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� A new natural emissions model for Europe integrates well-documented methodologies.
� Very good model performance in comparison with existing uncertainties.
� Windblown dust emissions are the highest in summertime in Southern Europe.
� Sea salt emissions are the highest in Atlantic Ocean in autumn.
� During summer sea salt emissions are the highest in Mediterranean Sea.
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a b s t r a c t

The aim of this study is the application and evaluation of a new computer model used for the quanti-
fication of emissions coming from natural sources. The Natural Emissions Model (NEMO) is driven by the
meteorological data of the mesoscale numerical Weather Research and Forecasting (WRF) model and it
estimates particulate matter (PM) emissions from windblown dust, sea salt aerosols (SSA) and primary
biological aerosol particles (PBAPs). It also includes emissions from Biogenic Volatile Organic Compounds
(BVOCs) from vegetation; however, this study focuses only on particle emissions. An application and
evaluation of NEMO at European scale are presented. NEMO and the modelling system consisted of WRF
model and the Comprehensive Air Quality Model with extensions (CAMx) were applied in a 30 km
European domain for the year 2009. The computed domain-wide annual PM10 emissions from wind-
blown dust, sea salt and PBAPs were 0.57 Tg, 20 Tg and 0.12 Tg, respectively. PM2.5 represented 6% and
33% of emitted windblown dust and sea salt, respectively. Natural emissions are characterized by high
geographical and seasonal variations; windblown dust emissions were the highest during summer in the
southern Europe and SSA production was the highest in Atlantic Ocean during the cold season while in
Mediterranean Sea the highest SSA emissions were found over the Aegean Sea during summer. Modelled
concentrations were compared with surface station measurements and showed that the model captured
fairly well the contribution of the natural sources to PM levels over Europe. Dust concentrations
correlated better when dust transport events from Sahara desert were absent while the simulation of sea
salt episodes led to an improvement of model performance during the cold season.

© 2015 Elsevier Ltd. All rights reserved.
aboratoire CEA/CNRS/UVSQ,

nvironmental Research and
236, Athens, Greece.
1. Introduction

Emissions of natural environments stem from numerous sour-
ces such as vegetation, biomass burning, soils, water bodies, ani-
mals, wetlands, volcanoes, lightning, windblown dust (WD) and
biological aerosols (NATAIR, 2007; Poupkou et al., 2014). Particulate
matter (PM) emissions from natural sources play a significant role
in a variety of atmospheric processes that influence climate, air
quality and therefore human health. Previous studies emphasized
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on the impact of mineral dust on European air quality (Schaap et al.,
2009; Vautard et al., 2005) while others have shown a cumulative
effect with particles of anthropogenic origin that increases the
aerosol burden in urban centres that are close to the large African
dust reservoirs (Athanasopoulou et al., 2010). Dust particles also
affect human health (Karanasiou et al., 2012). Sea salt aerosols (SSA)
are abundant in the remote marine surface air and therefore they
have a significant impact on continental air masses (NATAIR, 2007).
SSA can modify the distribution of inorganic aerosols (Im et al.,
2012) while in coastal areas they enhance PM levels modifying
the chemical composition of PM (Athanasopoulou et al., 2008).
Chronic health impacts (allergies, asthma and other diseases) of
primary biological aerosol particles (PBAPs) have also been docu-
mented (Dillon et al., 1999). Finally, there are plentiful studies
pointing to the significance of Biogenic Volatile Organic Com-
pounds (BVOCs) to the formation of tropospheric ozone (Curci et al.,
2009) and secondary organic aerosols (SOA) (Kanakidou et al.,
2005).

To get a more realistic picture on the causality of these effects,
chemistry-transport models (CTMs) are systematically being used
by the scientific community. CTMs are initialized with emission
databases that provide a gridded and temporal representation of
the emission fluxes of both anthropogenic and natural activity
(Markakis et al., 2010). In order to compile such databases the
parameterization of the natural processes that govern the emission
is required. These mathematical expressions are voluminous in the
published literature; for WD (Marticorena and Bergametti, 1995;
Shao and Lu, 2000), SSA (Monahan et al., 1986; Sofiev et al.,
2011), PBAPs (Vogel et al., 2008; Winiwarter et al., 2009) and
BVOCs (Guenther et al., 1999; Muller et al., 2008). Some of these
formulations are already integrated in CTMs; the DEAD model
(Zender et al., 2003), CHIMERE-DUST (Menut et al., 2007), LOTOS-
EUROS (Schaap et al., 2009), SILAM (Sofiev et al., 2011), CMAQ
model (Mueller et al., 2011), CAMx-PM (Athanasopoulou et al.,
2008, 2010) and the EMEP MSC-W model (Simpson et al., 2012).
Air quality applications inherit the biases that stem from the
inaccurate representation of natural emissions; emission models
are based on empirical or semi-empirical methodologies (limited
by the conditions under which they have been developed) as well
as on the accuracy of the modelled meteorology.

This study presents a new natural emissions model (NEMO).
NEMO is developed to provide the community with a software
package that hosts state of the art methodologies for the quantifi-
cation of emissions coming from the natural environment. We
integrate parameterizations shown to improve air quality modeling
applications. Up to now these methodologies are either imple-
mented separately for each emission source or assimilated in
photochemical models (SILAM, LOTOS-EUROS). Due to lack of in-
tegrated packages, such as NEMO, the modelling community often
relies in off-line natural emissions databases that are inconsistent
with the meteorological forcing of the air-quality modelling ap-
plications. Consequently, NEMO provides spatial (down to 1 km
horizontal resolution) and temporal (down to hourly analysis) PM
(WD, SSA and PBAPs) and BVOCs (vegetation) emissions suitable for
photochemical modelling applications in Europe. The parameteri-
zations implemented, input data, model structure and procedures
are described in Section 2. In Section 3, results from an application
of NEMO at European scalewith 30 km horizontal resolution for the
year 2009 are presented and discussed in comparison with mete-
orology. The above configuration is implemented in a modelling
exercise with the photochemical Comprehensive Air Quality Model
with extensions (CAMx). CAMx output PM concentrations are
evaluated through a comparison with ground station measure-
ments (Section 4). Section 5 summarizes the conclusions of the
study.
2. Model description

NEMO is developed in Fortran90 and can be executed on a Linux
PC. The mesoscale numerical Weather Research and Forecasting
(WRF) model provides the meteorological fields (listed in the
supplementary material) necessary for the emission calculations.
The standard output of NEMO consists of a set of ACSII files that
include the gridded and hourly (in gr/hour) resolved emissions of
SSA (PM10 and PM2.5), WD (PM10 and PM2.5), PBAPs (PM10) and
BVOCs (isoprene, monoterpenes and other VOCs). NEMO can be
implemented in three different projections; Universal Transverse
Mercator, Latitude/Longitude or Lambert Conic Conformal projec-
tion. For BVOCs, the calculation methodology is based on the work
of Poupkou et al. (2010) which is updated here to include additional
corrections that account for the leaf age (Guenther et al., 1999), soil
moisture (Muller et al., 2008) and seasonality of emission rates
(Steinbrecher et al., 2009). This paper focuses on the PM compo-
nent of the model; BVOCs emission results are not presented in this
study as a detailed analysis and evaluation of the BEM has been
already described in Poupkou et al. (2010) while the efficacy of the
refinements of the BVOCs module within NEMOwill be the focus of
future work.

2.1. Model structure and input databases

The model consists of four major subroutines which run in
sequential order (Fig. 1); landgrid reprojects maps (land use, soil
texture) from their native projection to the user-defined projection,
readwrf develops appropriate WRF data to the output grid, nat-
fields interpolates a number of key parameters (e.g. percentage sea
coverage, vegetation reduction factor, dust coverage area etc.) to
the output grid and natemissions performs the calculation of
emissions.

NEMO requires the characterization of the vegetation and soil
type, texture and clay fraction of particles in the soil, linked to the
surface land-use. The latter is provided by the Eurasia Land Cover
Characteristics database (version 2) freely distributed by the United
States Geological Survey (USGS) (http://edc2.usgs.gov/glcc/eadoc2_
0.php) in 1 km2 spatial resolution. The landgrid subroutine repro-
jects the land use map to the user-defined projection in order to
process with the emissions estimations. USGS includes 253 classi-
fications of Land Use and Land Cover (LULC). The dust producing
LULC classifications are barren land, grassland, cropland and agri-
cultural land (156 in total). Forests, ocean surfaces as well as snow-
covered areas have been excluded, as they are not considered sig-
nificant dust sources (Ginoux et al., 2012). The soil texture database
used in NEMO is compiled using a hybridization of two different
sources of information. The European Soil Map database (ESDB)
version 2.0 (Van Liedekerke and Panagos, 2006) at 100m resolution
which covers all EU25 countries, was extended to non-European
neighbouring territory such as Turkey which is usually included
in the European modelling domains, utilizing the global soil data-
base of the Oak Ridge National Laboratory Distributed Active
Archive Center (ORNL DAAC) (Webb et al., 2000) at 1� resolution
(available at http://www.daac.ornl.gov). The two soil maps have
been consolidated into a 6 km resolution database using a
Geographical Information System (GIS). Having this as input,
landgrid reprojects to the user-defined projection. The clay frac-
tions of each texture class were derived from Chatenet et al. (1996)
reclassified according to Schaap et al. (2009).

2.2. Emission model parameterizations

2.2.1. Windblown dust
The dust emission scheme of NEMO includes the
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Fig. 1. Flowchart of NEMO.

N. Liora et al. / Atmospheric Environment 122 (2015) 493e504 495
parameterization of two processes: saltation (horizontal motion)
and suspension (vertical motion) and it is based on the LOTOS-
EUROS model (Schaap et al., 2009). The emission strength Edust
(g h�1) depends on the size, the amount as well as the kinetic and
binding energies of the saltating particles (Alfaro et al., 1997):

EDUST ¼ FV ;i$A$dt (1)

where Fv,i (g m�2 s�1) is the vertical suspension flux, A (m2) is the
emitting area and dt is the time resolution of the model (in hours).
Fv,i is thoroughly described in Schaap et al. (2009) and it is a
function of the total horizontally saltating mass flux (Eq. S.1 in
supplement) of large particles which depends on the threshold
friction velocity. NEMO implements three parameterizations of the
threshold friction velocity in terms of soil particle size, drag parti-
tioning and soil moisture according to Marticorena and Bergametti
(1995) and Fecan et al. (1999).

In NEMO, constant values of the aerodynamic roughness length
of bare soil including the non-erodible elements (z0) and the
smooth roughness length of the soil surface without any non-
erodible elements (z0s) were used according to the assumption of
Zender et al. (2003); z0 ¼ 0.01 cm, z0s ¼ 0.0033 cm. Moreover, the
formulation describing the drag partitioning has been modified
according to Shinoda et al. (2011). Also, the parameterization of
Fecan et al. (1999) was modified similarly to Athanasopoulou et al.
(2010) in order model estimations to be improved; the threshold
soil moisture was multiplied with 1.5.

Finally, criteria of non-emitting conditions are established in
NEMO; surface temperature should be higher than 0 �C for at least
12 h and no precipitation event prior to a period of 72 h (Korcz et al.,
2009). During precipitation dust is not emitted.

2.2.2. Sea salt aerosols
SSA under 10 mm in diameter are emitted when wind stress

disturbs a water surface capable of whitecap formation. The
formulation implemented in NEMO in order to estimate emissions
of SSA is mainly based on themethodology described in Sofiev et al.
(2011) founded on the parameterizations of Monahan et al. (1986)
and Martensson et al. (2003) aiming to introduce a synthesis
relationship to account for the effect of wind stress, sea surface
temperature (SST) and water salinity for a custom range of particle
sizes. The upward number flux of SSA dF/dDp near the ocean sur-
face per dry particle diameter Dp (mm) is estimated as (Sofiev et al.,
2011):

dF
dDp

¼ dF0
dDp

$FTw$FSw$W (2)

where dF0/dDp (m�2 s�1 mm�1) is the reference number flux at a
standard temperature and water salinity (3.3%) and FTw, FSw are
correction factors to account for the SST and the salinity of water
(the salinity values used in NEMO are given in supplement),
respectively. W (dimensionless) is portion of unit area of water
covered by whitecaps (Sofiev et al., 2011). The formulations of dF0/
dDp as well as the correction factor FTw described in Sofiev et al.
(2011) had been estimated at a reference temperature of 25 �C.
However, in the current study, updated formulations estimated in
terms of a standard temperature of 20 �C have been used (J. Soares,
personal communication; Soares et al., 2015). Moreover, we utilize
the equations of Lewis and Schwartz (2006), similarly to Sofiev et al.
(2011), introducing the growth factor C0 (Eq. S.2 in supplement).

In order to derive the particle mass from the estimated flux, we
used the equations described in Zhang et al. (2005) considering
particles to be perfect spheres and that the water salinity of the wet
particle is equal to that of the water body of release. The particle
mass is estimated as the product of its volume and density. Finally,
for relative humidity greater than 45%, in order to obtain the dry
particle mass, we used the formulation described in Zhang et al.
(2005), which relates the solute weight fraction of SSA with
ambient relative humidity.

2.2.3. PBAPs
PBAPs consist of a wide range of materials such as plant debris,

fungal spores, pollen, bacteria and viruses (Bauer et al., 2002) from
which only plant debris and fungal spores are considered in NEMO
provided their large contribution in the PM10 mass (Winiwarter
et al., 2009). The methodology implements two different emis-
sion factors that express the annual mass of particles emitted per
unit area (6 kg/km2/year for plant debris and 18 kg/km2/year for
fungal spores) and it is independent of the surface type or vege-
tation (emissions are zero in water bodies, barren land and burned
areas) (Winiwarter et al., 2009). The entrainment of PBAPs into the
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atmosphere is described by the following equation:

EPBAPs ¼
�
EFdebris$tdebris þ EFspores$tspores

�
$A$dt (3)

where EPBAPs (in g$h-1) is the emission of PBAPs, EFdebris and EFspores
(in g m�2 year�1) are the emission factors for plant debris and
fungal spores respectively, tdebris and tspores are the temporal factors
(in years) (see details in supplement) of plant debris and fungal
spores, respectively, A (in m2) is the emission (grid cell) area and dt
is the time unit of the simulation (in hours).

3. NEMO application and results

3.1. Model application

NEMO was used to derive natural emissions over a 30 km hor-
izontal resolution grid covering Europe and the adjacent areas (i.e.
Turkey, Syria, Lebanon, Israel and Jordan) (Fig. 3). The output grid
consisted of 141 columns by 134 rows projected in Lambert Conic
Conformal (LCC). The hourly meteorological data used for driving
NEMOwere derived from theWRFmodel, version 3.5.1 (Skamarock
et al., 2008). For the initialization of WRF the 6 h temporal reso-
lution and 0.5� � 0.5� spatial resolution operational atmospheric
analyses surface and pressure level data of the European Centre for
Medium-range Weather Forecasts (ECMWF) were used.

3.2. Emissions results and discussion

This section presents the estimated domain-wide annual
emissions of PM10 and PM2.5 for the year 2009 (Table 1) and their
Fig. 2. Monthly variation of PM10 emissions (Gg/month) from a) WD, b) SSA an
temporal and spatial variation (Figs. 2e5). The monthly spatial
distribution of emissions is presented for winter, summer and
autumn for the months with the highest emissions: January, July,
October (for WD) and November (for SSA). The lowest seasonally
emissions are found in spring and therefore month April (lowest
monthly emissions of the year) was selected. PM2.5 emissions have
a similar temporal and spatial distribution with that of PM10 and
therefore they are not presented.

The total PM10 mass emitted from WD in the domain is esti-
mated to be 0.57 Tg with the majority emitted in the coarse mode;
PM2.5 emissions contribute by 6%. Korcz et al. (2009) had esti-
mated a best average value of 0.88 Tg/year of PM10 WD emissions
over Europe and a part of Southwest Asian (similar areawith that of
the current study) for the period 2000e2003 while NATAIR (2007)
presented an estimated uncertainty of a factor of 12 for WD
emissions. WD emissions are very sensitive to the precipitation
rates and therefore their emissions are mainly limited to the
southern Europe attributed to the drier climate in combination
with high wind speed values. WD emissions are the highest during
summer with a peak in July (Fig. 2a) when the frequency of dust
events in southern Greece and Spain, Turkey and Syria increases
(Fig. 4c) where mean soil moisture is the lowest (<0.24 m3/m3). In
addition, the high wind speed values (6e9 m/s) over the Eastern
Mediterranean in July, contribute to high PM10 emissions. Simi-
larly, in October, a lot of dust episodes are identified in Turkey and
southern Greece where mean soil moisture is minimum, but with
lower intensity (<1 tn/km2) due to themoderate wind speed values
(5e6 m/s). During winter and spring, sparse WD events occur over
the southern Europe where mean monthly soil moisture is lower
than 0.3 m3/m3. However, the strong wind speeds in winter and in
d c) PBAPs over the study area (Europe and adjacent areas, Fig. 3) in 2009.



Fig. 3. Spatial distribution of annual PM10 emissions (kg/km2) from a) WD, b) SSA and c) PBAPs over the study area in 2009.

Table 1
Annual PM emissions from natural sources in the study area (Fig. 3) in 2009.

Emission source Annual PM emissions (Gg)

PM10 PM2.5

Windblown dust 572 34
Sea salt aerosols 20308 6863
PBAPs 117 e
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particular in January, lead to intense dust episodes in Turkey
(>4.5 tn/km2).

Annual domain-wide SSA PM10 emissions are estimated as
20 Tg (dry mass), 33% of which is attributed to the fine mode. A
lower amount of around 4.4 Tg of SSA emissions had been esti-
mated by NATAIR (2007) over Europe for the year 2003. However,
several studies in the past have revealed high uncertainties in sea
salt emissions estimations (Schaap et al., 2009; NATAIR, 2007). The
highest PM10 mass over the study area is emitted during autumn
and winter with the majority of them emitted in November. This
peak is attributed to the high SSA emissions (>1 tn/km2) over a
portion of the Atlantic Ocean where wind speed peaks (>12 m/s).
During summer, emissions are the highest in Mediterranean Sea
due to the warmer seas (>20C�), being the highest in the Aegean
Sea (>1 tn/km2), which is characterized by high wind speed values
(7e9 m/s). Emissions are also high (>450 kg/km2) over the Balearic
Sea where moderate wind speeds are found (5e6 m/s). In spring,
SSA production is not important as wind speed and water tem-
perature values are moderate. In the northern part of Atlantic
Ocean themeanwind speed is very high (>12m/s) but the very low
SST values (<10C�) result to minimum SSA emissions. The lowest
values of SSA emissions through the year are found in the Baltic and
Black Seas due to their very low water salinity.

PBAPs emissions in NEMO are estimated as 0.12 Tg (a compa-
rable estimate of 0.15 Tg over Europe in 2003 is given in NATAIR



Table 2
Mean observed and simulated PM10 mineral dust concentrations (mg/m3) for the cold (C) and warm (W) periods of the year 2009.

Site name Obs. Mean
(mg/m3)

Sim. Mean
(mg/m3)

Sim./Obs.
Mean

so ss BIAS (mg/m3) IOA

C W C W C W C W C W C W C W

Finokalia 17.06 4.25 7.95 3.61 0.47 0.85 42.89 4.90 10.90 3.65 �9.10 �0.64 0.49 0.63
Corso Firenze 3.97 4.97 3.63 2.74 0.92 0.55 2.45 2.94 4.22 3.40 �0.34 �2.23 0.76 0.64
Campi-sabalos 1.84 3.99 2.32 3.00 1.26 0.75 2.25 2.84 4.52 3.19 0.48 �0.99 0.58 0.63
Montseny 2.59 4.92 1.75 2.93 0.68 0.60 2.59 3.82 2.46 3.17 �0.84 �1.98 0.61 0.68
Melpitz 0.85 0.93 2.17 1.60 2.54 1.72 0.72 0.53 2.40 1.36 1.32 0.67 0.32 0.40
Harwell 1.91 0.34 2.56 1.46 1.34 4.23 2.12 0.59 2.62 1.24 0.66 1.12 0.66 0.21
Auchencorth Moss 1.16 1.34 0.79 0.99 0.68 0.74 1.02 1.72 0.93 0.78 �0.38 �0.35 0.36 0.42
Mean 4.20 2.96 3.02 2.33 0.72 0.79 7.72 2.48 4.01 2.40 ¡1.17 ¡0.63 0.54 0.52

Table 3
Mean observed and simulated PM2.5 sodium (Na) concentrations (mg/m3) for the cold (C) and warm (W) periods of the year 2009.

Site name Obs. Mean
(mg/m3)

Sim. Mean
(mg/m3)

Sim./Obs.
Mean

so ss BIAS (mg/m3) IOA

C W C W C W C W C W C W C W

Agia Marina 0.40 0.30 0.57 0.69 1.42 2.31 0.31 0.23 0.34 0.42 0.17 0.39 0.38 0.18
Corso Firenze 0.20 0.28 0.55 0.63 2.69 2.28 0.19 0.22 0.32 0.50 0.35 0.35 0.56 0.34
Mace Head 0.65 0.38 0.76 0.72 1.17 1.87 0.45 0.26 0.24 0.29 0.11 0.34 0.65 0.47
Harwell 0.68 0.62 0.65 0.67 0.96 1.07 0.71 0.70 0.45 0.37 �0.03 0.04 0.51 0.28
Auchencorth Moss 0.65 0.75 0.62 0.61 0.95 0.81 0.60 1.13 0.35 0.37 �0.03 �0.15 0.52 0.22
Rucava 0.78 5.41 0.32 1.35 0.40 0.25 0.86 10.12 0.22 2.60 �0.47 �4.05 0.42 0.37
Zoseni 0.67 0.09 0.26 0.26 0.38 3.02 0.69 0.05 0.14 0.15 �0.41 0.17 0.41 0.37
Mean 0.58 1.12 0.53 0.70 0.91 0.63 0.54 1.82 0.29 0.67 ¡0.04 ¡0.42 0.49 0.32
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(2007)) being the highest from July to September due to the highest
emission factors of the period JulyeSeptember used for the esti-
mations. Minimum PM10 emissions are found during wintertime
(January to March). PBAPs emissions are lowest in Scandinavia
while they have an equal distribution over the rest study area
(Fig. 3c). The pattern of the spatial distribution of the monthly
emissions is similar with that of the annual spatial distribution
(Fig. 3c) and therefore it is not presented.

4. Model evaluation

The gridded emissions of PM and BVOCs calculated with NEMO
and presented in the previous section were used as input in a
modelling application with the CAMx model (version 5.3)
(ENVIRON, 2010) in order to evaluate NEMO through a comparison
with measurement aerosol data.

4.1. Modelling system

The CAMx application and NEMO share identical meteorological
drivers and modelling domains. In the present study, dust emis-
sions were simulated in CAMx runs as fine and coarse crustal
particle emissions. Fine SSA emissions were split into particulate
chloride (55.04%), sodium (30.61%), sulfates (7.68%) and other pri-
mary fine particles (6.67%) emissions (Seinfeld and Pandis, 2006).
Coarse SSA emissions were simulated as other primary coarse
particles. SSA concentrations could be traced in CAMx output data
as fine particulate chloride and sodium concentrations since sul-
fates and other primary particles (fine or coarse) levels were
determined also by the anthropogenic contribution.

Average concentrations derived from the Integrated Forecasting
System (IFS) MOZART model (Morcrette et al., 2009; Inness et al.,
2013) as well as average monthly SSA concentrations taken from
the EMEP MSC-W chemical transport model (Simpson et al., 2012)
for the year 2009 were used as boundary conditions (BCs) for the
simulations.
4.2. Anthropogenic emission data

Anthropogenic emission data for Europe were taken by the
TNO-MACCII emission database for the year 2009 (Kuenen et al.,
2014) which was temporally and spatially analysed using the
Model for the Spatial and Temporal Distribution of Emissions
(MOSESS) (Markakis et al., 2013). Annual potential particle emis-
sions of mineral dust from re-suspension due to traffic circulation
as well as 12 monthly potential mineral dust emissions from agri-
cultural activities, estimated using the LOTOS-EUROS model
(Schaap et al., 2009), were provided by The Netherlands Organi-
sation (TNO). They were temporally analysed using the temporal
profiles given by TNO (Schaap et al., 2009), taking also into account
meteorological restrictions using the 2009 hourly WRF meteoro-
logical data i.e. dust emissions were forced to zero during precipi-
tation events.

It should be taken into account that anthropogenic mineral dust
emissions pose uncertainties in dust emissions estimations over
the whole study area due to the assumptions that have been made
for the calculations according to Schaap et al. (2009).

4.3. Measurement data

Measurement data were taken either from the European
Monitoring and Evaluation Programme (EMEP) monitoring
network (http://ebas.nilu.no) or from national networks (Table S1,
Fig. S4 in supplement). The validation was performed for the year
2009. A comparison of the statistical measures (description is given
in supplement) during a cold (November to April) and awarm (May
to October) period of the year is presented.

4.4. Comparison between simulated and observed PM10 dust
concentrations

Simulated PM10 mineral dust concentrations (including its
natural and anthropogenic components) are compared with the

http://ebas.nilu.no


Fig. 4. Spatial distribution of monthly PM10 windblown dust emissions (kg/km2) for a) January, b) April, c) July and d) October of 2009 over the study area.
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corresponding observed ones. Only the site of Finokalia provided
directly with dust concentrations. For two sites (Corso Firenze and
Montseny), dust concentrations were calculated using the con-
centrations of several elements inputted in the equation of Chan
et al. (1997) (Eq. S3 in supplement). For the remaining sites for
which only calcium (Ca) measurements were available, Cawas used
as a soil dust tracer (Aas et al., 2012; Athanasopoulou et al., 2010;
Schaap et al., 2009). This was done by calculating the average ratio
between the mean annual mineral dust PM10 concentrations and
that of Ca. In the current study, the corresponding ratio was 7, 6.8
and 9.8 for Corso Firenze, Finokalia and Montseny sites, respec-
tively. Thus, for the monitoring sites in which only Ca measure-
ments were available, a ratio of 7.5 (Schaap et al., 2009) was used in
order to estimate PM10 mineral dust concentration. Regarding
PM2.5 concentrations, WD PM2.5 emissions represent only a 6%
share of PM10 emissions and therefore their evaluation is not
examined.
On average for all sites, the model underestimates by 28% and
20% PM10 dust concentrations for the cold and warm period,
respectively (see Table 2). The average bias (Eq. S5 in supplement)
for PM10 dust concentrations takes small negative values for both
periods with a better performance in the warm period. On annual
basis, the corresponding underestimation of PM10 dust concen-
trations is 28% (Table S2, in supplement). Given that windblown
dust emissions in Europe show a high uncertainty of a factor of 12
(NATAIR, 2007), modelled results are satisfactory. Moreover, for
monitoring stations for which PM10 dust concentrations were
derived from the ratio between PM10 and Ca concentrations, an
uncertainty in model evaluation is also expected.

In the eastern Mediterranean, in Finokalia station, the model
performance is better during thewarm period compared to the cold
one. According to the total PM10 measurement data provided by
Finokalia, some dust transport episodes occurred mainly during
January to March (PM10 levels were higher than 100 mg/m3) have



Fig. 5. Spatial distribution of monthly PM10 SSA emissions (kg/km2) for a) January, b) April, c) July and d) November of 2009 over the study area.
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probably not been well captured by BCs (Cansado et al., 2014)
resulting to a low model performance during the cold period.
During the warm season, an underestimation of 15% in PM10 dust
concentrations and an Index of Agreement (IOA) (Eq. S6 in
supplement) of 0.63 indicate a very good model performance
when dust transport events are absent.

In the western and central Mediterranean (Spain and Italy,
respectively), there is an improvement in PM10 dust concentra-
tions during the cold season in the absence of Sahara dust events
(Pey et al., 2013). At Corse Firenze site, a BIAS of �0.34 mg/m3 in the
cold period is estimated in PM10 values with an IOA of 0.76 indi-
cating a very good model performance. In Montseny, according to
the standard deviations of the simulated and observed PM10 dust
concentrations, the model slightly underestimates the variability of
the observed PM10 values in both periods.

In central and northern Europe, in Melpitz site, there is an
improvement in model performance during the warm period. The
area around Melpitz is characterized by high agricultural dust
emissions, which have been highly overestimated mainly during
March and April (Schaap et al., 2009) explaining the corresponding
overestimation of PM10 dust concentrations during the cold period.
In Great Britain, Harwell site shows a good agreement between the
observed and modelled PM10 concentrations in the cold period
(IOA¼ 0.66). In Auchencorth Moss the PM10 results are satisfactory
with a slight underestimation of dust concentrations in both pe-
riods and a BIAS of �0.35 mg/m3 in the warm season.

Mean daily values of PM10 dust modelled levels agree within a
factor of 3 for most of the daily values in the selected monitoring
sites (Fig. 6) indicating a good agreement if taking into consider-
ation the high levels of estimated uncertainty of windblown dust
emissions (NATAIR, 2007). It seems that the model captures simi-
larly well the higher and lower concentrations of the dust events
except for those of the dust episodes associated with the Sahara
dust transport from the boundaries (Fig. 6a), as it has already been
discussed above.

In comparison with existing models, the model evaluation is



Fig. 6. Mean daily observed versus modelled dust PM10 concentrations (mg/m3) for 2009 for selected monitoring sites.
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good and in agreement with previous studies. In Schaap et al.
(2009) the LOTOS-EUROS model was implemented and evaluated
over Europe for 2005. In Melpitz site, a positive bias of 0.57 mg/m3

was estimated between the mean annual modelled and observed
PM10 dust concentrations. A comparable bias is estimated in the
current study (0.99 mg/m3) (Table S2) for Melpitz site. In Montseny,
Schaap et al. (2009) found a bias of 0.07 mg/m3 for dust concen-
trations while a quite higher underestimation is presented in the
present study with a bias of �1.40 mg/m3.

4.5. Comparison between simulated and observed PM2.5 sodium
concentrations

Typically, sodium is considered as a tracer of sea salt (Tsyro et al.,
2011) and used for the evaluation of modelled SSA concentrations.
From the CAMx simulations, only PM2.5 SSA concentrations were
available and therefore the evaluation of sea salt concerns only that
particular bin.

On average for all sites located in Atlantic Ocean and Mediter-
ranean Sea, the model overestimates sodium concentrations by 22%
and 42% in the cold and warm period, respectively (see Table 3). On
an annual basis, an overestimation of around 31% has been found. In
Baltic Sea, an annual underestimation of 36% in sodium concentra-
tions is found. According to Schaap et al. (2009), the uncertainty in
sea salt concentrations was considered to be of a factor of 2e3 while
in NATAIR (2007) the estimated uncertainty ranged from a factor of
2e4 suggesting that NEMO captured fairly well the SSA episodes.
SSA production is well captured mostly in the stations located
close to the Atlantic Ocean. In Mace Head, the mean modelled so-
dium concentrations in the cold season are of the same order of
magnitude as the observed ones while the values of 0.65 and
0.11 mg/m3 for IOA and BIAS, respectively are satisfactory. The sta-
tistical scores of the two stations located in Great Britain show that
there is a very good agreement between the simulated and
observed data for both periods.

Rucava and Zoseni are close to Baltic Sea where the water
salinity is very low resulting to very low SSA emissions and
therefore an underestimation of Na concentrations is shown.

In Mediterranean Sea, in Agia Marina site, a mean BIAS of
0.17 mg/m3 has been calculated for the cold period while the values
of standard deviation of observed and simulated sodium concen-
trations are similar showing a slight tendency to overestimate
PM2.5 (Na) values. A larger overestimation is presented in the
warm season. In Corso Firenze, the model overestimates the
observed sodium concentrations while themean IOA in cold season
is estimated as 0.56. The observed overestimation of SSA concen-
trations in the warm period suggests uncertainties in the SST
parameterization.

The mean daily sodium modelled versus observed concentra-
tions are presented in Fig. 7 for the sites for which daily data were
available. The modelled results agree within a factor of 2 for most of
the days with the observation data in the selected sites except for
the site of Corso Firenze for which an uncertainty within a factor of
4 was estimated. The estimated uncertainties are in the range of
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those calculated in previous studies (NATAIR, 2007; Schaap et al.,
2009).

In comparison with existing models, the model captures better
the SSA episodes in selected areas. In particular, sea salt concen-
trations had been estimated with the LOTOS-EUROS model (Schaap
et al., 2009) over Europe for 2005. They found a bias of �1.1 mg/m3

inmean annual sodium concentrations at Valentia Observatory site,
which is located in Ireland, facing the North East Atlantic Ocean. In
the same site, in the study of Tsyro et al. (2011), the evaluation of
EMEP and SILAM models for the year 2007 showed a bias
of þ0.6 mg/m3 and �0.16 mg/m3. In the current study, in the site of
Mace Head, which is also located in Ireland facing the North East
Atlantic Ocean, a bias ofþ0.24 mg/m3 has been estimated indicating
a very good model performance. Also, Schaap et al. (2009), found a
large overestimation of sodium concentrations (~170%) for Rucava
site. NEMO estimations led to an underestimation of 36% in the
corresponding sodium concentrations.

5. Conclusions

A new emission model, NEMO, has been described, imple-
mented on a photochemical modelling system and evaluated
through a comparison between the simulated and observed data.
NEMO is a robust model, which has been developed in order to
provide scientific community with a single software package that
Fig. 7. Mean daily observed versus modelled sodium (PM2.5) co
integrates well-documented methodologies and parameterizations
for natural emissions estimations and incorporating in CTMs
improving air quality simulations.

An application of NEMO in a 30 km spatial resolution grid
covering Europe was presented for the year 2009. The dry climate
of southern Europe during summer, mostly in Greece and Turkey, in
combination with the moderate wind speed values led to
maximumWD emissions in those areas during summer. The strong
winds in a portion of Atlantic Ocean in combination with the
moderate sea temperatures led to high SSA emissions during
autumn. In summer, SSA emissions peaked in Mediterranean Sea
due to the warmer seas while they were highlighted in Aegean Sea
where wind speed peaks.

The natural PM emission data were used in an application of the
WRF-CAMx modelling system. The model captured fairly well the
WD emission events while there was a better performance when
dust transport episodes from Sahara desert were absent. NEMO
captured very well the sea salt episodes in Atlantic Ocean. In
Mediterranean Sea, a good model performance has been shown
with an improvement in cold season. The model overestimated
sodium concentrations in the warm season mainly in sites located
in the Mediterranean Sea due to the higher SST values. In sites
located close to Baltic Sea that is characterized by very low salinity
values, a slight underestimation was shown.

In conclusion, NEMO can be used for the estimation of natural
ncentrations (mg/m3) for 2009 for selected monitoring sites.
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emissions at European scale in order to be applied on photo-
chemical models so as to improve air quality simulations. The
evaluation of NEMO indicated a goodmodel performancewhile the
differences between the observed and simulated data, on an annual
basis, were in agreement with previous studies. However, im-
provements must be done mostly in terms of SST parameterization
for SSA emission estimations.
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