sources and volcanoes are added to thations. ES Table S5hftp://www.atmos-chem-phys.net/6/
appropriate height, see ES Table S4. Note that unlike for4287/2006/acp-6-4287-2006-supplemenipidicludes the
the AEROCOM inventory, we did not consider pseudo-SOA height of the emissions which are applied in the AEROCOM
emissions. emission inventory.

2.3.2 AEROCOM emission inventory 2.3.3 EMEP emission inventory versus AEROCOM emis-
sion inventory
AEROCOM (an AEROsol module inter-COMparison in
global models, sebttp://nansen.ipsl.jussieu.ffAEROCQM There are substantial differences between the two emission
evaluates aerosol concentrations, optical properties, and réaventories in describing BC, dust, POM, and sulphate emis-
moval processes in 21 global models (Kinne et al., 2006;sions. The EMEP inventory contains detailed country based
Textor et al., 2006). AEROCOM experiment B aims at con- knowledge on a 5250 km resolution, while the AEROCOM
straining the models by providing a prescribed set of globalinventory offers the advantage of global consistency. EMEP
natural and anthropogenic emissions for the year 2000. Weeports PM2.5 emissions, which were disaggregated by us
briefly call this ad-hoc compilation of the best inventories into individual aerosol components. For example, we as-
that was available in the year 2003 the AEROCOM inven-sume that 25% and 35% of the PM2.5 emissions consists of
tory, ftp://ftp.ei.jrc.it/pub/Aerocom(Dentener et al., 2006). BC and POM, while the AEROCOM BC and POM emis-
Monthly varying large scale biomass burning emissions ofsions are based on a technology based global inventory of
POM, BC and SQ are based on GFED 2000 (Global Fire black carbon emissions from fossil fuel and bio-fuel com-
Emissions Database) (Van der Werf et al., 2003). Globalbustion (Bond et al., 2004). 15% of the EMEP PM2.5 is
emissions amount to 34.7Tg, 3.06 Tg and 4.11Tgx$O assumed to be anthropogenic dust (e.g. vehicular movements
respectively. Fossil fuel/bio fuel related POM (12.3 Tg causing re-suspension of particles), while AEROCOM con-
POM/yr) and BC (4.6 Tg Clyear) emissions are based ortains only natural dust emissions (Ginoux et al., 2004). Par-
Bond et al. (2004). Country and region based,Snis-  ticularly relevant for this study are the emissions from the
sions for the year 2000 are provided by IIASA (Dentener Sahara. Finally, we assume that the remaining 25% of the
et al., 2006; Cofala et al., 2005) and geographically dis-EMEP PM2.5 emissions is primary sulphate. In the AERO-
tributed with the EDGAR3.2 1995 data base. Global emis-COM simulation we assume that 2.5% of all ,.S@f the AE-
sions amount to 138.3Tg SQ@ear and 3.5Tg Sglyear. ROCOM emissions is emitted as primary sulphate. These
Natural emissions of Sf)e.g. volcanoes) are an update of different procedures result for the European domain in dif-
the GEIA recommended datasets. ferent primary sulphate emissions of 0.22 and 0.23 Tg/year,
Daily averaged DMS emissions were taken from therespectively.
LMDZ model (O. Boucher, 2003, personal communication) Focussing on the European domain, we give in ES
using the DMS surface water concentrations of Kettle andTable S6 [ttp://www.atmos-chem-phys.net/6/4287/2006/
Andreae (2000) and the horizontal wind speed (Nightingaleacp-6-4287-2006-supplement.pdh overview of the result-
et al., 2000). Yearly DMS amount to 20.8 TgS. Daily sea salting total emissions of NQ CO, SQ, NHz, SOy, sea salt,
emissions were taken from Gong (2002, 2003a, b), interpoBC, POM and dust included in the two inventories for Eu-
lated to a three modal distribution with a cut-off at r51, rope in June, December and the annual amount.
resulting in 8356 Tg/year. Similarly, daily dust emissions for  The annual emissions of the two inventories are generally
2000 are based on Ginoux (2004), were interpolated to 2 logwithin 20%, however the annual AEROCOM POM emis-
normal modes, corresponding to a global total of 1681 Tg/yr.sions are higher by 45%, NH3 by 37% and mineral dust by
Secondary organic aerosol is an important componenB4%. The difference between the European scalg NE-
of the aerosol system (Kanakidou et al., 2005). SinceROCOM (6.0 Tg) and EMEP (4.4 Tg) emissions stems likely
most AEROCOM models did not include a description of from the recent NiJemission abatement measures to combat
the formation of SOA (Secondary Organic Aerosol), and eutrophication problems in Northern Europe. These are in-
there are major difficulties to describe the formation pro- cluded in the EMEP, but not in the Bouwman et al. (2002) in-
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ventory. The much larger POM emissions in the AEROCOM 2006/acp-6-4287-2006-supplement)pddue to cloudiness
inventory are due to the presence of SOA pseudo-emissionsot all days of June and December could be used for aerosol
which were not included in the EMEP emission inventory. retrieval. The sun photometer measures (every 15min) in

The differences in dust emissions are only due to the ana 1.2 field of view, at eight solar spectral bands (340, 380,
thropogenic dust sources from agriculture and transport in440, 500, 670, 870, 940 and 1020 nm). These solar extinction
cluded in the EMEP inventory. These emissions are addedneasurements are used to calculate for each wavelength the
to the natural mineral dust from AEROCOM which was in- aerosol optical depth, with an accuracy-68.01-0.02 (Eck
cluded in both inventories. et al., 1999). Sun photometer acquires aerosol data only dur-

Larger differences appear in June, where we see that AEing daylight and in cloud free conditions. In this work the
ROCOM emissions of NQ SO, SO4, NH3, and POM are  cloud screened and quality-assured level 2 data are used.
higher by 39%, 18%, 31%, 67% and 248%, respectively. EX-  we used AOD at 550 nm, calculated from the AOD val-
cept for POM, these differences are mainly due to the seayes reported at 870 and 440 nm, using the information on
sonal time factors which are applied to the EMEP inventoryine Angstom coefficient (S. Kinne, personal communica-
only. tion, 2004).

For December (ES Table S6,  http: The MODIS (Moderate Resolution Imaging Spectro ra-
[lwww.atmos-chem-phys.net/6/4287/2006/ di ; X i
. iometer) on board of NASAs Terra Earth Observing Sys
acp-6-4287-2006-supplement.pdihe above mentioned EOS) mission retrieves aerosol over land (Kaufman et
discrepancies are smaller than in June, due to compent—em( : : .
) S al., 1997) and ocean (Tamet al., 1997) at high resolution.
sating effect of the seasonal distribution and the yearlylvIODIS has one NADIR looking camera which retrieves
discrepancies of the two inventories. . 9 .
data in 36 spectral bands, from Quth—214.5um with spa-
tial resolutions of 250 m (bands 1-2), 500 m (bands 3-7)
3 Description measurement data sets and 1000 m (bands 8-36). Daily level 2 (MODO04) aerosol
optical thickness data are produced at the spatial resolu-
For evaluation of the computed gas and aerosol concentraion of 10x10km over land, aggregated from the original
tions we compare with EMEP measurements of SOy, 1 kmx1km pixel size. As the swath width is about 2330 km,
and aerosol components. Model calculated AOD is com-the instrument has almost a daily global coverage. Uncer-
pared with sun photometer data from the AERONET stationgf@inties in the MODIS products over land are relatively large.
located in Europe, and MODIS (Moderate Resolution Imag-High albedo areas like the Sahara Desert and snow/ice cov-
ing Spectro radiometer) satellite data. ered regions and complex terrain are difficult for the MODIS
The EMEP air quality monitoring network measures sinceinstrument, leading to a large bias with models and ground
the late 1970s ozone, heavy metals, Persistent Organic Polld2ased observations (Chin et al., 2004). Reported MODIS
tants (POPs), Volatile Organic Compounds (VOC) and par-aerosol errors aréz,=+0.05£0.15;, (Remer et al., 2005).
ticulate matter (PM2.5, PM10, SO NO; and NH at Level 2 cloud screened, version 003 files are used for this
ca. 150 sites in Europe. The aerosols are measured with WOk We present in Sect. 4 a case study for the 11 June
daily time resolution; S@and NQ are reported hourly. Not
every station measures all components, therefore the num-
ber of EMEP stations available for comparison with model
results differs per component.
One of the artefacts occurring with the main filter type 4 Results
(quartz) used by most EMEP stations is the evaporation
of ammonium nitrate at higher temperatures. Tempera4n this section we present first an evaluation of the im-
tures exceeding 2€ cause complete NHNOs evapora-  pact of using the EMEP and AEROCOM inventoriegySp
tion from the quartz filter, a loss of 100%; and a loss of and Sgro) and compare them with EMEP measurements
about 25% for NH, based on 5-10g/m® NO; and 10—  (Sect. 4.1). In Sect. 4.2 we subsequently demonstrate the
20g/m? SQO; at Ispra during a summer month (ratio 2:1 for spatial variability of AOD associated with using these two
(NH4)2SOy/NH4NO3). emissions inventories, and compare it to MODIS retrievals.
Temperatures between 20 and@%loud lead to aloss of  In Sect. 4.3 we assess the temporal variability of AOD by
50% of the nitrate aerosol (Schaap et al., 2003a, b). Thereeomparing to AERONET sun photometer data. Finally in
fore almost all reported summer ¥NOs and NI—[1F concen-  Sect. 4.4, we perform two sensitivity studies to analyse the
trations present only a lower limit, rather than a realistic con-impact of daily, weekly and seasonal temporal distribution
centration. of emissions on gas, aerosol and AOD calculations. For the
The AERONET (AErosol RObotic NETwork) Cimel sun interested reader, detailed station information and statistics
photometers (Holben et al., 1998) used in this study are givemper component are presented in the accompanied electronic
in ES Table S7 Http://www.atmos-chem-phys.net/6/4287/ supplement to this paper.
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Fig. 1. (a), (b), (c) and(d) are presenting the monthly average measured mixing ratio (inner circle) oS calculated (outer circle) SO
by Semep and S\ero for June and December 2000. For reference, the 2:1 and 1:2 lines are shown as the dashed lines, the 1:1 line as solid
and the line of best fit is red solid.

4.1 Evaluation of Emep and S\ero With surface observa- termined the spatial correlation using the monthly averaged
tions concentration, and calculate the model bias.
We evaluate the sulphate and nitrate aerosol precursor

In order to compare EMEP station data with model results925¢S S% and NG, and the aerosol components ;50
O3, NH, and BC. The overall evaluation is presented in

on a Px1° grid, we selected those measurement stationé\'_ .

able to represent the model spatial scale and which had sufff'9S- 1, 2 and 3, which shows the monthly mean concentra-

ciently data completeness for the month under consideratiorfiON distribution over Europe.

First we compare daily average concentrations modelled a% SG

the EMEP stations to the measurement data. If the temporal ™

correlation between the time series (with a data completey, Figs. 1a—d we present an evaluation cfvBp and

ness of at least 10 days/month) is less than 0.5 (either inSAERO computed S@ concentrations. In June, both sim-

SemEP ar]d S\ERO), due to measurement errors and Spars€jations show high spatial correlation coefficients, of 0.83

data availability, we excluded the stations from the analysis.;nq 0.92, respectively (based on 9 stations, 68 station re-

An other possible reason for bad correlation between mOdefected). The June mean S@oncentrations for Syep are

and measurements, is that apparently the sub-grid scale locg{ petier agreement (an overestimate of 31%) with the mea-

r_neteorology can not be accurately described by the resolugred values thansSro (an overestimate by a factor 2.4).

tion (1°x1°) of the model. This discrepancy can not be explained by differences in the
This procedure allows a fair comparison between mea-emissions alone, since the AEROCOM emissions of SO

sured and modelled concentrations. Subsequently we deare only 18% higher over Europe than the EMEP inven-
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Fig. 1. Continued.

tory (ES Table Séhttp://www.atmos-chem-phys.net/6/4287/ Saero overestimates the measurements with 47% and has a
2006/acp-6-4287-2006-supplement)pdA likely explana-  high spatial correlation of 0.94. Note that the high corre-
tion lies in the vertical distribution of the emissions applied lation coefficients are statistically not robust (Figs. 1c and
in the inventories (ES Tables S4 and S5). For that reason we), since they are determined by a few stations with a high
present in Figs. 2a and b the June mearn S@face con- spread inthe monthly mean concentrations. The better agree-
centrations. Especially in the eastern part of Europe the SOment for the two simulations in December is in line with the
concentrations by g&xro at ground level are up to a factor of smaller differences (2%) between the two emission inven-
2 higher due to the higher fraction of emissions in the low- tories (see ES Table S6ittp://www.atmos-chem-phys.net/
est model layer. When we compare the,Sistributions at ~ 6/4287/2006/acp-6-4287-2006-supplemen).ptéibles S9a
950 hPa 4500 m, Figa. 2c and d) we observe especially in and S9b of the electronic supplement contain for each station
Eastern Europe an opposite situation; smalles 8@issions  the calculated monthly mean and correlation coefficients for
from domestic heating (contributing by 6.8% to all emis- Sgmep and S\ero together with the measured monthly mean
sions). In {ero SO; is emitted at ground level only, which and the number of measurements for June and December.
could be held responsible for the higher SO2 concentrations

at ground level, where in EMEP 50% of $@ emitted ata 4.1.2 NQ

higher level.

For December the difference between the$8@lculations  In June, Suep slightly overestimates (by 28%) the monthly
by SEmep and S\ero is much smaller, see Figs. 1¢c and d mean NQ values, while the §Fgro Simulation overes-
(based on 12 stations used and 66 rejected). On a monthlfmates NQ by a factor of 1.95 (not shown). Spa-
averaged basisgmep concentrations are 2% lower than the tial correlation coefficients are 0.79 and 0.53, respec-
measurements, with a spatial correlation coefficient of 0.91tively (based on 11 stations, 49 rejected). The difference
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Fig. 2. Monthly SO, distribution by $mep and the @ero at surface levelg andb, respectively) and 950 hPa éndd, respectively) for
June 2000.

can be partly explained by the overall higher (39%, ES In December, Suep and Sero NOx mean con-

Table S6, http://www.atmos-chem-phys.net/6/4287/2006/ centrations are closer to the measurements, and

acp-6-4287-2006-supplement.jpdionthly emissions inthe are respectively 7% and 11% higher (see ES Ta-

AEROCOM inventory compared to EMEP. However, the ble S10b, http://www.atmos-chem-phys.net/6/4287/2006/

stations available for comparison with measurements seeracp-6-4287-2006-supplement.pdiSpatial correlations are

heavily biased to Northern Europe, where indeed the spa6.76 and 0.79 for Suep and S\ero, respectively (based on

tial difference between the EMEP and AEROCOM inventory 17 stations, 43 rejected).

seems higher. The vertical distribution plays also here an im-

portant role. The monthly mean NGurface concentrations 4.1.3 Sq

by Saero are up to a factor of 2 higher in the Northern part

of Europe, due to higher emissions in the lowest model layefFigures 3a—d present the EMEP measured and modelled

(not shown). The differences in monthly mean Nédncen-  (Semep and Sero) SO, concentrations for June and De-

trations at-500 m between &ro and Suep are smaller. cember 2000. Spatial correlation coefficients are compara-
ble for Semep (0.66) and {ero (0.65) (based on 38 stations
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Fig. 3. (a) (), (c) and(d) are presenting the monthly average measured mixing ratio (inner circle) pfe®@ calculated (outer circle)
SOy by Semep and S\ero for June and December 2000. For reference, the 2:1 and 1:2 lines are shown as the dashed lines, the 1:1 line as
solid and the line of best fit is red solid.

used and 33 rejected). The modelled;SConcentrations 4.1.4 NG

by Semep match the measurements whilgggo on average

slightly overestimates SPaerosol concentrations by 19%. Since in summer EMEP measurements have serious mea-
Especially over central Europe (Austria, Hungary, Czechsurement artefacts (see Sect. 3) we can only analyse dif-
Republic and Poland) significantly higher 3@oncentra-  ferences between nitrate aerosol computed pyef and
tions are calculated byasSro than for Emep, which can  Spgro for December. Substantial differences are found for
be attributed to the higher over-all emissions. For Decem-Nog aerosol: Qero calculates a maximum concentration
ber the differences between the two simulations are rathesf 22.1.9/m3 over Germany, while thegep calculated
small and both Suep and Sero underestimate on av- maximum amounts to 96g/m3. Over Poland &gro cal-
erage the modelled §Oaerosol concentrations compared culates NQ aerosol values of Bg/m3, while $wvep calcu-

with measurement data by as much as a factor 2 (baseftes NQ aerosol<2ug/m3. The higher NQ found with

on 23 stations, 45 rejected). The wintertime underestimathe AEROCOM inventory, can be understood from higher
tion of sulphate concentrations has been observed earlieyo, (+39%) and NH (+67%) emissions in the AEROCOM

and is possibly due to a lack of oxidation chemistry in the (taken from EDGAR3.2 database) than in the EMEP inven-
model (Jeuken, 2000; Kasibhatla et al., 1997). More de+qyy,

tailed information in Tables S11a and S11b of the electronic Reactions (1
supplementtfttp://www.atmos-chem-phys.net/6/4287/2006/ lated to both N
acp-6-4287-2006-supplement.jpdf

—4) show how NQaerosol formation is re-
Q@ and NH; emissions:

NOz() + OH(g) + M — HNOgz(g + M (R1)
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Fig. 3. Continued.

and, monthly mean concentrations are relatively well reproduced

by the model.
NOz(g) =+ NOg(g) — N205 (RZ)

The hydrolysis of NOs on wet aerosol surfaces is an im- 4.1.5 NHj
portant pathway to convert NGnto HNO3 (Dentener and
Crutzen, 1993; Riemer et al., 2003; Schaap et al., 2003a, b) EMEP reports in many cases the sum of f\hd NH; , also
called total ammonium (Nf). For these cases we compared
N20s(g) + H20 — 2HNGs (R3 measurements to the modelled sum of the two components.
Semep NHy concentrations agree well with measurements
NFag +HNOs@ < NHaNOsags (R4) for June, and are on average only 4% higher. In con-
For December Syep overestimates measured aerosol nitratetrast, ero overestimates Nkl on average by a factor
by a factor of 1.37, and Sgro by a factor of 1.62. Ta- of 2.0. Analyzing the monthly mean concentrations (ES
ble S12 in the ESHttp://www.atmos-chem-phys.net/6/4287/ Table S13ahttp://www.atmos-chem-phys.net/6/4287/2006/
2006/acp-6-4287-2006-supplement)pdhows that ®ero acp-6-4287-2006-supplement.jpdive see that for all sta-
aerosol nitrate concentrations are at all stations higher thations the values are higher fop&o than for Suep (based
those of Svep (except for PLO2). A possible explanation on 20 stations, 17 rejected). The overestimation Qg5
for these differences could be related to highersNtthis-  can explained by the 67% higher summer Némissions
sions (21% higher in winter) in the AEROCOM than in the compared to the EMEP emission inventory. The spatial cor-
EMEP inventory. High spatial correlation coefficients of 0.84 relation coefficients are high with 0.81 and 0.80, respectively.
(EMEP) and 0.91 (AEROCOM) are found (based on 6 sta- For December fro agrees better with the measure-
tions, 15 rejected), indicating that the spatial gradients of thements, and on averageg&ro and $vep underestimate the
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Table 1. Monthly mean BC and POM concentrationsg{m3) for all the stations calculated bye§gp and S\ERO, together with EMEP
measurement data for December 2002 and June 2003.

BC
EMEP 2002 Dec Sgpmep 2000 Dec Spgro 2000 Dec EMEP 2003 June Sgymep 2000 June Spgro 2000 June
png/m? pg/m pnglm’ pg/m? nglm? pg/m’
Average 1.25 0.47 0.51 0.64 0.30 0.47
POM
EMEP 2002 Dec Sgpmep 2000 Dec Spgrpo 2000 Dec EMEP 2003 June Sgymep 2000 June Spgrp2000  June
png/m? g/’ pglm’ pg/m? pnglm? g/
Average 5.74 0.71 0.88 4.85 0.62 1.67

measured values with 7%, and 26%, respectively (based omonthly mean POM concentration bygko (2.35ug/m°)
12 stations, 26 rejected). More detailed information per stais a factor of three higher than bygSep (0.70ug/md),

tion in ES Table S13b . because SOA emissions are included in the AEROCOM
emission inventory, while for EMEP not. However POM
416 BC by Saero is still underestimated when compared to the

. measured monthly mean (3.08/m3). In December the
Unfortunately we have only one station (Ispra, Italy) to our modelled monthly mean POM concentrations foteRo
disposal for comparison with black carbon (BC) simula- z3ng Swep are the same (1.48g/m3), but heavily under-
tions for the year 2000h{tp://ccu.jrc.ij. Modelled mean  estimated when compared to the measured monthly mean
BC concentration of 1.3#g/m® computed by ®ero iS  (9.59.g/m?). More POM measurements are available for
about 45% higher than the measured mean of PIE® 2002 and 2003. As described above, a quantitative compar-
for June. In the same monthegep underestimate BC by  json with 2000 calculations can be difficult due to year-to-
33% (0.62ug/m®). In December, the concentrations are year variations. Also given in Table 1 is the average of the
2.17ug/m?, 1.42,9/m?, and 1.9Qug/m® for Saero, SeMEP  calculated POM concentrations of the 9 stations by
and measurements, respectively. More BC measurements aggd S\ero and the EMEP measurement data for December
available for 2002 and 2003. However, a quantitative com-2002 and June 2003. POM concentrations for each station
parison with the 2000 simulations is difficult since the year- gre given in ES Table S15itp://www.atmos-chem-phys.
to-year variations can be large. For instance, EMEP Meanet/6/4287/2006/acp-6-4287-2006-supplement. pdf
sured in Ispra for June 2002 a monthly mean of 1.g8n*, In June 2000, POM concentrations byeRo are for any
compared to 0.93g/m” in June 2000. Nevertheless, to give ¢iaiion higher than byguep, and agree better with measure-
an qualitative impression we present in Table 1 the average of,nt 2003 data, but still underestimated up to a factor of

the calculated BC concentrations of the 9 stations hbyep 5. In December the differences betweamuge and Siero
and Sero and the EMEP measurement data for December, o smaller and are for all the stations underestimated when
2002 and June 2003. BC concentrations for each station ar@ompared to measurements

given in ES Table S14a. For some stations the model corre-

sponds very well with the measurements; in December with
ATO2, in June 2003 with AT02, DEO2, FI17 and SE12. How- 2 Case study of AOD over Europe on 11 June 2000
ever, at the majority of the stations the model underestimates i .
BC concentrations, sometimes up to a factor of 7 (PTOl).I” this section we demonstrate the ability of our model to
While the latter value may be influenced by wood burning regrgfse2;2&??%%%{?%58 gt?:\r/glsgralslziilggrgothe
for residential heating purposes. A possible explanation forMhi i v, n)t/ I llows evaluation of the factor d. )
these underestimations may be related to the uncertaintiesn'S SPecific event also allows evaluation of the factors de
in the emission factors for BC in emission inventories, and!e'mining spatial differences resulting from the use of the

unaccounted sources of BC which contribute to underestifWO inventories. This specific day was chosen, since it rep-
mation of BC in the emission inventories, as discussed bJesents a relatively cloud-free day throughout especially in

Schaap et al. (2004). central and ea;tern Europe, with heterogeneous contributions
of desert dust intrusions in southern Europe and mixed pol-
417 POM lution and dust in central and northern Europe.

The MODIS retrieved AOD is displayed in Fig. 4a. Three
Also for POM we have only one station (Ispra, Italy) to our regions of high AOD (0.6-0.9) are observed: Southern
disposal for model comparison for the year 2000. In June, thdtaly/Balkans, the Czech Republic/Romania, and North East
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AOD 11th J
5

Fig. 4. AOD over Europe for 11 June 10:00 GMT, 2000 by MOL, AOD by Sgpmep (b) and S\ero (€). White colours represent AOD
values larger than 1.5. Note that for aerosol equilibrium calculations an upper lirktf&5% was used. No cloud masking was applied to
model results.

MODIS MOD04.L2.A2000163.1035.004.2002365174903.hdf, variable opfegith Land And_Ocean is used.

Germany. Elsewhere the retrieved AOD was of the order 0f95%. However, clouds are not “masked” in our model cal-
0.1-0.2. It should be noted that in other parts of Europeculations. To avoid calculations of highly uncertdgid in
no aerosol was reported, due to detection of clouds by theegions with almost complete cloud cover we discard the re-
MODIS cloud screening algorithm. Over the southern partgions with ECMWF cloud cover larger than 90%. The distri-
of Italy, MODIS registers small and large Angstrom coef- bution of AOD over Europe as calculated with the two inven-
ficients, indicating that both coarse (dust) and fine particlegories is very similar: maximum AOD values of 1.4%ep)
are found in this region. Over the eastern part of Europeand 1.6 (aero) are found over the western part of Germany,
MODIS registers large Angstrom coefficients, which is typ- and bands of high AOD (0.6-0.9) are calculated over almost
ical for small particles, e.g. inorganic sulphate- and nitrateentire Germany, Austria, and Italy. Clean air travelling be-
aerosols. hind a frontal system in the western part of Europe, England,
With our CTM we can compare these observations withDenmark, the Netherlands, Belgium, France, and Spain is as-
model calculated AOD, but additionally, with the model sociated with AOD smaller than 0.2. The high model AOD
we are able to evaluate the contributions to AOD of singlegiven by the two model simulations agrees very well with
aerosol components. Figures 4b and ¢ depicts the computedODIS over Germany and Italy, but the high AOD retrieved
AOD distribution over Europe for 11 June 2000, 10:00 GMT over the Czech Republic/Romania is underestimated by the
for Semep and Sero, respective|y_ We note here that the two model simulations. The model calculated AOD over
AOD calculations are based on the relative humidity in the Western Europe seems somewhat lower than the retrieved
cloud free part of the°lx 1° model grid-box (diagnosed from values.
the grid-box averagBRH) and that théRH should not exceed
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Table 2. Averaged AOD values together with the corresponding correlation coefficients for June and December 2000 for all the AERONET
stations used in this work. The values are based on monthly mean AOD calculated by TM5 with the EMEP emission inventory and the
AEROCOM emission inventory for each station.

Monthly mean + r. Monthly mean + r. Monthly mean +
sdev AOD $vep sdev AOD Sero sdev AOD AERONET
June average 0.49D.16 0.22 0.160.14 0.22 0.120.11
December average 0.68.06 0.05 0.0£0.05 0.02 0.120.06

How do individual components contribute to the AOD? 4.3 Comparison of modelled AOD with AERONET

A desegregation of individual components indicates thatln this section we compare modelled AOD with the re-
especially in the vicinity of Southern Italy, dust contributes trieved AOD at a selected number of AERONET stations.
with 0.15 (or 25%) to the AOD, which is in agreement with While the geographic coverage of AERONET is rather lim-
the MODIS observed Angstrom coefficients. In Northern ited as compared to the satellite data described in the pre-
Europe dust contributes with 0.05 to the computed AODVious section, we use the much higher time resolution to
of 0.9. There the high computed AOD is caused by ele-evaluate the temporal evolution of AOD in our model. To

vated concentrations of inorganic aerosols fS®0; and ~ ensure monthly representativity we select for this compar-

NH;) and associated aerosol water (aerosol water makes UFOﬂ AERONET stations for which more than 50 observa-

to 70% of the total aerosol mass over this area). The presions per month are reported; i.e. for June 9 stations and
ence of small particulate inorganic aerosols in this area if0" December only 6. An observation may represent a time
found back in the Angstrom coefficients retrieved by MODIS SPan ranging from a few minutes to 15 min. The model out-

which range from 2.5 to 4. According to the ECWMF mete- PUt was sampled at station location at an hourly frequency.
orological data underlying our model, higtH (>90%) and Table 2 present the average of the observed and computed

cloud cover around 70% prevail in the western part of Ger-(Semep and Sero) monthly mean AOD for all stations, to-
many and high AOD is calculated due to the uptake of |argegether with the temporal correlation for June and December.
amount of water by the inorganic aerosols. MODIS does notn ES Tables S16 and S1ht{p://www.atmos-chem-phys.
register AOD at all for this area, due to the reported presenc&€t/6/4287/2006/acp-6-4287-2006-supplemen}. flué ob-

of warm clouds. While this is consistent with the ECMWF Served and computed gfiep and Sero) monthly mean

meteorology, MODIS does probably often discard aerosol in"©P and their temporal correlation for_each station i_s given
the vicinity of regions with partial cloud cover and higH. for June and December 2000, respectively. Correlations be-
tween model and measurement are rather low and range for

i ) . ) individual stations betweer0.04 and 0.52. On average the
As outlined in the previous section, the use of the AE- j,ne AOD of $mep is 5% lower than the fro AOD and
ROCOM emissions inventory leads to higher surface congi simulations underestimate AERONET AOD by on av-
centrations of S¢) and NG;, because summertime emis- grage 30%. Also for December both simulations underes-
sions are higher. These differences are partially reflecteq;nate the AERONET AOD by 35%. To demonstrate the
in the calculated AOD. As mentioned above, the AOD ge-factors contributing to temporal variability we now focus in
ographical patterns of s8ro and Smep are similar, but 656 detail on 5 stations in June (Figs. 5a—e) with a relatively
over the Baltic Sea AOD difference up to 0.4 are calcu- |56 measurement records, and a widely varying geographic
lated, due to higher SPconcentrations over this area. In ES |cation: (i) EI Arenosillo is a coastal site in Southern Spain
Table S1lakttp://www.atmos-chem-phys.net/6/4287/2006/ (jiy Moldova is located in Eastern Europe, (iii) IMC Oristano
acp-6-4287-2006-supplement.paie see that higher SO ig'|ocated on Sardinia in the Mediterranean Sea, (iv) Ispra is
concentrations are calculated byeRo than by $mep (UP |ocated at the foothills of the Alps in Northern Italy and (v)
to a factor of 2) for the Finish, Swedish and Lithuanian sta- aignon is located in the South/East part of France. Apart
tions. Over the southern part of ltaly, higher AOD values fom the calculated AOD, we also show the contribution of
are calculated by gvep, up to 0.2 difference. For this area he gominant aerosol component to AOD.
Semep calculates.h|gher Spconcentrations thansgro, up Modelled dust had a substantial contribution to the total
to 9ug/m? SO; difference. AOD in El Arenosillo (Fig. 5a) around the 4, 9, 17-19, 25—
27 June. Indeed on these days high AOD were observed
In the next section we will compare the calculated AOD by AERONET (up to 0.55 on 26 June) and AERONET
values to AERONET measurements. Angstrom coefficients ranged from 0.4-1.5, indicating the
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presence of large dust particles. The monthly mean AOD val- Noticeable in all comparisons is the relatively small differ-
ues calculated for both the emission inventories (09.1) ence between theeep and Sero AOD results, compared
are in line with the monthly mean AOD observed by to the AERONET observed AOD. Apparently, the differ-
AERONET 0.12+0.07 (ES Table S16). Temporal correla- ences observed close to the surface, quickly become smaller
tion coefficients of simulation and measurements are aboufor are even compensated) at some height, as was also ob-
0.5. The high correlation is clearly caused by a correct tim-served in Figs. 2c and d for S@nd NG. The height distri-
ing of the dust events by the model and similar in both simu-bution of the emissions is obviously a less important factor
lations. for AOD values than for surface concentrations.

For IMC Oristano (Fig. 5b) we see again the large in-
fluence of dust on AOD. AERONET AOD values goes up 4.4 Temporal distribution of emissions
(>0.2) on days where the model calculates high dust loads.
This is confirmed by the small Angstrom coefficients re- In the previous sections we evaluated the overall impact of
trieved for the days with high dust events (not shown). How-the EMEP and AEROCOM emission inventories on aerosol
ever, the high observed and modelled AOD in the period 5-precursor) and AOD calculations. In this section we eval-
June seems unrelated to dust and caused by a large conttiate uncertainties arising from the neglect of the temporal
bution of inorganic aerosol. Calculated monthly mean AOD variations of the emissions. Apart from seasonal variations
values are about 0.15 and in agreement with AERONET re4in emissions, this includes also variations on shorter time-
trieved AOD of 0.15. The rather low time correlation appearsscales, like diurnal, and day of week variations. Outside
to be the result of large diurnal variations in measured AODEurope and the USA this information is often not avail-

which are not reproduced by the model. able, which is one of the reasons that these variations are
At Ispra, two pollution events are visible in the measured normally not included in global emission inventories of an-
AOD: 3-6 and 9-13 June. thropogenic emissions. To study the role of temporal vari-

The first pollution period could be an error in the cloud ation of emissions over Europe, we performed two addi-
screening algorithm (G. Zibordi, personal communication,tional simulations. We comparedggep (including tem-
2005) and is therefore neglected. However, consistent wittporal variation factors) with Syep_c, which uses constant
observations, from the 9 to 13 June the model calculatedourly and daily emissions. Inggepc however, we re-

a large contribution of inorganic aerosol to the total AOD tained the seasonal information on emissions. The im-
(Fig. 5¢). Note that AERONET reports cloud cover during portance of these seasonal variations was already shown
parts of this event. We have seen in Sect. 4.2 that the modeh ES Table S6 Http://www.atmos-chem-phys.net/6/4287/
calculates high Sp aerosol concentrations for this area (up 2006/acp-6-4287-2006-supplement)pgthere AEROCOM

to 20ug/m?). During this episode, high relative humidity emissions in June appeared to be higher due to a lack
(RH) values of 76% were measured at the EMEP measurein seasonal variation. In Sect. 4.4.2 we assess this issue
ment station. ECMWF meteorological data used by TM5 again by comparing a simulation without seasonal variations
showed averagRH values of 82% for the same 5 day pe- (SEMEP_c_annua) With Sevep._c.

riod. These highRH values in combination with high inor-

ganic aerosol loads increase the uptake of water by aeroso#.4.1 The impact of daily and weekly emission variations
and hence AOD.

At Moldova (Fig. 5d), inorganic aerosol impacts the to- For short-lived species, like NOand NH;, the short-term
tal AOD in a similar way. High concentrations of inorganic emission fluctuations are quite important. To illustrate this
aerosol together with high relative humidity cause high AOD we show in Figs. 6a and b the temporal evolution ofN(Dd
values by AERONET and the model. One exception is en-NHz emissions, and the correspondingvgp and $vep.c
countered on 21 June when the model calculates high AOxoncentrations for Ispra (8.&, 45.8 N) for the period 1-8
values (0.5) due to the presence of inorganic aerosol andune. At Ispra, the N@emission variations are dominated
highRH values (90%), where AERONET observes low AOD by a daily cycle, and the influence of weekend/working day
(0.08) values. The model calculates a monthly mean AOD ofemission variation is small, about 10%. There appears a
about 0.18, which is close to the monthly mean observed bystrong co-variance of night-time stability and accumulation
AERONET. of NO, emission in §vep_c in the beginning of the week,

The high AOD values calculated at Avignon (Fig. 5e) are dominated by fair weather conditions. During the second
caused by the high relative humidities together with high half of the week the differences are smaller because unstable
concentrations of inorganic aerosol, leading to AOD valuesmeteorological conditions caused more vigorous mixing and
up to 0.8. The model calculates a monthly mean AOD of advective transport. Similarly, NgHfaccumulation appeared
about 0.10, which is about 30% lower than the monthly meann Semep_c during the first part of the week, but not in the
observed by AERONET (0.15). second (Fig. 6b). In December (not shown) these day-night

differences in concentrations are much less, since the day-
night contrast in atmospheric stability is smaller. N&hd
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Fig. 5. Total AOD of TM5 with EMEP emission inventory (red line) and AEROCOM emission inventory (blue line) and AERONET
AOD (black stars), together with the AOD of the component which has the largest contribution to the total AOD, for El Ardaysillo
IMC _Oristano(b), Ispra(c), Moldova(d) and Avignon(e). Brown presents AOD by dust for AEROCOM (a, b) or inorganic aerosol and the
associated water for (c—e). Green AOD by dust (a, b) or by inorganic aerosol and the associated aerosol water for (c—e).

NOy concentrations by guep are in general lower than by
SEMEP.c-

We analyse in ES Table S18 the significance of this com-
paring the modelled concentrations for the simulations with
and without the temporal distribution, and when possible also
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Fig. 6. The temporal distribution of N®(a) and NH; (b) emissions together with the modelled concentrations with and without temporal

variation, for Ispra, June 2000.

Table 3. Averaged concentrations and the corresponding standard deviation of all stations of the aerosol precursorsgase NSHfor
which the correlation coefficient for calculated N@etween Syep and Emep ¢ in June is<0.8.

NH3z ppb NG ppb
SEMEP SemMePC T SeEmMEP SemMepc T EMEP data
June average 3.82.07 3994226 0.78 48%1.68 5.1%1.72 056 4.7%1.70

December aver- 2.60+1.85
age

2.54:1.70 0.85

9.3#6.40 9.36:6.22 0.94 8.534.09

with available observations. We analyzed the 14 EMEP meaHUO02 NHz Sgvep is 3.01 ppb and NEISemep ¢ is 3.20 ppb,
surement locations (44 rejected), for which the deviation be-which agrees better to the measured mean concentration of

tween the two simulations was found to be important (i.e.
nearby regions of high emissions). The correlation coeffi-
cient for calculated NQ between Svep and Smep.c for
these 14 stations in June 49.8, indicating the importance
of the daily and weekly distribution of the NGemissions.
The average concentrations of BlAnd NG, for all the sta-
tions by S$mep and $vep ¢ for June and December is given
in Table 3.

For June the monthly averaged Blldnd NG concentra-

3.52ppb. It seems that the spatial variability of measured
NHj3 is too large to prove that the modelled Bllnproves
when including high time resolution.

In December, Svep and $mepc, correlate on aver-
age better than in June, and the concentrations deviate less
strongly, indicating that also in other regions, in winter
boundary layer mixing plays a less important role. Clearly
including the hourly and daily emission-variability can not
explain all model-measurement differences.

tions are on average and in almost all cases somewhat lower Differences in precursor concentrations (yHOy) lead
when daily and weekly emission variations are taken into ac+to differences in the calculated nitrate aerosol, which are

count, up to 13% for NQ and 25% for NH. Correlation

smaller in all cases forgyep in June (up to 30%). In De-

coefficients of hourly modelled concentrations at the selecte¢ember, when model results ofgep and Swvep.c can be

locations are between 0.29-0.74 for N@nd between 0.65—
0.89 for NH; (ES Table S18&ttp://www.atmos-chem-phys.
net/6/4287/2006/acp-6-4287-2006-supplement.pidfe re-
sults of the modelled NQconcentrations of both simulations
agree on average very well with both observations.

We have very few representative Nltheasurement data
available; e.g. for NHin the Netherlands (NL10) calculated
by Scmepis lower (5.90 ppb) than bygmep ¢ (6.42 ppb), but

compared to artefact-free NOaerosol measurements (ES

Table S19, 16 stations, including stations with temporal cor-
relation coefficient smaller than 0.5) differences are rather
small and do not lead to a clear improvement. For most
longer-lived species the impact of daily and weekly emis-

sions factors is smaller than 1-2%. The explanation for this
observation is that for species that have a lifetime of more
than a day, advective fluxes are dominating and mask the

is for both cases far below the measured value of 23 ppb. Ashort-term emission variations.

Atmos. Chem. Phys., 6, 4284309 2006
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Table 4. Averaged computed ep and Emep.c) and observed N aerosol concentrations, together with the corresponding temporal
correlation coefficient of all the stations, for December 2000.

December Ng aerosol

Monthly mean r Monthly mean r EMEP ppb
ppb SEMmep ppb SEMEP C measurements
December aver- 1.40+0.93 0.45 1.430.92 0.44 0.930.62

age

Table 5. Averaged computed Eyep ¢ and EMEeP_annual @nd observed Spaerosol, BC and POM concentrations and the corresponding
temporal correlation coefficient of all the stations, for June 2000.

SOy ppb EMEPC SOy ppb EMEP.C_annual EMEP ppb data

Average 0.640.50 0.72£0.56 0.6@:0.39
BC ug/m® Semepc  BC ug/m® Semep.Cannual EMEP data June 2003g/m3
Average 0.3%0.20 0.4@:0.26 0.64
POM ng/m® Semepc  POM ng/m® Semep ¢ annual OC EMEP data June 20Q8y/m3
Average 0.63:0.47 0.76:0.54 4.85
4.4.2 The impact of monthly emission variations SEMEP._c_annual @gree a little better with measurement data.

However, on average, the modelled N€@oncentrations of
In this section we show that the seasonal distribution ofSgyep . and Smep ¢ annuaiare the same (5.71 ppb) and in

emissions has a stronger impact on simulated; SBC  reasonable agreement with the measured values (4.48 ppb;
and POM concentrations than the hourly and daily varia-27% higher).

Eﬁ?so.p:)r(])sci)tuer it:lls;;is?;nv;eef?ﬁ: dofr:)rJ Lljjneec’ e?}rglelﬁr E;geétss The IarggrSQemissiqns also increasg the calculateg' SO
Table S20 fttp://www.atmos-chem-phys.net/6/4287/2006/ cOncentrations comparing=Rep.c_annual With Sevep.c. For
acp-6-4287-2006-supplement paffie present the monthly sulphate a(_arosol we h_ave a substantial amqunt of measure-
mean concentrations for sulphate aerosol, BC and POM fopwents available allowing for robust evaluation of the im-

June 2000. For BC and POM we compare measurement dal%rovemgnt _resultlng fror_n using seas_onally resolved emis-
sions. Like in Sect. 4.1, in our analysis we excluded 30 sta-

of June 2003 (no measurement data available for 2000). . . : -
tions for which the temporal correlation coefficient of model

In~June, the use of annual average emiSSionSresults with measurement data is less than 0.5. In June, in all
(SemMEP_c_annua) leads in general to higher emissions of o ’

e.g. SQ and NQ, since the intensity of residential and g dCZS?ZeSB@e?(;rSEMtiP% (Iasalsov;l:r;tahrin dg)t/agM'lE'r{gTjr]]Tau;n con-
commercial heating, is less during summer than in winter. 9 Wi u ’

ntrations aver for all ions (Table 5) are-8(G30
As a consequence, aerosol and aerosol precursor conceﬁ‘-e trations averaged for all stations ( )

trations are generally higher in simulatiomngp_c_annual or Semep.c, 0.72+0.56 (ppb) for §umep.c_annuaiand for the

For instance, at Jarczew (PL02) the monthly mearp SO measurements 0.60.39 (ppb).

concentration increases from 1.57 ppleyEp_c) to 2.26 ppb Monthly mean BC concentrations (Table 5) by
(SEMEP_c_annua); compared to a measured monthly mean Semep c annual @re  higher than Syepc (Uup to 50%);

of 1.57 ppb. For NH again large differences up to 30% at however on average both simulations seem to substantially
the stations betweens§ep ¢ and Smep_c_annual@re found.  underestimate BC in June. Note again that we have com-
NH3 concentrations computed bygep_¢c are higher, which  pared to data obtained in June 2003, since no observations
demonstrates the application of higher emission factors forare available for 2000. We find differences up to 40% in
NH3z emissions during the summer months (agricultural POM monthly mean concentrations between the ¢
activities are higher during summer months than in winter);and $wmep c_annuat As noted before the difference with mea-
but again it is difficult to discern better model performance sured OC is very large, associated with the neglect of SOA

on the basis of a few stations. formation. We used a constant factor of 1.4 in the conversion
Differences in NQ concentrations between:gep ¢ and from POM to OC. While this factor is fairly uncertain, the
SEMEP_c_annuai@are small (up to 8% higher byeRiEp c_annua) - value for this factor was chosen for consistency with the

For the majority of the stations the N@oncentrations by assumptions made in the AEROCOM database.
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Table 6. Averaged computed ep c and SEMep.annua) @nd observed AOD values of all the stations, together with the corresponding
temporal correlation coefficient for June 2000.

Monthly mean + sdev AOD . Monthly mean + sdev AOD . Monthly mean + sdev AOD
SEMEP.C SEMEP._C_annual AERONET
Average 0.150.15 0.22 0.160.16 0.23 0.120.11

What is the impact of the emission variability on calcu- seasonal cycle of anthropogenic emissions. The strong in-
lated AOD? fluence of the emission height on our calculations was some-
The substantial differences found between the monthlywhat surprising. Processing of emission in models seems to
concentrations of Suep.c and $Mep.c_annual translate in - be more important than emissions themselves, indicating that
relatively small «10%) differences in AOD calculations, each model has “a mind of its own”, and therefore largely in-
consistent with the deviation of the main contributing inor- dependent of emissions input. Similar results were obtained
ganic sulphate concentrations. Comparisongfip c and  when harmonizing aerosol emissions in AeroCom Exp. B,
SEMEP._c_annuaimodelled AOD with the AERONET stations Textor et al. (2006). Little information is available on emis-
(Table 6) shows that on average AOD foenMzp.c annual  SiON heights of anthropogenic emissions. The recommended
(0.16) is getting slightly better agreement with AERONET emissions height used for AEROCOM inventory was based
(0.19) than $mep.c (0.15). AOD values for the stations can on expert judgement and not on data, whereas the EMEP
be found in ES, Table 21. height recommendation is based on only very few bottom-up
studies on emission heights; and the recommendations may
be strongly biased. Surprisingly within Europe there is no
5 Discussion compilation available about the stack-heights of large point
source; nor about the plume rise associated with them. Ef-
We showed that despite the over-all annual and Europeafective plume rise of other sources are not known.
scale agreement, large differences in the geographical dis- We showed that a further uncertainty is introduced by the
tributions of EMEP and AEROCOM emission inventories desegregation of PM2.5 emissions in the EMEP inventory
were found. In addition we showed the strong influence ofinto aerosol components; where especially BC concentra-
the recommended vertical distribution of the emissions ontions are for both the months underestimated compared to
the distribution of aerosol precursor gases. The differencethe measurement data. A bottom-up approach retaining as
were translated in relatively large divergences of,Nsdid ~ much as possible information on aerosol size and composi-
SO, concentrations where especially the AEROCOM recom-tion would be desirable for future European inventories. We
mended emissions tend to overestimate measurgd(fi@n further showed the sensitivity of model results to the assumed
EDGARS3.2 database), S@nd to a lesser extend $@on-  seasonal distribution of NiHemissions; for which relatively
centrations for June 2000 when compared with EMEP mealittle is available.
surement data. The AEROCOM inventory also contained pseudo-
Some studies (e.g. Pont and Fontan, 2001; Pryor ang@missions for secondary organic aerosol. Indeed it was
Steyn, 1995; Jenkin et al., 2002) have previously evaluateghown that the secondary organic aerosol may several times
the impact of temporal distribution of emissions og €n- exceed the primary organic aerosols. At present, some global
centrations. These studies demonstrated that the temporanhd regional models include parameterisations of organic
variation of precursor emissions N@nd VOC are resulting  aerosol formation. However, as discussed by Kanakidou et
in a day-of-week dependence of ©oncentrations. Schaap al. (2005) uncertainties in the SOA formation are at least a
et al. (2003) showed the role of seasonal variation okNH factor of two, which results in difficult to quantify uncertain-
emissions on the Ngland NG aerosol calculations. Our ties in the European aerosol budget.
study confirmed latter study that the daily and weekly distri- Despite substantial differences in calculated aerosol con-
bution of emissions is important for NFINOy and NG cal- centrations at the Earth’s surface the associated AOD was
culations. In addition we demonstrated that the additional in-less different. In both simulations the highest AOD was re-
formation from daily and weekly time resolution is not very lated to regions with high relative humidity, in the vicinity of
important for SQ, and SG, BC and POM calculations; clouds. In these areas of hi®H (>90%), large quantities
however monthly variations of the emissions can stronglyof water on inorganic aerosol are calculatedbQg/m3).
impact the calculated concentrations. Therefore, a major imMODIS does not report successful AOD retrieval for these
provement of the current global inventories of aerosol andareas. Whether or not this aerosol should be classified as
aerosol precursor would be a systematic evaluation of thecloud or rather as aerosol with a large water fraction is an
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Fig. 7. AOD calculated by the model (blue) and observed by AERONET (red) at different relative humidity ranges (40-50%, 50—60%,
60-70%, 70—-80%, 80—90%), for El Arenosilla), IMC Oristano(b), Ispra(c), Moldova(d) and Avignon(e) for June 2000. The black line
presents the standard deviation.
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open question. However, we do think that these aerosols aricluded in the two inventories, e.g. mineral dust emissions
frequently present and are often not “seen” by satellite re-are 40% lower and Nklemissions are 18% higher comparing
trievals. AEROCOM and EMEP emissions. The differences between
From the model point of view the aerosol equilibrium AEROCOM and EMEP emissions are in general augmented
model used in our study (EQSAMY3d), or any other equi- in June (factors of 1.00—2.48) compared to December (fac-
librium model, is not tested for high relative humidity, ren- tors 0.71-1.21).
dering the calculations of aerosol water rather uncertain. Especially for S@ and NG differences occur also in the
Whether the AOD calculation by the model strongly de- vertical distribution profile of the emissions. Despite these
pends on theRH (influence of RH on aerosol water) or differences, for most aerosol species and aerosol precursor
does the model underestimate/overestimate aerosol concegases TM5 simulates the spatial and temporal distribution
trations, we present in Fig. 7 tHeH dependency of AOD over Europe relatively well. Spatial correlations, based on
calculation. monthly mean concentrations are often quite high and many
Atlow RHranges (i.e. 40-50%, 50-60%, 60—70%) we seeEMEP measurement stations show high temporal correlation
that the model calculated AOD is too low when compared towith Semep and Sero.
AERONET. This indicates that the concentrations of (inor- However, a better agreement of surface concentrations of
ganic) aerosols is too low for this areas. The larger standar@erosol precursors SONOy and aerosol NEi are calculated
deviations for El Arenosillo at lovRH is due to the presence Wwith the EMEP emissions inventory for June, whilezStr
of aerosol dust, leading to higher AOD peak values. The highboth simulations compares well to observations. Similar dis-
AOD model value for Oristano &H 40-50% is based on a crepancies are found in December, with the difference that
few hours only and therefore not statistically robust. SQj is underestimated by a factor of two using both inven-
At higher RH ranges (70-80%, 80-90%) larger standard tories. At the only station available in 2000 for comparison
deviations are found when compared to AERONET, indicat-(Ispra), black carbon concentrations calculated with both in-
ing the non-linear effect dRH on aerosol water calculations, Vventories agree withif=40% with the measured concentra-
which contribute to the overestimation of the AOD values. tions in June and December, respectively; a comparison with
We evaluated the effects of assuming the “water-solublemeasurements from other years/locations indicated in gen-
aerosol accumulation/aitken mode” according to the Whitbyeral a large underestimate of computed BC.
distribution with 2 other distributions as presented in Ta- The large differences in surface concentrations between
ble 4.2 in the d’Almeida climatology (r=0.0286n and  the simulations are not equally reflected in corresponding
sigma=2.239) and Putaud et al. (2003) who present a hodlifferences in computed column aerosol and AOD. In June,
of log-normal fits to observed size distributions at various model AOD computations using the AEROCOM and EMEP

locations in Europe. E.g. at the rural location Ispra Mode 2emission inventories reveal good agreement with surface
parameters r=0.024m and sigma=1.91. Using these param- based AERONET sun photometer observations and AOD re-
eters we calculate that the extinction coefficient would differ trieved from MODIS. Spatial patterns over Europe of AOD

from the assumed Whitby distribution by 3% (higher) and differ due to the varying contributions of mineral dust and
15% (lower), respectively. inorganic aerosol, as observed by satellite and confirmed by

model simulations. An evaluation of the impact on aerosol

of the temporal distribution (daily, weekly and seasonal) of
6 Conclusions emissions reveals that the concentrations of most aerosol

components are not strongly influenced by introduction of
Based on the analysis presented above it appears that the A&-high temporal resolution of emissions. The exception is
ROCOM inventory overestimates the emissions of aerosokerosol nitrate and its precursor gasesNshd NH.
precursor gases S@nd NG and NH; emissions, especially However, seasonal temporal variation of the emissions do
in June. This overestimate is the combined effect of a lack inplay an important role for all gas and aerosol calculations,
seasonal variation in the AEROCOM inventory and the dif- and need to be included to accurately calculate aerosol con-
ferent vertical distribution of emissions (g@nd NQ,). For centrations and its influence on climate.
NH3 is seems that the inclusion of recent abatement mea- Global scale emission inventories such as used for AERO-
sures in the EMEP inventory (see Sect. 2.3.3) indeed leads t&OM may provide a reasonable first estimate for computa-
a better agreement with measured concentrations. tion of aerosol precursor and aerosol concentrations. How-

The height distribution of the emissions is obviously a lessever, global inventories will strongly benefit from informa-
important factor for AOD values than for surface concentra-tion from regional scale inventories, such as EMEP, espe-
tions. cially with regard to knowledge on seasonality of emissions,
We evaluated the impact of the EMEP and AEROCOM and spatial and vertical distribution of these emissions. The

emission inventories on aerosol concentrations and aerosahallenge for future global inventories will be to include this
optical depth (AOD) in Europe for June and December 2000 regional knowledge, while maintaining the global consis-
There are substantial differences between annual emissiortency and transparency.
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