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Abstract. Source apportionment modeling provides valuable information on the contributions of different source sectors
and/or source regions to ozone (Os) or fine particulate matter (PM,s) concentrations. This information can be useful in
designing air quality management strategies and in understanding the potential benefits of reducing emissions from a
particular source category. The Comprehensive Air quality Model with Extensions (CAMX) offers unique source attribution
tools, called the Ozone and Particulate Source Apportionment Technology (OSAT/PSAT), which track source contributions.
We present results from a CAMXx source attribution modeling study for a summer month and a winter month using a recently
evaluated European CAMx modeling database developed for Phase 3 of the Air Quality Model Evaluation International
Initiative (AQMEII). The contributions of several source sectors (including boundary conditions representing transport of
emissions from outside the modeling domain) to O3 or PM, 5 concentrations in Europe were calculated using OSAT and
PSAT, respectively. Evaluation focused on 16 major cities and on identifying source sectors that contributed above 5%.
Boundary conditions have a large impact on summer and winter ozone in Europe and on summer PM, s, but are only a minor
contributor to winter PM,s. Biogenic emissions are important for summer ozone and PM,s. The important anthropogenic
sectors for summer ozone are transportation (both on-road and non-road), energy production and conversion, and the
industry sector. In two of the 16 cities, solvent and product also contributed above 5% to summertime ozone. For
summertime PM,5, the important anthropogenic source sectors are the energy sector, transportation, industry, and
agriculture. Residential wood combustion is an important anthropogenic sector in winter for PM, s over most of Europe, with
larger contributions in central and eastern Europe and the Nordic cities. Other anthropogenic sectors with large contributions

to wintertime PM, 5 include energy, transportation, and agriculture.

1 Introduction

Photochemical grid models (PGMs) such as the Comprehensive Air quality Model with Extensions (CAMx; Ramboll
Environ, 2014) and the Community Multiscale Air Quality (CMAQ) model (Byun et al., 2006), are widely used in air quality

management to assess the effectiveness of potential control strategies for secondary pollutants such as O; and PM, . Source
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apportionment analysis is an important component of this process to identify source sectors and/or regions that are
contributing to Oz and PM; 5. The traditional approach to source attribution analysis is “brute-force” or “zero-out” sensitivity
analysis in which the emissions from a given source sector are removed to quantify the contribution of that sector. This
approach is expensive and impractical for assessing the contributions of a large number of source categories and suffers the
limitation that the sum of zero-out impacts over all sources will not equal the total concentration (Koo et al., 2009). Tagged
species methods, such as the Ozone and Particulate Source Apportionment Technology (OSAT/PSAT) in CAMx (Dunker et
al., 2002; Yarwood et al., 2007), can efficiently track contributions from many source sectors and/or regions and provide
source contributions that sum to the total concentration. These methods are increasingly being used to help understand
complex air quality issues (e.g., Wagstrom et al., 2008; Burr and Zhang, 2011;Baker and Kelly, 2014; Collet et al., 2014;
Wang et al., 2009; Li et al., 2012; Skyllakou et al., 2014).

Many source attribution studies in Europe have used receptor models and back trajectory analysis for inert pollutants, i.e.,
primary particulate matter (e.g., Querol et al., 2001; 2004; 2009; Belis et al., 2011; 2013; Viana et al., 2014). Source
attribution studies in Europe for secondary pollutants, such as ozone and secondary PM, s, have used PGMs with the zero-
out approach and Skyllakou et al. (2014) used the CAMx PSAT approach to distinguish the contributions of local and
regional sources to fine PM in Paris. Reis et al. (2000) studied the impact of road traffic emissions on regional ozone levels
in Europe by zeroing-out traffic emissions. Derwent et al. (2005) used a similar approach to determine the contribution of
shipping emissions to ozone and acid deposition in Europe. Sartelet et al. (2012) estimated the contributions of biogenic and
anthropogenic emissions to O3 and PM concentrations in Europe and North America by zeroing-out one source category at a
time. Under the TRANSPHORM (Transport related Air Pollution and Health Impacts-Integrated Methodologies for
Assessing Particulate Matter) program, the source contributions of transport emissions (road transport, shipping, aviation) to
05 and PM contributions in Europe were assessed using WRF-CMAQ and the zero-out approach (TRANSPHORM, 2014).
Derwent et al. (2008) conducted sensitivity studies with a global chemical transport model to understand the effects of long-

range transport from North America and Asia to surface ozone in Europe.

All of the above PGM source attribution studies for Europe investigated the contributions of a limited number of source
categories. More recently, Tagaris et al. (2015) used the zero-out approach with CMAQ to calculate the contributions of
emissions from 10 Standard Nomenclature for Air Pollution (SNAP) source sectors to air quality over Europe for a summer
month (July 2006). Here, we use CAMx with OSAT and PSAT to calculate the contributions of SNAP sectors, biogenic
emissions, and sources outside the modeling domain (boundary conditions) to cities in Europe. We make use of the CAMX
modeling database for 2010 developed as part of the Air Quality Model Evaluation International Initiative (AQMEII).
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AQMEII is a joint regional air quality model evaluation effort between the North American and European modeling
communities to improve the understanding of uncertainties in model predictions of ozone and PM,s, and to use this
knowledge to guide model improvements (Rao et al., 2011). In Phase 1 of the AQMEII, a large number of offline
photochemical air quality models were applied and evaluated in Europe and North America for the year 2006 using
consistent inputs to the extent possible (Rao et al., 2011; Galmarini et al., 2012). The second phase of AQMEII was
dedicated to the evaluation of online coupled chemistry-meteorology models over both continents with a primary focus on
the year 2010 (Galmarini et al., 2015). In Phase 3, the focus is on diagnostic evaluation through sensitivity studies on model
inputs and spectral decomposition of model errors (Galmarini et al., 2016; Solazzo and Galmarini, 2016; Solazzo et al.,
2016). As part of Phase 3, a CAMx modeling database has been developed and evaluated for Europe (Solazzo et al., 2016)

and this database was used in the study described in this paper.

2 Model Setup
2.1 Model configuration, domain, and inputs

Solazzo et al. (2016) developed a 2010 CAMXx database for Europe and applied CAMXx version 6.1 (Ramboll Environ, 2014)
over the European Union (EU). The simulations used the Carbon Bond 2005 (CB05) gas phase chemistry (Yarwood et al.,
2005) and the Coarse-Fine (CF) aerosol scheme. CAMx was applied for the whole year for a domain covering Europe and a
portion of Africa. The domain (see Fig. 1) is defined in a Lambert Conic Conformal projection that includes 270 by 225 grid

cells with a 23 km horizontal grid resolution.

Input meteorological data were generated using WRF-Chem 3.4.1, the coupled chemistry version of the Weather Research
and Forecasting (WRF) Model (Skamarock et al., 2008), driven by the European Centre for Medium-Range Weather
Forecasts (ECMWF) analysis fields. WRF-Chem was used rather than WRF to obtain emission estimates for wind-blown
dust. Analysis nudging for wind speed, temperature and water vapor mixing ratio was employed within the boundary layer,
with a nudging coefficient of 0.0003 sec-1. The WRF vertical grid with 33 layers extends from the surface to a fixed
pressure of 50 hPa (about 20 km), with a surface layer depth of 24 m. The WRFCAMX pre-processor (version 4.2; Ramboll
Environ, 2014) was used to create CAMXx input files collapsing the 33 layers used by WRF to 14 layers in CAMXx but
keeping layers up to 230 m above ground level identical to the WRF layers.

Anthropogenic emissions for calendar year 2009 were derived from the TNO-MACC_II emission inventory (Kuenen et al.,
2014; Pouliot et al., 2015) resolved by SNAP sector (see Table 1). The primary data sources were national emission
inventories developed by European countries in accordance with guidance provided by the European Environment Agency

(EEA, 2013). SNAP sector 34 combines “industrial combustion” (sector 3) with “industrial processes” (sector 4) to mitigate
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inconsistent classification of sources to sector 3 or 4, as discussed by Kuenen et al. (2014). Supplemental Section A provides
a summary of SO,, NOx and PM, s emissions from the 9 SNAP sectors for the summer and winter months and presents

spatial maps of total surface emissions and surface emissions for some sectors.

Biogenic VOC emissions were estimated by applying the Model of Emissions of Gases and Aerosols from Nature (MEGAN;
Guenther et al., 2012) v2.04. Sea salt emissions were estimated using published algorithms (de Leeuw et al., 2000; Gong,
2003). Dust emissions were based on the GOCART (Ginoux et al., 2001; 2004) model implemented in WRF-Chem (Zhao et
al., 2010). Chemical boundary conditions were derived from the Monitoring Atmospheric Composition and Climate

(MACC) project using the Composition—Integrated Forecast System (C-IFS) model (Flemming et al., 2015).

2.2 Model performance evaluation summary

Solazzo et al. (2016) conducted a detailed model performance evaluation of CAMx for 2010 in the framework of the
AQMEII Phase 3 project. Here we present a brief summary of model performance using a set of ground-based observations

belonging to the Airbase network (http://www.eea.europa.eu/data-and-maps/data/airbase-the-european-air-quality-database-

8) and covering most of the computational domain. Only background stations are considered in the analysis. Furthermore,
analysis was carried out for the whole set, including Urban, Suburban and Rural sites (All Background, AB), as well as for
Rural Background sites only (RB), since they are the most adequate for comparing model results over a 23 km-grid
resolution. The comparative analysis among AB and RB sets provides an indication of the possible degradation in model

performance when focusing on urban areas.

The model performance was evaluated over the whole year and based on daily mean concentrations. Only stations that had
more than 75% of data availability on a yearly basis have been included in the comparisons. The number of available
stations ranges according to the chemical species. The highest availability was noted for NO,, with more than 2500 stations.
Ozone and SO2 were available at more than 1500 sites, while for PM;, more than 2300 sites were available. PM,5

observations were available in about 700 sites over all Europe, with about 300 sites corresponding to RB stations.

Table 2 provides a domain wide summary of model performance for the AB and RB sets of stations. The statistical
performance measures used in the evaluation are defined in Supplemental Section B. The yearly mean of the observed SO,
concentration is 2.3 ppb, while the modeled value is 1.2, corresponding to a 48 % low bias. Similar results are noted at RB
sites (NMB = -41%). NO, yearly mean concentrations are clearly underestimated when all background sites are considered.
However, when the analysis is limited only to RB sites, which are more suitable for comparisons with a model run using a 23
km horizontal grid resolution, there is a noticeable improvement in model performance. The NMB improves from -56.3 % to
-29.4% and the NME decreases from 60% to 47.8%. As a consequence, the RMSE drops from 11.7 to 5.4 ppb, and the daily
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correlation grows from 0.52 to 0.60. The under-estimation of NO, concentrations may be because the grid resolution is too
coarse to resolve many of the monitoring locations. or alternatively indicates that NOx emissions are under-estimated in this

inventory.

Annual mean ozone concentrations at AB sites are overestimated (NMB = 21.1%), while the standard deviation (SD) of the
yearly series is correctly reproduced (standard deviation of 11.3 ppb observed versus 12 ppb modeled). Similar performance
for SD is observed at RB sites, together with a clear improvement in terms of the yearly mean, as pointed out by the decrease
of NMB and NME. These results suggest that the ozone bias at AB sites is partially due to overestimation at urban and
suburban sites, where the horizontal grid resolution is insufficient to resolve ozone suppression at monitors by nearby
sources of NOx. This hypothesis is confirmed by analysis of the Ox concentration (Ox = O3;+NO,) that removes the local
effect of NOx titration. Ox concentrations at both AB and RB sites are very well reproduced in terms of both mean and SD.
Also, the temporal variation of Ox concentrations is well reproduced as shown by the correlation value (0.64 and 0.67 at AB

and RB sites, respectively).

PM, concentrations are underestimated at AB sites (NMB = -19%), but the bias for RB sites is small (NMB = 0.4% and FB
= 3.5%). Conversely, the NME (and FE) remains high for both sets of stations. In particular, the NME increases from 51.7%
at AB sites to 55% at RB sites. The temporal correlations are also low (< 0.3) in both cases. The overall performance
suggests that CAMXx correctly captured the yearly mean burden of aerosol but not its temporal evolution. This could be due
to compensating errors among different sources that could be either underestimated or overestimated. The correlations for
PM, 5 are better (correlation = 0.48 and 0.52 at AB and RB sites, respectively), although there is more underestimation bias
for PM, 5 than for PMy,. These results suggest that coarse PM mass is likely overestimated and its temporal evolution is not
correctly reproduced by CAMX. Note that a large fraction of the coarse PM can be attributed to dust and/or sea salt sources

and there are large uncertainties in estimating emissions from these sources.

Supplemental Section B provides additional details and discussion on the spatial and temporal performance of the model.

2.3 Source attribution modeling

The source attribution modeling with CAMXx used the OSAT and PSAT tagged species methods in CAMx version 6.1
(Ramboll Environ, 2014). In addition to the SNAP sector emission categories, the contributions of biogenic emissions, dust
and sea salt emissions (for PM), and boundary conditions were explicitly tracked. Secondary organic aerosol (SOA) was not
apportioned by PSAT because of the high computer memory requirement to track SOA categories on the large CAMx

modeling grid. The total biogenic and anthropogenic SOA were both available from the CAMx CF aerosol scheme.
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The source attribution simulations were conducted for a summer month (August 2010) and a winter month (February 2010).
A model spin-up period of one week (last week of January 2010 for the winter simulation and the last week of July 2010 for

the summer simulation) was used to minimize the influence of initial conditions.

3 Results

We selected 16 cities, representing the Nordic countries, countries in western, central, and eastern Europe, and countries
along the Mediterranean coastline, for the source attribution analysis. The contributions of the various source sectors to

ozone and PM, s concentrations were calculated for these cities and are discussed in this section.

3.1 Ozone source apportionment-summer

The European standard for ozone is based on the maximum daily 8 hour mean (not to exceed a threshold of 120 pg/m3,
about 60 ppb, for 25 days averaged over 3 years). Accordingly, the source apportionment results for ozone are presented for
the maximum daily 8 hour average (referred to as HLMDAS) for the summer month. Ozone results for the winter month are
not discussed here because HIMDAS levels at all the selected cities are less than the threshold and because boundary
conditions dominate the ozone levels in winter, with contributions at the 16 cities ranging from a low of 61% to a high of
96%. Figure 2 shows the spatial pattern of calculated HIMDAS8 ozone concentrations across the modeling domain. Over
most of western and northern Europe, ozone levels are below 60 ppb. The highest ozone values (about 120 ppb) are
predicted near Moscow, Russia. The 60 ppb level is exceeded in some of the Mediterranean countries and in parts of central

and eastern Europe.

The source attribution results for summertime HLMDA®S ozone in each city are reported in Table 3 for contributors of 5% or
more. In the 4 cities near the Mediterranean from Lisbon, Portugal in the west to Istanbul, Turkey in the east, HIMDAS8
ozone in August 2010 is estimated to be above or very close to the standard of 60 ppb. Boundary conditions are the largest
contributor to HIMDAGS8 ozone in all 4 Mediterranean cities, with contributions ranging from 26% to 34% from east
(Istanbul, Athens) to west (Barcelona, Lisbon). Contributions from on-road transport (SNAP 7) are the next largest (20% to
24%) at 3 of the 4 cities (Lisbon, Barcelona, Athens). At Istanbul, the second highest contribution (24%) comes from
biogenic emissions, while on-road transport is the third largest contributor at 15%. Non-road transport (SNAP 8; 12% to
18% contribution) and biogenic emissions (15% to 24% contribution) are also significant contributors at all 4 locations. The
other anthropogenic sectors contributing 5% or more to summertime ozone in the Mediterranean cities are industry (SNAP
34; 6 to 8% contribution) and the energy sector (SNAP 1; 5 to 8% contribution).



10

15

20

25

30

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-973, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 11 November 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

Boundary conditions are again an important contributor in the 4 cities in central and eastern Europe making the largest
contribution in Minsk (25%) and Warsaw (28%) and the second largest contribution in Budapest (29%) and Kiev (21%).
Road transport is the largest contributor (35%) in Budapest, while biogenic emissions are the largest contributor (33%) in
Kiev. Road transport is the second largest contributor in Warsaw (25%) and biogenic emissions are the second largest
contributor (23%) in Minsk. Biogenic emissions contribute less in Budapest (10%) and Warsaw (14%) than in the other two
cities. Other important contributing source sectors in the central and eastern European cities are the energy sector (9% in

Kiev to 17% in Warsaw), the non-road sector (7% to 10% contribution) and the industry sector (5% to 7% contribution).

In all 4 cities in western Europe (Paris, London, Amsterdam, and Berlin), HLMDAS8 ozone concentrations are below the 60
ppb threshold. Boundary conditions are the largest contributor (29% to 59%) to HD1MAS8 ozone at all 4 cities, and
contribute more than half the HD1MAS8 ozone in London and Paris and nearly 50% in Berlin. Road transport is the next
largest contributor in Paris (13%) and Berlin (17%), while non-road transport (12%) and biogenic emissions (21%) are the
second largest contributors in London and Amsterdam, respectively. Road transport contributions in London and Amsterdam
rank third at 11% and 19%, respectively. Non-road transport contributes less than 10% to HD1MAS8 ozone in Paris,
Amsterdam and Berlin. The energy sector is an important contributor (13%) in Berlin, and contributes 5% to 6% in London
and Amsterdam. The energy sector contribution in Paris is small (less than 3%), since France derives over 75% of its
electricity from nuclear energy. The solvent and product use sector (SNAP 6) contributes 6% and 10% to summertime ozone

in Paris and Amsterdam, respectively, but its contributions in London and Berlin are less than 3%.

As for the cities in western Europe, HLMDAS8 ozone levels in the Nordic cities (Oslo, Copenhagen, Stockholm, Helsinki) are
below the European threshold of 60 ppb. Boundary conditions again play an important role for ozone in these cities, and are
the largest contributors in 3 of the 4 cities. Road transport is the largest contributor (24%) in Stockholm followed by
boundary conditions (21%). Road transport contributions to the other 3 cities range from 12% in Oslo to 23% in
Copenhagen. Non-road transport is an important contributing sector (14 to 21%) and its contributions in Oslo and Helsinki
are higher than on-road transport. Biogenic emissions are also important contributors in all 4 cities, with contributions
ranging from 12 to 20%. The energy sector contributes 12 to 13% in Helsinki, Stockholm and Copenhagen, but its
contribution to HLMDAG8 ozone in Oslo is slightly less than 5%.

3.2 PM, 5 source apportionment-summer

The European standard for fine PM is an annual average concentration of 25 pg/m®. Since we obtained source attribution for
only two months, our discussion of the PM,s source attribution focuses on the summer and winter monthly average
concentrations. Figure 3 shows the spatial pattern of monthly mean PM,s concentrations for August 2010 across the

modeling domain. The highest PM, 5 concentrations are along the southern and southeastern boundaries of the domain and in
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the Mediterranean countries. Transport of Saharan dust from North Africa explains the high values along the southern
domain boundary. Removing the dust component from the calculated total PM,s concentrations reduces the highest

concentrations along the southern boundary by a factor of 2.

Table 4 shows the source attribution results for monthly mean PM, s concentrations in August 2010. In the Mediterranean
cities of Lisbon, Barcelona, Athens and Istanbul, boundary conditions are the largest contributors to mean August PM, 5
concentrations, with contributions ranging from 38% to 49%. Non-road transport and SOA are the second and third largest
contributors in Lisbon and Barcelona. In Athens, the energy sector and non-road transport are the second and third largest
contributors, while in Istanbul the industry sector is the second largest contributor and SOA and the energy sector are the
third largest contributors. Road transport contributions are less than 5% in Istanbul and less than 10% in Lisbon and Athens.
The highest on-road transport contribution to the selected Mediterranean cities is 10% in Barcelona. The industry sector
contributions in all 4 Mediterranean cities are 5% or more, while the SOA contributions in the 4 cities are 8% or more. The
agriculture sector (SNAP 10) contribution to August 2010 mean PM, 5 concentrations is 7 to 8% in Athens and Istanbul and
less than 5% in the other 2 cities.

Boundary conditions are important contributors to monthly average PM,s concentrations at cities in central and eastern
Europe as well, as shown in Table 3, but the relative BC contributions in these regions are lower than those in southern
Europe. BCs are the largest contributors in Minsk and Kiev, while the energy sector is the largest contributor in Budapest
and Warsaw. The energy sector contributions range from 9% in Kiev to 24% in Warsaw. SOA are also important
contributors in all 4 cities and are the second largest contributors in Minsk (18%) and Kiev (17%). The agriculture sector
also has a large contribution in all 4 cities (12% to 14%), suggesting that ammonia emissions from agricultural activity leads
to formation of particulate nitrate. The industry sector contributes from 6% to 9% of PM, s concentrations in the 4 cities.
Road transport contributions are 8% in Budapest and Minsk and 10% in Warsaw, but less than 5% in Kiev. Non-road

transport contributions are more than 5% in the 4 cities, but less than 10%.

Boundary conditions are not large contributors to the August monthly average PM, s concentrations in any of the 4 western
European cities. Boundary condition contributions range from 9% in Amsterdam to 14% in Paris and Berlin. SOA are the
largest contributors in London, Paris, and Berlin, while non-road transport is the largest contributor (28%) in Amsterdam.
Non-road transport is an important contributor in the other 3 cities as well, with contributions ranging from 14% in Berlin to
23% in London. The energy sector has a 15% contribution in Berlin, but less than 10% in the other 3 cities. Agriculture has a
large contribution (14%) in Paris, but lower contributions in Berlin (8%) and Amsterdam (6%). Agriculture contributions to
the mean August 2010 PM, s concentrations in London are less than 5%. Road transport is an important but not a major
contributor (12 to 13%) in any of the 4 western European cities.

8
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The source attribution results for the 4 cities in the Nordic countries show the decreasing influence of boundary conditions in
the northern portion of the modeling domain. Boundary condition contributions are not as large as for some of the cities to
the south and range from 10 to 15%. SOA and non-road transport are the highest contributors in Oslo and contribute about
25% each. SOA is the largest contributor (about 31%) in Helsinki and Stockholm, while non-road transport is the largest
contributor in Copenhagen. Non-road transport is the second highest contributor in Stockholm. Energy sector emissions
contribute from 7 to 12% to monthly mean PM, 5 concentrations, while the on-road transport sector contributes 9 to 13%.
Residential combustion (SNAP 2) contributes 11% in Oslo but less than 5% in the other 3 Nordic cities.

3.3 PM,5 source apportionment-winter

Figure 4 shows the spatial distribution of monthly mean PM,s concentrations for February 2010 across the modeling
domain. The highest PM, s concentrations are again along the southern boundary of the modeling domain, but the influence
of boundary conditions further inside the domain is not to the same extent as for the summertime PM,s concentrations, as
shown in Table 5. High PM, 5 concentrations are also predicted over Poland and we see from Table 5 that, from the 16 cities

selected for the analysis, the highest PM, 5 concentration (38 pg/m?) is in Warsaw.

As mentioned above, Table 5 shows that boundary condition contributions to wintertime PM, s concentrations in cities along
the Mediterranean coastline are much lower than summertime contributions, particularly at cities in the west, such as Lisbon
and Barcelona, where BC contributions are less than 5%. BC contributions are slightly higher than 10% in the eastern
Mediterranean cities (Athens and Istanbul). There are some variabilities in source contributions among the 4 Mediterranean
cities. In Lisbon, SOA is the single largest contributor, explaining nearly 50% of the winter month average PM,s.
Residential combustion is the next largest contributor at 15%, followed by non-road transport at 13%. Non-road transport is
the largest contributor (21%) in Barcelona, followed by SOA, on-road transport and residential combustion with comparable
contributions (17% to 18%). Residential combustion is the largest contributor in both Athens (20%) and Istanbul (25%).
Non-road transport is the next highest contributor in Athens while on-road transport, industry and boundary conditions are
the second highest contributors (11%) in Istanbul. Energy sector contributions are more important in the eastern
Mediterranean cities (9 to 10%) than in the western cities (less than 5% in Lisbon and 7% in Barcelona). Road transport
contributions in Lisbon and Athens are 10% or less. Dust emissions within the modeling domain contribute 10% of the PM ;5
in Athens.

At the 4 selected cities in central and Eastern Europe, residential combustion is the single largest contributor to wintertime
PM, 5, with contributions ranging from 29 to 38%. Boundary condition contributions are less than 5% in all 4 cities. Road

transport and the energy sector are the second highest contributors in Budapest (17 to 18%) followed by agriculture at 15%.

9
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In Kiev, agriculture and the energy sector are the second highest contributors (11% to 12%) followed by on-road and non-
road transport at 10% and industry at 9%. Agriculture is the second highest contributor in Minsk (16%) followed by the
energy sector and on-road transport (12% to 13%). In Warsaw, the second highest contributions to wintertime PM, 5 are from
on-road transport and agriculture (16 to 17%) while the energy sector contributes 12%. Non-road and industry contributions
in Warsaw are comparable and less than 10%.

There is significant variability in the source sector PM, 5 contributions among the cities in western Europe. In London, non-
road transport and SOA are the largest contributors (23%) followed by on-road transport (19%) and residential combustion
(11%). Contributions from agriculture and the energy sector to wintertime PM, s in London are about 7%. In Amsterdam, on-
road and non-transport are the largest contributors (18 to 19%), residential combustion ranks second (16%) and agriculture
and SOA contribute 12 to 13%. The energy sector contributes 10% of wintertime PM,s in Amsterdam, while the industry
sector contributes 7%. In both Paris and Berlin, residential combustion is the largest contributor (30% and 24%,
respectively). However, there are differences in the contributions of the other source sectors in these 2 cities. SOA and on-
road transport contributions rank second in Paris at about 16% followed by non-road transport at 13%, and 6 to 8%
contributions from agriculture and the energy and industry sectors. In Berlin, on-road transport also ranks second but the
contribution of SOA is only about 6%. Agriculture (15%), the energy sector (12%), non-road transport (11%) and industry

(7%) are also significant contributors to wintertime PM, 5 in Berlin.

Table 5 shows that, for all 4 cities in the Nordic countries, the contribution of boundary conditions is less than 5%. The
largest contributors in Oslo and Helsinki are residential combustion sources (47% and 33%, respectively). The non-road and
on-road transport sectors have significant contributions as well in these two cities (16% and 11% in Oslo, respectively and
14% and 18% in Helsinki, respectively). SOA, the energy sector and agriculture contribute 5 to 7% and 7 to 9% of the
wintertime PM,5 in Oslo and Helsinki, respectively. Residential combustion is also the largest contributor in Copenhagen
(20%) but it is followed closely by non-road transport (19%). Road transport contributes 14% of the wintertime PM,s in
Copenhagen and agriculture, the energy sector and SOA contribute about 11 to 12%. Industry contributions in Copenhagen
are about 6%. Road transport is the largest contributor (22%) in Stockholm but residential combustion and non-road
transport are significant contributors as well with contributions of about 19% and 16%, respectively. SOA contributes 14%
to wintertime PM, 5 in Stockholm while the energy sector contributes about 10% and agriculture and industry contribute 6 to
7%.
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4 Discussion

The source attribution analysis results show that long-range transport of ozone from beyond Europe has a strong influence on
summertime ozone in August 2010 over most of Europe. The background summertime ozone contribution, simulated by the
boundary condition tracer in the OSAT simulation, is about 26 to 34% in southern Europe and 20 to 30% in central and
eastern Europe. The boundary condition contributions in western Europe are larger, ranging from about 30 to 60%. In the
Nordic cities, BC contributions range from about 20% in Stockholm to 40% in Oslo. Wintertime ozone levels are below the
EU standard and dominated by boundary conditions (60% to over 90%). The contribution of intercontinental transport (from
North America and, to a smaller extent, from Asia) to ozone levels in Europe has been studied extensively through data
analysis and modeling (e.g., Parrish et al., 1993; Wild and Akimoto, 2001; Lelieveld et al., 2002; Li et al., 2002; Naja et al.,
2003; Trickl et al., 2003; Derwent et al., 2004; 2008; Auvray and Bey, 2005; Fehsenfeld et al., 2006; Guerova et al., 2006;
Richards et al., 2013).

Summertime ozone contributions from biogenic emissions range from about 10% to 30%. At the cities selected for the
analysis, the largest biogenic contribution of 33% is in Kiev, while the lowest contribution of 8% is in London. For
anthropogenic emission sectors, the combined transportation sector (on-road and non-road transport) contributions range
from 30 to 40% in cities along the Mediterranean coastline, cities in central and eastern Europe, and cities in northern
Europe. In western Europe, the combined transport sector has a contribution of 20 to 30%. Contributions from the on-road
transport sector are generally higher than those from the non-road transport sector, except for a few cities. The two transport
sector contributions are comparable (within 3%) in Barcelona, Istanbul, London, and Oslo. Non-road transport contributions
are slightly higher than on-road contributions in Oslo and Helsinki. These results are qualitatively consistent with those of
Tagaris et al. (2015) who found that the on-road transport sector was the largest overall anthropogenic source sector
contributing to July 2006 ozone concentrations in Europe with non-road transport contributions ranking second. Pouliot et al.
(2015) noted that emissions from on-road transport in Europe decreased from 2006 to 2009 while emissions from shipping
increased. This explains some of the higher contributions of non-road transport to ozone concentrations in some cities that
were calculated in our study. The largest contributions of the energy sector were in central and Eastern Europe (9% to 17%)
and in the Nordic cities (5% to 13%). Industry contributions to summertime ozone were important for the Mediterranean

cities and cities in central and eastern Europe, with contributions ranging from 5% to 9%.

For summertime ozone, the total contribution from sources that cannot be controlled within Europe (i.e., the boundary

conditions and biogenic emissions) ranges from 39% to 69%. The largest non-controllable contributions are 69% in Paris

and 64% in London where the HLMDAS city center 0zone concentrations are 44 ppb and 41 ppb, respectively, well below

the 60 ppb threshold. However, lower ozone levels are not necessarily associated with higher non-controllable contributions,

or vice-versa. For example, the HIMDAS8 ozone concentration in Copenhagen is 44 ppb with anthropogenic sources
11
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contributing nearly 60%. The highest HLMDAS8 ozone concentrations among the selected cities are predicted in Istanbul (73

ppb) and Kiev (70 ppb), and the non-controllable contributions are 50% and 54%, respectively.

Boundary conditions constitute a large fraction (40 to 50%) of the August 2010 average PM,s concentrations in the
Mediterranean cities. The influence of boundary conditions decreases from southern to northern Europe. This decreasing
south-to-north gradient suggests that the Mediterranean cities were influenced by long-range transport of dust emissions
from North Africa. These results are qualitatively consistent with numerous studies on the transport of Saharan dust and its
contributions to PM levels in the Mediterranean Basin and other parts of Europe (e.g., Querol et al., 2001; 2004; 2009;
Lyamani et al., 2005; Escudero et al., 2005; 2007a; 2007b; Vanderstraeten et al., 2008; Marconi et al., 2014). In contrast,
there is an increasing south-to-north gradient in contributions of SOA (organic PM,s formed in the atmosphere from
precursor VOC species) to summertime PM, 5 levels. Modeled SOA in Europe and North America is primarily associated
with biogenic emissions (e.g., Sartelet et al., 2012). The contributions of SOA to summer PM range from 8 to 15% in the

Mediterranean cities to 23 to 31% in the Nordic cities.

The anthropogenic source sector contributions to summertime average PM, s vary with region. The important anthropogenic
sectors in summer are the transport sector (both on-road and non-road), the energy sector, the industry sector, and
agriculture. The contributions of other anthropogenic source sectors to the mean monthly PM, 5 are generally less than 10%,

with the exception of the solvent and product use sector, which has a contribution of over 10% in Amsterdam.

The source attribution results for wintertime PM, 5 are significantly different from the summertime results. The contributions
of boundary conditions are generally less than 5% with the exception of the eastern Mediterranean cities of Athens and
Istanbul, where the BC contributions are 12 and 11%, respectively. SOA contributions are small (less than 10%) to moderate

(about 20%) at most locations, except in Lisbon, where the SOA contribution is nearly 50%.

The important anthropogenic sectors for wintertime PM, 5 are residential combustion, the combined transport sector (on-road
and non-road), the energy sector, and agriculture. Residential combustion contributions in winter are much higher than in
summer and range from over 10% in London to nearly 50% in Oslo. Residential combustion is the largest contributor in 11
of the 16 cities studied in this work. Higher winter contributions from this sector are consistent with residential wood
burning for heating in winter (e.g., Denier van der Gon et al., 2015), particularly in northern Europe (e.g., Krecl et al., 2008).
As shown in Supplemental Section A, primary PM, s emissions from residential combustion are a factor of 10 higher in

winter than in summer.
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Our model results are subject to limitations in model formulation and input data. Model performance evaluations presented
here and by others, such as AQMEII Phase 3 contributors (see Solazzo et al., 2016), can suggest where modeling
uncertainties exist and how they can influence source contributions. For example, when differences between modeled and
observed concentrations are mostly driven by meteorology we may expect, as a first approximation, that the relative source
contributions are reasonable even though the absolute contributions are not well captured. In contrast, discrepancies related
to emission inventories or model processes can be expected to bias both the absolute and relative contributions of specific
sources. For example, model underestimation for OA could result from missing emission categories (e.g., intermediate VOC)
and/or biased inventories (e.g., uncertain biogenic emissions) and/or biased model SOA schemes and these errors would
have different influences on source contributions. Quantifying source contributions can help assess when uncertainties are
influential, keeping in mind that errors that underestimate impacts from a specific source may be less obvious than
overestimation. Like others, we conclude that for the AQMEII European modeling domain, uncertainties in NOx emissions
are important to both Oz and PM, 5, uncertainties in SOA formation algorithms and precursor emissions are important for

PM, 5, and that dust emission estimates are uncertain.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgments. This study was supported by Coordinating Research Council Atmospheric Impacts Committee (CRC
Project A-102). We gratefully acknowledge the contribution of various groups from the AQMEII Phase 3 project for the

databases used in this work.

References

Auvray, M. and Bey, |.: Long-range transport to Europe: Seasonal variations and implications for the European ozone
budget, J. Geophys. Res., 110, D11303, doi:10.1029/2004JD005503, 2005.

Baker, K.R. and Kelly, J.T.: Single source impacts estimated with photochemical model source sensitivity and
apportionment approaches, Atmos. Environ., 96, 266-274, 2014.

Belis, C.A., Cancelinha, J., Duane, M., Forcina, V., Pedroni, V., Passarella, R., Tanet, G., Douglas, K., Piazzalunga, A.,
Bolzacchini, E., Sangiorgi, G., Perrone, M.G., Ferrero, L., Fermo, P., and Larsen, B.R: Sources for PM air pollution in the
Po Plain, Italy: I. Critical comparison of methods for estimating biomass burning contributions to benzo(a)pyrene, Atmos.
Environ., 45, 7266-7275, 2011.

Belis, C.A., Karagulian, F., Larsen, B.R., and Hopke, P.K: Critical review and meta-analysis of ambient particulate matter

source apportionment using receptor models in Europe, Atmos. Environ., 69, 94-108, 2013.

13



10

15

20

25

30

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-973, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 11 November 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

Burr, M.J. and Zhang, Y.. Source apportionment of fine particulate matter over the Eastern U.S. Part 1lI: Source
apportionment simulations using CAMX/PSAT and comparisons with CMAQ source sensitivity simulations, Atmos. Pollut.
Res., 2, 318-336, 2011.

Byun, D. and Schere, K.L: Review of the governing equations, computational algorithms, and other components of the
Models-3 Community Multiscale Air Quality (CMAQ) modeling system, Appl. Mech. Rev., 59, 51-77, 2006.

Collet, S., Minoura, H., Kidokoro, T., Sonoda, Y., Kinugasa, Y., Karamchandani, P., Johnson, J., Shah, T., Jung, J., and
DenBleyker, A.: Future year ozone source attribution modeling studies for the eastern and western United States, J. Air
Waste Manage. Assoc., 64, 1174-1185, 2014.

de Leeuw, G., Neele, F.P., Hill, M., Smith, M.H., and Vignati, E.: Production of sea spray aerosol in the surf zone, J.
Geophys. Res., 105, 29397-29409, 2000.

Denier van der Gon, H.A.C., Bergstrom, R., Fountoukis, C., Johansson, C., Pandis, S.N., Simpson, D., and Visschedijk,
A.J.H.: Particulate emissions from residential wood combustion in Europe — revised estimates and an evaluation, Atmos.
Chem. Phys., 15, 6503-6519, 2015.

Derwent, R.G., Stevenson, D.S., Collins, W.J., and Johnson, C.E.: Intercontinental transport and the origins of the ozone
observed at surface sites in Europe, Atmos. Environ., 38, 1891-1901, 2004.

Derwent, R.G., Stevenson, D.S., Doherty, R.M., Collins, W.J., Sanderson, M.G., Johnson, C.E., Cofala, J., Mechler, R.,
Amann, M., and Dentener, F.J.: The contribution from shipping emissions to air quality and acid deposition in Europe,
Ambio, 34, 54-59, 2005.

Derwent, R.G., Stevenson, D.S., Doherty, R.M., Collins, W.J., and Sanderson, M.G.: How is surface ozone in Europe linked
to Asian and North American NOx emissions?, Atmos. Environ., 42, 7412-7422, 2008.

Dunker, A.M., Yarwood, G., Ortmann, J.P., and Wilson, G.M.. Comparison of source apportionment and source sensitivity
of ozone in a three-dimensional air quality model, Environ. Sci. Technol., 36, 2953-2964, 2002.

Escudero, M., Castillo, S., Querol, X., Avila, A., Alarcén, M., Viana, M.M., Alastuey, A., Cuevas, E., and Rodriguez, S.:
Wet and dry African dust episodes over eastern Spain, J. Geophys. Res., 110, D18S08, doi:10.1029/2004JD004731, 2005.
Escudero, M., Querol, X., Avila, A., and Cuevas, E.: Origin of the exceedances of the European daily PM limit value in
regional background areas of Spain, Atmos. Environ., 41, 730-744, 2007a.

Escudero, M., Querol, X., Pey, J., Alastuey, A., Pérez, N., Ferreira, F., Alonso, S., Rodriguez, S., and Cuevas, E.: A
methodology for the quantification of the net African dust load in air quality monitoring networks, Atmos. Environ., 41,
5516-5524, 2007b.

European Environment Agency: EMEP/EEA Air Pollutant Emission Inventory Guidebook,
http://www.eea.europa.eu/publications/emep-eea-guidebook-2013 (last access: 11 October 2016), 2013.

Fehsenfeld, F.C., Ancellet, G., Bates, T.S., Goldstein, A.H., Hardesty, R.M., Honrath, R., Law, K.S., Lewis, A.C., Leaitch,
R., McKeen, S., Meagher, J., Parrish, D.D., Pszenny, A.A.P., Russell, P.B., Schlager, H., Seinfeld, J., Talbot, R., and

14



10

15

20

25

30

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-973, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 11 November 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

Zbinden, R.: International Consortium for Atmospheric Research on Transport and Transformation (ICARTT): North
America to Europe — Overview of the 2004 summer field study, J. Geophys. Res., 111, D23S01, 2006.

Flemming, J., Huijnen, V., Arteta, J., Bechtold, P., Beljaars, A., Blechschmidt, A.M., Diamantakis, M., Engelen, R.J.,
Gaudel, A., Inness, A., Jones, L., Josse, B., Katragkou, E., Marecal, V., Peuch, V.H., Richter, A., Schultz, M.G., Stein, O.,
and Tsikerdekis, A.: Tropospheric chemistry in the Integrated Forecasting System of ECMWF, Geosci. Model Dev., 8, 975-
1003, 2015.

Galmarini, S., Rao, S.T., and Steyn, D.G.: Preface, Atmos. Environ., 53, 1-3, 2012.

Galmarini, S., Hogrefe, C., Brunner, D., Makar, P., and Baklanov, A.: Preface, Atmos. Environ., 115, 340-344, 2015.
Galmarini, S., Solazzo, E., Im, U., and Kioutsioukis, I.. AQMEII 1, 2 and 3: Direct and indirect benefits of community
model evaluation exercises, in: Steyn, G.D., Chaumerliac, N. (Eds.), Air Pollution Modeling and its Application XXIV.
Springer International Publishing, Cham, Switzerland, pp. 471-475, 2016.

Ginoux, P., Chin, M., Tegen, I., Prospero, J.M., Holben, B., Dubovik, O., and Lin, S.-J.: Sources and distributions of dust
aerosols simulated with the GOCART model, J. Geophys. Res., 106, 20255-20273, 2001.

Ginoux, P., Prospero, J.M., Torres, O., and Chin, M.: Long-term simulation of global dust distribution with the GOCART
model: correlation with North Atlantic Oscillation, Environ. Modell. Softw., 19, 113-128, 2004.

Gong, S.L.: A parameterization of sea-salt aerosol source function for sub- and super-micron particles, Global Biogeochem.
Cycles, 17, 1097, doi:10.1029/2003GB002079, 4, 2003.

Guenther, A.B., Jiang, X., Heald, C.L., Sakulyanontvittaya, T., Duhl, T., Emmons, L.K., and Wang, X.: The Model of
Emissions of Gases and Aerosols from Nature version 2.1 (MEGAN2.1): an extended and updated framework for modeling
biogenic emissions, Geosci. Model Dev., 5, 1471-1492, 2012.

Guerova, G., Bey, I., Attié, J.L., Martin, R.V., Cui, J., and Sprenger, M.: Impact of transatlantic transport episodes on
summertime ozone in Europe, Atmos. Chem. Phys., 6, 2057-2072, 2006.

Koo, B., Wilson, G.M., Morris, R.E., Dunker, A.M., and Yarwood, G.: Comparison of source apportionment and sensitivity
analysis in a particulate matter air quality model, Environ. Sci. Technol, 43, 6669-6675, 2009.

Krecl, P., Hedberg Larsson, E., Strém, J., and Johansson, C.: Contribution of residential wood combustion and other sources
to hourly winter aerosol in Northern Sweden determined by positive matrix factorization, Atmos. Chem. Phys., 8, 3639-
3653, 2008.

Kuenen, J.J.P., Visschedijk, A.J.H., Jozwicka, M., and Denier van der Gon, H.A.C..: TNO-MACC _II emission inventory; a
multi-year (2003-2009) consistent high-resolution European emission inventory for air quality modelling, Atmos. Chem.
Phys., 14, 10963-10976, 2014.

Lelieveld, J., Berresheim, H., Borrmann, S., Crutzen, P.J., Dentener, F.J., Fischer, H., Feichter, J., Flatau, P.J., Heland, J.,
Holzinger, R., Korrmann, R., Lawrence, M.G., Levin, Z., Markowicz, K.M., Mihalopoulos, N., Minikin, A., Ramanathan,
V., de Reus, M., Roelofs, G.J., Scheeren, H.A., Sciare, J., Schlager, H., Schultz, M., Siegmund, P., Steil, B., Stephanou,

15



10

15

20

25

30

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-973, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 11 November 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

E.G., Stier, P., Traub, M., Warneke, C., Williams, J., and Ziereis, H.: Global air pollution crossroads over the Mediterranean,
Science, 298, 794-799, 2002.

Li, Q., Jacob, D.J., Bey, I., Palmer, P.1., Duncan, B.N., Field, B.D., Martin, R.V., Fiore, A.M., Yantosca, R.M., Parrish,
D.D., Simmonds, P.G., and Oltmans, S.J.: Transatlantic transport of pollution and its effects on surface ozone in Europe and
North America, J. Geophys. Res., 107, d0i:10.1029/2001JD001422, 2002.

Li, Y., Lau, A K.H., Fung, J.C.H., Zheng, J.Y., Zhong, L.J., and Louie, P.K.K.: Ozone source apportionment (OSAT) to
differentiate local regional and super-regional source contributions in the Pearl River Delta region, China J. Geophys. Res.,
117, 6259-6277, 2012.

Lyamani, H., Olmo, F.J., and Alados-Arboledas, L.: Saharan dust outbreak over southeastern Spain as detected by sun
photometer, Atmos. Environ., 39, 7276-7284, 2005.

Marconi, M., Sferlazzo, D.M., Becagli, S., Bommarito, C., Calzolai, G., Chiari, M., di Sarra, A., Ghedini, C., Gébmez-Amo,
J.L., Lucarelli, F., Meloni, D., Monteleone, F., Nava, S., Pace, G., Piacentino, S., Rugi, F., Severi, M., Traversi, R., and
Udisti, R.: Saharan dust aerosol over the central Mediterranean Sea: PMy, chemical composition and concentration versus
optical columnar measurements, Atmos. Chem. Phys., 14, 2039-2054, 2014.

Naja, M., Akimoto, H., and Staehelin, J.: Ozone in background and photochemically aged air over central Europe: Analysis
of long-term ozonesonde data from Hohenpeissenberg and Payerne, J. Geophys. Res., 108, 4063,
d0i:10.1029/2002JD002477, 2003.

Parrish, D.D., Holloway, J.S., Trainer, M., Murphy, P.C., Fehsenfeld, F.C., and Forbes, G.L.: Export of North American
ozone pollution to the North Atlantic Ocean, Science, 259, 1436-1439, 1993.

Pouliot, G., Denier van der Gon, H.A.C., Kuenen, J., Zhang, J., Moran, M.D., and Makar, P.A.: Analysis of the emission
inventories and model-ready emission datasets of Europe and North America for phase 2 of the AQMEII project, Atmos.
Environ., 115, 345-360, 2015.

Querol, X., Alastuey, A., Rodriguez, S., Plana, F., Ruiz, C.R., Cots, N., Massagué, G., and Puig, O.: PM;, and PM, 5 source
apportionment in the Barcelona Metropolitan area, Catalonia, Spain, Atmos. Environ., 35, 6407-6419, 2001.

Querol, X., Alastuey, A., Ruiz, C.R., Artifiano, B., Hansson, H.C., Harrison, R.M., Buringh, E., ten Brink, H.M., Lutz, M.,
Bruckmann, P., Straehl, P., and Schneider, J.: Speciation and origin of PM;, and PM, 5 in selected European cities, Atmos.
Environ., 38, 6547-6555, 2004.

Querol, X., Pey, J., Pandolfi, M., Alastuey, A., Cusack, M., Pérez, N., Moreno, T., Viana, M., Mihalopoulos, N., Kallos, G.,
and Kleanthous, S.: African dust contributions to mean ambient PM;, mass-levels across the Mediterranean Basin, Atmos.
Environ. 43, 4266-4277, 20009.

Ramboll Environ.: CAMx User’s Guide Version 6.1. Environ International Corporation, Novato, CA,

http://www.camx.com/files/camxusersguide_v6-10.pdf (last access: 30 August 2016), 2014.

16



10

15

20

25

30

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-973, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 11 November 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

Rao, S.T., Galmarini, S., and Puckett, K.: Air Quality Model Evaluation International Initiative (AQMEII): Advancing the
state of the science in regional photochemical modeling and its applications, B. Am. Meteorol. Soc., 92, 23-30, 2011.

Reis, S., Simpson, D., Friedrich, R., Jonson, J.E., Unger, S., and Obermeier, A.: Road traffic emissions — predictions of
future contributions to regional ozone levels in Europe, Atmos. Environ., 34, 4701-4710, 2000.

Richards, N.A.D., Arnold, S.R., Chipperfield, M.P., Miles, G., Rap, A., Siddans, R., Monks, S.A., and Hollaway, M.J.: The
Mediterranean summertime ozone maximum: global emission sensitivities and radiative impacts, Atmos. Chem. Phys., 13,
2331-2345, 2013.

Sartelet, K.N., Couvidat, F., Seigneur, C., and Roustan, Y.: Impact of biogenic emissions on air quality over Europe and
North America, Atmos. Environ., 53, 131-141, 2012.

Skamarock, W.C., Klemp, J.B., Dudhia, J., Gill, D.O., Barker, D.M., Duda, M.G., Huang, X.-Y., Wang, W., and Powers,
J.G.: A Description of the Advanced Research WRF version 3, National Center for Atmospheric Research Tech. Note,
NCAR/TN- 475+STR, http://www2.mmm.ucar.edu/wrf/users/docs/arw_v3.pdf (last access: 30 August 2016), 2008.
Skyllakou, K., Murphy, B.N., Megaritis, A.G., Fountoukis, C., and Pandis, S.N.: Contributions of local and regional sources
to fine PM in the megacity of Paris, Atmos. Chem. Phys., 14, 2343-2352, 2014.

Solazzo, E. and Galmarini, S.: Error apportionment for atmospheric chemistry-transport models — a new approach to model
evaluation, Atmos. Chem. Phys., 16, 6263-6283, 2016.

Solazzo, E., Bianconi, R., Hogrefe, C., Curci, G., Alyuz, U., Balzarini, A., Bar6, R., Bellasio, R., Bieser, J., Brandt, J.,
Christensen, J.H., Colette, A., Francis, X., Fraser, A., Garcia Vivanco, M., Jiménez-Guerrero, P., Im, U., Manders, A.,
Nopmongcol, U., Kitwiroon, N., Pirovano, G., Pozzoli, L., Prank, M., Sokhi, R.S., Tuccella, P., Unal, A., Yarwood, G., and
Galmarini, S.: Evaluation and error apportionment of an ensemble of atmospheric chemistry transport modelling systems:
Multi-variable temporal and spatial breakdown, Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-682, in review, 1-75,
2016.

Tagaris, E., Sotiropoulou, R., Gounaris, N., Andronopoulos, S., and Vlachogiannis, D.: Effect of the Standard Nomenclature
for Air Pollution (SNAP) categories on air quality over Europe, Atmos., 6, 1119, 2015.

TRANSPHORM: Source Contributions of Transport Emissions for European Air Quality and Exposure, Deliverable 2.4.4,
http://www.transphorm.eu/Portals/51/Documents/Deliverables/New Deliverables/D2.4.4 Source contributions of transport
emissions for European air quality and exposure.pdf, (last access: 30 August 2016), 2014.

Trickl, T., Cooper, O.R., Eisele, H., James, P., Micke, R., and Stohl, A.: Intercontinental transport and its influence on the
ozone concentrations over central Europe: Three case studies, J. Geophys. Res., 108, 8530, doi:10.1029/2002JD002735,
2003.

Vanderstraeten, P., Lénelle, Y., Meurrens, A., Carati, D., Brenig, L., Delcloo, A., Offer, Z.Y., and Zaady, E.: Dust storm
originate from Sahara covering Western Europe: A case study, Atmos. Environ., 42, 5489-5493, 2008.

17



10

15

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-973, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 11 November 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

Viana, M., Hammingh, P., Colette, A., Querol, X., Degraeuwe, B., Vlieger, 1.D., and van Aardenne, J.: Impact of maritime
transport emissions on coastal air quality in Europe, Atmos. Environ., 90, 96-105, 2014.

Wagstrom, K.M., Pandis, S.N., Yarwood, G., Wilson, G.M., and Morris, R.E.: Development and application of a
computationally efficient particulate matter apportionment algorithm in a three-dimensional chemical transport model,
Atmos. Environ., 42, 5650-5659, 2008.

Wang, X, Li, J., Zhang, Y., Xie, S., and Tang, X.: Ozone source attribution during a severe photochemical smog episode in
Beijing, China. Sci. China Ser. B-Chem., 52, 1270-1280, 2009.

Wild, O. and Akimoto, H.: Intercontinental transport of ozone and its precursors in a three-dimensional global CTM, J.
Geophys. Res., 106, 27729-27744, 2001.

Yarwood, G., Rao, S., Yocke, M., and Whitten, G.: Updates to the Carbon Bond Chemical Mechanism: CB05, Final Report
to the US EPA, RT-0400675, http://www.camx.com/publ/pdfs/cb05_final report 120805.pdf, (last access: 30 August 2016),
2005.

Yarwood, G., Morris, R.E., and Wilson, G.M.: Particulate matter Source Apportionment Technology (PSAT) in the CAMXx

photochemical grid model, in: Air Pollution Modeling and Its Application XVII, C. Borrego and A.-L. Norman, Eds., pp.
478-492, Springer, New York, NY, USA, 2007.

Zhao, C., Liu, X., Leung, L.R., Johnson, B., McFarlane, S.A., Gustafson Jr, W.I., Fast, J.D., and Easter, R.: The spatial
distribution of mineral dust and its shortwave radiative forcing over North Africa: modeling sensitivities to dust emissions
and aerosol size treatments, Atmos. Chem. Phys., 10, 8821-8838, 2010.

18



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-973, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 11 November 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

Table 1. SNAP sector classification of anthropogenic emissions.

Sector Number Description
1 Energy industries (e.g., power generation and refineries
2 Non-industrial (residential) combustion
34 Industry”

5 Extraction and distribution of fossil fuels

6 Solvent and other product use

7 Road transport (includes exhaust, evaporative, tire/brake/road wear)

8 Non-road transport (includes rail, aircraft, shipping, construction equipment)
9 Waste treatment

10 Agriculture

"Sector 34 combines “industrial combustion” (SNAP 3) with “industrial processes” (SNAP 4) to mitigate inconsistent classification
of sources to sector 3 or 4 (see Kuenen et al., 2014)

Table 2. CAMx model performance metrics at All (AB) and Rural (RB) background Airbase sites. Metrics are computed for daily
mean concentrations for calendar year 2010.

SO, [ppb] NO, [ppb] 0; [ppb] Oy [ppb] PMy, [pg/m’] PM,s [pg/m’]

Parameter AB RB AB RB AB RB AB RB AB RB AB RB
# Observations 550113 90446 954709 141241 646965 144139 561059 108438 842896 115022 267121 36378

Observed Mean 23 1.6 14.0 6.9 26.3 29.2 36.7 34.6 27.8 21.7 17.5 14.5
Modeled Mean 1.2 0.9 6.1 4.9 31.8 31.6 36.8 35.8 22.6 21.8 14.0 13.9
Observed S.D. 4.6 2.2 10.1 6.1 11.3 111 10.3 10.1 22.0 17.0 15.9 13.5
Modeled S.D. 1.4 1.0 4.8 4.2 12.0 12.2 10.6 10.7 13.8 13.5 9.2 9.2
Mean BIAS -1.1 -0.6 -7.9 -2.0 5.6 2.4 0.0 11 -5.3 0.1 -3.4 -0.6
NMB (%) -47.9 -40.9 -56.3 -29.4 21.1 8.2 0.0 33 -18.9 0.4 -19.7 -4.2
Mean Error 1.7 1.1 8.4 33 8.6 7.4 6.8 6.6 14.4 11.9 8.3 7.1
NME (%) 72.1 69.2 60.0 47.8 32.7 25.2 18.5 19.1 51.7 55.0 47.3 49.3
FB (%) -45.4 -37.6 -73.1 -29.3 19.7 6.4 -0.3 2.9 -15.4 3.5 -13.7 4.2
FE (%) 81.9 76.5 81.6 55.6 335 28.2 19.5 20.0 53.1 52.6 49.8 50.1
Correlation 0.24 0.32 0.52 0.59 0.66 0.69 0.64 0.67 0.28 0.30 0.48 0.52
RMSE 4.6 2.2 11.7 5.4 111 9.5 8.9 8.5 23.1 18.3 14.5 11.8
loA 0.3 0.5 0.6 0.7 0.8 0.8 0.8 0.8 0.5 0.5 0.6 0.7
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Table 3. Sectors contributing 5% or more to summertime HLMDAS8 ozone concentrations.
City (ppb) Sector” Contributions (%)
Barcelona (58) BC (28) SNAP 7 (21) SNAP 8 (18) Biogenic (15) SNAP 34 (7) SNAP 1 (5)
Lisbon (61) BC (34) SNAP 7 (20) Biogenic (19) SNAP 8 (11) SNAP 34 (6) SNAP 1 (6)
Athens (69) BC (26) SNAP 7 (24) SNAP 8 (16) Biogenic (15) SNAP 1 (8) SNAP 34 (6)
Istanbul (73) BC (26) Biogenic (24) SNAP 7 (15) SNAP 8 (13) SNAP 34 (9) SNAP 1 (8)
Minsk (58) BC (25) Biogenic (23) SNAP 7 (19) SNAP 1 (15) SNAP 8 (10)
Budapest (63) SNAP 7 (35) BC (29) SNAP 1 (11) Biogenic (10) SNAP 8 (7) SNAP 34 (5)
Warsaw (66) BC (28) SNAP 7 (24) SNAP 1 (17) Biogenic (14) SNAP 8 (7) SNAP 34 (7)
Kiev (70) Biogenic (33) BC (21) SNAP 7 (18) SNAP 8 (10) SNAP 1 (9) SNAP 34 (6)
London (41) BC (56) SNAP 8 (12) SNAP 7 (11) Biogenic (8)
Paris (44) BC (59) SNAP 7 (13) Biogenic (10) SNAP 8 (6) SNAP 6 (6)
Amsterdam (51) BC (29) Biogenic (21) SNAP 7 (19) SNAP 6 (10) SNAP 8 (8) SNAP 1 (6)
Berlin (56) BC (46) SNAP 7 (17) SNAP 1 (13) Biogenic (11) SNAP 8 (6)
Copenhagen (44) BC (29) SNAP 7 (23) SNAP 8 (14) SNAP 1 (13) Biogenic (12) SNAP 34 (5)
Oslo (50) BC (41) Biogenic (20) SNAP 8 (14) SNAP 7 (12)
Helsinki (50) BC (31) SNAP 8 (21) SNAP 7 (17) SNAP 1 (13) Biogenic (13)
Stockholm (57) SNAP 7 (24) BC (21) SNAP 8 (18) Biogenic (18) SNAP 1 (12)

"See Table 1 for anthropogenic (SNAP) sector descriptions
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Table 4. Sectors contributing 5% or more to summertime monthly mean PM, 5 concentrations.
City (ug/m) Sector” Contributions (%)
Lisbon (11) BC (45) SNAP 8 (18) | SOA (15) SNAP34(6) | SNAP7(5) | --
Barcelona (12) BC (40) SNAP 8 (19) | SOA(11) SNAP7(10) | SNAP34(5) | --
Athens (16) BC (38) SNAP1(15) | SNAP8(10) | SOA (9) SNAP 10 (8) | SNAP 7 (7) SNAP 34 (6)
Istanbul (17) BC (49) SNAP 34 (11) | SOA (8) SNAP 1 (8) SNAP 10 (7) | SNAP 8 (6)
Budapest (10) SNAP 1 (23) | BC (23) SNAP 10 (13) | SOA (13) SNAP 34 (9) | SNAP 7 (8) SNAP 8 (5)
Warsaw (13) SNAP 1 (24) | BC (21) SOA (13) SNAP 10 (12) | SNAP 7 (10) | SNAP 8 (8) SNAP 34 (8)
Minsk (13) BC (27) SOA (18) SNAP 10 (14) | SNAP 1 (14) SNAP7(8) | SNAPS8(7) SNAP 34 (7)
Kiev (13) BC (37) SOA (17) SNAP 10 (12) | SNAP 1(9) SNAP8(9) | SNAP 34 (6)
Berlin (8) SOA (19) SNAP 1(15) | SNAP8(14) BC (14) SNAP 7 (12) | SNAP 34 (10) | SNAP 10 (8)
London (10) SOA (32) SNAP8(23) | SNAP 7 (13) BC (12) SNAP1(7) | SNAP 34 (5)
Paris (11) SOA (18) SNAP 8 (16) | SNAP10(14) | BC(14) SNAP7(13) | SNAP34(8) | SNAP1(8)
Amsterdam (13) SNAP 8 (28) | SOA (23) SNAP7(13) | SNAP1(9) BC (9) SNAP 34 (6) | SNAP 10 (6)
Oslo (8) SNAP 8 (25) | SOA (25) SNAP 2 (11) | BC (10) SNAP7(9) | SNAP1(7) SNAP 34 (6)
Stockholm (8) SOA (31) SNAP 8 (15) BC (15) SNAP 1 (12) SNAP 7 (10) | SNAP 34 (7)
Helsinki (8) SOA (31) BC (15) SNAP 8 (15) SNAP 7 (13) SNAP 1 (10) | SNAP 34 (5)
Copenhagen (11) SNAP 8 (26) | SOA (23) BC (11) SNAP 7 (10) SNAP 1 (10) | SNAP 10 (7) SNAP 34 (6)

“See Table 1 for anthropogenic (SNAP) sector descriptions
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Table 5. Sectors contributing 5% or more to wintertime monthly mean PM, 5 concentrations.
City (ug/m°) Sector” Contributions (%)
Lisbon (13) SOA (47) SNAP2(15) | SNAP8(13) | SNAP7(7) SNAP34(6) | -- - -
Barcelona (13) SNAP 8 (21) | SOA (18) SNAP7(18) | SNAP2(17) | SNAP10(7) | SNAP1(7) | SNAP34(7) | --
Athens (15) SNAP 2 (20) | SNAP8(17) | SOA(13) BC (12) Dust (10) SNAP 7 (10) | SNAP1(9) | -
Istanbul (26) SNAP 2 (25) | SNAP7(11) | BC(11) SNAP 34 (11) | SNAP1(10) | SNAP 8 (10) | SNAP10(9) | SOA (6)
Budapest (30) SNAP2(29) | SNAP7(18) | SNAP1(17) | SNAP10(15) | SNAP8(7) SNAP34(7) | -- -
Minsk (30) SNAP 2 (33) | SNAP10(16) | SNAP1(13) | SNAP7(12) | SNAPB(10) | SNAP34(7) | - -
Kiev (31) SNAP 2 (37) | SNAP10(12) | SNAP1(11) | SNAP8(10) | SNAP7(10) | SNAP34(9) | - -
Warsaw (38) SNAP 2 (34) | SNAP7(17) | SNAP10(16) | SNAP1(12) | SNAP8(7) SNAP 34 (6) | -- -
London (21) SNAP 8 (23) | SOA (23) SNAP7(19) | SNAP2(11) | SNAP10(7) | SNAP1(6) | -- -
Paris (25) SNAP 2 (30) | SOA (16) SNAP7(16) | SNAP8(13) | SNAP10(8) | SNAP1(6) | SNAP34(6) | -
Amsterdam (26) SNAP7(19) | SNAP8(18) | SNAP2(16) | SNAP10(13) | SOA(12) SNAP 1 (10) | SNAP34(7) | -
Berlin (32) SNAP2(24) | SNAP7(18) | SNAP10(15) | SNAP1(12) | SNAP8(11) | SNAP34(7) | SOA (6) -
Stockholm (17) SNAP7(22) | SNAP2(19) | SNAP8(16) | SOA (14) SNAP1(10) | SNAP10(7) | SNAP 34 (6) | -
Oslo (19) SNAP 2 (47) | SNAP8(16) | SNAP7(11) | SOA(7) SNAP 1 (6) SNAP 10 (5) | -- -
Helsinki (21) SNAP2(33) | SNAP7(18) | SNAP8(14) | SNAP1(9) SOA (9) SNAP 10 (7) | SNAP 34 (5) | --
Copenhagen (24) SNAP2(20) | SNAP8(19) | SNAP7(14) | SNAP10(12) | SNAP1(12) | SOA (11) SNAP 34 (6) | -

“See Table 1 for anthropogenic (SNAP) sector descriptions

22




10

15

20

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-973, 2016
Manuscript under review for journal Atmos. Chem. Phys.
Published: 11 November 2016

(© Author(s) 2016. CC-BY 3.0 License.

Atmospheric
Chemistry
and Physics

EGU

$s920y UadQ

Discussions

60°N v ~Domain and ged cats,

550N |

AMx domain
.y origin = -3047500 m, -2530000
50°N }.. ol = 265 row = 220

asoN |7

40°N |.
35°N |..

30°N .

25°N ...

20°N |-

15°W  10°W  5°W 0° S5E 10°E: 15%E: 20°E /25°E

Figure 1. CAMx modeling domain with 270 by 225 grid cells at 23 km horizontal grid resolution.
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Figure 2. Predicted maximum daily 8-hour average ozone concentrations during August 2010.
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Figure 3. Predicted monthly average PM, 5 concentrations during August 2010.
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Figure 4. Predicted monthly average PM, 5 concentrations during February 2010.
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