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Abstract:

In the framework of the AQMEI!I initiative WRF-Chelhas been applied over Europe adopting two chemical
configurations for the calendar year 2010. The ree employed the RADM2 gas-phase chemistry and
MADE/SORGAM aerosol module, while the second onplemented the CBM-Z gaseous parameterization and

MOSAIC aerosol chemistry. Configurations sharedsémme domain, meteorological setups and input data.

The Comparison demonstrated that CBM-Z has a nftioke@it ozone-NO titration than RADM?2 in regionstiv
sufficiently high levels of NOx and VOCs. At thensatime, CBM-Z is found to have a more effective NCOH
reaction. The parameterization of the relative hlityiof deliquescence point has a strong impadtibi®; and NQ
concentrations over Europe, particularly over e §he MADE approach showed to be more efficiean tMOSAIC.
Differently, particulate sulfate and $@round concentrations proved to be more influermethe heterogeneous $0O
cloud oxidation.

PM10 and PM2.5 have shown similar results for MOSAhd MADE/SORGAM, even though some differencesewer
found in the dust and sea salt size partitionirtgvben modes and bins. Indeed, in MADE the seanssdtdistributed
only in the coarse fraction, while the dust emissiavere distributed mainly in the fine fraction.

Finally, different chemical mechanisms give differéderosol Optical Depths (AOD). WRF-Chem is foundunder
predict the AODs in both configurations becausthefmisrepresentation of the dust coarse paraslshown by the

analysis of the relationship between the Angstragpoaent and the AOD bias. Differently, when the AGD



40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

dominated by fine particles, the differences in pigaerformance are more evident, with MADE/SORGA#hgrally
performing better than MOSAIC. Indeed the highaaikbility of both sulfate and nitrate has a sigraht influence on
reconstruction of the AOD estimations.

This paper shows the great importance of chemieghanisms in both gaseous and aerosols predictiengell as in

the calculation of aerosol optical properties.

Resear ch Highlights:
+ CBMZ-MOSAIC and RADM2-MADE/SORGAM chemical mechanis were compared within WRF-Chem
e« CBM-Z is more accurate than RADMZ2 in reconstructihg gaseous species
* MADE shows better performances than MOSAIC for PM
» Optical properties reflects the skill of mechanismeeproducing aerosol compounds

* Weaknesses and strengths of both mechanisms wiette¢ghout and discussed

Keywords: CBMZ-MOSAIC, RADM2-MADE/SORGAM, online coupled meti model inter-comparison, chemical

mechanism, optical properties

1 Introduction

Different chemical mechanisms may lead to dissingikrosol predictions. Recent air quality modebhglies show
large uncertainties in aerosol treatments (Solatad., 2012), causing significant discrepancieth@simulation of
ground concentrations and optical features.

However, previous modeling inter-comparison stueiege largely conducted with offline models (Cugelet al.,
2007; Rao et al., 2011; Pernigotti et al., 2013y Yaon et al., 2007). Moreover, in all these stadieodel performance
evaluation (MPE) has been widely based on the casgraof modeled concentration of the aerosol udlss and
main chemical compound (Pirovano et al., 2012; Kagdnta et al., 2008), while less considerationtdeen devoted
to the evaluation of model performance in reprodgeerosol optical properties. Only few studiedyaeal the aerosol
optical properties over Europe (Basart et al., 2Ridbles Gonzalez et al., 2003), mainly using wfé-imodels;
whereas some example of on-line coupled models ampéed over the US (Zhang et al. 2012; Chapmanh £2009).
Online coupled meteorology and chemistry modeldammming more and more popular in air quality niode
applications as they enable to achieve a significaduction of inconsistency between meteorological chemical
processes as well as taking into account the infleef feedback effects, mainly related to aertwsal (Baklanov et
al., 2014; Grell and Baklanov, 2011; Zhang et2010). In order to increase knowledge on them ¢loersd phase of
the Air Quality Model Evaluation International lisitive (AQMEII http://agmeii.jrc.ec.europa.eu/) wlasused on
online coupled meteorology-chemistry models.

In this study, a coupled on-line modeling systdm,\Weather Research and Forecasting Model (Skaknet@t. 2008)
coupled with Chemistry (WRF-Chem; Grell et al., 8D@/as used to investigate the influence of diffiéihemical
mechanisms on aerosol concentrations and to antilgzelationship between the outcome of the ti@u MPE and
the aerosol optical properties.

In WRF-Chem the chemistry transport and transfoionatare embedded into WRF so that the interactiehseen
meteorology and the chemistry can be investigaBdl( et al., 2005).

In the frame of the second phase of the AQMElIatiite (Alapaty et al., 2012), the WRF-Chem moded been

applied over Europe for the calendar year 2010pthoig two different chemical configurations.
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In contrast to previous studies (Cuvelier et 002 Rao et al., 2011; Pernigotti et al., 2013p¥no et al, 2012; Van
Loon et al., 2007), the present application focuaed on analyzing the on-line model sensitivitghemical
mechanisms in reproducing AODs; therefore enaldomprehensive conclusions on the influence of modemical
formulation on the modeled aerosol properties.

To this aim, a thorough evaluation and comparidahe® model results has been performed. TradititfRE has been
employed comparing ground level observed data lth pollutants collected at the European Airbédtss s

(http://acm.eionet.europa.eu/databases/airbase/fpEhcomposition data provided by the EMEP netw@lkropean

Monitoring and Evaluation Programme;_http://www.gniiet/). Additionally, the model’s ability in repdoicing aerosol
optical properties (AODs), relevant for feedbadeets, has been investigated using AERONET (AerBsdiotic

Network; http://aeronet.gsfc.nasa.gov/) observad.da

The following section (Section 2) describes themiaatures of the model and the modeling configomatadopted in
the study. In Section 3 a detailed analysis of rhostaults is presented. Only aerosols speciestaidrmain precursors
are considered in the analysis because of theirddeyon feedback effects. Finally, Section 4 déses the main

finding and conclusions.

2Model set up

WRF-Chem (version3.4.1, August 2012) has been tesatvestigate the modeling sensitivities of twifatient
combinations of chemical mechanisms and aerosoutesdThe first one is denoted with SI2 and inctutiee RADM2
(Second Generation Regional Acid Deposition Mo8ébckwell et al. 1990) gas phase mechanism, the
MADE/SORGAM (Modal Aerosol Dynamics Model for Eura$econdary Organic Aerosol Model; Ackermann et al.
1998 and Schell et al., 2001) aerosol module fooiséary inorganic (SIA) and organic aerosols (SQ#)ereas CBM-
Z (Carbon Bond Mechanism version Z; Zaveri and RetE999) and MOSAIC (Model for Simulating Aerosol
Interactions and Chemistry ; Zaveri et al.,2008)nies have been selected for the IT1 simulation

RADM?2 is a condensed gas-phase photooxidation nméginathat was developed by Stockwell et al. (198Q)ses a
“lumped molecule” technique in which similar orgasompounds are grouped together in different modkgories
(Middleton et al., 1990; Grell et al., 2005). RAD®lincludes 63 chemical species and 136 gas-phas#daes.

The MADE module, used in the first configuratiosai modal scheme that describes three log-normatsibuted
modes to simulate particle size distribution: thitkén mode (< 0.um diameter), the accumulation mode (0.1pn2
diameter), and the coarse mode (g2 diameter). In each mode particles are assumedv® the same chemical
composition (internally mixed), while they are axiglly mixed among different modes (Zhao et al1®@0

In the CBM-Z mechanism the inorganic chemistryasdd on Gery et al. (1989) and Stockwell et al9Q) vith
modified photolytic rate constants as describedéMore et al. (1997). Organics are treated withuenped structure”
approach where a set of model species are usegpitesent different parts of the molecule as if tteacted
independently. It contains 52 prognostics speaiesla2 gas-phase reactions.

The MOSAIC module treats the gas to particle gartibg and the thermodynamic equilibrium for sudfatitrate,
ammonium, sodium, calcium, chloride, and watethias work the 4-bin version of the mechanism igstd (0.04 -
0.156um; 0.156 - 0.62%m; 0.625 - 2.5um; 2.5 - 10um). The current implementation of MOSAIC does rataunt
for the secondary organic aerosol processes.

Simulations adopted the same simple wet depositiodule for grid-resolved precipitation, based oelGand Freitas
(2014). This approach was also accounted in SlZauthe calculation of the wet removal processenbn-resolved

convective precipitation. On the contrary, simuas included the same Wesely (1989) dry deposépproach. The
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photolysis frequencies have been calculated wittFdist-J scheme (Barnard et al., 2004) under at@hcloudy sky
conditions in both simulations. However, the hegereous cloud oxidation of $@ included only in SI2 run. In
particular, SI2 included the CMAQ (Community Muttéde Air Quality Model; Byun and Ching, 1999; Byand
Schere, 2006) aqueous phase chemistry in the ctivergarameterization (Walcek and Taylor, 1986) toed
GOCART (Goddard Chemistry Aerosol Radiation andn§pmrt) SQto SQ, conversion for grid-scale precipitation.
In WRF-Chem the aerosol optical properties (e.ginetion coefficient, single-scattering albedo, ahd asymmetry
factor) are computed as a function of wavelenggr dlve vertical dimension (Fast et al., 2006; Zégal., 2010). Each
aerosol chemical component is associated to a @nipdiex of refraction. The overall refractive imder a given size
bin (or mode) is determined by volume averaging thiet used to calculate aerosol optical propeb#sed on the Mie
theory (Zhao et al., 2010) adopting the methodokbggcribed by Ghan et al. (2001). A detailed exgian of the
aerosol optical properties computation can be fanrigarnard et al. (2010).

The Aerosol Optical Depth (AOD) is defined as thiegral of the extinction coefficient over the aspbere, therefore
it was calculated as a sum along each verticallprof the product of the extinction coefficientsnaputed by WRF-
Chem by the corresponding layer thickness. Beferéopming the vertical integration, WRF-Chem extion
coefficients have been interpolated to the AERONETelengths (470, 555 and 675 nm) following the gtrigm law
(Tombette et al., 2008).

Model configurations shared the same physical patamzations, namely the Noah Land Surface Modbe(Cand
Dudhia, 2001), Morrison double-moment microphysickeme (Morrison et al., 2009), RRTMG long-wave and
shortwave radiation schemes (Rapid Radiative Tearddbdel for Global; lacono et al., 2008), Grell 8bsemble
cumulus parameterization (Grell and Devenyi, 2082nsei University Planetary Boundary Layer (YSUrid et al.,
2006) and Monin-Obukov surface layer.

WRF-Chem has been applied for the whole year 002@ering Europe and a portion of Africa as wsllarge areas
affected by the Russian forest fires. The domaigu(e 1) is defined in a Lambert Conic Conformailjpction that
includes 270 x 225 grid points with 23 km of horital resolution. The vertical grid extends oversi@tched layers
from the surface to a fixed pressure of 50 hPau&p0 km), with the lowest level thickness of 2&lmse to the
ground.

As required by the exercise, model runs have bategiiated over individual 2-day periods. Each figo ancluded a
meteorological spin up time of one day preparedgidie meteorological WRF model with identical ghgisoptions.
Chemical fields at the end of a 2-day simulationehlaeen, then, passed on as initial fields fofalewing simulation.
Models have been driven by the input data set gealin the framework of the exercise, including TiNO-MACC

(http://www.gmes-atmosphere.eu; Kuenen et al., 28bdiliot et al., 2012) anthropogenic emissions,Rimnish

Meteorological Institute (FMI) inventory for biomaburning emissions (http://is4fires.fmi.fi), th€ BWF IFS-
MOZART chemical boundary conditions and the ECMWemtional archive fields. More details on the ingiata are
provided in Pouliot et al. (2014), Brunner et @014) and Forkel et al. (2014).

Natural emissions have been calculated on-lineg&i@ emissions were computed using the MEGAN maakion
2.04, Guenther et al., 2006). Sea salt emissiomns besed on wind speed at 10 m (Gong et al., 2008)eas dust

emission calculation applied the Shaw et al. (2@0&)rithm adjusted for the tunable proportionatipnstant and for

desert dust spurious fluxes.

3 Resultsand discussion
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Results have been compared to observations by noéams ENSEMBLE system (http://ensemble2.jrc.empa.eu/),

a web-based platform for the inter-comparison araduation of atmospheric chemistry transport mo@@ianconi et
al., 2004; Galmarini et al., 2012).

Ground-based observations from Airbase and EMERar&s have been provided for the year 2010. Onigdru
background stations have been considered in tHgsisiasince they are the most adequate for comgamiodel results
over a 23km-grid resolution. Furthermore, onlyistzd that had more than 75% of data availabilityehaeen included.
A set of 497 sites were found to fulfill the seleatcriteria for hourly @, while hourly SQ and NQ were available
from 224 and 366 monitoring stations, respectivBigily data from 306 sites have been collectedPfdrl0. Surface
observations for daily PM2.5 have been provided @ stations. Ground observations from 34 site leeen used for
sulfate, while 14 and 19 stations have been andlf@enitrate and ammonium, respectively. Fineltotganic carbon
measurements were available only at Ispra sityy/{If&0004R).

Aerosol Optical Depths at the wavelength of 555 and Angstrom exponent at the wavelength of 440r6vi%have
been also considered from twelve AERONET statisim®se geographical characteristics and data avéiab
reported in Table S1 (auxiliary material).

Model performance has been evaluated using thewoll statistical parameters: Modeled Mean, ObgkMean,
Pearson’s Correlation Coefficient (PCC), Normalikéelan Bias (NMB) and Root Mean Square Error (RM$6). a
complete definition of these indices refer to ApghigrA.

A detailed performance evaluation of the currentemelogical setups has been discussed in Brurrar @014).
However, box-whisker plots of the statistical ireidor temperature, mixing ratio and wind speecdhaade available in
the auxiliary material. Figure S1 reveals that @urftions show comparable results for the maireoretiogical

parameters over Europe.

3.1 Gaseous species

Figure 2 shows the spatial distribution of yearlgam concentrations of gas phase compounds thatdezetondary
Inorganic Aerosols (SIA) for the two configurationisl and SI2 reveal a quite coherent behavioegonstructing the
spatial plot of gaseous species, but some diff@®oan be depicted close to the main emissive sputt
concentrations from RADM2 are generally 2-6 ppthbigthan those for CBM-Z over the North of Europd along
the ship tracks in the Mediterranean and the Natténtic Ocean (Figure2a).

The pattern of the difference in near surface ozsmeostly associated with changes inJNfOncentrations (Figure 2b).
IT1 simulation shows a slightly positive bias of Nédncentrations (0.4-0.6 ppb) over the high emésaneas of
Europe and along the international shipping routés occurs because;@nd NQ concentrations are strongly
influenced by local scale effects, such as the e290 titration (Pirovano et al., 2012). CBM-Z seetmseveal more
efficient ozone-NO titration than RADM2 in regiondth sufficiently high levels of NOx and VOCs. Howet, in some
urban areas (e.g. Paris, London, Milan, etc.) @2 Higher ozone yearly mean concentrations witheeso IT1 (IT1 =
15-20 ppb, SI2 = 25-30 ppb), even though the, K@ centrations are generally high (IT1 = 12-14, %R = 14-20
ppb). This can be attributed to the RADM2 chemistiver implemented in WRF-Chem. Forkel et al. @0bund
that the currently used configuration adopted a @8& solver that underrepresents the ozonetN@tion in regions
with high NO emissions. As a result, in urban eowinents an enhanced near surfage@centration can be

estimated.
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SO, yearly mean concentrations are 0.1-0.5 ppb highBrl than SI2 (Figure 2c), although they showshene spatial
distribution over Europe. The highest values acated in the Eastern European countries whereuttiace level
sources of S@are still relevant and along the internationapphrig routes (1.6-2 ppb).

SO, is a primary compound mainly emitted from aloftstes. Both configurations share the same antheapog
emissions and the same vertical distribution fanpsource emissions, suggesting that the diffexemoay be
associated to the reconstruction of,®Ridation processes within the model. As discussedan de Brugh et al.
(2011) chemical oxidation has a strong impact op §0und concentrations, and the presence of tteedggneous
SO, cloud oxidation is found to favor the formationpefrticulate sulfate in SI2 (Figure 5a). Therefoegluced S
concentrations at the ground can be likely expeftte&I12. In order to further confirm this assungpti the distribution
of H,O, was analyzed, being one of the most efficient axicf sulfuric compounds in clouds and fogs (S#difand
Pandis, 1998). As can be seen in Figure 2d, ITJalsasthe highest concentrations of3s, showing differences of
0.04-0.2 ppb with respect to SI2 and thus indigpéin inefficient S@aqueous oxidation to sulfate.

IT1 generally predicts higher HN@oncentrations than SI2 over Europe (Figure Zdje. largest differences in HNO
concentrations are found along the shoreline aadrthin ship tracks over the Mediterranean Seatendtiantic
Ocean, where simulations can vary up to 0.80 ppk.differences in HN@predictions can be partially related to the
different reaction rates constants in the photodt@meaction of N@Qwith OH. At a temperature of 300°K, the
reaction rate constant for N® OH + M— HNQ; is about 1.3 times higher in CBM-Z than in RADMZoreover, the
two simulations have different treatment of the-ggaparticle partitioning from nitric acid to ammiam nitrate as a
function of relative humidity. MADE adopted the Mokewich (1993) approach, while the Zaveri et 2008) method
is applied in MOSAIC. As discussed lately, MADE slsoa more efficient thermodynamic treatment ofahailibrium
between nitric acid and ammonium nitrate especfalifthose areas characterized by relative humidigper than the
deliqguescence point. The highest reaction ratetaotsand the different treatment of the gas-taiglarpartitioning
may produce the highest HN@ixing ratios in CBM-Z.

Since the importance of removal process as a singedseous HNE) an analysis of HN@dry deposition has been
conducted over the whole year 2010. Unfortunatelyetailed investigation of deposition fields carm® done for the
present study since there were not measuremertsatat simulated results were only available f@: $herefore dry
deposition can only be evaluated by comparing Sigehresults to other WRF-Chem simulations perfarinéo the
AQMEII exercise. DE4 and ES3 were chosen for trayesis. DE4 configuration is similar to SI2, whikS3 uses the
same options as IT1, but with feedback effectsedron. For more detail on DE4 and ES3 simulatiefexrito Forkel et
al. (2014) and San José et al. (2014), respectivalyt can be seen in Figure S2, HN@y deposition is comparable
among the three runs, even though ES3 generallystawer values than S12 and DE4. This is consistath the
previous findings that exhibited greater HN&ncentrations for IT1.

Table 1 presents the comparison among observethaddled gaseous concentrations in all rural backygitations.
The time series of modeled and observed daily auratons are shown in Figure 3. Both runs undemege the
gaseous yearly mean concentrations. However, CBM+erally performs better for 3@nd NQ, while RADM2 has
better performances in terms of. Gimulated S@has a Normalized Mean Bias of -41.64% (IT1) arsi62% (SI2),
because of an under prediction occurring duringathele year (Figure 3c). NOs underestimated by -36.74% (IT1)
and 39.88% (SI2). Large model errors are foundimespondence of winter months when the highest NO
concentrations are observed (Figure 3b). The genederestimation of modeled N@nd SQ may be partly attributed

to biases in meteorological variables, includingaarestimation of surface wind speed of about $B%anner et al.,



241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281

2014). This may lead to too strong dilution ofatlutants thus contributing to the under predictid primary air
compounds (Brunner et al., 2014).

Ozone shows lower NMB that ranges from -3.75% (82)112.32% (IT1). As a consequence of NfDderestimation,
simulations tend to underestimate ozone conceotrafrom January to August, whereas the Septembeeiber
period is well captured by the model. Furthermoomfigurations simulate reasonably well the shdibeozone day-
to-day variation (Figure 3a). Indeed, they presensdticeable skill in terms of correlation. IT1 siwa value of 0.82,

while SI2 has a correlation score of 0.85.

3.2 Aerosol compounds

As can be seen from the comparison of PM10 and PK@m SI2 and IT1 (Figure 4a and Figure 4b), satiophs show
similar results over land, but they behave diffseaver the Saharan region and over the sea. €aesns to be
partitioned differently for MADE and MOSAIC in thmodified Shaw et al. (2008) dust module; althouilP dust is
higher for IT1 (up to 4Qug/n?), there is less PM2.5 dust as compared to SIR ggInt). These results are consistent
with other WRF-Chem modeling studies. Zhao et2010) reported that using the same dust emissivense the
modal approach simulates up to 25% higher massectrations for fine dust particles and lower massentrations
(8%) for coarse dust particles than the sectioppt@ach.

The sea salt in PM10 and PM2.5 is different for MVABNd MOSAIC. The huge PM2.5 difference betweendmd
SI2 over the North Atlantic can be attributed te fact that for MADE the sea salt is only distriirn the coarse
fraction. As a consequence PM2.5 concentratiodd@SAIC are up to 1Qug/m® higher than MADE in the Atlantic
Ocean, even though MADE simulates major conceptmatalong the international shipping routes of the
Mediterranean. These model differences can belgleaplained by analyzing the SIA pattern (Figuje 5

Different sea salt size distribution between MADEIMOSAIC may have an impact on the aerosol-raatiati
interactions. Since small particles scatter ligbstrefficiently than coarse particles (Seinfeld &aohdis, 1998),
variations in global solar radiation can be expgttetween MADE and MOSAIC over the Atlantic Ocedmew
aerosol direct effects are included.

Figures 5a — 5c¢ depict ONO; and NH, concentrations for both simulations. Sf@arly mean concentrations are
always lower for IT1 than for SI2 (Figure 5a). Asalissed previously, one of the most probable reasbthis bias is
that IT1 does not include the aqueous phase ogitlafi sulfur dioxide (S by hydrogen peroxide @@,). The
finding seems to be confirmed also by Figure 6agretthe sulfate yearly time series of daily mednesis compared
to observed concentrations. IT1 under predictsqaate sulfate by a factor of 2 in winter, whee theterogeneous
sulfate formation by cloud oxidation of sulfur didg is predominant; whereas there is a closer aggaebetween
model (IT1) and observations during the summer marten sulfate is mainly derived via homogeneowdeaation of
gas-phase sulfuric acid produced by sulfur dioxigielation in presence of OH. On the contrary, $i@ves a quite
homogeneous behavior during the whole year, thavghestimating the S(bserved concentrations.. Consequently,
SI2 performances are generally better than IT1IEap Modeled SQpresents a positive bias in SI2 (NMB =
20.67%), while SQis biased negative in IT1 (NMB = -47.02%). A pbésireason of SI2 overestimation is the
underrepresentation of the in-cloud and below-clecaivenging by precipitation of soluble PM2.5 speauch as SO
Under predictions of the monthly accumulated priéations were identified by Brunner et al. (2014pecially in
winter months, and in western and eastern Europgenine main Sgvariations between the two simulations are
found. Im et al. (2014) performed a collective gai of models performance for aerosol compoundeging data in

three different regions (western continental Eur@aesstern continental Europe and Mediterranear).arba analysis



282 states that SI2 performances for,30e very similar over the whole domain, while IFEsults are largely

283 underestimated over continental Europe (Mean FaaliBias larger than 75%) whereas over the Meditean region
284 Mean Fractional Bias (MFB) is around -10%. Suclisgarépancy can be related to the greater influefiegueous-
285 phase oxidation of SOn continental Europe with respect to the southiegions. These results seem to be in contrast
286  with Zhang et al. (2012) that compared CBM-Z med$rarwith CBO5 (Yarwood et al., 2005) and SAPRAC-99
287 (http://www.cert.ucr.edu/~carter/absts.htm) over th5. Their work showed an over prediction of delfaith CBM-Z,
288  which gave also the highest concentrations of &@ong the three mechanisms due primarily to thmeinlation of the
289 gas-phase oxidation of $®y OH over the agueous-phase oxidation by dissabvédants such as;B,. However, the
290 simulation of Zhang et al. (2012) included the fesk effects, thus the Carnegie Mellon UniversiiiQ)

291 mechanism of Fahey and Pandis (2001) was actiYatde aqueous-phase chemistry. McKeen et al.{pafd

292 Tuccella et al. (2012) found that models that enthedcloud aqueous-phase oxidation of sulfur diexiderestimate
293 the ground concentrations of $Moreover, Aan de Brugh et al. (2011) assessadiftd of SQ aqueous-phase
294  oxidation to sulfate over Europe happens withinglametary boundary layer, thus it may have a Siamt

295 contribution on surface concentrations of both 8@ SQ. These results suggest that the introduction@fitjueous-
296 phase oxidation of sulfur dioxide in the standaBMZ/MOSAIC option would be highly required for atber

297 reconstruction of the sulfate concentrations afgtioeind, especially during winter months.

298 NOj; concentration in the atmosphere is determinedhbybdncentration of its main precursor HNd the

299  thermodynamic equilibrium between HN@nd nitrate. As shown in Figure 5b, N@veals different behavior with
300 respect to SQ Simulations expose a quite coherent pattern laweh, while the main differences are related tosie-
301 land interface. Over the sea, where relative husnidigenerally higher than deliquescence poirg,ghs-to-particle
302 partitioning from nitric acid to ammonium nitrateesns to be more efficient in MADE than in MOSAIG.gdarticular,
303 the Mozurkewich (1993) approach adopted in MADEegpp more effective than the Zaveri et al. (2008jlable in
304 MOSAIC, thus, determining higher N@oncentrations over the Mediterranean Sea. Ondhtary over Europe,
305 where EMEP stations are located, Nfoncentrations are 0.4¢@y/m® higher for MOSAIC than for MADE/SORGAM
306 (Figure 5b), according to the highest availabitiffHNO; mixing ratios. All simulations over predict NO

307 concentrations in all seasons (Figure 6b). The Isited NG shows a very high positive bias in both simuladiavith a
308 NMB that ranges from 31.84% in IT1 to 114.82% iR $Table 1). Similar results were obtained by Zhangl. (2012)
309 over the US. They found an overestimation of;N@ncentrations for CBM-Z with a NMB that range$viren 39.6%
310 and 245%. Moreover, Im et al. (2014) have showhtti@alargest N@over prediction for both simulations occurs at
311 eastern and southern Europe (MFB > 150%), whilddivest overestimation take place over western pai{®FB <
312 50%). This overestimation can be partly attributetbw simulated temperatures that favor the gassphitric acid
313 (HNOs) and ammonia (NkJ conversion to particulate ammonium nitrate ¢NIBs) with respect to (NE),SO,

314 (Brunner et al., 2014).

315  As aconsequence of sulfate and nitrate overestngtammonium is biased high in both simulatidid NMB =

316 31.84%; SI2 NMB = 114.82%), even though IT1 simegabower yearly mean concentrations than SI2 (Talaslad
317 Figure 5c¢). For both models the largest overestonaakes place in Southern Europe (Im et al., 20d4e to a

318 corresponding overestimation of nitrate and sulfageticularly during the summer season.

319 Finally yearly mean concentrations of elementaboar(EC) and organic carbon (OC) are reportedgue 5d and
320 Figure 5e, respectively. Discrepancies betweetvtbesimulations are 0.8g/m’ for EC and Jug/n? for OC, with

321 concentrations generally somewhat higher in therliil Considering that the two configurations stahe same

322 emission inventories, adopted a common treatmeweical dispersion, and use the same dry depos#guation, the
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differences should be caused by the differentitneat of the aerosol dynamics, and dissimilar assiomgin
distributing the computed concentrations betweedaas@nd bins. This is quite relevant in the higliseive areas of
Eastern Europe where different model assumptiondaese a greater impact on model results.

Table 1 provides a comparison of model performagagnst Airbase and EMEP observations. WRF-Chenerund
predicts PM10 and PM2.5 concentrations, but MADER&EAM generally performs better than MOSAIC. Modeled
PM10 shows a Normalized Mean Bias that ranges f25182% (IT1) to -22.94 (SI2), while PM2.5 showisllslB of -
14.05% and -11.76% for IT1 and SI2, respectivatyet al. (2014) illustrated that the largest PMh8erestimation
for all models and all European regions takes ptarceng the winter season (MFB larger than 50%fjteBently,
during the summer season PM2.5 concentrationsaatialy overestimated by both models over bothtemsand
eastern Europe, while still underestimated at Megdinean sites. As previously detailed, summerestgnation, larger
for SI12 than IT1, is probably related to a corresfing overestimation of SIA. Conversely, PM undgnestion is
connected to the reconstruction of the carbonacspesies, particularly OC simulations are almost orer of
magnitude lower than the surface concentratiotiseaEMEP station of Ispra (ITO004R; not shown). Ble@aments
show a yearly mean value at ITO004R of 7.@8m° while models generally range between 1ug&°® (SI2) and 1.10
pg/m?® (IT1). It is worth nothing that SI2 includes th©A& formation. However, the SORGAM representatiorhis
process inside the model seems to have only a rivimact on the simulated total fine concentratiohsrganic
carbon. Indeed, RADM2-MADE/SORGAM does not inclutle oxidation of biogenic monoterpenes and it hdg a
partial treatment of anthropogenic VOC oxidatiorcfen et al., 2007; Tuccella et al., 2012).

3.3 Optical properties

Figure 7 shows the spatial pattern of yearly meadated AOD at 555nm of wavelength (AOD555), overlaith
available observations from AERONET network. Thghleist simulated AOD555 values are observed in anth
Europe whereas Mediterranean regions show loweiesdbr both simulations. Discrepancies of abou80% are
found between IT1 and SI2 in the North Atlantic @cgindicating the important role of fine sea salthe AOD
estimations. Particles between 0.1 andutrDdiameter have higher scatter efficiency thansmaarticles (Seinfeld
and Pandis, 1998), consequently larger amounhefdea salt in IT1 can cause higher AODs. The madmiof the
differences between the two simulation is less puoiged over the European continent, although sagtevalues are
evident over center and north Europe, where diffegs between simulations can reach up 10-50%. ©adhtrary, in
southern Europe, where most AERONET sites are @ld®é is generally 20-30% lower than SI2.

The time series of simulated and observed dailym#g@aD555 at all AERONET sites is represented iruFégs,
whereas the corresponding performance statisteegigen in Table 2. It is worth nothing that all RENET stations
are located in the Mediterranean area, that isuretly subject to wind-blown dust episodes (Ka#bsl., 2007;
Mitsakou et al., 2008).

Temporal variability between predicted and obse®&@&dD555 is similar and well captured by both ruritiva
correlation ranging from 0.51 (IT1) to 0.52 (SIRpwever, it usually over predicts the lowest obsdrvalues and it
misses a few hot spots of the measured trend. Dagn AODs at all AERONET stations are spread beive03 and
0.4 whereas WRF-Chem has only few data points A@Ds greater than 0.25. SI2 generally simulatebdrigalues
than IT1. In fact, the predicted mean AOD555 i2(hd 0.14 for IT1 and SI2, respectively. As a eguence, IT1
shows a Normalized Mean Bias of -21.49%, while iSIBiased lower (NMB = -6.39%).

Seinfeld and Pandis (1998) mentioned that fine amum nitrate and ammonium sulfate scatter light medfciently
at the wavelength of 550 nm, suggesting that ttgeldifferences between IT1 and SI2 can be paxiiyaéned by the
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different aerosol composition. Indeed at Southarrogean sites SI2 overestimated all SIA, while évérestimated
nitrate and ammonium, and underestimated sulfaiee(lal., 2014). These findings are also consistéthtRoy et al.
(2007) showing that sulfate dominates the total A®fhe Eastern United States with a relative dbation that can
reach up to 60%, while the combined OC and EC gantrs only to 15%.

A specific analysis was carried out at Lampedutsdyl and Malaga (Spain). The sites were selectadiise the two
model configurations show opposite performance @ atand Figure 9). Particularly, IT1 underestirsates observed
AODs (NMB in Lampedusa = -9.35; NMB in Malaga = 22); whereas SI2 over predicts them (NMB in Lamyszd
= 13.08; NMB in Malaga = 5.92). The scatterplot\afD555 daily differences between the two modeiswe the
corresponding differences in daily fine nitrate antfate (Figure 10), computed for the whole yeait® point out a
relationship between differences in SIA and AODS56rrelation is close to 0.4 for sulfate in bothtistns, while the
agreement is better when nitrate biases are camrsid@hich show a correlation of 0.59 and 0.60ampedusa and
Malaga respectively. This is also evident analyfigure S3 in the auxiliary material. In Malaga thay-September
periods is characterized by some high spikes imlsitad SI2 AODs that are less pronounced in ITEsErspikes
correspond in time with the difference between &l SI2 for sulfate and nitrate concentrationsfiomimg that both
compounds are relevant in AOD555 estimations owgoie. As a consequence, the major availabilityitohte and
sulfate at the ground seems to determine higher \@ilues in SI2 than IT1. These results are inwitb Basart et al.
(2012) and Robles Gonzalez (2003) that identifie81iA the main contributors to AOD values in the@pean
continent.

However, even though SIA are generally overestithhtethe model, simulated AOD555 is biased negativaany
AERONET stations. In order to understand the reasdmodel underestimations, time series of CypndsNes Ziona
(Israel) are analyzed in Figure 11. In both statiodel is found to under predict the measurent@iatisle 2). NMB
ranges from -30.03 (IT1) to -24.85 (SI2) in Cyprwkile Nes Ziona shows a NMB of -37.61 in IT1 aBd.79 in SI2.
AODs are analyzed together with the Angstrom expbirethe 400-600 nm wavelength interval that carcbnsidered
an indicator of the particle distribution (Roy &t 2007). Values that range between 1 and 2 inelismall particles
dominated by the accumulation mode; values neanly are indices of the presence of coarse aer(ischkset al.,
1999). The two model configurations show a goodeadation with observations (Figure 11), althougéytldo not
perform very well when coarse particle size dongsdhe pollution episodes over Southern Europi,sproved by
the Angstrom coefficient. As it can be seen in Fégl2, when the Angstrém exponent is high, theeegsod
agreement between configurations and observat@mshe contrary, deficiencies between model anémsions
increase for low values of the Angstrém coefficidntparticular, if we take a closer look to NesiZa station, that is
typical of coarse-mode desert aerosols (Papaditrals 2008), the role of the dust component onntloelel skills is
remarkable. Conversely, in Cyprus air quality restyly influenced by both local and transportedui@n (Achilleos
et al., 2014) thus the effect of the dust comporeestill evident, but less pronounced. These tesulggest that
AOD555 under prediction is mainly due to the misesgntation of the dust coarse-mode particlesttatdhe dust
transport of coarse aerosols is still poorly repicet! by the model with the chosen dust option, ¢weagh some

corrections were introduced in the simulations.

4 Conclusions

Two WRF-Chem chemical modeling configurations hbgen applied in the framework of the AQMEII exegciis
order to investigate the influence of different wheal mechanisms on the reconstruction of both igrozoncentrations
and optical properties. The first configuration pigal the RADM2 gas-phase chemistry and MADE/SORGaévbsol



405 reactions scheme, while the second one include€B-Z gas-phase mechanism and the MOSAIC aeroeduie.
406 Simulations shared exactly the same meteorologmafigurations as well as the same input data. kewenly the
407 RADM2-MADE/SORGAM run included the heterogeneousud oxidation of S@ WRF-Chem has been applied over
408 Europe with 23 km of horizontal resolution for tivhole year of 2010. Results were compared agabsstrgations by
409 means of the ENSEMBLE system.

410 Comparisons reveal that RADM2 calculates highenezand lower N@surface concentrations than CBM-Z, because
411 of the less efficient ozone-NO titration in regiomish sufficiently high levels of NOx and VOCs. Hewer, some

412 criticisms were identified in urban areas where R&Dshows elevated ozone and N¢garly mean concentrations.
413 This can be partially related to the RADM-solvepiemented in WRF-Chem that tends to underestint@ezone-
414 NO titration in urban environments as well as othgiaes with high NO emissions. Furthermore, diffexesin

415 conversion rate constants from N®OH to HNQ is found to be a strong source of uncertaintieslNiD; estimations.
416 In particular, the highest rate constant of CBMr@dduces the highest HN@oncentrations over land. The HHNO
417 pattern over Europe was also related to the diftereconstruction of the gas-to-particle partitianiwhich is found to
418 influence both gaseous and aerosol estimatiorgaiicular, the treatment of the relative humidifydeliquescence in
419  the thermodynamic equilibrium is found to determilifferent gas-to-particle partitioning from nitrécid to

420 ammonium nitrate over the sea. The Mozurkewich 8)@@proach adopted in MADE reveals to be morecgffe than
421 the Zaveri et al. (2008) in MOSAIC. As a consequeM@ADE simulates lower HN§xoncentrations and higher NO
422 concentrations than MOSAIC over the Mediterraneea. $oreover, results suggest that the heterogsr@ucloud
423 oxidation is the main player in the determinatiéparticulate sulfate and S@oncentrations. The simulation

424 (RADM2-MADE/SORGAM) that included the aqueous-phag@lation of SQ produced more realistic sulfate yearly
425 time series, even though the conversion from ggstticle of sulfur species is found to be too fisus,

426 overestimating sulfate and under predicting 8@nhcentrations at the ground.

427 PM10 and PM2.5 of MOSAIC and MADE/SORGAM show simnitesults over the land, but they behave difféyent
428 over the Saharan region and over the sea. Duste@mdalt are partitioned differently for MADE an®8AIC. Indeed,
429 in MADE the sea salt is only distributed into theacse fraction. On the contrary the dust emissseresn distributed
430 mainly in the fine fraction for the dust option clem. Since fine and coarse aerosols scatter liffatehtly, dissimilar
431 particle size distribution of dust and sea saltcemtrations between MADE and MOSAIC can have arachpn

432 aerosol-radiation interactions. Further investigadi are necessary whether different chemical mésinammay also
433 affect indirect effects.

434  As shown in this study, different chemical mecharsgive different AODs. WRF-Chem is found to unpexdict the
435  AODS555 in both configurations because of the npisesentation of the dust coarse particle transpitinin the model
436 over Mediterranean regions. Indeed, the analysibeofelationship between the Angstrém exponentth@dOD555
437 bias, revealed that worst model performance ta&eepinore frequently during episodes dominated &g tiarse

438  aerosol fraction.

439 Differently, when the AOD555 is dominated by fingrficles, the differences in model performance ketwthe two
440 configurations are more evident, with MADE/SORGANINngrally performing better than MOSAIC. Indeed tigher
441 availability of both sulfate and nitrate has a #igant influence on reconstruction of the AOD558imations.

442 The results obtained in this study show that thengbal mechanisms choice in is still a crucial asjpemodeling

443 estimations, even when on-line coupled models anearned. Different WRF-Chem chemical mechanisnre faund
444  to perform differently for gaseous and aerosol tézhs. The importance of these results indicatesed for an

445 accurate representation of chemical componentseaadions in order to obtain a correct reconstounctif aerosol
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optical properties, particularly when trying todfuaerosol direct and indirect effects. This appf@ both natural and
anthropogenic compounds. The former play a majerirothe coarse aerosol fraction, but they canrdmute also to
the aerosol fine fraction, particularly in remoteas. As a consequence, a revision of the treatamehthe assumptions
concerning the dust and sea salt aerosol sizebdistm are highly recommended. Differently, in rmarbanized areas
the presence of fine particles, such as SIA, istimdsiven by anthropogenic sources.

Particularly, the study pointed out that both gaage transformation pathways as well as heteroger@ocesses can
influence the atmospheric fate of nitrate and, esresequence, its contribution to aerosol opticaperties.

This study also demonstrated that the introduatiothe aqueous-phase oxidation in the standard ZAWOSAIC
option would be desirable for a better reconstounctif the ground sulfate concentrations. Finah, $study pointed out
the need of using a more complex mechanisms farglaément of SOA than the standard WRF-Chem ogtisuch as
the recently added Volatility Basis Set (VBS; Ahroact al., 2012).
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Appendix A
The statistical indicators selected to evaluateribdel performances have been defined as follows:
Normalized Mean Bias (NMB):

N

> (r-0)

NMB=-2 %100

>0

i=1

Root Mean Square Error (RMSE):

RMSE= \/%i(a -0

i=1

Pearson’s Correlation (PCC):

30 -olr -7

pCC=| L

0o0,

P is the predicted concentration; O is the obseceetentration and N is the number of pairs.
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Table 1. Statistical performances of 1T1 and SI2 simulation for gaseous and aerosol compounds over the
whole European domain.

Observed IT1 SI2
Mean Mean NMB RMSE PCC Mean NMB RMSE PCC
(ngm’)  (pgm) (%) (ug/m’) (Mgm’) (%) (ug/m’)
gas compounds
0Os 39.58 31.04 -12.32 11.32 0.82 36.92 -3.75 8.42 0.85
SO, 4.78 2.79 -41.64 6.49 0.44 2.63 -45.62 6.53 0.46
NO;, 18.88 1194 -36.74 14.94 0.54 11.35 -39.88 15.26 0.54
aer osol compounds
PM10 20.01 1484  -25.82 16.60 0.38 1542  -22.94 16.85 0.35
PM2.5 13.73 11.80 -14.05 12.58 0.42 1212 -11.76 12.68 0.42
SO, 1.79 0.95 -47.02 1.95 0.48 2.16 20.67 1.95 0.48
NO; 181 3.35 85.19 3.27 0.57 4.00 110.86 4.00 0.60

NH,4 0.86 1.13 31.84 1.10 0.59 1.85 114.82 1.76 0.56




Table 2: Statistical performances of 1T1 and SI2 simulation for aerosol optical depth at the wavelength of
555nm at each European station. Performances are also reported for the whole pool of stations.

Observed Tl SI2
Mean Mean NMB RMSE PCC Mean NMB RMSE PCC
(%0) (%0)

Burjassot 0.12 0.09 -25.73 0.09 0.55 0.12 -1.20 0.10 0.56
Caceres 0.11 009 -2289 0.09 0.50 010 -1301 0.10 0.52
Carpentras 011 010 -1442 0.10 0.36 011 0.70 0.09 0.47
Crete 0.17 014 -1624 011 0.38 0.17 0.36 0.11 0.47
Cyprus 0.20 014 -3003 014 0.48 015 -2485 013 0.49
Evora 0.10 0.10 3.19 0.10 0.43 0.11 9.04 0.10 0.46
Granada 0.12 0.09 -2363 0.09 0.52 010 -1466 0.08 0.60
Lampedusa 0.16 0.14 -9.35 0.13 0.60 0.18 13.08 0.15 0.53
Lecce University 0.15 011 -2605 011 0.34 0.15 1.75 0.10 0.52
Malaga 0.15 012 -21.02 0.09 0.61 0.16 5.92 0.12 0.60
Nes Ziona 0.25 016 -37.61 0.20 0.49 017 -31.79 0.18 0.55
Sevastopol 0.17 015 -1505 011 0.42 0.18 7.19 0.11 0.47
All Stations 0.15 012 -2149 0.12 051 0.14 -6.39 0.12 0.52




Figure Captions

Figure 1: AQMEII computational domain.

Figure2: O; (a), NO, (b), SO, (c), H,O, (d) and HNO; (€) yearly mean concentrations at the ground for 1T1
(left), SI2 (center) simulation and the difference between IT1 and SI2 (right).

Figure 3: O (a), NO; (b) and SO, (c) time series of daily mean concentrations (right) and box whisker plots
of hourly data (Ieft) for the year 2010. Time series data are reported as mean concentrations of al available
measurement stations for each compound.

Figure4: PM10 (a) and PM2.5 (b) yearly mean concentrations at the ground for IT1 (left), SI2 (center)
simulation and the difference between IT1 and SI2 (right).

Figure5: fine SO, (a), NOs (b), NH,4 (¢) elementa carbon (d) and organic carbon (€) yearly mean
concentrations at the ground for IT1 (left), SI2 (center) simulation and the difference between IT1 and SI2

(right).

Figure 6: SO, (a), NOs (b) and NH,4 (€) time series of daily mean concentrations (right) and box whisker
plots (left) for the year 2010. Time series data are reported as mean concentrations of all available
measurement stations for each compound.

Figure 7: : yearly mean of Aerosol Optical Depth at 555 nm wavelength (AODS555) for IT1 (left) and SI2
(center) simulation and the difference between IT1 and SI2 (right). Circles indicate the observed yearly mean
AODs at esch AERONET station.

Figure 8: Aerosol Optical Depth at 555 nm wavel ength (AOD555) time series of daily mean values at al
AERONET stations (right) and box whisker plats (Ieft) for the year 2010.

Figure 9: Aerosol Optical Depth at 555 nm wavelength (AOD555) time series of daily mean values at
Lampedusa (a) and Maaga (b) AERONET stations.

Figure 10: Scatter plot diagram of Aerosol Optical Depth at 555 nm wavel ength (AOD555) daily differences
versus NO;s (left) and SO, (right) daily differences at Lampedusa (a) and Malaga (b) AERONET stations for
the year 2010. Differences are calculated as IT1 - SI2.

Figure 11: Aerosol Optical Depth at 555 nm wavelength (AOD555) time series of daily mean val ues at
Cyprus (@) and Ness Ziona (b) AERONET stations for the year 2010.

Figure 12: Scatter plot diagram of Aerosol Optical Depth at 555 nm wavel ength (AOD555) daily biases
versus daily Angstrom exponent at Cyprus (a) and Ness Ziona (b) AERONET stations for the year 2010.
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Figure 1: AQMEII computational domain.
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Cyprus (@) and Nes Ziona (b) AERONET <ations for the year 2010.
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Figure 12: Scatter plot diagram of Aerosol Optical Depth at 555 nm wavelength (AODS555) daily biases
versus daily Angstrom exponent at Cyprus () and Nes Ziona (b) AERONET stations for the year 2010.



Table S1: Geographical characteristics of AERONET statiowduided in the analysis.

Station Longitude Latitude Elevation Data availability (%)
(m asl)

Burjassot -0.42 39.51 30 24.51
Caceres -6.34 39.48 397 21.39
Carpentras 5.06 44.08 100 22.27
Crete 25.28 35.33 20 24.69
Cyprus 33.04 34.68 22 24.73
Evora -7.91 38.57 293 24.50
Granada -3.61 37.16 680 25.53
Lampedusa 12.63 35.52 45 20.21
Lecce University 18.11 40.34 30 21.16
Malaga -4.48 36.72 40 26.38
Ness Ziona 34.79 31.92 40 24.82
Sevastopol 33.52 44.62 80 22.64
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Figure S1: Temperature (a), wind speed (b) and mixing rafigéarly box whisker plots of IT1 and SI2
simulations. SYNOP (surface synoptic observatiatefions of the World Meteorological Organization
(WMO) are compared to model results only for terapge and wind speed.
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Figure S2: yearly HNQ dry deposition box whisker plots of DE4, SI2 arfsBESimulations. DE4 and ES3
configuration are described in Forkel et al. (2044d San Jose et al. (2014), respectively.
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Figure S3: Aerosol Optical Depth (AOD555) time series of daitgan values at Malaga AERONET
stations. Differences between IT1 and SI2 are r@ported for sulfate and nitrate for the year 2010.



