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Highlights

» Seventeen modeling groups from EU and NA simul&iedfor 2010 under AQMEII
phase 2

» A general model underestimation of surface PM da¢h continents up to 80%

* Natural PM emissions may lead to large underesiimain simulated Ph.

* Dry deposition can introduce large differences agnmodels.

Keywords: AQMEII, on-line coupled models, performearanalysis, particulate matter,
Europe, North America

ABSTRACT

The second phase of the Air Quality Model Evaluati@ernational Initiative (AQMEII)
brought together seventeen modeling groups fronofiguand North America, running eight
operational online-coupled air quality models okZzerope and North America using common
emissions and boundary conditions. The simulatedi@nseasonal, continental and sub-
regional particulate matter (PM) surface conceiunatfor the year 2010 have been evaluated
against a large observational database from differeeasurement networks operating in
Europe and North America. The results show a syatieranderestimation for all models in
almost all seasons and sub-regions, with the latgeterestimations for the Mediterranean
region. The rural PM concentrations over Europe are underestimatedl byoaels by up to
66% while the underestimations are much largetiferurban P, concentrations (up to
75%). On the other hand, there are overestimatioR$/, 5 levels suggesting that the large
underestimations in the Rilevels can be attributed to the natural dust eomnss Over

North America, there is a general underestimatioBRN, in all seasons and sub-regions by
up to ~90% due mainly to the underpredictions ihdist. SQ° levels over EU are
underestimated by majority of the models whilegNil€vels are largely overestimated,
particularly in east and south Europe. Nktvels are also underestimated largely in south
Europe. SQ@levels over North America are particularly oveiresited over the western US
that is characterized by large anthropogenic eomnssivhile the eastern USA is characterized
by underestimated SQevels by the majority of the models. Daytime A@Dels at 555nm is
simulated within the 50% error range over both icamtts with differences attributed to
differences in concentrations of the relevant sggeas well as in approaches in estimating the
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AOD. Results show that the simulated dry depositimm lead to substantial differences
among the models. Overall, the results show ti@aesentation of dust and sea-salt emissions
can largely impact the simulated PM concentratemd that there are still major challenges
and uncertainties in simulating the PM levels.

1. Introduction

Particulate matter (PM) is related to respiratorgt aardiovascular diseases as well as to
mortality (Schwartz et al., 1996; Bernard et &02). PM has direct and indirect effects on
climate (IPCC, 2007) and in turn, climate may hawggnificant impact on PM levels and
composition (Jacob and Winner, 2009). PM has bothrapogenic and natural sources and
are emitted as primary aerosols or are chemicatipnéd from gaseous precursors in the
atmosphere. PM levels are still a concern, paditylin the urban areas and its adverse
effects on climate and health are expected to stesiimont et al., 2009; Winker et al.,
2013). Due to the greater potential of PMPM with an aerodynamic diameter smaller than
2.5um) to cause adverse effects on public health coeapar PMo (PM with an aerodynamic
diameter below 1im), PM, 5 attracted more scientific attention that led tocaiality model
(AQM) development to focus more on this size of B its composition. PM can lead to
reductions in radiation reaching the earth andetioee impact the temperature, wind speed
and humidity, and it can also modify cloud drog@ee and number (Baklanov et al., 2014;
Brunner et al., 2014). On-line coupled AQMs canwdate the aerosol feedbacks on
meteorology that can be important on a wide rarigeroporal and spatial scales (Zhang
2008; Grell and Baklanov, 2011).

The Air Quality Model Evaluation International liative (AQMEII) is designed to promote
policy-relevant research on regional air qualityd@loevaluation across the atmospheric
modeling communities in Europe (EU) and North ArcarfNA) through the exchange of
information on current practices and the identtfma of research priorities (Galmarini and
Rao, 2011). Standardized observations and modputanvere made available through the
ENSEMBLE web-based system (http://ensemble2.jretgopa.eu/public/) that is hosted at
the Joint Research Centre (JRC; Bianconi et al42Galmarini et al., 2012). The first phase
of AQMEII focused on the evaluation of off-line atspheric modelling systems against large
sets of monitoring observations over Europe andiNamerica for the year 2006 (Solazzo et
al., 2012a,b and 2013; Vautard et al., 2012; Hageefl., 2014). The results from this first
phase demonstrated a large underestimation byaalels throughout the year and a large
variability among models in representing emissialeposition and concentrations of PM and
their composition (Solazzo et al., 2012b).

The second phase of AQMEII extends this model assest to on-line air quality models. In
this study, we analyze Pland PM s mass concentrations simulated by eight on-line-
coupled models, which have been run by seventelpendent groups from Europe and
North America (a companion study is devoted toahalyses of ozone, Im et al., 2014). The
surface PM levels simulated by the individual meded well as their ensemble mean and
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median are compared with the observational dataged by the ENSEMBLE system. As
multi-model ensemble analyses is not the scopbki®ipiaper, further analyses have been
performed by Kioutsioukis et al. (2014) for the E&ke using the multi-model data presented
in the present paper. The aim of the study is tduate the performances of widely used
operational on-line coupled models in EU and NAimulating PM and its chemical
components on a sub-regional and seasonal baslsyngpan experimental set up with
common anthropogenic emission and boundary comditgmd thus, to identify areas of model
improvements and the links to policy applications.

2. Materials and Methods
2.1. Models

In the context of AQMEII2, thirteen modeling groupsm EU and four modeling groups

from NA have submitted PM simulations for the y2@i0 (Table 1). One European group
(BG2) employed an off-line coupled model while tkst of the groups performed their
simulations using their operational on-line modslse groups used WRF/CHEM model
(Grell et al., 2005) and its variant (e.g. Wanglet2014), having different gas-phase
mechanisms (see Table 1 in Im et al., 2014) builairmerosol modules that employ different
size distributions approaches (modal/bin) and ianigorganic aerosol treatments as seen in
Table 1. The IT2 simulation is performed with apesxmental version of WRF/Chem v. 3.4,
where the new secondary organic aerosol schemewéoupled to the aerosol indirect
effects modules. Therefore, the bias of IT2 rurusthoot be regarded as the bias of the
general WRF/Chem modeling system, but only of plaigicular version under development.
The simulations were conducted for continentalesdaimains of EU and NA covering
continental U.S., southern Canada and northern &de¥iig.1). To facilitate the cross-
comparison between models, the participating grantespolated their model output to a
common grid with 0.25° resolution for both contitenModel values at observation locations
were extracted from the original model output fil@scomparison to observations (described
below).

2.2. Emissions and Boundary Conditions

Standard anthropogenic emissions were providetidy¥NO (Netherlands Organization for
Applied Scientific Research) for EU (Kuenen et 2014) and by U.S. EPA (United States
Environmental Protection Agency) and Environmem&ta for NA (Pouliot et al., 2014).
The NA emissions were processed by the US EPAlfon@dels except for GEM-MACH,
where a different grid projection required sepapateessing by Environment Canada.
Different assumptions were used for snow reduabicinigitive dust emissions in these two
efforts. More information on the implementationtioése emissions is provided in Im et al.
(2014). The spatial distribution of annually-intatpd anthropogenic PM emissions for EU
and NA domains are depicted in Fig.1. Anthropog&hiti, emissions per kfrin NA (76
ktons km? yr'') are larger than those in EU (69 ktons4yn) while EU is characterized by
larger PM s emissions density (49 ktons Kryr') compared to NA (29 ktons kfryr?). EU
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also has more than a factor of two larger NOx, NM3/&nd NH emission densities
compared to NA (Im et al., 2014). Note that thes=ioins over the oceans represent those
originating only from the maritime sector (Kuendrak, 2014; Pouliot et al., 2014). Fig.1
also shows the monthly variation of Ryemissions over EU and NA. There is a clear
seasonal variation in EU emissions. Spring seascharacterized with the highest emissions
in both domains. The PM speciation profiles for &ld based on Kulmala et al. (2011) while
the temporal profiles for the EU anthropogenic emiss are based on Schaap et al. (2005).
Each modeling group used their own biogenic (sd#eTain Im et al., 2014), dust, and sea-
salt emission modules in their operational modedesen in Table 1. Hourly biomass burning
emissions were provided by Finnish Meteorologiaatitute (FMI) fire assimilation system
(http://isdfires.fmi.fi/; Sofiev et al., 2009; Searet al., 2014). 3-D daily chemical boundary
conditions were provided by the ECMWF IFS-MOZART deb(referred as MACC

hereafter) run in the context of the MACC-II prdjé@lonitoring Atmospheric Composition
and Climate — Interim Implementation) on 3-houmgd.125° spatial resolution (Inness et
al., 2013). The aerosol chemical species availaltiee reanalysis included sea-salt, dust,
organic matter, black carbon and sulfate. Howeedigwing the AQMEII Phase 1 experience
described in Schere et al. (2012), MACC-II sea-saicentrations were not used as chemical
boundary conditions for the NA domain.

2.3. Observations

Observations of hourly and daily rural and urbarfesie PMo and PM s mass concentrations
with a data availability of at least 75% from dré@t measurement networks in EU (EMEP
(European Monitoring and Evaluation Programme;:Hitmvw.emep.int/) and AirBase
(European AQ database; http://acm.eionet.euroatabases/airbase/)) and NA (the
Canadian National Atmospheric Chemistry (NAtCherajdbase and Analysis Facility
operated by Environment Canada (http://www.ec.d@eatahem/) that contains measurements
from the Canadian National Air Pollution Surveid@Network (http://maps-
cartes.ec.gc.ca/rnspa-naps/data.aspx), the Canaidiand Precipitation Monitoring Network
(http://www.ec.gc.ca/natchem/), the U.S. Clean@®taitus and Trends Network
(http://java.epa.gov/castnet/clearsession.do)Utlse Interagency Monitoring of Protected
Visual Environments Network (http://views.cira.cstiate.edu/web/DataWizard/), and the
U.S. Environmental Protection Agency’s Air QualBystem database for U.S. air quality data
(http://www.epa.gov/ttn/airs/airsaqs/detaildata/d@dagsdata.htm)) have been used in
order to evaluate the model performances in sinmgdhe surface PM concentrations in the
two continents (Figure 1). Daily averages wereuated using the hourly observations from
the station where daily measurements were notablailbbind the analyses were performed on
the daily averaged PM concentrations. Daily obgeyua from 1525 stations (439 rural and
1076 urban) in EU and 469 stations (158 rural akfdi@ban) in NA were used for RM
comparisons. For Pp4, data from 517 stations in EU (139 rural and 3ité&an) and 659
stations in NA (311 rural and 348 urban) were ugegeographical breakdown into three
sub-regions for each continent that is similahtat in Solazzo et al. (2012) was applied,
which is based on emission and climatological attarsstics (Fig.1). The European sub-
region EU1 can be characterized by north-westemiaan sources with a transition climate
between marine and continental and hosts 618 statiw PM, (216rural and 402 urban) and
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255 stations for P (66 rural and 189 urban). EU2 covers the northesasind central
Europe sources as well as Germany with 433 stat@i3M,o (124 rural and 309 urban) and
124 stations for Pl (21 rural and 103 urban). EU3 is characterizethieyMediterranean
type climate and sources covering 375 station®k;y, (92 rural and 283 urban) and 94
stations for PMs (44 rural and 50 urban). Sub-region NA1 consisthe arid southwestern
part of the U.S. with the western slope of the Batlountains on the east and hosts 113
stations for PMp (44 rural and 69 urban) and 70 stations foL,BE87 rural and 33 urban).
NA2 covers the more humid south eastern U.S. witstdtions for PM, (17 rural and 28
urban) and 117 stations for BM(52 rural and 65 urban). NA3 consists of the reattiern
NA that is characterized by the highest emissiamraas in NA covering 64 stations for M
(11 rural and 53 urban) and 188 stations for,PM8 rural and 110 urban).

2.4. Statistical analyses

A number of statistical parameters, including Pe@isscorrelation coefficientRCC), root
mean square erroRMSE); normalized mean standard errdiMSE) and normalized mean
bias NMB) are calculated (Im et al., 2014) in order to canmeghe individual model
performances as well as the ensemble mean and méthie comparisons are performed
individually for the two domains and their sub-i@gs for the whole simulation period and on
a seasonal basis, in order to identify which regiand/or seasons have systematic errors.

3. Results and Discussion
3.1. PMy
3.1.1. Seasonal and regional surface levels over Europe

Comparisons of observed and simulated annual amgiteaveraged PMand PM 5
concentrations over the rural and urban monitostiagjons in EU and NA are presented in
Table 2. The temporal variation of the rural BMvels over EU are moderate-to-well-
reproduced by the modelBGC=0.18-0.86), while the variations at urban sitesewe
reproduced with slightly lower agreemeRCC=0.06-0.82). For both station types, the
lowest correlations are calculated for DE4, ES1dKd (PCC<0.25) while BG2 and UK5
well-captured the variation of PiMwith PCC larger than 0.75. The monthly time series plots
presented in Fig.2 and 3 (upper panels) also shatpiarticularly in winter, the monthly
temporal variations were not captured by any ofntloglels while they mainly follow the
temporal evolution introduced by the MACC modeltthiovides the chemical boundaries.
The figures show that the majority of the modelsdpiced spring and autumn peaks,
particularly for the rural stations while these aot observed in the measurements or the
MACC model, suggesting that the anthropogenic PN&sions or the online-simulated
natural dust emissions can be responsible for theaks. Over EU, the rural RM
concentrations are underestimated by all modeta 6% (UK4) to 66% (IT2). The
underestimations are much larger for the urbanJR¥INcentrations ranging from 43% (UK4)
to 75% (IT2), suggesting that the urban emissioasewot able to represent the actual



255  emissions, given the coarse resolution of the neod€he underestimations are in all

256  percentiles as can be seen in the box-and-whisdéts presented in Fig.4. The figure also
257  shows that the variability in the models are is mlawver compared to the observed

258  variability except for UK4 for the rural levels, weh has the lowest bias for both station

259 types. The general tendency of all models to ursdienate observed Pjconcentrations may
260 be at least partially attributable to sub-grid sagfects since monitors may be located near
261  hot spots and may introduce substantial horizaydients near such hot spot locations.

262  Regarding sub-regional rural Rpevels, the highest biases are calculated for BN2B=-

263 34% to -75%), which is characterized by large aibgenic emissions while EU1 and EU3
264  have relatively smaller biases (-10% to -63% ar&¥s10 -57%, respectively). The temporal
265 variability is best captured for the sub-region Buiih PCC values between 0.4 and 0.9 and
266  lowest in the sub-region EUPCC=0.2 to 0.9). Similar to the continental scale (EU0 all

267  sub-regions, the smallest biases are calculateithéddK4 model while the largest are

268  calculated for the IT2 model. For the urbangMvels, EU2 and EU3 have the largest biases
269  (up to -81%). UK4 model has the lowd&$NB values while IT2 model is again associated

270  with has the largest biases. The temporal variatias best reproduced by the UK5 model for
271 all sub-regions except for EU3 where higheGC is calculated for IT1 model.

272 The seasonal and regional model evaluations arducted through soccer plots presented in
273 Figs.5 and 6, summarizing the performance in bothains for the rural and urban sites,

274  respectively. The observed and modeled surfacé Pilg, levels over EU are compared in
275  Fig.5a-d (upper panel). The results show a sysieraaterestimation for all models in

276  almost all seasons and sub-regions. The largestresiimations for the rural Plare

277  calculated for the EU3 sub-region (Mediterranepajticularly during winter (Fig.5a). In sub-
278  region EU1, underestimations of 2% (in summer ) & 74% (in winter by IT2) are

279  calculated. In EU1, surface RMevels in autumn were overestimated by 1% and $%@ b

280 and Sl1, respectively. In sub-region EU2, the hsglumderestimation (85%) was calculated
281  for IT2 model again for the winter period (Fig.¥@)ile SI1 model had the smallest

282 underestimations with values from 23% to 57%. UKadel had the lowest underestimations
283  for the spring and summer levels (Fig.5a,d) by B 11%, respectively. Overall, the

284  largest biases were calculated for the winter plefioy up to 85%). Similar results were

285 calculated for the urban surface RNevels in EU with slight lower biases (Fig.6a-d).

286  3.1.2. Seasonal vsregional surface levels over North America

287  Over NA, the temporal variation of rural RMevels is poorly reproduced by majority of the
288  models withPCC of 0.22 to 0.38 (Table 2). CA2f model fails to reguce the temporal

289  variation PCC=-0.05). The low values for this last model maydibe to the lack of snow

290 reduction factors in the reprocessing of emissaifrfagitive dust for this model in this

291  experiment (see Pouliot et al, 2014). On the otlaexd, the temporal variation at the urban
292  sites are slightly better captured by the mode{3d=0.18-0.54). Th&iMB values do not

293  differ much between the rural and urban stationthercontinental scale (NAQ) as seen in
294  Table 2. Over both station types, ES1 and US8 nsdusale the largest biases (>70%) while
295 other models have much lower biases (<40%). Thetmhowariations in NAO (NAOQ) are
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better captured compared to the daily variabilgysaen in Figs.2 and 3. In sub-region NA1,
particularly over the rural stations, the majonfythe models fail to reproduce both the
temporal variation and the magnitudes. In sub-regA2 and NA3, the temporal variability
is relatively better captured by the models. Thealmlity in the observed PM

concentrations are relatively well represented Be{Gand US7 with low biases (< 20%) as
seen in Fig.4 (upper panel), but also by US6 wildrger bias over the rural (-39%) and urban
(-34%) stations (Table 2). Similar to the EU domaire MACC model largely underpredicts
the observed variability.

The temporal variability of rural P)MIlevels over the NA1 sub-region was poorly repradlic
by all models witHiPCC values ranging from 0.03 (CA2f) to 0.52 (US6)NA2, PCC values
were also low; -0.16 (ES1) to 0.56 (US7). Tempuwealations over NA3, however, were
reproduced reasonably well by most modBIS@=0.69 to 0.74) except for the ES1 model
(PCC=0.28). There is a general underestimation by alli@ts in all sub-regions. As can be
seen in Fig.2, the largest underestimation oceudAl (MNB=-57% to -84%) with the
exception of US7 overestimating by 19%. Over NA# BIA3, underestimations from 20% to
88% are calculated. The largest underestimatiamsalculated for ESIMNB>80%) while
US7 had the smallest biases (<25%). UrbanA&¥els over NA are best reproduced in NA3
with PCC over 0.60 except for ESPCC=0.33). PCC values range from 0.11 to 0.55 over
NA1 and from -0.15 to 0.72 over NA2. There are galihgunderestimations by up to 87% in
the sub-regions while CA2f and US7 overestimateutivan PM, levels over NAlby 11%
and 20%, respectively. The largest biases are lesédclfor the ES1 model in all sub-regions
(MNB=80% to 87%).

Soccer plots for the seasonal and geographical Inped®rmance for the rural and urban
surface PMp levels over NA are presented in Figs.5 and 6 (tqvemels). Over NA, there are
no systematic seasonal trends in model performexoept for the ES1 and US8 models
having the largest biases for rural RNevels in all seasons and sub-regions (Fig.5&8)1
model follows US8 with slightly lower biases. Tlaedest underestimations were calculated
for the spring and summer periods in all sub-regioyup to 90% and 93%, respectively.
There is a general underestimation in all seasodsab-regions, with the exception of
overestimations calculated for US7 model by 3%#&@ver NA1. On a continental scale,
US7 model slightly overestimates the rural BMvels by 3%. The model performances for
the urban PN levels over NA (Fig.6e-h) are similar to those thoe rural levels, with slightly
lower biases.

The large differences in PlMpredictions among those models and their perfocesat rural
and urban sites can be attributed mainly to theofisiferent online dust emission modules.
For example, US7 and US8 use two different dustsiom modules available in WRF/Chem
version 3.4.1, i.e., the MOSAIC/GOCART dust modofiZhao et al. (2010) and
AER/AFWA dust module of Jones and Creighton (20Ilhe simulated coarse dust
concentrations by the two dust emission moduled bgdJS7 and US8 are significantly
different in terms of locations and magnitudes (§ig. While both simulate dust emissions
from the Mojave desert in southeastern Califormid #he Sonoran Deserts in southern
Arizona, the MOSAIC/GOCART dust module gives mudalhler coarse dust emissions than
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the AER/AFWA dust module in these areas with a mucader areal coverage and also
predict dust emissions in many other areas in dmnéireental U.S. and northern Mexico. As
reported by Raman and Arellano (2013), the AER/AF®#At emission module in
WRF/Chem v. 3.4.1 significantly underpredicted dersissions ovelPhoenix area in

Arizona, U.S., resulting in significant underpreitios of PMo (~50 mg i) comparing to

the observed concentration of 180§ m*. While differences in the dust emission modules
explain most differences in coarse dust, anothesae for much lower dust concentrations by
US8 is the use of a simplified surface drag parangsttion of Mass and Ovens (2010).
While this parameterization helps reduce the osligtions of wind speeds (Wang et al.,
2014; Yahya et al., 20144, b), it reduces dustsons which depend strongly on wind
speeds. The sensitivity simulation without theapagterization of Mass and Ovens (2010)
gives dust concentrations that are higher by ahdattor of two than the one with this
parameterization. The substantial differenceBrge dust concentrations contribute to large
differences in coarse PM between the two model lsinians. Differences in sea-salt
emissions predicted by US7 and US8 also contritoutkfferences in coarse PM
concentrations, although their contributions tdedldnces in P performance at rural and
urban locations are negligible (in particular, $tes located inland). Although US7 and US8
use the same sea-salt emission module of Gong @©&l7), US8 gives lower sea-salt
emissions (thus lower sea-salt concentrations) oveanic areas because of the use of a
simplified surface drag parameterization of Mass$ @uens (2010) that gives lower wind
speeds.

3.2. PMs
3.2.1. Seasonal and regional surface levels over Europe

All models show a very similar behavior for simelétcontinental surface rural and urban
PM_ s levels compared to the simulated BNévels, with lower biases, as seen in the box-
and-whisker plots presented in the lower paneligd-PCC values calculated for the
simulated PM; levels are very similar in general to those caitad for the P levels

(Table 2). Over the rural stations, the underegtona range from 2% (CH1) to 60%, with the
highest bias calculated for the IT2 model simitaPth,. For the urban stations, the largest
bias was again calculated for the IT2 modéNB=68%). UK4 model overestimated the rural
PM;jo concentrations by 20% (Table 2) as can also beisdeig.7. The sub-regional analyses
show that these overestimations are mostly duleet¢targe overestimations particularly
during summer in the Mediterranean region (EU3upyo 72%. Further analyses have
shown that these overestimates for UK4 are dugdessive model PM from wildfire
emissions on the Iberian Peninsular where themagirity of PM observations are located.
The UK4 model has not previously been run for a @ionwith large sources of wildfires and
it seems likely that the implementation of thesarees needs further improvement in this
model configuration. The MACC model underestimakescontinental and annual mean
levels as shown in Fig.4, as well as in all subenegiand seasons, suggesting that these
overestimations are not due to the boundary camditibut may be due to the emissions or
deposition. Dry deposition of PM calculated by the models (Fig.9a) show that IT@ &
models simulate significantly larger deposition @amed to the other models. This can
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explain the systematic largest underestimationscasted with the 1T2 model compared to
the other models.

The soccer plots presented in Fig.10a and 11a dhawvinter levels are underestimated by
all models in all sub-regions, in general by mdwant50%, particularly over the urban
stations. In other seasons, the underestimatien®waer. CH1 and UK4 models overestimate
in spring and in particular during summer. IT1 &lidl overestimate rural EU3 RMlevels

by 4% and 5%, respectively (Fig.10b). Similar ogéireations hold for UK4 over the urban
stations (Fig.11b). In summer, there is generakuestimation by the majority of the models
by up to 49% and 59% (by IT2 in EU2) over the ranadl urban stations, respectively
(Fig.10c and 11c). Autumn levels are underestimbtedp to 72% over the rural (Fig.10d)
and by up to 77% over the urban stations (Fig.tlieghending on the region with the
maximum bias calculated for EU2 by the IT2 model.

3.2.2. Seasonal vsregional surface levels over North America

The temporal variations for the domain-averagetbsarPM s concentrations over both rural
and urban stations are much better captured bm#jerity of the models compared to the
PMs levels (Table 2)PCC values for the urban stations (0.31 to 0.78) aykdr than those

for the rural values (0.05 to 0.61) for all modals,can also be seen from the monthly time
series plots in Fig.7 and 8. ES1 model had the $owerrelations while US7 had the highest
values. ES1 model also had the largest bidd®#BE-68% and -71% for rural and urban
stations, respectively) while US8 simulated thdasig PM 5 levels with the lowest bias
(MNB=-26% and -17%, respectively). The large underegton calculated for the ES1 model
can be attributed to the significantly larger depdsition compare to the other models as can
be seen in Fig.9b. As discussed in section 3.4€2underestimation in the RMevels for the
US8 model suggests that the dust particles in bodinse and fine modes are significantly
underestimated by this model. US7 model overeséichtéte domain-averaged RPMevels

over both station types by ~48%, likely due to marprediction in dust and sea-salt
concentrations in P4 size sections. Pp4 concentrations predicted by US7 are much higher
than those from US8 (Fig.S1). Such differencesbmattributed to several factors. First,
US7 and US8 use different dust emission moduleghngive very different concentrations

of dust in the PMls size sections/modes. Second, US7 and US8 useettitfeplitting

fractions between coarse and fine dust emissiti&/ allocates 9% and 68% of the total dust
emission to PMsand coarse PM, respectively. Since MOSAIC only dbss aerosols up to
10 um, the emissions for particles with diameter gnetitan 10um are neglected (which is
23% of the total emissions). For comparison, UBRates 3% of dust emissions in the
accumulation mode and the rest of 97% in the caars#e. Third, US7 and US8 give
different predictions of primary and secondary oigaerosols (POA and SOA), due possibly
to the use of different SOA modules and differeatwersion factors between primary organic
carbon emissions and the POA simulated in the médeteen in Fig.4, the models have
similar profiles for both rural and urban statiavisile the MACC model overestimates the
rural and underestimates the urbanBbncentrations, implying that the simulated levels
were due to local contributions rather than redidr@asport.
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US7 model overestimates both the rural and urbagsfhcentrations in all seasons and
sub-regions (Fig.10 and 11e-h). The overestimatsimsilated by US7 model are smallest
during winter from 16% to 96% over the rural an@btb 82% over the urban stations. The
figures also show that ES1 model underestimatali seasons and sub-regions. With the
exception of ES1 model, all models fall into thé4&rror range in all seasons and sub-
regions, while excluding US7, the error decreagse¢ld 50% range (Fig.10 and 11e-h).
Compared to the P)levels, the figures show that majority of the miedee grouped around
the zero line of the soccer plots. The differenneal seasons are highest in sub-region
NAZlover both rural MNB up to 143%) and urban statiod$NB up to 95%).

3.2.3. PM; 5 speciated components

Simulated surface sulfate ($0, nitrate (NQ') and ammonium (NK) components of P}
aerosols are compared with observations from e ,and five rural stations in EU,
respectively, and 250, 148 and 149 station in NApectively. The results are presented in
Fig.12 in the soccer plots for the continental and-regional levels in 2010 over EU and NA.
Over EU, the continental SO levels are underestimated by a majority of the @l®@AT1,
DE4, ES1, ES3, IT1, IT2 and UK5) by 22% to 61% (E&n) while few groups (BG2, CH1,
NL2, SI1 and UK4) overestimated the $Qevels by 7% to 52%. The results show that the
underestimating models were all WRF/CHEM modelshwthe exception of SI1 that
overestimates. The largest underestimation of 3 IT2 can be attributed to the large SO
dry deposition calculated by this model (Fig.94),Sunderestimation can also be attributed
to absence of S{xidation in cloud water in the heterogeneous el{ag. the IT1 model:
Balzarini et al., 2014). As seen in Fig.12b andimulated N@ and NH, are higher than the
observed levels. NDlevels are overestimated by majority of the modekll regions by

more than 75%, particularly in EU2 and EU3 (Fig 12H," levels are also underestimated
largely in EU3. In other sub-regions, the differesiéor simulated N levels are lower (50%
to 75%). The results suggest ammonium nitrate,{b) formation dominating over the
ammonium sulfate ((NH.SOy) formation over EU as well as possible underediona in
heterogeneous (cloud) $@rmation and generation of fine sea-salt emission

The picture is completely opposite over the NA dones seen in Fig.12d-f. $Olevels are
particularly overestimated over NAl as well as ahercontinent. Particularly CA2f model
largely overestimates S®levels in all sub-regions. NA2 and NA3 are chasgzed by
underestimated SO levels by the majority of the models. The differes from the
observations are in general below 75% except ®KA2f model that has much larger bias.
CA2f model has the smallest differences for botlsN@d NH," while ES1 model has the
largest underestimations by more than a factor. of 2

3.3. Aerosol Optical Depth (AOD)

The reconstructed AOD at 555nm (AOD555) are contpaiién observations from 35
Aerosol Robotic Network (AERONET,; http://aeronefaysasa.gov/new_web/index.html)
stations from each domain. Soccer plots and thediyrofiles for the model performances
in 2010 for the continental and sub-regional AOD&5kIs are presented in Fig.13a,c. Over
EU (Fig.12a), the majority of the model performeithim the 50% error range. The DE3
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model had the largest underestimatidd®B=60%) in all regions (Fig.13c) while the BG2
model had the largest overestimatioRdNB up to 70%). The large underestimation by the
DE3 model can be attributed to the approach imeging the AOD555. While the majority
of the models consider SO4, NO3, NH4, primary awbedary organic aerosols
(POA/SOA), elemental carbon (EC), dust and seafGaitci et al., 2014) in their AOD
estimations, the DE3 model does not consider E@/BOA and sea-salt. The smallest bias
was calculated for SIMNB=+7%) and for AT1 (-12%). In general, models BGBICNL2
and UKS5 overestimated the observed AOD555 leveitevather models underestimate. The
observed hourly diurnal variation over the contineas moderately captured by the models
with a maximum and minimumRCC of 0.65 (AT1) and 0.25 (DE3), respectively.
WRF/CHEM models were associated with very simiggmporal variationsRCC=~0.6). Over
NA (Fig.13b,d), CA2f model failed to reproduce bthle temporal variatiorPCC=0.23) and
the magnitude of the continental AOD555 with anregémation of 29%. US6 model
reproduced the temporal variation better than theranodelsRPCC=0.73), but with the
largest biasNINB=-32%). US7 also overestimated the continental ABBBY 25% and
captured the temporal variabilitPCC=0.70) while US8 underestimated the observations by
17% with a temporal agreement of 0.65. Furtherudision on model uncertainty on AOD
calculation may be found in Curci et al. (2014).

4. Summary and Conclusions

An operational evaluation of simulated particulaiatter (PM) levels over Europe (EU) and
North America (NA) in 2010 using eight different-bne-coupled air quality models from
sixteen groups has been conducted in the contehecAQMEII project. Seven groups from
EU and two groups from NA applied the WRF/CHEM mip8eat with different settings.
Anthropogenic emissions and chemical boundary ¢mmdi were prescribed while biogenic
emissions were calculated online by each individwalp. All groups interpolated their
model output to a common output grid and a comneboireceptor locations and uploaded
the data to the ENSEMBLE system. The results aaéuated against surface and sounding
observations, which are provided by operational &t¢ and NA, at continental and sub-
regional levels on annual and seasonal basis.

Results show that over EU, particularly in wintée monthly temporal variations were not
captured by any of the models while the majorityhef models produced spring and autumn
peaks, particularly for the rural stations whilegh are not observed in the measurements or
the MACC model, suggesting that the anthropogemis&ons or the online-simulated
natural dust emissions can be responsible for theaks. Over EU, the rural RM
concentrations are underestimated by all modelgohp 66% while the underestimations are
much larger for the urban Rllconcentrations (up to 75%), suggesting that thamr
emissions were not able to represent the actuasstonis. The results show a systematic
underestimation for all models in almost all seasammd sub-regions, with the largest
underestimations for the Mediterranean region. réselts also show overestimations in
PM, s levels suggesting the large underestimationsearPtil levels can be attributed to the
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natural emissions. Over NA, there are no systensatasonal trends in model performances
except for the ES1 and US8 models having the lailgases for rural PM levels in all
seasons and sub-regions. There is a general utideatsn in all seasons and sub-regions,
with the exception of overestimations calculateadd&7 model by 3% to 67% over western
US. The highest underestimations were calculatethiospring and summer periods in all
sub-regions by up to ~90%. In general, majorityhaf models simulating the NA case have
smaller biases compared to those simulating the&dd, in particular regarding BM which
suggests a better representation of the anthropogamssions in NA.

SO levels over EU are underestimated by majorityhefinodels by up to 61% while few
groups overestimated the $SBvels by 7% to 52%. N{evels are overestimated by majority
of the models in all regions by more than 75%,ipaldrly in east and south Europe while
NH, levels are also underestimated largely in soutiofiel SQ levels over NA are
particularly overestimated over western US thah@racterized by large anthropogenic
emissions. Eastern US is characterized by underattd SQ levels by the majority of the
models. Regarding the AOD555, the majority of tredel performed within the 50% error
range over EU. Differences in models can be atieidbto differences in approaches in
estimating the AOD such as the aerosol componemsidered in these estimations. The
observed hourly diurnal variation over the contineas moderately captured by the models
while WRF/CHEM models were associated with veryisimtemporal variations. Over NA,
the CA2f and US7 models overestimate the obsen@D755 levels by up to 29% while the
US6 and US8 models underestimate by up to 32%./Reshow that the simulated dry
deposition simulated can lead to substantial difiees among the models.

Overall, the results show that representation st dud sea-salt emissions can largely impact
the simulated PM concentrations and that theretdlenajor challenges and uncertainties in
simulating the PM levels and identifying the sountéhe bias in the models. It should be
noted that as the results presented in this papdemporally and spatially averaged over the
seasons and sub-regions, cases where feedbackmseebare of importance must be further
studied and evaluated in order to better evallegeskills of these models in simulating the
feedback mechanisms and their impact on the suFitéeevels.
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Table 1. Model groups patrticipated to AQMEII2

W

No | Acronym Domain Model Resolution Biogenic Model udd Model Sea-salt Model Aerosol Reference
1| AT1 EU WRF/Chem 23 km MEGAN| MOSAIC* MADE*/SORGAM | MOSAIC MADE/SORGAM MADE/SORGAM Grell et al., 2005
2 | BG2 EU WRF-CMAQ 25 km BER Mansell et al., 2004 AERG4 AERO4 Appel et al., 2008
3| CH1 EU COSMO-ART 0.22 Gunter et al., 1998 Vageal., 2006 Lundgren, 2006 MADESs{bt Vogel et al., 2009
4 | DE3 EU COSMO-MUSCAT, 0.25 Gunther et al., 1993 egén et al., 2002 Long et al., 2011 Simpson g2@03 Wolke et al., 2012
5| DE4 EU WRF/Chem| 23 kny MEGAN MOSAIC MADE/SORGAW MBAIC MADE/SORGAM MADE/SORGAM Grell et al., 2005
6 | ES1 EU WRF/Chem 23 km MEGAN MOSAIC MADE/SORGAM \3BIC MADE/SORGAM MADE/SORGAM Grell et al., 2005
7 | ES3 EU WRF/Chen 23 km MEGAN N/A MOSAIC MADE/SORGAM MOSAIC 4 bins Grell et al., 2005
8| IT1 EU WRF/Chem 23 km MEGAN MOSAIC MADE/SORGAM MEAIC MADE/SORGAM MADE/SORGAM Grell et al., 2005
9| IT2 EU WRF/Chem 23 km MEGAN DUSTRUN MOSAIC MADE/SORGAM MADE/VBS* Grell et al., 2005
10 | NL2 EU RACMO LOTOS-EUROS 0.5°x0.25 Beltmarakf 2013 Schaap et al., 2009 Schaap et al., 20080RRAPIA Il 2 bins'? Sauter et al., 2012
11| si1 EU WRF/Chem 23 km MEGAN MOSIC MADE/SORGAM  N#BIC MADE/SORGAM MADE Grell et al., 2005
12 | UK4 EU MetUM UKCA- RAQ 0.22° TNO Woodward, 200 N/A Bellouin et al., 2011 Savage et al., 201
13 | UK5 EU WRF-CMAQ 18 km MEGAN N/A Kelly et al., 2010 AERO¥ Wong et al., 2012
14 | CA2f NA GEM-MACH 15 km BEIS N/A Gong et al., 2003 CAR Makar et al., 2014a,b
15 | ES1 NA WRF/Chem 36 km MEGAN MOSAIC MADE/SORGAM  Q8AIC MADE/SORGAM MADE/SORGAM Grell et al., 2005
16 | US6 NA WRF-CMAQ 12 km BEIS3.14 Appel et 2013 Kelly et al., 2010 AERO$ Wong et al., 2012
17 | US7 NA WRF/Chem| 36 kny MEGAN GOCART AFWA Gong et al., 1997 MOSAIQ Grell et al., 2005
18 | US8 NA WRF/Chem 36 kn MEGAN AFWA/AER Gong et al., 1997 MADE/VBS Grell et al., 2005

1. Guenther et al., 2006; 2. Schwede et al., 2B0Baveri et al., 2008; 4. Ackermann et al., 19085chell et al., 2001; 6. Schaw et al., 2008piied and Creighton, 2011; 8. XXX; 9. Appel et2008; 10. Riemer et
al., 2003; 11. Ahmadov et al., 2012; 12. Fountoakid Nenes, 2007; 13. Gong et al., 2003b.14. Agipel., 2013



Table 2. Statistical comparisons of observed amdilsited annual and domain-mean surfacedvid PM s over EU and NA

PMy PM;.e
Rural Urban Rural Urban
Models NMSE | NMB | RMSE NMSE | NMB | RMSE NMSE | NMB | RMSE NMSE | NMB | RMSE
"l [ [wm| T [ [y T | @ [wm]| | | % [wm

AT1 040| 5534 -435% 1106 034 12519 -6170 22D.34| 3817 -31.67 691 038 7282 4533 11.14
BG2 074| 5530 -4686 1072 0.6 14176 -65.14 2B.0.80| 33.27 -3658 622 084 6253 -47l46  10.15
CH1 042| 2093 2852 917 027 8500 5382 20.6@9| 2442 -1.2¢ 667 034 3471 2458 910
DE3 063| 4554 -41.88 1018 058 13079 -63.26 ®b.060| 23.70 2482 571 067 4909 -40l07 .70
DE4 018| 59.13 -4364 1142 006 125/63 -6130 @be.11| 4401 -31.74 742 008 82012 -46l42 1175
ES1 022 7483 4910 1230 ote 15222 -68.15 @B@21| 5293 -38.19 774 042 9445 5072 12.09
ES3 035 77.96 5074 1236 o011 182/13 -64.38 @4h©23| 4494 -34.08 737 048 81p7 -4752  11.57
IT1 057| 2170 2512 797 047 6883 -50[20 1d.p062| 16.70] -12.2¢ 518 056 35901 -20]89 489
IT2 026| 16883 -66.10 1497 025 27045 -75.24 8®6.0.16| 132285 5065  9.d9 023 20961 -67.99 1451
NL2 061| 3454 -356¢ 93P 057 9769 -57]61  21.0065| 41.25 -37.94 685 0715 8108 -5094  11.19
st 062| 1763 2152 736 057 6211 -4867 18.6%0| 13.84 -9.3 480 060 3067 2730 837
UK4 025 3191 2329 970 0d7 53h46 -42/58 14.003| 5549 1942 1100 016 2854 834  9d06
UK5 086| 50.34 -463%2 1028 082 11640 -6183 21.8.84| 4804 4439 700 090 8146 5339  10.92
EUMean | 064 4349 -4020 1008 052 10988 -59.5521.88| 0.49] 2854 -26.70 619 060 5747 -4l61 @p.2
EUMedian| 0.68 5052 -43.50 1057 056 12421 1.9 22.56| 056 3457 -32.37 655 0p4 6840 -45.85 .78
CA2f 0.10| 4937 -19.79 1564 033 540 -4l72  5.6851| 1023 1967 247 o0d5 1105 2042  3.99
ES1 041 34408 -7691 2215 046 36346 -81.04 8120005 1758] -67.9F7 549 024 250559 -7498  §.32
US6 021 6365 -382p 1588 084 19)85 3143  9ami| 11.07 -6.01 22f o068 790 s8pb8  3los
us?7 020 3417 -1720L 1342 o055 779 -106  6.3B1p 20.84] 46.8 39b 086 1615 3611 493
uUSs8 031 43830 -80.0b 2322 0.49 21612 -73.74 8alB0.46| 1899 -2549 265 062 138l -2487  3.39
NAMean | 024 8301 -46.45 1657 060 33|85 -4d.10 1.1a| 058 7.31 -6.78 184 074 3564 530 192
NA Median| 0.18| 115.82 -5421 1810 054 46|72 -a7.4 12.42| 058 919 -11.69 201 0F2 407 -648  2.05




Figure Captions

Fig.1. Standard annual PM, 5 emissions in Europe and North America overlaid with
monitoring stations in the sub-regions (upper panel: the red circles show EU1/NA1, yellow
diamonds show EU2/NA2 and green squares show EU3/NA3) and monthly time series of
anthropogenic PM, s emissions over EU and NA (lower panel). Note scale differences.

Fig.2. Observed and simulated monthly continental and sub-regional rural PM ¢
concentrations over EU (upper panel) and NA (lower panel). Note scale differences.

Fig.3. Observed and simulated monthly continental and sub-regional urban PM 1o
concentrations over EU (upper panel) and NA (lower panel). Note scale differences.

Fig.4. Box-and-whisker plots for observed and simulated PM 1o (upper panel) and PM s
(lower panel) concentrations over rural and urban stations in Europe and North America.

Fig.5. Soccer plots for simulated seasona and regional rural PM g levels over Europe (upper
panel) and North America (lower panel) for winter (a,e), spring (b,f), summer (c,g) and
autumn (d,h).

Fig.6. Soccer plots for simulated seasona and regional urban PM 1o levels over Europe (upper
panel) and North America (lower panel) for winter (a,e), spring (b,f), summer (c,g) and
autumn (d,h).

Fig.7. Observed and simulated monthly continental and sub-regional rural PM ;5
concentrations over EU (upper panel) and NA (lower panel). Note scale differences.

Fig.8. Observed and simulated monthly continental and sub-regional urban PM s
concentrations over EU (upper panel) and NA (lower panel). Note scale differences.

Fig.9. Calculated annual dry deposition of fine inorganic aerosols (SO4, NO3 and NH,), total
organic carbon (TOC) PM5, crustal material (CM) and sea-salt (SS) over a,b) EU and c,d)
NA.

Fig.10. Soccer plots for simulated seasonal and regional rural PM s levels over Europe (upper
panel) and North America (lower panel) for winter (a,e), spring (b,f), summer (c,g) and
autumn (d,h).

Fig.11. Soccer plots for simulated seasonal and regiona urban PM, 5 levels over Europe
(upper panel) and North America (lower panel) for winter (a,€), spring (b,f), summer (c,g) and
autumn (d,h).

Fig.12. Soccer plots for simulated regional rura fine SO, (a,d), NO3 (b,e) and NH, (c,f) levels
over Europe (upper panel) and North America (lower panel).

Fig.13. Soccer (a,b) and diurnal time series (c,d) plots for observed and simulated AOD555
over Europe (a,c) and North America (b,d).
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Fig.S1. Simulated concentrations of coarse dust;seoPM, and fine PM by US7 and US8 over the
North America domain for 2010.



