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Abstract. The application of regional-scale air quality models is an important tool in air quality assessment and management.

For this reason the understanding of model abilities and performances is mandatory. The main objective of this research was to

investigate the spatial and temporal variability of background particulate matter (PM) concentrations, to evaluate the regional air

quality modelling performance in simulating PM concentrations during statically stable conditions and to investigate processes

that contribute to regionally increased PM concentrations with a focus on Eastern and Central Europe. The temporal and spatial5

variability of observed particulate matter (PM) was analysed at 310 rural background stations in Europe during 2011. Two

different regional air quality modelling systems (offline coupled EMEP and online coupled Weather Research and Forecast-

Chem) were applied to simulate the transport of pollutants and to further investigate the processes that contributed to increased

concentrations during high pollution episodes. Background PM measurements from rural background stations and wind speed,

surface pressure and ambient temperature data from 920 meteorological stations across Europe, classified according to the10

elevation, were used for the evaluation of individual model performance. Among the sea-level stations (up to 200 m), the best

modelling performance, in terms of meteorology and chemistry, was found for both models. The underestimated modelled PM

concentrations in some cases indicated the importance of accurate assessment of regional air pollution transport under statically

stable atmospheric conditions and the necessity of further model improvements.

1 Introduction15

The increased concentration of particulate matter (PM) in the ambient environment is associated with a significant impact

on human health (Anderson, 2009; Heal et al., 2012; Peters et al., 2001; Pope et al., 2002; Samet et al., 2000; Samoli et al.,

2005). Continuous exposure to PM is considered to be among the top 10 most significant risk factors for public health globally,

including Europe (Prank et al., 2016). The elevated PM concentrations in the atmosphere have an effect on the ecosystem

(acidification, eutrophication) and visibility (e.g., Putaud et al., 2010). These also affect various meteorological processes such20

as cloud formation and radiation. Consequently, PM has been recognised as a strong climate forcer (e.g., Andreae et al., 2005;
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Jiang et al., 2013) that also has an influence on Earth’s heat balance through the direct radiative effects and cloud processes

(Prank et al., 2016). European aerosol phenomenology studies (Van Dingenen et al., 2004; Putaud et al., 2004, 2010) have

shown that the annual background of PM with an aerodynamic diameter≤2.5 µm (PM2.5) and≤ 10 µm (PM10) concentrations

for continental Europe are strongly affected by regional aerosol transport. For example, long-range transport has been attributed

to contributing up to about three-fourths of the total urban PM2.5 concentrations in Finland (Karppinen et al., 2004; Pakkanen5

et al., 2001). A large fraction of the urban population is exposed to levels of PM10 in excess of the limit values set for the

protection of human health by national and international bodies. There have been a number of recent policy initiatives that aim

to control PM concentrations to protect human health (EEA, 2015); yet high levels are reported regularly in different parts of

the world (Kumar et al., 2015, 2016). The main problem in the assessment of PM10 is in its diverse chemical composition across

Europe. Nitrate is a main contributor in northwest (NW) Europe, mineral dust in south (S) Europe, desert dust from Africa10

over the Mediterranean, carbon in Central Europe and sea salt in coastal areas of Europe. The total residence time of PM in the

atmosphere is highly dependent on precipitation, which influences the deposition processes. Conversely, wind speed plays an

important role in both PM advection and the alteration of PM size and composition. PM10 usually deposits at closer distances

from its sources than smaller particles (e.g., Dimitriou and Kassementos, 2014). On average, the residence time of fine particles

(PM2.5) is usually about 4-6 days as opposed to 1-2 days for coarser particles (PM2.5−10). The typical distances for deposition15

from the sources are around 2000 to 3000 km for the fine particles and 500 to 1000 km for coarse particles (WHO, 2006). PM10

can be emitted directly to the atmosphere from various natural and anthropogenic sources (primary PM10) or can be produced

through photochemical reactions in the atmosphere (secondary PM10). In addition, wind-blown soil and re-suspended street

dust contribute largely to the coarse particle fraction (Amato et al., 2009; Forsberg et al., 2005; Harrison and Jones, 2005;

Jeričević et al., 2012; Kumar and Goel, 2016; Luhana et al., 2004; Putaud et al., 2004). The contribution to PM emissions can20

be relevant at spatial scales ranging from local to regional including long-range transport (e.g., Juda-Rezler et al., 2011; Querol

et al., 2004).

Air quality models (AQM) play a significant role in the assessment and management of air quality. These are widely used

in public health cohort studies given that the measurements are expensive and usually represent limited and small areas, e.g.,

rural areas, mountains (Ritter, 2013).25

Previous research on PM mass modelling (e.g., Vautard et al., 2007) identified the general underestimation of PM mass

from large-scale models (grid spacing ~50 km) and the difficulties in capturing the observed seasonal variations in an urban

location. The complexity of PM mass modelling was also introduced in Prank et al. (2016) where various modelling systems

were compared – Unified European Monitoring and Evaluation Programme, EMEP (e.g., Simpson et al., 2012), LOTOS (e.g.,

Schaap et al., 2008), SILAM (e.g., Sofiev et al., 2008), CMAQ (Community Multi-Scale Air Quality; Environmental Protection30

Agency) – which showed similar underestimations of PM concentrations. Applications of Weather Research and Forecast with

its chemistry model, the WRF-Chem model (Grell et al., 2005), showed a relatively good comparison with measurements of

the total PM mass over Europe (Tuccella et al., 2012). However, the model did not capture the trends of PM compounds due to

missing chemical reactions in the gas-phase mechanism. Furthermore, the WRF-Chem model was extensively tested during the

intensive evaluation of online coupled models of the second phase of the Air Quality Model Evaluation International Initiative35
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(AQMEII http://aqmeii.jrc.ec.europa.eu/). During the exercise, overall underestimation of PM concentrations for all the stations

was found due to a relatively coarse grid spacing (23 km) together with the overestimation of wind speed, which can result in

fast removal of pollutants from urban sources and underprediction of secondary organic aerosol (SOA) and grid-scale precip-

itation (e.g., Baró et al., 2015; Forkel et al., 2015). The EMEP performance is evaluated through continuous yearly technical

reports such as EMEP: Report 1/2016. The most recent studies showed significant technical improvements with updated initial5

and boundary conditions as well as with newer model versions, which include various modifications in the chemistry mod-

ules. Throughout the performed extensive tests (Gauss et al., 2016), the model generally underestimated the observed annual

mean PM10 levels by 24%. However, there was an overall relatively good agreement (correlation coefficient, r = 0.74) between

modelled and measured annual mean PM10 concentrations. The main objective of this research is to investigate the spatial

and temporal variability in background PM concentrations using one year of observed data, to evaluate the regional AQM10

performance in simulating PM concentrations during the colder part of the year and to analyse and evaluate the episode that

occurred in November 2011 of regionally increased PM concentrations in Eastern and Central Europe (the Pannonian basin)

during statically stable atmospheric conditions followed by drought periods. In this particular case, the pollution problems

appeared to be of considerable concern in Hungary, e.g., smog alerts were issued in Budapest and eastern Hungary, various

cars with high environmental impact were banned from the roads, and a ban was also issued on items such as burning leaves15

and garden debris (https://thecontrarianhungarian.wordpress.com/2011/11/08/hungarian-news-digest-nov-7-2011/). Based on

the analysis in Spinoni et al. (2015), the Pannonian basin was characterised as an area with increased drought frequency per

decade during the period from 1950 to 2012. This can have a strong effect on air quality problems, e.g., a dust-bowl effect

(Stahl et al., 2016). Further assessment is conducted by applying two regional models: the offline Unified EMEP and the online

coupled WRF-Chem in the simulation of PM mass transport. Model results are compared against observed concentrations at20

rural background sea-level, elevated, and mountain stations in Europe.

Throughout the analysis, the indication of problems is given in the application of both regional models in simulating PM

concentrations at different elevations (sea-level, elevated and mountain stations).We provide an individual validation of widely

used different setups of the modelling systems without harmonisation of emission and meteorological input fields. This is a

different approach than in, e.g., AQMEII exercises and enables an essential scientific baseline for choosing the appropriate25

model for future needs in terms of resolution, physical parameterisation, emission dataset and the complexity of orography

representation in practical applications. Due to the complexity of air quality problems regarding PM, this work aims at filling

the gaps in knowledge of regional modelling of PM over Eastern Europe (in terms of less information about PM concentrations,

(EEA, 2013) and therefore low accuracy in the PM emission inventory) and it fits in with addressed problems in most of the

air quality plans in Europe (Miranda et al., 2015).30
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2 Methodology

2.1 Measurements

The measurements of PM10 from the rural background stations were taken from two available air quality databases. These

were AirBase, the European air quality database maintained by the European Environmental Agency (http://acm.eionet.europa.

eu/databases/airbase), and the database developed under the EU-funded PHARE 2006 project Establishment of Air Quality5

Monitoring and Management System, where 12 new rural stations were established in Croatia for PM measurements in 2011.

For this study, PM10 concentrations were available from 6 rural background stations in Croatia.

The monitoring stations were divided into three categories based on their elevation: (i) sea-level (altitude from 0 to 200

m), (ii) elevated (from 200 to 500 m), and (iii) mountain stations (>500 m) to examine the spatial variability of pollution and

to test the model performance at different levels. The differentiation of stations with respect to their elevation is important10

when dealing with station representativeness in models. According to current knowledge, it is found that numerical models

perform differently at higher altitudes. This is mostly related to the vertical resolution of the model within the boundary layer

(Bernier and Bélair, 2012). With respect to the elevation, the total numbers of stations used for further analysis (Section 3.1)

and model validation (Section 3.3) are shown in Table 1. When interpreting average observed yearly, seasonal and episode

PM concentrations, it is important to note that the majority of the surface stations are in Northern and Western Europe, while15

the elevated and mountain stations are situated in Central and Eastern Europe. The density of rural background stations varies

geographically with a significantly greater number of stations in Western and Northern Europe compared to Central and Eastern

Europe.

The PM measurements were acquired with different approaches: gravimetric method (EN12341) using high volume samplers

(HVS) and low volume samplers (LVS), β-attenuation monitoring (e.g., Willeke and Baron, 1993), TEOMs (Tapered Element20

Oscillating Microbalances) measurements (e.g., Patashnick and Rupprecht, 1980) and by the optical particle counters of the

GRIMM 180 instrument. The comparison of the PM concentration data obtained by different measurement methods is still

considered to be a complicated issue. The standard gravimetric method (EN12341) is a classic method of weighing the mass

deposited on a filter. It is accepted as a standard reference method against which all other measurement methods are validated

(Noble et al., 2001; EC, 2010). Although this is a standard method used for compliance reasons in the EU, there are numerous25

studies showing that chemical reactions between the air and the deposited particles, as well as within the aerosol mass, also

compromise these measurements. The ambient temperature and relative humidity greatly influence the actual mass loaded

on the filter (Allen et al., 1997; Eisner and Wiener, 2002; Pang et al., 2002). For example, aerosol particles can contain up

to 30% water at 50% relative humidity (Putaud et al., 2004). Conversely, calibration, temperature and humidity issues can

create artefacts that must be taken into account for TEOMs and β-attenuation monitoring (Allen et al., 1997; Hauck et al.,30

2004). Lacey and Faulkner (2015) addressed three objectives for the treatment of uncertainties gained with PM measurements:

estimate the uncertainty, identify the measurement with the greatest impact on uncertainty and finally determine the sensitivity

of total uncertainty to all measured parameters. The uncertainty is calculated in order to correctly calibrate instruments or to
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compute the concentrations via Taylor series approximations or neural networks. As is common in these types of studies, the

authors did not consider the uncertainty of measurements in further analysis.

2.2 Statistical analysis

The evaluation of model performance is a comprehensive task. Since there is no single measure of best performance, it is

recommended that a suite of different performance measures be applied (Chang and Hanna, 2004). Various statistical measures,5

such as bias (BIAS), index of agreement (IOA), correlation coefficient (r), root mean square error (RMSE), normalised mean

square error (NMSE), systematic (NMSEsys) and unsystematic (NMSEunsys) normalised mean square error, were applied

(Chang and Hanna, 2004):

BIAS =
(
M −O
O

)
× 100% (1)

IOA= 1−
∑N

i=1 (Mi−Oi)
2

∑N
i=1

(
abs(Mi−M)− abs(Oi−O)

)2 (2)10

r =
n
∑
OiMi−

∑
Oi

∑
Mi√

n
∑
O2

i − (
∑
Oi)2

√
n
∑
M2

i − (
∑
Mi)2

(3)

RMSE =

√√√√ 1
n

N∑

i=1

(Mi−Oi)
2 (4)

NMSE =
(O−M)2

OM
(5)

NMSEsys =
4
(

(O−M)
O.5(O+M)

)2

4−
(

(O−M)
O.5(O+M)

)2 (6)

NMSE =NMSEsys +NMSEunsys (7)15

where M stands for model predictions and O for observations.

5

https://doi.org/10.5194/acp-2019-389
Preprint. Discussion started: 15 October 2019
c© Author(s) 2019. CC BY 4.0 License.



2.3 Boundary layer height determination

One of the widely used methods for deriving boundary layer height from numerical models is based on the assumption that

turbulence collapses to laminar flow when the bulk Richardson number RiB , exceeds values of a critical RiB (~0.25), and the

height at which this occurs can be considered as a boundary layer height (Jeričević et al., 2010). Using sounding and modelled

data, RiB was calculated based on the following expression and shown in Section 3.3.3.5

RiB =
g (z− z0)
θ (z)

θ (z)− θ (z0)
(u(z))2 + (v (z))2

(8)

where

z is the height of the particular model level,

z0 is the height of the first level in the model,

θ (z) is the potential temperature at the height z,10

θ(z0) is the potential temperature at the height z0,

θ(z) is the averaged potential temperature between the first level (z0) and particular level (z)

u(z) ,v(z) are the wind components on particular levels.

2.4 Air quality models

A number of AQMs are currently available for practical applications. These models can be broadly divided into two main15

groups: offline and online models. The offline models consider solving of meteorological conditions prior to chemistry in

the two separate modes such as the Comprehensive Air Quality Model with Extensions, CAMx (EVIRON, 2010), the Com-

munity Multi-scale Air Quality, CMAQ (U.S. Environmental Protection Agency), EMEP and LOTOS-EUROS (e.g., Solazzo

et al., 2012). In contrast to offline models, the online models were developed to include the more consistent description of

processes such as atmospheric turbulence and to use a more frequent update of the meteorological variables within the chem-20

istry part of the model. There are other reasons for online coupling such as the ability to treat feedback processes between

aerosols and airflows. Examples of online models include WRF-Chem, Environment: High-Resolution Limited Area Mode

(Enviro-HIRLAM), the Consortium for Small-scale Modelling Aerosols and Reactive Trace gases (COSMO-ART), and the

non-hydrostatic mesoscale atmospheric model with climate module (Meso-NH-C); e.g., Baklanov et al. (2014)

This work is based on the intensive tests performed in Gašparac et al. (2016), where the WRF-Chem, Unified EMEP and25

WRF-CAMx models were evaluated against the surface measurement stations over Croatia under different atmospheric static

stability conditions. Here, both EMEP and WRF-Chem AQMs are used to determine the spatial and temporal distribution

of PM concentrations and possible transboundary transport and to evaluate the performance of the individual model systems

during a one-month period at the mountain, elevated and sea-level rural background stations in Europe.
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2.4.1 EMEP model

The EMEP chemical transport model (Simpson et al., 2012), developed by the Meteorological Synthesizing Centre-West

(MSC-W) was used to perform calculations of PM concentrations (www.emep.int). The model domain encompassed all of

Europe with a horizontal grid spacing of 50×50km, extending vertically from surface level (first model level height around

42m) to the tropopause at 100 hPa, as seen in the Supplementary Information (SI) Fig S1.5

The basic physical formulation of the EMEP model is derived from Berge and Jakobsen (1998). The model derives its

horizontal and vertical grid from the input meteorological data. The daily meteorological input data used for the EMEP/MSC-

W model for 2011 were based on experimental forecast runs with the Integrated Forecast System (IFS), a global operational

forecasting model from the European Centre for Medium-Range Weather Forecasts (ECMWF). Vertically, the 60 eta levels of

the IFS model were interpolated onto the 37 EMEP sigma levels.10

The emission input for the EMEP/MSC-W model, with a horizontal grid spacing of 50×50 km, consists of gridded annual

national emissions based on emission data reported every year to EMEP/MSC-W (until 2005) and to the Centre on Emission

Inventories and Projections (from 2006) by each participating country. The standard emissions input required by the EMEP

model consists of gridded annual national emissions of sulphur dioxide (SO2), nitrogen oxides (NOx =NO+NO2), ammonia

(NH3), non-methane volatile organic compounds (NMVOC), carbon monoxide (CO), and particulates (PM2.5, and PM2.5−10).15

The PM categories can be further divided into elemental carbon, organic matter, and other compounds as required. Emissions

can be set from anthropogenic sources such as burning of fossil and biomass-based fuels, solvent release, or from natural

sources such as foliar VOC emissions or volcanoes. Several sources are challenging to categorise into anthropogenic versus

natural categories (Winiwarter and Simpson, 1999), for example, emissions of NO from microbes in soils being promoted

by N-deposition and fertiliser usage. The anthropogenic emissions are categorised into 11 SNAP (Selected Nomenclature for20

sources of Air Pollution) sectors based on their sources. Emission integration during simulation is distributed vertically, based

on the SNAP sectors and plume-rise calculations performed for different types of emission sources, and temporally, based upon

time factors (i.e., monthly, daily, day-of-week, weekly, hourly).

Regarding the PBL parameterisations under statically stable atmospheric conditions, EMEP includes a non-local vertical

diffusion scheme based on a linear exponential profile with coefficients calculated from large eddy simulation (LES) data and25

boundary layer height determined using the bulk Richardson number method (Jeričević and Večenaj, 2009; Jeričević et al.,

2010; Simpson et al., 2012).

2.4.2 WRF-Chem model

The WRF-Chem model is the WRF (Weather Research and Forecasting) model (http://www.wrf-model.org) coupled with

chemistry. It is a state-of-the-art air quality model (Grell et al., 2005) in which the chemistry (emission, transport, mixing,30

and chemical transformation of trace gasses and aerosols) is simultaneously simulated with meteorology (online coupling).

The WRF is a mesoscale numerical weather prediction system designed for operational forecasting needs and atmospheric

research (Skamarock et al., 2008). The model setup was based on earlier research (Gašparac et al., 2016; Grgurić et al.,
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2013; Jeričević et al., 2017) where the results were evaluated against measurements at meteorological stations in Croatia. A

Mercator projection was used in a one-domain run on 170 points in the east-west direction and 145 points in the north-south

direction, with a cell size of 18×18 km (SI Fig S1) and a vertical grid spacing encompassing the atmosphere from surface

level (first model level height around 22m) to the height of ~23 km in 50 unequally sorted sigma levels that were more densely

distributed near ground level. Initial and boundary meteorological conditions were provided by NCEP (National Centers for5

Environmental Prediction) Final Analysis (FNL ds083.2) with 1 degree of horizontal resolution and a time step of every 6

hours. FNL analyses are a product of Global Data Assimilation System (GDAS) which continuously make multiple analyses

of collected observational data from Global Telecommunications System (GTS) and various other sources. The whole analysis

is available at 26 pressure levels from the surface to a height of ~28 km.

The input emissions were prepared via the PREP-CHEM Sources tool (Freitas et al., 2011) with EDGAR (version 4.3.1.,10

Emissions Database for Global Atmospheric Research) emission inventory for the year 2011. Biogenic emissions were calcu-

lated from MEGAN (Model of Emissions of Gases and Aerosols from Nature; Guenther et al. (2006)) and lateral boundary and

initial conditions were created from the global chemistry model MOZART (Emmons et al., 2010). The detailed WRF-Chem

setup is shown in Table 2. Differences were found as well in the spatial variability of PM10 emissions in the gridded input

emission fields above the entire domains of EMEP and WRF-Chem. Notable differences in emissions were found over the15

coastal areas and Eastern part of the domain particularly over Bosnia and Herzegovina, Serbia and Hungary which are crucial

for the case studies analysed here.

It must be pointed out that the assumptions and parameterisations used in the simulations will not describe the performance of

the WRF-Chem model itself in further analysis, but rather will describe the performance of a set of selected parameterisations.

This implies that further on in this study, when referring to the WRF-Chem model, the authors are referring to the WRF-Chem20

model with the above-described setup (Table 2). Before making any model comparison, it must be pointed out as well that the

difference in vertical resolution (first model level height – EMEP at 46 m, WRF-Chem at 22 m) can have a strong impact on

surface concentrations and thus can be the reason for the difference in surface PM concentrations obtained from the two used

models.

3 Results25

Available daily averaged rural background PM10 concentrations (
(
PM10

)
d
) over Europe (Table 1) were analysed in the fol-

lowing sections with annual temporal variations and the episodes of very high
(
PM10

)
d

concentrations that occurred during

November 2011.

3.1 Analysis of PM measurements

We analysed the PM measurements from 310 stations over a period of one year during 2011. Following the air quality report in30

Europe (EEA, 2013),
(
PM10

)
d

limit values (2008/50/EC Directive, LV=50 µg/m3) were exceeded at both urban and rural sites

in Europe during 2011. These “hotspots”, locations with exceedances of the LV, were in South Poland, the Czech Republic,
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the Po Valley, the Balkan Peninsula, Portugal and Turkey. In this work, we focused on the area and rural background stations

shown in Fig 1. The analysis of measurements from 310 rural background stations showed that observed
(
PM10

)
d

exceeded

LV 5456 times during 2011. During 2011, the rural background measuring sites exceeding the LV were also mainly located in

the hotspot areas (Fig 1). The seasonal variation in
(
PM10

)
d

during 2011 was significant at the 5% level (based on analysis

of variance, ANOVA; p=0). Spatially averaged seasonal values of
(
PM10

)
d

were 21.62 µg/m3, 21.74 µg/m3, 14.96 µg/m35

and 20.87 µg/m3 for DJF, MAM, JJA and SON, respectively. Only during summer (JJA) was a decrease found with respect to

other seasons over Europe. However, it should be noted that significant differences in PM levels across Europe are recognised

(Putaud et al., 2004) and a deeper analysis of spatial and temporal variations in background PM10 concentration is needed.

Fig 2 presents individual
(
PM10

)
d

values for each rural background station (lower panel), spatially averaged
(
PM10

)
d

over all stations (green line, upper panel) and the maximum
(
PM10

)
d

values among all rural background stations (red line,10

upper panel) during 2011. The time series of these PM10 concentrations indicate the increase in concentrations at all rural

background stations (Fig 2) during DJF and SON seasons (i.e., the colder part of the year). During these seasons,
(
PM10

)
d

values at all rural background stations were relatively high, reaching 40 µg/m3. During the colder part of the year, most of the

stations recorded
(
PM10

)
d

values above the permitted LV which is mainly due to increased emissions from domestic heating

and industrial activities (EEA, 2013). Moreover, aside from the primary sources (natural and anthropogenic), the secondary15

inorganic aerosols (SIA) and secondary organic aerosols (SOA) vary substantially across Europe from season to season, which

indicates the presence of various PM10 sources. SIA contributions are mostly related to SON-DJF, domestic heating and large

combustion plants, while SOA contribution is rather related to MMA-JJA seasons, e.g., emissions from vegetation (e.g., EEA,

2013; Saarikoski et al., 2008). This can explain the relatively high daily concentrations in the MMA season (Fig 2).

3.2 Analysis of PM measurements and meteorological conditions during episodes in November 201120

Further analysis of the observed and modelled PM values is focused on November 2011, as the highest
(
PM10

)
d

concentrations

were present during the colder part of the year and prevailing meteorological conditions enabled the accumulation of the

pollutants in the lower layers of the atmosphere over Europe. According to Blunden et al. (2012), a strong high-pressure field

was encompassing the area over Central and Southern Europe during November 2011. Moreover, this month was the coldest

in 2011 and extremely dry; it was the driest month in Bulgaria and Serbia with less than 25% of the national total averaged25

precipitation. During the SON season in 2011, anticyclonic conditions prevailed and below-average precipitation conditions

were recorded. Following Cindrić et al. (2016), the drought was present in the continental part of Croatia, encompassing the

Pannonian basin and surrounding countries, and was characterised by extremely long duration. It started in February 2011 and

reached the most intense extremely dry conditions in November, when an increase in
(
PM10

)
d
was recorded at the majority of

the analysed rural background stations (Fig 2).30
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In order to identify the episodes and the areas of enhanced
(
PM10

)
d

values, differences (DF ) between the
(
PM10

)
d

and

annually averaged PM10 (
(
PM10

)
a
) at rural background stations were used, defined as:

DF =

(
PM10

)
d
−
(
PM10

)
a(

PM10

)
a

× 100% (9)

Spatial distribution of DF values in percentage is shown in SI Fig S2. The significant increase in
(
PM10

)
d

is defined as an

increase in DF of more than 100% with respect to the annual mean. If a significant increase in DF was detected and lasted at5

least two consequent days, the area was identified as an area experiencing a high pollution episode. During November 2011, a

significant increase in
(
PM10

)
d

occurred generally over the addressed “hotspots“ within the domain, and two high pollution

episodes (DF> 100%) were found, (Figs 3-4). During both episodes identified, the highest peaks (9 November in the first

episode, Fig 3; 14 November in the second episode, Fig 4) occurred in the area of Central Europe and coastal part of Western

Europe with DF above 200%. Further on, observed meteorological conditions (daily averaged pressure field (
(
mslp

)
d
), daily10

averaged surface temperature (
(
t2m

)
d
), daily averaged relative humidity (

(
rh
)
d
); Figs 3 – 4, and daily averaged surface wind

speed ((ws)d) and direction ((wd)d); Fig 5) along with DF (Figs 3 – 4) were analysed to determine the mechanisms and

relationships between the meteorology and the high pollution episodes.

At the beginning of November, values of
(
PM10

)
d

were mainly at (or lower than) the mean monthly average values over

most of the analysed stations while an increase in DF ranging from 50 to 100% above annual averages was found over15

“hotspots” areas (South Poland, Czech Republic, Po Valley, Balkan Peninsula; SI Fig S2). On 3 November, cyclone Roft in

Genoa bay generated intense rainfall in northern Italy (not shown). These conditions were followed by high S to SE winds

over the Adriatic Sea and nearby countries in the following days (Blunden et al., 2012). The characteristic meteorological

conditions during or following Genoa low cyclones are strong flow aloft (Sirocco wind over the Adriatic Sea and Italy), rainfall

in mid-Central Europe (Austria, Czech Republic and Poland) and the formation of high-
(
mslp

)
d
fields over Eastern Europe20

(Blunden et al., 2012).

From 5 November, a first large-scale episode (DF>100%, SI Fig S2) started in Central and Northern Europe. The onset of

the event was in Poland and Northwest Germany and encompassed the coastal areas of Northern Europe, the Benelux countries

and northern France in the following days until 9 November. During the first episode, a high-pressure field (Fig 3) formed over

continental Europe, first affecting the east of Europe and gradually spreading to Western Europe. Over the affected area (DF25

> 100%, Fig 3), the wind speed was generally reduced below 3 m/s, except at some isolated stations (Fig 5, left). Moderate to

strong NE wind (5-6 m/s) started to blow in coastal and Northern Europe from 7 November until the end of the episode when it

turned to the ESE direction (Fig 5, left). Over the mountainous region in Central Europe (Czech Republic, Slovakia and South

Germany), the wind speed was persistent during the episode with relatively high magnitude (above 7 m/s) and generally in the

SSE direction. Over the area with increased concentrations (DF>100%, Fig 3), a gradual moderate decrease in
(
t2m

)
d

from30

east to west from the beginning to the end of the first episode was found (i.e., Poland < 0◦C, Germany, the Czech Republic

and Slovakia 0-5◦C). On 10 November the wind speed was lower than 3 m/s over all of Europe (not shown),
(
PM10

)
d

values

were reduced and comparable to
(
PM10

)
a

(SI Fig S2).
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A building up of
(
PM10

)
d

started again from 12 November (SI Fig S2 and Fig 4), mainly affecting stations in Central and

coastal Western Europe. The observed concentrations exceeded the annual averages by up to 100%, (DF ) affecting the areas

with ”hotspots” (Southern Poland, Czech Republic, Benelux countries) and up to 200% in central Germany and Slovakia (Fig

4). In the following days, from 13 to 16 November, increased concentrations (DF> 100%) encompassing the area from Central

Europe in the northwest direction through coastal areas in Germany, the UK and Ireland and were present in the southeastern5

direction across the Czech Republic, Austria, Slovenia, western Hungary and Croatia. During this episode, a high-
(
mslp

)
d
field

again influenced the weather conditions (Fig 4). Low (ws)d (<3 m/s; Fig 5, right) and a decrease in
(
t2m

)
d

were found with

the lowest
(
t2m

)
d

measured in Eastern and Central Europe (Fig 4, below -5◦C). Previously mentioned persistent conditions

influenced the formation of statically stable atmospheric conditions during this episode (see section 3.3.3). Over particular

areas with highly increased concentrations (DF> 200%, Poland, Germany, Slovakia, Czech Republic, Fig 4), an increase in10
(
rh
)
d

was found, except in the Pannonian basin (Fig S3) where relatively lower
(
rh
)
d

and higher
(
t2m

)
d

values up to 20% and

5◦C, respectively, were recorded in comparison with the surrounding areas. Moreover, within the areas of the Pannonian basin,

a high
(
mslp

)
d

and low wind speed conditions prevailed one day longer (Figs 4 – 5 right) in comparison with the surrounding

areas. On 19 November a large-scale decrease in
(
PM10

)
d

was detected and values of
(
PM10

)
d

were reduced to those of
(
PM10

)
a

at generally all stations (SI Figs S2, S6).15

3.3 Model evaluation

Numerical simulations using the EMEP (with a grid spacing of 50×50 km) and WRF-Chem (with a grid spacing of 18×18 km;

SI Fig S1) models were provided for November 2011 to evaluate the performances of the individual, state-of-the-art models

during November 2011 and to further investigate the processes contributing to the increased concentrations during the high

pollution episodes.20

3.3.1 Evaluation of model performances during November 2011

As for meteorology, the vertical wind profile plays an important role in the dispersion of particulate matter. Hence, a validation

of the modelled wind speed against measurements using mast-mounted instruments (Fig 6, Cabauw, Netherlands, 4.95◦E,

51.97◦N and Karlsruhe, in the western part of Germany, 8.39◦E, 48.98◦N) was performed. During November there was no

significant difference in the vertical profiles of wind speed below 75 m (Fig 6) between the models at both mast measurement25

locations. Vertical wind profiles were close to measurements at Cabauw site, while at Karlsruhe the models underestimated

the observed wind speed values in the first 200 m above ground level. The coarse horizontal resolutions of the models have a

great impact on wind values (e.g., Jeričević et al., 2012), which is why the modelled values correspond better to the observed

wind values at the Cabauw site, situated in the flat terrain than to the values observed over the moderately complex terrain

at the Karlsruhe site. Above 100m, a change in the slope of the vertical wind speed profile for WRF-Chem was found. The30

difference in model performance above the surface layer was previously addressed as to the proper choice of boundary layer

parameterisation in Boadh et al. (2016).
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The modelled daily wind speed ((ws)d), ambient temperature (
(
t2m

)
d
) and surface pressure reduced to mean sea level

(
(
mslp

)
d
) were compared to measurements from 920 synoptic stations within the domain taking into account the eleva-

tion of the station. A detailed statistical evaluation of the two individual model performances was conducted by calcu-

lation and analyses of six different statistical measures: BIAS ((ws)d,
(
t2m

)
d
),
(
mslp

)
d
), IOA ((ws)d,

(
t2m

)
d
),
(
mslp

)
d
), r

((ws)d,
(
t2m

)
d
),
(
mslp

)
d
), RMSE ((ws)d,

(
t2m

)
d
),
(
mslp

)
d
), NMSEsys ((ws)d,

(
t2m

)
d
),
(
mslp

)
d
) and NMSEunsys ((ws)d,5

(
t2m

)
d
),
(
mslp

)
d
) (Fig 7). According to BIAS ((ws)d), the WRF-Chem model generally overestimated the observed (ws)d,

which is in accordance with other similar studies (e.g., Solazzo et al., 2012). The overestimation of (ws)d increases with the

station altitude (BIAS ((ws)d) was ~ -40% at sea level, ~50% at elevated and ~110% at mountain stations). WRF-Chem suc-

cessfully predicted
(
mslp

)
d

and
(
t2m

)
d

as BIAS(
(
mslp

)
d
) and BIAS(

(
t2m

)
d
) values were very low at sea level and elevated

stations while small to moderate values of BIAS(
(
mslp

)
d
)~10% and BIAS(

(
t2m

)
d
) ~±20% were found for mountain stations.10

The EMEP model predicted (ws)d and
(
mslp

)
d

well with low BIAS ((ws)d) and BIAS (
(
mslp

)
d
) values at all levels.

However, EMEP showed an underestimation of surface
(
t2m

)
d

values with BIAS (
(
t2m

)
d
) ~ 20%, 90%, and 90% at sea level,

elevated and mountain stations, respectively.

Although IOA ((ws)d,
(
t2m

)
d
,
(
mslp

)
d
) was relatively high (≥0.75 for both models), a slight decrease in performance with

height is found. This indicates problems in simulations with regional models over complex terrain. This is confirmed by the15

values of r that were consistent for both models.

The models did not show any substantial systematic and unsystematic errors for
(
mslp

)
d
. The range of both systematic and

unsystematic errors increased with height for
(
t2m

)
d
; the median values of NMSEsys and NMSEunsys

(
t2m

)
d

for the EMEP

model were the highest for elevated stations. In the case of the WRF-Chem model, NMSEsys
(
t2m

)
d

increases with height,

while for the EMEP model, the highest NMSEunsys
(
t2m

)
d

median was found at elevated stations. Overall, during a one-month20

period of simulation, EMEP had the lowest systematic errors for (ws)d, while WRF-Chem had the lowest systematic errors for
(
t2m

)
d
.

As for chemistry, the modelled
(
PM10

)
d

values were compared with the available corresponding measurements (Table 1)

with respect to height by applying statistical measures (Fig 8, SI Table S1). Although the number of stations varies within

altitude groups (Table 1), the overall model performance can be inferred from the addressed figure and table. The underes-25

timation of concentrations was found at sea-level (the median of -44% and -26% for the WRF-Chem and EMEP models,

respectively) and elevated stations (-55% and -29% for the WRF-Chem and EMEP models, respectively; SI Figs S4-S5). At

mountain stations, EMEP had good agreement of ~13%, while underestimation with respect to WRF-Chem is still present ~

33%. According to SI Figs S4-S5, the BIAS
((
PM10

)
d

)
in both model simulations showed a similar distribution with respect

to the height of the station, i.e., moving from underestimation towards overestimation. IOA
((
PM10

)
d

)
was generally equally30

persistent with height for both models (Fig 8) with a somewhat higher score for simulations with the EMEP model except for

the sea-level stations where the median of both models had equal value (0.9, SI Table S1). The highest r
((
PM10

)
d

)
values

were above 0.87 for both models; however, the overall performance in terms of r (median, SI Table S1) for both models was

relatively low, particularly for the elevated and mountain stations. The average values over the domain for the WRF-Chem and

EMEP models were 0.39, 0.21 and 0.19, and 0.48, 0.28 and 0.24 for sea-level, elevated and mountain stations, respectively.35
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High variability in r values over the domain for both models is found (SI Figs S4 – S5). As r is a measure of linearity and

is highly dependent on the estimation of peak values and trends, the low values at all stations are attributed to mismatch of

modelled and measured peak values during the period of analysis. Even a small discrepancy between measured and modelled
(
PM10

)
d

can lead to a decrease in r. RMSE
((
PM10

)
d

)
decreases with height, and the highest median RMSE values were

found over sea-level stations (20.7 for WRF-Chem model, and 17.3 for the EMEP model; Fig 8, SI Table S1). It should be5

noted that RMSE is highly dependent on the concentration magnitudes. Higher values of RMSE for both models generally

correspond to the stations with low r values (the hotspot areas: southern Poland, Czech Republic, Po valley; SI Figs S4 – S5).

Fig 8 shows that the trends of systematic errors differ between the models. The lowest errors in the WRF-Chem model were

found over sea-level stations, while the highest were over elevated stations. The errors in the EMEP model were comparable

at all altitudes; however, the range of errors increased with height. Similar performance was found for the EMEP model and10

unsystematic errors. The median values were comparable at all altitudes, while the range slightly increased with height. In the

case of the WRF-Chem model, a moderate increase in the median and the range of unsystematic errors with height was found.

The areas affected with increased NMSEunsys
((
PM10

)
d

)
were the hotspot areas (Po Valley and southern Poland) in

the EMEP model, while in the WRF-Chem model, the increase in NMSEunsys
((
PM10

)
d

)
is found at almost all stations,

particularly at the mountain level (SI Figs S4 – S5). It must be pointed out that both NMSEsys and NMSEunsys of
((
PM10

)
d

)
15

in the EMEP model were substantially smaller at all altitudes with respect to the WRF-Chem model.

The overall performance of the models was good. Due to the coarser grid resolutions, differences in terrain height could

lead to a problem in station representativeness in regional models. Generally, from the given analysis, it can be concluded

that the performance of both models varies with height. There is a moderate agreement in all of the analysed meteorological

parameters and
(
PM10

)
d
, which shows a trend in the decrease in performance with height. This can be seen in Figs 7 - 8.20

The better modelling performance was found for
(
t2m

)
d

using the WRF-Chem model, while it was found for (ws)d in the

case of the EMEP model. Both systematic and unsystematic errors for
(
PM10

)
d

were the lowest for sea-level stations and at

comparable levels between models. Values of r
((
PM10

)
d

)
and RMSE

((
PM10

)
d

)
decrease with height for both models.

A substantial number of elevated stations are located in the vicinity of hotspot areas (south Poland, Czech Republic, etc.; SI

Figs S4, S5) and are therefore subject to a strong influence from high emissions. This can explain the relatively lower perfor-25

mance (e.g., NMSEsys
((
PM10

)
d

)
for the WRF-Chem model; RMSE

((
PM10

)
d

)
using both applied models) of a number of

stations at an elevated level with respect to other altitudes.

3.3.2 Analysis of model performance during the large-scale episodes

Here we focus on the analysis of spatial and temporal variations in the mean surface daily fields (
(
mslp

)
d
,
(
t2m

)
d
,
(
pblh

)
d
,

(ws)d with
(
wd
)
d
) between the two applied models in order to investigate the mechanisms behind the high pollution episodes.30

In Fig 9, the modelled surface
(
PM10

)
d

together with
(
mslp

)
d
,
(
t2m

)
d
,
(
pblh

)
d
, (ws)d and

(
wd
)
d

for the two days with

peak
(
PM10

)
d

concentrations (9 and 14 November 2011) during the two high pollution episodes obtained with the EMEP and

WRF-Chem models are shown. The distribution of
(
t2m

)
d

for both selected days was generally equal over the entire domain

for both models. The
(
pblh

)
d

tends to have lower values (<100m) in the WRF-Chem simulation and gradients in the pressure
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fields are much higher in comparison with the EMEP model. Values of (ws)d were generally higher within the domain for the

WRF-Chem simulation. However, both models indicated the same areas with lowered wind speed, which is in accordance with

the measurements (Fig 5). Generally, both models correctly indicated areas affected by high pollution episodes (DF>100%,

Figs 3-4). Over areas with
(
pblh

)
d

below 100m, peaks of
(
PM10

)
d

were found, reaching measured
(
PM10

)
d

values (SI Fig

S6). For both peak days the models are consistent, showing prevailing high
(
mslp

)
d

fields, relatively cold areas with low5
(
pblh

)
d

(more evident in the case of the WRF-Chem model) and low (ws)d conditions (more evident in the EMEP model)

over the affected areas with
(
PM10

)
d

concentrations (Figs 3, 4).

During the first episode, the presence of cyclone Ruft in the Gulf of Genoa was evident in both models (SI Figs. S7 –

S8). Stronger surface winds occurred in the WRF-Chem simulation over Europe compared to the EMEP simulation, which

consequently resulted in different dynamics within the boundary layer (SI Fig S9). The onset of the high pollution event10

was in Central Europe in the EMEP model as shown in the measurements, but with lower concentrations with respect to the

measurements (Fig 3 and SI Fig S7). With NE winds over the coastal areas of Northern Europe, the pollution was gradually

spread to Western Europe. In the WRF-Chem model, the higher surface wind speed over Central Europe was well estimated

(Fig 5; Fig SI Fig S7) and surface wind speeds over coastal areas in Northern Europe were well-represented in the second part

of the episode, leading to a good estimation of potential transport of
(
PM10

)
d

to Western Europe (SI Fig S8). This agrees15

with similar studies where the dependence of
(
PM10

)
d

on BIAS ((ws)d) was identified (e.g., Solazzo et al., 2012). During

both episodes,
(
mslp

)
d

on the synoptic scale over the domain (SI Figs S6 – S7) was correctly predicted by both models. Aside

from (ws)d , notable differences between model performances were found in
(
pblh

)
d

(up to 200m) and
(
t2m

)
d

(up to 5◦C),

which had an impact on the distribution and magnitude of the estimated high
(
PM10

)
d

concentrations in both episodes. In

simulations with the WRF-Chem model (SI Fig S11), the onset of the second episode was delayed up to 1.5 day in comparison20

with the measurements (Fig 4). Moreover, in the second episode, over areas with increased concentrations in Central Europe,

the decrease in
(
pblh

)
d

followed by weak wind speed was found in accordance with the measurements (Fig 5, right, SI Fig

S12). Recognised statically stable conditions (elaborated in section 3.3.3.) with the presence of colder days prevailed over all

of Europe. This favoured the build-up of concentrations in Northwest and Central Europe affecting all of Central Europe (SI

Figs S8 - S9).25

The representation of meteorological conditions over the affected areas (DF>100%, Figs 3-4) agreed well with measure-

ments during both episodes (Figs 3 – 5, SI Figs S7 – S12). Although differences in (ws)d were found between the models (SI

Figs S9-S12), the areas with increased
(
PM10

)
d

were appropriately similar. However, as previously pointed out, the models

underestimated the measured surface concentrations (SI Figs S6 - S8).

3.3.3 Intercomparison of modelled PBL height against radio soundings30

More detailed analyses of model results and the influence of meteorological parameters during the second episode were made

against measurements within the area of the Pannonian basin (SI Fig S3) where increased values of
(
PM10

)
d

(Fig 4) with stat-

ically stable conditions were found (Fig 5, weak wind speed conditions).The mean modelled vertical profiles during episodes
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at all available sounding stations within the area of interest agreed well with the measurements, except at the Belgrade station

where both models underestimated wind speed by up to 10 m/s in first 2000 m (SI Fig S13).

Using sounding measurements, the RiB and boundary layer height (Hbl) were calculated for four sites within the Pannonian

basin (SM Fig S3) and are shown on Fig 10. The same parameters were calculated from the WRF-Chem (Fig 11) and EMEP

models (Fig 12). According to Figs 11 – 12, the models were consistent in RiB and in estimating Hbl. The development of5

the atmospheric boundary layer started early in the morning with sunrise and reached values up to 350 – 400 m around 14:00

(local time), except between 17 and 21 November when a decrease in Hbl was found. During this period the peak values of Hbl

reached 200m and the statically stable conditions (RiB > 0.25) were dominant (white colour). As a strong increase in statically

stable conditions occurred at all four stations, which are spread out within the basin, it can be concluded that statically stable

conditions prevailed over the Pannonian basin during this particular event. A similar conclusion comes from values ofRiB and10

Hbl calculated from soundings (Fig 10). Due to the coarse vertical resolution in some periods and low time step the contours are

rough and the effect of sunrise on the development of Hbl cannot be seen. However, at all four measurement stations prevailing

statically stable conditions during the second-high pollution episode were indicated, which is in accordance with the modelling

results.

4 Summary and conclusions15

Numerical modelling of
(
PM10

)
d

with different AQMs is still challenging (Baró et al., 2015; Prank et al., 2016; Laurent et al.,

2016). It is therefore important to further analyse the different performances of regional models that have been widely used

in practical applications. The main task of the current work was to investigate one of the weakest model capabilities, i.e., the

simulations of AQMs under statically stable boundary conditions (e.g., Gašparac et al., 2016; Grisogono and Belušić, 2008)

focusing on dynamic model aspects during episodes of elevated
(
PM10

)
d

concentrations over Central and Eastern Europe.20

Other studies (e.g., Saide et al., 2011) also indicated challenges in the modelling of PM mass, especially during statically stable

atmospheric boundary conditions, due to the choice of vertical and horizontal resolution as well as the influence of vertical

and horizontal diffusion coefficients during model setup (Jeričević et al., 2010). Here, two different regional AQMs, namely,

EMEP and WRF-Chem, were applied to evaluate their individual state-of-the-art performance and to investigate the processes

that contributed to a high
(
PM10

)
d

concentration during pollution episodes that occurred in Europe. Other model intercom-25

parison research studies over Europe and North America were done within the AQMEII project (e.g., Im et al., 2015; Solazzo

et al., 2012; Rao et al., 2011). However, with respect to those large exercises with harmonised input data (same meteorol-

ogy, emissions, boundary and initial conditions), the focus of this research was on the specific meteorological situations when

statically stable atmospheric conditions prevail accompanied by the occurrence of high
(
PM10

)
d

concentrations. The offline

EMEP and online WRF-Chem modelling systems were used with the available input data that are usually implemented in30

practical applications (e.g., environmental assessment studies). The added value here is in the individual statistical evaluation

of such modelling systems using data from the large number of meteorological and air quality stations in Eastern Europe that

have been less represented in other similar exercises. The analysed and modelled meteorological parameters were validated
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using surface measurements from 920 synoptic stations, soundings within the Pannonian region and mast-mounted instrument

measurements. The
(
PM10

)
d

concentrations were validated against surface measurements from 310 rural background stations.

During the one-month period, the lowest systematic errors for (ws)d were found in EMEP, and for
(
t2m

)
d

in the WRF-Chem

model. The
(
t2m

)
d

field was well modelled in the WRF-Chem model while the EMEP model highly underestimated it. The
(
mslp

)
d

field was well predicted in both models with low systematic and unsystematic errors.5

Both models had good and uniform overall performance in simulating background
(
PM10

)
d

concentrations. Model evalua-

tion based on a one-month period showed a general underestimation of background
(
PM10

)
d

concentrations by both models,

except with EMEP for mountain stations where a slight overestimation is found. Underestimation of background
(
PM10

)
d

concentrations with regional models is in accordance with other modelling studies (Gauss et al., 2016; Forkel et al., 2015). The

possible reasons for the underestimation of modelled
(
PM10

)
d

concentrations were attributed to the uncertainty of associated10

and inadequate treatments of formation processes that usually omit some components of atmospheric aerosols (e.g., SOA, SIA)

and thus fail to estimate the total PM budget properly. Correct estimation of the surface wind speed was also recognised as

one of the main factors in the dispersion of
(
PM10

)
d
. In this work, it has also been confirmed that dynamic model properties

are very important. Therefore, horizontal and vertical model resolutions and the boundary layer parameterisations in statically

stable atmospheric conditions should be selected carefully.15

Statistical analysis with respect to the terrain type shows the best modelling performance of analysed meteorological pa-

rameters and
(
PM10

)
d

over sea-level stations (flat terrain). Overall, both models, in terms of all analysed meteorological

parameters and
(
PM10

)
d
, tend to agree in their decrease in performance with height, indicating problems in regional model

simulations over complex terrain. Systematic and unsystematic errors were the lowest over sea-level stations for both models.

Both errors were lower in the EMEP model at other elevations compared with the WRF-Chem model.20

The differences in boundary layer dynamics were found through analysis of vertical wind profiles. Above 100m, the WRF-

Chem model tends to differ substantially from measurements (Fig 6). Based on calculated values of RiB , the evaluation of

modelled
(
pblh

)
d

agreed well with measurements for both models. However, according to the spatial
(
pblh

)
d

fields, the WRF-

Chem model generally tends to estimate lower
(
pblh

)
d

with respect to the EMEP model over areas affected by high pollution

(DF> 100%).25

From the results of the simulation of a one-month period that encompassed various meteorological conditions and different

terrain types, a strong influence of meteorological conditions on increased background
(
PM10

)
d

was found. Through the

first episode, a high (ws)d in the WRF-Chem model resulted in a decrease in surface
(
PM10

)
d

while favourable conditions

prevailed for the build-up of concentration in Central Europe over hotspot areas with a decrease in surface (ws)d. Low wind

speed conditions during the entire second episode, followed by high
(
mslp

)
d

and low
(
pblh

)
d
, prevailed over the affected30

area (DF > 100%). Statically stable conditions (e.g., over the Pannonian basin) were recognised as the main mechanism for

the build-up of concentrations during the second episode. Statically stable conditions prevailed, particularly during the second

episode, as both models produced low values of
(
pblh

)
d

(<100m in WRF-Chem and 100 – 200m in EMEP) over areas where

stations recorded
(
PM10

)
d

concentrations > 200% (DF ) with respect to the annual mean (Figs 3 – 4, SI Figs S8, S12). The

presence of statically stable conditions was shown as well through analysis with RiB (Figs 10 – 12) over the Pannonian basin35
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area where peak concentrations occured during the second episode (Fig 9). Different vertical resolutions and boundary layer

parameterisations that resulted in different
(
pblh

)
d

values are applied in the models.

Model simulations using more accurate emission inventory and larger (nested) domains with finer resolution are necessary

for further improving the model predictions. Future work using longer periods of simulations for both models, including other

pollutants (e.g., NOx, SOx, PM compounds and O3) is recommended to make comparisons under various meteorological5

conditions.

Code and data availability. AirBase, the European air quality database is maintaned and available at http://acm.eionet.europa.eu/databases/

airbase. WRF-Chem model is available at https://ruc.noaa.gov/wrf/wrf-chem/ and EMEP model at https://www.emep.int/index_model.html.

Author contributions. GG wrote the paper with the contribution from all authors. GG made simulations with the WRF-Chem model and

made analysis of modeling and measurement data including preparation of all figures. JA made simulation with the EMEP model and10

contributed in modeling analysis and preparation of figures and text. PK and BG contributed in data analysis and interpretation of the results.

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

Acknowledgements. This work has been supported by the Croatian Science Foundation under contract IP-2013-11- 5928 (project ADAM-

ADRIA). We would like to express our gratitude to Josip Križan and Ana Jurjević for comments on script programming and statistical
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Jeričević, A., Gašparac, G., Tsyro, S., and Simpson, D.: The assessment of transboundary and regional air pollution due to particles, pp.

75–103, Nova Science Publishers, Inc., 2017.20

Jiang, H., Liao, H., Pye, H. O., Wu, S., Mickley, L. J., Seinfeld, J. H., and Zhang, X. Y.: Projected effect of 2000-2050 changes in climate

and emissions on aerosol levels in China and associated transboundary transport, Atmospheric Chemistry and Physics, 13, 7937–7960,

https://doi.org/10.5194/acp-13-7937-2013, 2013.

Juda-Rezler, K., Reizer, M., and Oudinet, J.-P.: Determination and analysis of PM10 source apportionment during episodes of air

pollution in Central Eastern European urban areas: The case of wintertime 2006, Atmospheric Environment, 45, 6557–6566,25

https://doi.org/10.1016/J.ATMOSENV.2011.08.020, 2011.

Karppinen, A., Härkönen, J., Kukkonen, J., Aarnio, P., and Koskentalo, T.: Statistical model for assessing the portion of fine particulate

matter transported regionally and long range to urban air, https://doi.org/10.2307/40967361, 2004.

Kumar, P. and Goel, A.: Concentration dynamics of coarse and fine particulate matter at and around signalised traffic intersections, Environ-

mental Science: Processes & Impacts, 18, 1220–1235, https://doi.org/10.1039/C6EM00215C, 2016.30

Kumar, P., Khare, M., Harrison, R. M., Bloss, W. J., Lewis, A. C., Coe, H., and Morawska, L.: New Directions: Air pollution challenges for

developing megacities like Delhi, Atmospheric Environment, https://doi.org/10.1016/j.atmosenv.2015.10.032, 2015.

Kumar, P., de Fatima Andrade, M., Ynoue, R. Y., Fornaro, A., de Freitas, E. D., Martins, J., Martins, L. D., Albuquerque, T., Zhang, Y.,

and Morawska, L.: New directions: From biofuels to wood stoves: The modern and ancient air quality challenges in the megacity of São

Paulo, Atmospheric Environment, 140, 364–369, https://doi.org/10.1016/j.atmosenv.2016.05.059, 2016.35

Lacey, R. E. and Faulkner, W. B.: Uncertainty associated with the gravimetric measurement of particulate matter concentration in ambient

air, Journal of the Air & Waste Management Association, 65, 887–894, https://doi.org/10.1080/10962247.2015.1038397, 2015.

20

https://doi.org/10.5194/acp-2019-389
Preprint. Discussion started: 15 October 2019
c© Author(s) 2019. CC BY 4.0 License.



Laurent, O., Hu, J., Li, L., Kleeman, M. J., Bartell, S. M., Cockburn, M., Escobedo, L., and Wu, J.: A Statewide Nested Case-Control Study

of Preterm Birth and Air Pollution by Source and Composition: California, 2001-2008., Environmental health perspectives, 124, 1479–86,

https://doi.org/10.1289/ehp.1510133, 2016.

Luhana, L., Sokhi, R., Lynne, W., Mao, H., Boulter, P., McCrae, I., Wright, J., and Osborn, D.: Measurement of non-exhaust particulate

matter., Tech. rep., European Commision 5th Framework Programme, 2004.5

Miranda, A., Silveira, C., Ferreira, J., Monteiro, A., Lopes, D., Relvas, H., Borrego, C., and Roebeling, P.: Current air quality plans in Europe

designed to support air quality management policies, Atmospheric Pollution Research, 6, 434–443, https://doi.org/10.5094/APR.2015.048,

2015.

Noble, C. A., Vanderpool, R. W., Peters, T. M., Mcelroy, F. F., Gemmill & Russell, D. B., and Wiener, W. W.: Federal

Reference and Equivalent Methods for Measuring Fine Particulate Matter, Aerosol Science and Technology, 34, 457–464,10

https://doi.org/10.1080/02786820121582, 2001.

Pakkanen, T. A., Loukkola, K., Korhonen, C. H., Aurela, M., Mäkelä, T., Hillamo, R. E., Aarnio, P., Koskentalo, T., Kousa, A., and Maenhaut,

W.: Sources and chemical composition of atmospheric fine and coarse particles in the Helsinki area, Atmospheric Environment, 35, 5381–

5391, https://doi.org/10.1016/S1352-2310(01)00307-7, 2001.

Pang, Y., Eatough, N. L., and Eatough, D. J.: PM 2.5 Semivolatile Organic Material at Riverside, California: Implications for the PM 2.515

Federal Reference Method Sampler, Aerosol Science and Technology, 36, 277–288, https://doi.org/10.1080/027868202753504443, 2002.

Patashnick, H. and Rupprecht, G.: New real-time monitoring instrument for suspended particulate mass concentration - TEOM, Journal of

the American Chemical Society, 25, 188–193, 1980.

Peters, A., Dockery, D. W., Muller, J. E., and Mittleman, M. A.: Increased Particulate Air Pollution and the Triggering of Myocardial

Infarction, Circulation, 103, 2810–2815, https://doi.org/10.1161/01.CIR.103.23.2810, 2001.20

Pope, III. C., A., Burnett, R. T., Thun, M. J., Calle, E. E., Krewski, D., Ito, K., and Thurston, G. D.: Lung Cancer, Cardiopulmonary

Mortality, and Long-term Exposure to Fine Particulate Air Pollution, Journal of the American Medical Association, 287, 1132,

https://doi.org/10.1001/jama.287.9.1132, 2002.

Prank, M., Sofiev, M., Tsyro, S., Hendriks, C., Semeena, V., Francis, X. V., Butler, T., Van Der Gon, H. D., Friedrich, R., Hendricks, J.,

Kong, X., Lawrence, M., Righi, M., Samaras, Z., Sausen, R., Kukkonen, J., and Sokhi, R.: Evaluation of the performance of four chemical25

transport models in predicting the aerosol chemical composition in Europe in 2005, Atmospheric Chemistry and Physics, 16, 6041–6070,

https://doi.org/10.5194/acp-16-6041-2016, 2016.

Putaud, J.-P., Raes, F., Van Dingenen, R., Brüggemann, E., Facchini, M.-C., Decesari, S., Fuzzi, S., Gehrig, R., Hüglin, C., Laj, P., Lorbeer,

G., Maenhaut, W., Mihalopoulos, N., Müller, K., Querol, X., Rodriguez, S., Schneider, J., Spindler, G., ten Brink, H., Tørseth, K., and

Wiedensohler, A.: A European aerosol phenomenology—2: chemical characteristics of particulate matter at kerbside, urban, rural and30

background sites in Europe, Atmospheric Environment, 38, 2579–2595, https://doi.org/10.1016/J.ATMOSENV.2004.01.041, 2004.

Putaud, J. P., Van Dingenen, R., Alastuey, A., Bauer, H., Birmili, W., Cyrys, J., Flentje, H., Fuzzi, S., Gehrig, R., Hansson, H. C., Harrison,

R. M., Herrmann, H., Hitzenberger, R., Hüglin, C., Jones, A. M., Kasper-Giebl, A., Kiss, G., Kousa, A., Kuhlbusch, T. A. J., Löschau, G.,

Maenhaut, W., Molnar, A., Moreno, T., Pekkanen, J., Perrino, C., Pitz, M., Puxbaum, H., Querol, X., Rodriguez, S., Salma, I., Schwarz,

J., Smolik, J., Schneider, J., Spindler, G., ten Brink, H., Tursic, J., Viana, M., Wiedensohler, A., and Raes, F.: A European aerosol35

phenomenology - 3: Physical and chemical characteristics of particulate matter from 60 rural, urban, and kerbside sites across Europe,

Atmospheric Environment, 44, 1308–1320, https://doi.org/10.1016/j.atmosenv.2009.12.011, 2010.

21

https://doi.org/10.5194/acp-2019-389
Preprint. Discussion started: 15 October 2019
c© Author(s) 2019. CC BY 4.0 License.



Querol, X., Alastuey, A., Viana, M., Rodriguez, S., Artiñano, B., Salvador, P., Garcia do Santos, S., Fernandez Patier, R., Ruiz, C., de la

Rosa, J., Sanchez de la Campa, A., Menendez, M., and Gil, J.: Speciation and origin of PM10 and PM2.5 in Spain, Journal of Aerosol

Science, 35, 1151–1172, https://doi.org/10.1016/J.JAEROSCI.2004.04.002, 2004.

Rao, S. T., Galmarini, S., Puckett, K., 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, Bulletin of the American5

Meteorological Society, 92, 23–30, https://doi.org/10.1175/2010BAMS3069.1, 2011.

Ritter, M.: Air pollution modeling over very complex terrain : An evaluation of WRF-Chem over Switzerland for two 1-year periods,

Atmospheric Research, 132-133, https://doi.org/10.1016/j.atmosres.2013.05.021, 2013.

Saarikoski, S., Frey, A., Mäkelä, T., and Hillamo, R.: Size distribution measurement of carbonaceous particulate matter using a low pressure

impactor with quartz fiber substrates, Aerosol Science and Technology, 42, 603–612, https://doi.org/10.1080/02786820802227329, 2008.10

Saide, P. E., Carmichael, G. R., Spak, S. N., Gallardo, L., Osses, A. E., Mena-Carrasco, M. A., and Pagowski, M.: Forecasting urban PM10

and PM2.5 pollution episodes in very stable nocturnal conditions and complex terrain using WRF-Chem CO tracer model, Atmospheric

Environment, 45, 2769–2780, https://doi.org/10.1016/j.atmosenv.2011.02.001, 2011.

Samet, J. M., Dominici, F., Curriero, F. C., Coursac, I., and Zeger, S. L.: Fine Particulate Air Pollution and Mortality in 20 U.S. Cities,

1987–1994, New England Journal of Medicine, 343, 1742–1749, https://doi.org/10.1056/NEJM200012143432401, 2000.15

Samoli, E., Analitis, A., Touloumi, G., Schwartz, J., Anderson, H. R., Sunyer, J., Bisanti, L., Zmirou, D., Vonk, J. M., Pekkanen, J., Good-

man, P., Paldy, A., Schindler, C., and Katsouyanni, K.: Estimating the Exposure–Response Relationships between Particulate Matter and

Mortality within the APHEA Multicity Project, Environmental Health Perspectives, 113, 88–95, https://doi.org/10.1289/ehp.7387, 2005.

Schaap, M., Timmermans, R. M., Roemer, M., Boersen, G., Builtjes, P. J., Sauter, F. J., Velders, G. J., and Beck, J. P.: The LO-

TOS EUROS model: description, validation and latest developments, International Journal of Environment and Pollution, 32, 270,20

https://doi.org/10.1504/IJEP.2008.017106, 2008.

Simpson, D., Benedictow, A., Berge, H., Bergström, R., Emberson, L. D., Fagerli, H., Flechard, C. R., Hayman, G. D., Gauss, M., Jonson,

J. E., Jenkin, M. E., Nyíri, A., Richter, C., Semeena, V. S., Tsyro, S., Tuovinen, J.-P., Valdebenito, A., and Wind, P.: The EMEP MSC-W

chemical transport model-technical description, Atmospheric Chemistry and Physics, 12, 7825–7865, https://doi.org/10.5194/acp-12-

7825-2012, 2012.25

Skamarock, W., Klemp, J., Dudhia, J., Gill, D., Barker, D., Wang, W., and Powers, J.: A description of the Advanced Research WRF Version

3, Tech. rep., National Center for Atmospheric Research, https://doi.org/10.5065/D68S4MVH, 2008.

Sofiev, M., Galperin, M., and Genikhovich, E.: A Construction and Evaluation of Eulerian Dynamic Core for the Air Quality and Emer-

gency Modelling System SILAM, in: Air Pollution Modeling and Its Application XIX, pp. 699–701, Springer Netherlands, Dordrecht,

https://doi.org/10.1007/978-1-4020-8453-9_94, 2008.30

Solazzo, E., Bianconi, R., Pirovano, G., Matthias, V., Vautard, R., Moran, M. D., Appel, K. W., Bessagnet, B., Brandt, J., Christensen, J. H.,

Chemel, C., Coll, I., Ferreira, J., Forkel, R., Francis, X. V., Grell, G., Grossi, P., Hansen, A. B., Miranda, A. I., Nopmongcol, U., Prank,

M., Sartelet, K. N., Schaap, M., Silver, J. D., Sokhi, R. S., Vira, J., Werhahn, J., Wolke, R., Yarwood, G., Zhang, J., Rao, S. T., and

Galmarini, S.: Operational model evaluation for particulate matter in Europe and North America in the context of AQMEII, Atmospheric

Environment, 53, 75–92, https://doi.org/10.1016/j.atmosenv.2012.02.045, 2012.35

Spinoni, J., Naumann, G., Vogt, J., and Barbosa, P.: European drought climatologies and trends based on a multi-indicator approach, Global

and Planetary Change, 127, 50–57, https://doi.org/10.1016/J.GLOPLACHA.2015.01.012, 2015.

22

https://doi.org/10.5194/acp-2019-389
Preprint. Discussion started: 15 October 2019
c© Author(s) 2019. CC BY 4.0 License.



Stahl, K., Kohn, I., Blauhut, V., Urquijo, J., De Stefano, L., Acácio, V., Dias, S., Stagge, J. H., Tallaksen, L. M., Kampragou, E., Van Loon,

A. F., Barker, L. J., Melsen, L. A., Bifulco, C., Musolino, D., De Carli, A., Massarutto, A., Assimacopoulos, D., and Lanen, H. A. J. V.:

Impacts of European drought events: insights from an international database of text-based reports, Hazards Earth Syst. Sci, 16, 801–819,

https://doi.org/10.5194/nhess-16-801-2016, 2016.

Tuccella, P., Curci, G., Visconti, G., Bessagnet, B., Menut, L., and Park, R. J.: Modeling of gas and aerosol with WRF/Chem over Eu-5

rope: Evaluation and sensitivity study, Journal of Geophysical Research, 117, 3303, https://doi.org/10.1029/2011JD016302, www.ceip.at/

emission-data-webdab/emissions-used-in-emep-, 2012.

Van Dingenen, R., Raes, F., Putaud, J.-P., Baltensperger, U., Charron, A., Facchini, M.-C., Decesari, S., Fuzzi, S., Gehrig, R., Hansson, H.-C.,

Harrison, R. M., Hüglin, C., Jones, A. M., Laj, P., Lorbeer, G., Maenhaut, W., Palmgren, F., Querol, X., Rodriguez, S., Schneider, J., ten

Brink, H., Tunved, P., Tørseth, K., Wehner, B., Weingartner, E., Wiedensohler, A., and Wåhlin, P.: A European aerosol phenomenology—1:10

physical characteristics of particulate matter at kerbside, urban, rural and background sites in Europe, Atmospheric Environment, 38,

2561–2577, https://doi.org/10.1016/J.ATMOSENV.2004.01.040, 2004.

Vautard, R., Builtjes, P., Thunis, P., Cuvelier, C., Bedogni, M., Bessagnet, B., Honoré, C., Moussiopoulos, N., Pirovano, G.,

Schaap, M., Stern, R., Tarrason, L., and Wind, P.: Evaluation and intercomparison of Ozone and PM10 simulations by sev-

eral chemistry transport models over four European cities within the CityDelta project, Atmospheric Environment, 41, 173–188,15

https://doi.org/10.1016/J.ATMOSENV.2006.07.039, 2007.

WHO: Health risks of particulate matter from long-range transboundary air pollution, Pollution Atmospherique, p. 169, https://doi.org/ISBN

978 92 890 42895, 2006.

Willeke, K. and Baron, P. A.: Aerosol measurement: principles, techniques, and applications, Van Nostrand Reinhold,

https://doi.org/10.1017/CBO9781316117422, 1993.20

Winiwarter, W. and Simpson, D.: On the boundary between man-made and natural emissions: Problems in defining European ecosystems,

Journal of Geophysical Research, 104, 8153–8159, https://doi.org/10.1029/1998JD100107, 1999.

23

https://doi.org/10.5194/acp-2019-389
Preprint. Discussion started: 15 October 2019
c© Author(s) 2019. CC BY 4.0 License.



Figure 1. Number of days exceeding the daily limit PM10 value (LV) at rural background stations during the year 2011 in the domain of the

research. Stations marked with a grey circle represent less than or equal to 35 permitted exceedances during the year (2008/50/EC Directive).
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Figure 2. The spatially average (upper panel) over all the rural background stations (the green line, corresponding to the right green y-axis)

and the maximum of
(
PM10

)
d
for all rural background stations (the red line, corresponding to the left red y-axis) and

(
PM10

)
d
(lower

panel) during 2011. The values above 50 µg/m3 (red colour) represent values above the daily limit values for PM10 under the 2008/50/EC

Directive.
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Figure 3. DF and measurements from synoptic stations (relative humidity (Rel Hum), ambient temperature at 2m (Temp), and surface

pressure) from the National Center for Environmental Prediction, Final Analysis (ds083.2) data during the first large-scale episode (5 to 9

November).
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Figure 4. Same as Fig 4, but during the second large-scale episode (12 to 16 November).
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Figure 5. Daily averaged wind speed and directions during two high pollution episodes. Episode 1, from 5 to 9 November (episode 1, left)

and from 12 to 16 November (episode 2, right).Stations with measured wind speed bellow 3 m/s are marked with grey dots.
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Figure 6. Vertical profiles of measured and modelled wind speeds at Karlsruhe (left, measurements source: Institute of Meteorology and

Climate Research, Atmospheric Environmental Research, Karlsruhe Institute of Technology) and Cabauw mast station (left, measurements

source: Cesar Observatory, http://www.cesar-observatory.nl) during November 2011.
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Figure 7. Intercomparison of the applied statistical measures (BIAS, IOA, r, RMSE, NMSEsys, NMSEunsys) between modelled (WRF-Chem

– red boxes, EMEP – blue boxes) and measured (from 920 meteorological stations across all of Europe) wind speed (//), temperature (◦ ◦)

and surface pressure (||) during November 2011.
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Figure 8. Intercomparison of the applied statistical measures (BIAS, IOA,r, RMSE, NMSEsys, NMSEunsys) between measured
(
PM10

)
d

(310 rural background stations from Airbase, http://acm.eionet.europa.eu/databases/airbase and the EU-PHARE project) and modelled(
PM10

)
d
with the WRF-Chem (red boxes) and EMEP (blue boxes) models during November 2011 with respect to the station height.
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Figure 9. Modelled
(
PM10

)
d
as Conc, and

(
mslp

)
d
as Pressure,

(
t2m

)
d

as Temp,
(
pblh

)
d

as PBLH and (ws)d with
(
wd

)
d

as WS for two

typical days during the first (09 November 2011) and second (14 November 2011) high pollution episodes from the WRF-Chem and EMEP

models, respectively.
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Figure 10. Time series of the vertical profile of the bulk Richardson number (equation 8, colour bar on the right) for the Zagreb, Budapest,

Szeged and Belgrade sites from sounding measurements before/after and during second pollution episode (from 11 to 21 November). The

black line indicates the boundary layer height.
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Figure 11. Time series of the vertical profile of the bulk Richardson number (equation 8, colour bar on the right) for the Zagreb, Budapest,

Szeged and Belgrade sites from sounding measurements before/after and during second pollution episode (from 11 to 21 November). The

black line indicates the boundary layer height.
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Figure 12. Same as Fig 11 but for the EMEP model.
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Table 1. The number of stations used in the analysis.

Station altitude Airbase stations Meteorology stations

Sea-level 121 366

Elevated 107 335

Mountain 92 219
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Table 2. Details of the WRF-Chem parameterizations.

Parameterization Used scheme

Microphysics Lin et al. scheme

Long-wave radiation rrtm scheme

Short-wave radiation Goddard shortwave

Land surface model Unified Noah land-surface model

Surface layer Monin-Obukhov (Janjić) scheme

Boundary layer scheme Mellor-Yamada-Janjić TKE scheme

Cumulus physics Kain-Fritsch (new Eta) scheme

Gas-phase mechanism RADM2

Aerosol module MADE/SORGAM (including some aqueous reactions)

Chemical initial conditions From Mozart global model

Chemical boundary conditions Idealized profile (from Mozart global model)

37

https://doi.org/10.5194/acp-2019-389
Preprint. Discussion started: 15 October 2019
c© Author(s) 2019. CC BY 4.0 License.


