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a b s t r a c t

The oceans are a major source for particles that play an important role in many atmospheric processes. In
Europe sea saltmaycontribute significantly to particulatematter concentrations.We have compiled sodium
concentration data as a tracer for sea salt for 89 sites in Europe to provide more insight in the distribution
of sea salt across Europe. The annual average sea salt concentrations above land were estimated to range
between 0.3 and almost 13 mg m�3. Maximum concentrations are found at the Irish coast. At coastal sites
along the Atlantic andNorth Sea coast concentrations tend to be around 5 mgm�3. More inland locations up
to about 300 km away from the coast tend to show concentrations between 2 and 5 mg m�3, whereas sites
further away from the coast are characterized by lower concentrations. An analysis of the representativity
of the data with respect to a long term average showed that the long average is associated with a standard
deviation of around 15%. The compilation of observations provides an improved overview of sea salt
concentrations in Europe as well as an improved basis formodel validation. Verification of the results of the
LOTOS-EUROS model learned that the model represents well the spatial variability of the observed sea salt
concentrations verywell. However, the absolute concentrations are significantly overestimated due to large
uncertainties in the emission and dry deposition parameterizations. Using the high explained variability in
the gradients across Europe, the bias-correctedmodelled distribution serves as a best estimateof the sea salt
distribution across Europe for 2005.

� 2010 Published by Elsevier Ltd.

1. Introduction

The oceans are a major source for atmospheric particles.
In coastal regions sea salt may contribute tens of percents to the
annual mean particulate mass, e.g. PM10 (e.g. Putaud et al., 2004).
Furthermore, sea salt plays an important role in a number of physical
and chemical atmospheric processes. The reaction of sea salt
particleswith nitric acid forms sodiumnitrate,which is in contrast to
ammonium nitrate not semi-volatile and needs to be accounted
for in the (particulate) nitrogen budget (Tamm and Schulz, 2003).
The halogens released by the reaction of acidic gases with sea salt
contribute to ozone destruction (Finlayson-Pitts, 2003; Knipping
and Dabdub, 2003). Sea salt contributes to the deposition of base
cat-ions and its deposition flux needs to be accounted for to assess

the total acid deposition to vulnerable ecosystems (Van Loon et al.,
2005). Also, sea salt contributes to corrosion in coastal regions
(Muster and Cole, 2005). Finally, sea salt aerosols are an important
contributor to cloud condensation nuclei (CCN) in marine air
masses (Yoon and Brimblecombe, 2002). Hence, sea salt aerosols are
essential components of atmospheric models at urban, regional and
global scales (Gong et al., 1997).

In recent years, a large number of studies have been dedicated to
the modelling of atmospheric particles in general and sea salt
particles in particular. Many studies ofmarine aerosols and their role
in the climate systemwere performed on the global scale (e.g. Gong
et al., 1997, 2003; Guelle et al., 2001; Stier et al., 2005). For air quality
assessment, it is important to resolve the large gradients in sea salt
levels and a number of regional models includes a description of
sea salt (e.g. Foltescu et al., 2005; Bessagnet et al., 2004; Langmann
et al., 2008; Schaap et al., 2008). The verification of these models is
severely hampered by the number of available measurements.
For example, Foltescu et al. (2005) compared their regional model
results against measurements from eightmonitoring stations in two
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countries in Europe. The model evaluations show in general
a reasonable agreement between modelled and observed temporal
variation but large systematic biases. Because of the limited number
of validation data, an integrated picture was not available.

We present a compilation of existing data on sodium, that have
(mostly) become available from PMmass closure studies, to provide
more insight in the distribution of sea salt in PM10 across Europe,
As such the observational basis for model verification for Europe is
expanded. These data are then used verify the calculated sea salt
distributions from the chemistry transport model (CTM) LOTOS-
EUROS. Since 2005 had about average weather conditions and
a reasonable amount of observations was available to validate the
model, this year is chosen as the model year. Finally, a best estimate
of the sea salt distribution based on the model to measurement
comparison is provided.

2. Methodology

2.1. Compilation of observations

Sea salt aerosol consists mainly of chloride (Cl, 55.1% by weight)
and sodium (Na, 30.6% byweight) (Millero, 2004), whichmay both be
used as a tracer for sea salt. However, since reactions between chloride
and acidic gases such as nitric acid may cause a chloride loss (in the
form of HCl) (McInnes et al., 1994), both in the atmosphere and on a
filter substrate (Slanina et al., 2001), chloride is not a conserved tracer
for sea salt aerosol. Sodium, on the other hand, is a conserved tracer
and has onlyminor non-marine sources (White, 2008). Therefore, it is
a robust tracer for sea salt and we have restricted ourselves to the use
of sodium data. To calculate the total sea salt concentration from the
observed sodium concentration, the sodium concentration has to be
multiplied by 100/30.6 ¼ 3.26 (Millero, 2004).

A comprehensive literature search for available data sets on
atmospheric sodium in PM10was performed. These data pointswere
added to the data available through the EMEP network (www.emep.
int). Many short-term campaign observations are available, but due
to the high temporal variability of sea salt concentrations these are
often not representative for a longer period. Therefore, only studies
that are representative for at least a year were included, but without
the restriction to daily sampling. Furthermore, we have restricted
ourselves to data for which the measurement methodology was
retraceable. To avoid the inclusion of stations (partly) representative
for the free troposphere, mountain sites (above 700 m a.s.l.)
were excluded from the analysis. For 2005, dailymeasurementswere
collected for a number of stations to verify the model results.

The comprehensive compilation of sodium observations yielded
data for 89 stations throughout Europe. The sites, measurement
periods and average sodium concentrations are listed in Table 1. For
a number of countries data are obtained through the EMEP program,
e.g. Denmark, Norway, Spain and Ireland. For other countries such as
the Netherlands, Belgium and Austria the data stem from national
programs or research stations. The data from national programs often
cover about 60e90measurement days spread throughayear,whereas
sites within the EMEP program normally have daily coverage. Since
sea salt aerosol concentrations are larger near the coast, the number of
sites is slightly biased towards locations not too far from the coast.
In (south) eastern Europe hardly any observations are available.

2.2. The LOTOS-EUROS model

The regional air quality model LOTOS-EUROS (Schaap et al.,
2008) is used to simulate the sea salt distribution across Europe.
The LOTOS-EUROS model is a 3D chemistry transport model aimed
to simulate air pollution in the lower troposphere. The model has
been used for the assessment of particulate air pollution in

a number of studies of total PM10 (Denby et al., 2008; Manders
et al., 2009a), secondary inorganic components (Schaap et al.,
2004a; Barbu et al., 2009) and primary carbonaceous components
(Schaap et al., 2004b). The model has participated frequently in
international model comparisons addressing ozone (van Loon et al.,
2005; Hass et al., 1997) and particulate matter (Cuvelier et al., 2007;
Hass et al., 2003; Stern et al., 2008).

The model incorporated four sea salt particle size classes: 0.14e1,
1e2.5, 2.5e5 and 5e10 mm wet diameter (at 80% relative humidity).
For the generation of sub-micron particles (0.14e1 mm) the emission
function by Mårtensson et al. (2003) was used. For the other modes
Monahan et al. (1986) are followed. Both parameterizations use
a whitecap cover as function of the wind speed, whereas Mårtensson
et al. (2003) also included sea water temperature as an explanatory
variable. The surf zone contributes locally to the additional generation
of aerosol, depending on wind velocity and fetch (De Leeuw et al.,
2000). However, since this process is very local (an area of a few
hundredmeterswidth along the coast) its contribution to the total sea
salt aerosol production is likely to be small and only noticeable in the
immediate vicinity of the coast. Thus, open-sea conditions are also
applied to the surf zone. All sea salt aerosol is generated within the
model domain, no initial or boundary conditions from other models
were used.

The generation functions are generally valid for open ocean
conditions with a salinity of around 35&. But within our domain
the salinity of the Baltic Sea (7&) is much lower than that of the
open ocean, leading to an overestimation of the emission flux
when using open ocean conditions. Therefore, a crude approach for
the Baltic Sea (between 54 and 66�N, 14e32�E) was used, in which
the abovementioned emission parameterizations were applied and
resulting emission strength was divided by 10. This factor is based
on the experimental data presented by Mårtensson et al. (2003), as
the impact of the low salinity on the emission strength is not well
understood (Lewis and Schwartz, 2004).

The model applies a dry deposition scheme based on Zhang
et al. (2001), with constant roughness length. Wet deposition is
treated using simple scavenging coefficients.

The model was applied to a domain that ranges from 30�W to
40�E, 35�e70�N, with a normal 0.5� � 0.25� longitudeelatitude
resolution. The domainwas extended further to the west compared
to its normal set-up to incorporate a reasonable fetch west of
Ireland and the Iberian Peninsula. Therefore, the analysis or the
results was restricted to 20�We30�E, 35�e70�N (Fig. 1). The model
is forced using 3-hourly meteorological fields from ECMWF and
calculates hourly concentrations of all sea salt modes.

3. Results

3.1. Compilation of particulate sodium data

Measured average sodium concentrations (Table 1, Fig. 1)
range between 0.1 and almost 4 mg m�3. As expected, the highest
concentrations are generally found near the coast, and concentra-
tions rapidly decrease with increasing distance from the coast. At
coastal sites, concentrations tend to be between 1 and 1.5 mg m�3.
Higher values are only found for stations located at the Atlantic
coast of Ireland, whereas lower values are found at the Baltic coast.
More inland locations up to about 300 km away from the coast
tend to show concentrations between 0.5 and 1 mg m�3, whereas
remote continental sites are characterized by concentrations below
0.5 mg m�3.

The data provided above are based on measurements for
different meteorological years. As the inter-annual variability in
meteorology may affect the extent to which the presented concen-
tration data represent a long term average, an analysis on the
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Table 1
Compilation of sodium observations. For each station the name, country code, location, the years during which the measurements were made, the sodium concentration
(mg m�3) and data source is given.

Site name Country Lon Lat Year Na Reference

Illmitz(AT0002R) AUT 16.77 47.77 2004e2006 0.09 EMEP (2009)
Vienna(Auphep-1) AUT 16.35 48.22 1999e2000 0.19 Puxbaum et al. (2004)
Vienna(Auphep-2) AUT 15.93 48.27 1999e2000 0.13 Puxbaum et al. (2004)
Houtem BEL 2.61 51.01 2006e2007 1.07 Vercauteren (2009)
Aarschot BEL 4.84 50.99 2006e2007 0.74 Vercauteren (2009)
Zelzate BEL 3.81 51.20 2006e2007 0.95 Vercauteren (2009)
Mechelen BEL 4.48 51.03 2006e2007 0.83 Vercauteren (2009)
Borgerhout BEL 4.43 51.21 2006e2007 0.97 Vercauteren (2009)
Hasselt BEL 5.34 50.93 2006e2007 0.73 Vercauteren (2009)
Bern CHE 7.43 46.95 1998e1999 0.67 Hueglin et al. (2005)
Zurich-Wiedikon CHE 8.53 47.37 1998e1999 0.69 Hueglin et al. (2005)
Zurich-Kaserne CHE 8.55 47.37 1998e1999 0.19 Hueglin et al. (2005)
Basel CHE 7.58 47.53 1998e1999 0.26 Hueglin et al. (2005)
Payerne CHE 6.93 46.82 1998e1999 0.30 Hueglin et al. (2005)
Chaumont CHE 7.58 47.05 1998e1999 0.15 Hueglin et al. (2005)
Westerland(DE0001R) DEU 8.31 54.93 2005e2006 1.85 EMEP (2009)
Langenbrügge(DE0002R) DEU 10.76 52.80 2005e2006 0.39 EMEP (2009)
Schauinsland(DE0003R) DEU 7.91 47.91 2005e2006 0.14 EMEP (2009)
Neuglobsow(DE0007R) DEU 13.03 53.17 2005e2006 0.39 EMEP (2009)
Zingst(DE0009R) DEU 12.73 54.43 2005e2006 0.67 EMEP (2009)
Melpitz(DE0044R) DEU 12.93 52.53 2002e2006 0.29 EMEP (2009)
Berlin urban area DEU 13.40 52.52 2001e2002 0.28 Beekmann et al. (2007)
PA Paulinenaue DEU 12.72 52.68 2001e2002 0.34 Beekmann et al. (2007)
HH Hasenholz DEU 14.02 52.57 2001e2002 0.30 Beekmann et al. (2007)
Tange(DK0003R) DNK 9.60 56.35 2000e2006 1.03 EMEP (2009)
Keldsnor(DK0005R) DNK 10.73 54.73 2000e2006 1.48 EMEP (2009)
Anholt(DK0008R) DNK 11.52 56.72 1989e2006 1.59 EMEP (2009)
Ulborg(DK0031R) DNK 8.43 56.28 2005e2006 1.40 EMEP (2009)
Campisabalos(ES0009R) ESP �3.14 41.28 2005e2006 0.36 EMEP (2009)
Montseny(ES0017R) ESP 2.35 41.77 2004e2006 0.30 EMEP (2009)
Alcobendas ESP �3.63 40.55 2001 0.38 Querol et al. (2008)
Algeciras ESP �5.45 36.14 2003e2004 1.55 Querol et al. (2008)
Badajoz ESP �6.58 38.53 2004e2005 0.59 Querol et al. (2008)
Barcelona (IJA-CSIC) ESP 2.12 41.38 2007 1.14 Querol et al. (2008)
Bastarrechte (Cartagena) ESP �0.97 37.60 2004e2005 0.81 Querol et al. (2008)
Bemantes ESP �8.18 43.34 2001 1.09 Querol et al. (2008)
Burgos ESP �3.64 42.34 2004e2005 0.47 Querol et al. (2008)
Iturrama (Pamplona) ESP �1.65 42.82 2003 0.37 Querol et al. (2008)
Las Palmas ESP �15.41 28.13 2001 3.92 Querol et al. (2008)
Madrit Escuela Aguirre ESP �3.68 40.43 1999e2000 0.32 Querol et al. (2008)
Montseny ESP 2.38 41.78 2007 0.33 Querol et al. (2008)
Onda (Castellon) ESP �0.25 39.96 2007 0.62 Querol et al. (2008)
Palma de Mallorca ESP 2.62 39.56 2004e2005 1.75 Querol et al. (2008)
M.Perdon (Pamplona) ESP �1.78 42.73 2003 0.46 Querol et al. (2008)
Ebro basin (Monagrega) ESP 0.20 40.50 1999e2000 0.29 Rodríguez et al. (2004)
Millars valley (Onda) ESP 0.20 39.90 1999 0.91 Rodríguez et al. (2004)
Barcelona (L’Hospitalet) ESP 2.00 41.20 2000 0.94 Rodríguez et al. (2004)
Uto (FI0009) FIN 21.38 59.78 2003e2006 0.54 EMEP (2009)
Virolahti (FI0017) FIN 27.68 60.52 2003e2006 0.24 EMEP (2009)
Finland(FI0036) FIN 24.25 68.00 2003e2006 0.15 EMEP (2009)
High Muffles(GB0014R) GBR �0.81 54.33 1996e2001 0.61 EMEP (2009)
East Ruston(GB0090R) GBR 1.47 52.80 2001 1.18 EMEP (2009)
Banchory(GB0091R) GBR �2.53 57.08 2001 0.69 EMEP (2009)
Dundee GBR �2.97 56.50 1999e2000 1.16 Qin and Oduyemi (2003)
Chilton GBR �1.27 51.55 1957e1974 0.98 Lee et al. (1994)
Port Talbot GBR �3.78 51.60 1972e1973 1.05 Lee et al. (1994)
Walsall GBR �1.98 52.58 1976e1989 1.45 Lee et al. (1994)
Lambeth GBR �0.12 51.49 1976e1982 1.38 Lee et al. (1994)
Brent GBR �0.27 51.57 1975e1989 1.22 Lee et al. (1994)
Manchester-Rusholme GBR �2.22 53.45 1975e1989 1.24 Lee et al. (1994)
Trafford-Altrincham GBR �2.35 53.38 1978e1989 1.31 Lee et al. (1994)
Trafford-Flixton GBR �2.39 53.45 1975e1989 1.40 Lee et al. (1994)
Windermere GBR �2.94 54.36 1970e1989 0.93 Lee et al. (1994)
Finokalia (GR0002) GR 35.30 25.70 1996e1999 1.93 EMEP (2009)
Valentia Observatory(IE0001R) IRL �10.24 51.94 2004e2006 1.91 EMEP (2009)
Oak Park(IE0005R) IRL �6.92 52.87 2005e2006 0.86 EMEP (2009)
Malin Head(IE0006R) IRL �7.34 55.38 2005e2006 2.44 EMEP (2009)
Carnsore Point(IE0008R) IRL �6.37 52.19 2005e2006 3.26 EMEP (2009)
Irafoss(IS0002R) ISL �21.02 64.08 2006 1.01 EMEP (2009)
Busalla-Genoa ITA 8.95 44.57 2006e2007 0.21 Mazzei et al. (2006)
Florence ITA 11.25 43.77 1997e1998 0.69 Lucarelli et al. (2004)
Rucava(LV0010R) LVA 21.22 56.22 2005e2006 0.22 EMEP (2009)
Vredepeel 131 NL 5.85 51.54 2007e2008 0.70 Manders et al. (2009b)
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inter-annual variability of sodium concentrations was performed for
the sites which have at least four years of observations (Fig. 2).Yearly
values may deviate from the average up to 35% depending on the
number of years (N), therefore standard deviation is also provided,
though based on a limited number of years. Using this approach, the
spread in the variability between stations is reduced with a central
value of 15%. At some locations the variability is lower.

3.2. Modelled sodium distribution for 2005

The modelled sodium distribution (Fig. 3a) shows the highest sea
salt concentration over the open ocean (Atlantic, Mediterranean).
Above the Atlantic, higher concentrations are reached than above the
Mediterranean due to higher wind speeds. These high wind speeds
are associated with westerlies in Europe, and large quantities of sea
saltcan be transported inland during these conditions. Consequently,
the concentrations gradually decrease from the western European
coastline to inland locations. Easterly winds often do not reach such
high speeds as westerly winds and are associated with considerably

shorter fetches, thus causing lower sea salt emissions and loads. The
slower transport results in steeper gradients along the eastern coasts.

The modelled annual mean concentrations are systematically
larger than the observed concentrations. For 2005 (Fig. 4a), the
spatial correlation between model results and observations is high,
with an explained variability of 85%, but the model overestimated
the absolute value with a factor of 2.46. Concentrations at stations
tend to be more overestimated at the west than at the east coastal
stations. For the full compilation set (Fig. 4b), the variability in the
diagram is higher as the model and observation data are no longer
paired in time. Nevertheless, the comparison confirms the findings
for 2005 only data.

The model performance was tested on a daily basis for a site in
Ireland (Carnsore Point), close to open sea, and a site in Germany
(Langenbrugge), reflecting amore continental location. The observed
seasonal variation, with higher concentrations in autumn andwinter
(storms) and lower concentrations in summer, is reflected in the
modelled fields (Fig. 5). Furthermore, the model is able to capture
the main features of the temporal variability at both the Irish and
the German site, indicating that the processes of generation and
transport aremodelled realistically. The time series for Langenbrugge
clearly illustrates the general feature that the peaks are modelled
higher than observed, whereas the baseline concentrations compare
better to observations.

Fig. 1. Annual average sodium concentrations (mg m�3) for all sites compiled in this
study.

0

5

10

15

20

25

30

35

D
E4

4

D
K0

3

D
K0

5

D
K0

8

ES
17

FI
09

FI
17

FI
36

G
B1

4

G
R

02

N
O

01

N
O

08

N
O

15

N
O

39

N
O

41

N
O

42

N
O

55
Rel. Variability Rel. Standard Deviation N

R
el

at
iv

e 
Va

ria
bi

lit
y 

 a
nd

 s
td

ev
 (%

)

Site
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Table 1 (continued )

Site name Country Lon Lat Year Na Reference

Breda 240 NL 4.83 51.59 2007e2008 0.85 Manders et al. (2009b)
Rotterdam 448 NL 4.46 51.92 2007e2008 1.09 Manders et al. (2009b)
Cabauw 620 NL 4.93 51.97 2007e2008 0.76 Manders et al. (2009b)
Hellendoorn 738 NL 5.71 52.11 2007e2008 0.52 Manders et al. (2009b)
Schiedam (DCMR) NL 4.40 51.92 2007e2008 1.21 Manders et al. (2009b)
Birkenes(NO0001R) NOR 8.25 58.38 1999e2007 0.39 EMEP (2009)
Skreådalen(NO0008R) NOR 6.72 58.82 1999e2004 0.36 EMEP (2009)
Tustervatn(NO0015R) NOR 13.92 65.83 1999e2007 0.28 EMEP (2009)
Kårvatn(NO0039R) NOR 8.88 62.78 1999e2007 0.17 EMEP (2009)
Osen(NO0041R) NOR 11.78 61.25 1999e2003 0.11 EMEP (2009)
Spitsbergen (NO0042G) NOR 11.88 78.90 1999e2007 0.25 EMEP (2009)
Karasjok(NO0055R) NOR 25.22 69.47 1999e2007 0.22 EMEP (2009)
Birkenes NOR 8.20 58.32 1978e1979 0.53 EMEP (2009)
Stará Lesná(SK0004R) SVK 20.28 49.15 2006 0.20 EMEP (2009)
Iskrba(SI0008R) SVN 14.87 45.57 2004e2006 0.09 EMEP (2009)
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Author's personal copy

We provide paired and unpaired annual averages and standard
deviations as well as the correlation between model and observa-
tions (Table 2). The differences between model results for the
whole year compared to an average of values only on observation
days were small, which may indicate that the annual average
concentrations based on regular sampling once every few days are
indeed representative for a full year. The correlation coefficients are
generally moderate (0.45 < R < 0.7). Only for Onda the correlation
is very poor. The variation around the average concentration
shows a similar behaviour in both the modelled time series and the
observations.

The size of the modelling domain had impact on the concen-
trations. Compared to simulations using the 10�W western
boundary, the westward extension to 30�W led to a significant
increase in modelled sea salt concentrations in the western part
of the domain. This did not only apply for stations in Ireland and
Spain, for which concentrations were otherwise significantly off

the trend line, but, to a lesser extent, also for countries like
Denmark and the Netherlands. The extension of the domain
has improved the correlation for Irish and Spanish stations (not
shown) to the range found for stations further into the standard
domain. Hence, to model the sea salt concentrations realistically
in Spain, Portugal and Ireland the standard LOTOS-EUROS model
domain has to be extended westwards to include a large enough
fetch or source area.

The simple adaptation of the sea salt source function for the low
salinity in the Baltic Sea, based on the experiments by Mårtensson
et al. (2003), appeared to be fruitful, as the observations in Latvia
and Finland are also found close to the trend line in Fig. 4a. For
the Black Sea, which falls mostly outside our present modelling
domain, also a scaling might apply, since it has a salinity of around
17&. However, this is above the critical value of 10& indicated by
Mårtensson et al. (2003) and we do not have observations to verify
or falsify the approach.

Fig. 3. (a) Modelled annual average sodium concentration (mg m�3) and (b) the estimated annual average sea salt concentration, based on the scaling of sodium distribution
(SS ¼ Na � 3.26/2.46), across Europe for 2005. Filled circles indicate the concentrations at the verification locations (Table 3).
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3.3. Annual average sea salt distribution for 2005

The comparison of the observations and modelling results
showed that, although the absolute level is overestimated, the
modelled spatial sodium distribution is satisfactory. Therefore,
we feel that it is justified to divide the annual average modelled
distribution by 2.46 to obtain a best estimate for the sea salt sodium
distribution across Europe for 2005. To arrive at a best estimate for
the sea salt distribution the sodium concentrations weremultiplied
by 3.26 to account for the other components of sea salt. The
resulting distribution is shown in Fig. 3b.

The northern and western coasts of Ireland and the UK exhibit
the peak annual average concentrations, reaching up to 13 mg m�3.
Sea salt concentrations are around 5 mg m�3 at the Atlantic and

North Sea coasts, while at a distance of 200e300 km, when no
mountains are present which prohibit transport inland, concentra-
tions are between 2 and 5 mg m�3 (Ireland, the UK, the Netherlands,
Denmark). Similar sea salt concentrations are predicted for the
Atlantic coast of Spain and at the Mediterranean Islands. Less sea
salt affected areas (above 0.5 mg m�3) are mainland Spain, France,
Germany, southern Italy and southern Scandinavia. Remote conti-
nental locations show the lowest sea salt concentrations (averages
below 0.5 mg m�3).

The estimation of the annual average sea salt distribution is
evaluated against data that belong to additional measuring sites in
Spain, Germany and Ireland (Table 3, Fig. 3b), which were not used
for the scaling of the model results and are thus fully independent.
Comparison between the annual mean sea salt concentrations

0

5

10

15

20

25

Jul Aug Sep Oct Nov Jan

Carnsore Point (Ie) Measured
Modelled( noitartnecnoc 

muidoS
µ

m/g
3 )

Date

0

2

4

6

8

10

Jul Aug Sep Oct Nov Jan

Langenbrugge (De) Measured
Modelled( noitartnecnoc 

muidoS
µ

m/g
3 )

Date

Fig. 5. Time series of observed and modelled concentrations at Langenbrugge (Germany) and Carnsore Point (Ireland) for 2005.

Table 2
Statistical comparison between the observed and modelled sodium concentrations for 2005. The annual average concentration (mg m�3) and the standard deviation for the
observations and the model are given, both for the sampling days (paired) and for the whole simulation period, as well as the correlation of the paired data. The number (N) of
available data points are indicated for each station.

Station (N) Observed
average (mg m�3)

Observed stdev
(mg m�3)

Modelled average
(mg m�3)

Modelled stdev
(mg m�3)

Correlation Modelled
average (mg m�3)

Modelled stdev
(mg m�3)

Paired Paired All year All year

Ulborg (347) 1.52 1.33 4.39 5.14 0.71 4.43 5.13
Anholt (360) 1.85 3.28 3.60 2.96 0.45 3.57 2.92
Langenbrugge (209) 0.39 0.39 0.93 1.05 0.70 0.92 0.98
Malin Head (360) 2.42 2.15 7.07 7.58 0.56 7.11 7.62
Oak Park (361) 0.71 0.58 2.83 1.73 0.67 2.84 1.73
Carnsore Point (245) 2.85 2.44 4.53 3.32 0.67 4.10 3.12
Barcelona (80) 0.88 0.68 0.68 0.45 0.49 0.65 0.46
Montseny (99) 0.26 0.24 0.64 0.43 0.43 0.63 0.53
Onda (62) 0.48 0.31 0.54 0.43 0.06 0.49 0.36
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based on these measurements and the respective modelled and
scaled PM10 values shows a satisfactory fit, even considering that
the modelled year and the years when the experimental data were
obtained are not coincident. Hence, this limited verification gives
additional confidence in the quality of the derived distribution.

4. Discussion

The compilation of sodium observations, collected from
different European studies, provides a good insight in the sea salt
distribution across Europe. At coastal sites along the Atlantic and
North Sea coast concentrations tend to be around 5 mg m�3. More
inland locations up to about 300 km away from the coast tend
to show concentrations between 2 and 5 mg m�3, whereas sites
further away from the coast are characterized by lower concen-
trations. These concentration ranges are highly consistent with
earlier compilations directed to the chemical speciation of PM10
(e.g. Putaud et al., 2004; Querol et al., 2004a, 2004b, 2009). This is
not a surprise since many of the stations included in these earlier
compilations are also used here, though we have limited ourselves
to sea salt estimates based on sodium as a tracer only. Compared
to the abovementioned studies we have considerably expanded
the number of sites, incorporated recent data and updated the
concentration datawhen longer time series were available. As such,
the compilation of observations provides a larger data set for model
validation in Europe than used before.

The compiled data set is heterogeneous with respect to
measurement approach and representativity in time. The repre-
sentativity in time can be addressed through the inter-annual
variability, whichwas found to bemoderately high. The inter-annual
variability was also studied in the NATAIR project (Grice et al., 2008)
by modelling themarine emissions around Europe for several years.
They arrived at an inter-annual variability of up to 40%. The present
compilation of observations supports these results. Also, using an
older version of LOTOS-EUROS the period 2000e2006 has been
modelled, leading to similar results (not shown). Ideally, longer
time series are needed for a good representation of the inter-annual
variability, but the present estimates give a consistent indication.

The modelling of the processes that impact the sea salt
concentration remains a challenge. The model represented the
spatial and temporal variability of the observed sea salt concen-
trations rather well. However, the absolute concentrations are
severely overestimated. This means that the temporal and spatial
variability of important parameters such as the emission strength
and deposition velocities are understood in general terms. In
contrast, the balance between the source and the sinks, i.e. depo-
sition, is not. This is a general problem evidenced by many model
evaluations that show reasonable temporal correlation coefficients

between observed and modelled daily concentrations in combi-
nation with an under- or overestimation of the measured annual
mean concentrations up to a factor three (e.g. Foltescu et al. (2005);
Witek et al. (2007b); Textor et al., 2006).

The available emission parameterizations, e.g. Monahan et al.
(1986), Smith et al. (1993), Gong et al., 2003; Mårtensson et al., 2003;
Clarke et al. (2006), show a considerable variability. The source func-
tions, Mårtensson et al. (2003) and Monahan et al. (1986), which
are used here, are well established, but are empirical approaches.
This implies that theymaynotbeuniversally valid. Recent reviewsgive
an uncertainty of a factor of 2e3 (O’Dowd andDe Leeuw, 2007; Clarke
et al., 2006), which is a less pessimistic estimate than the factor 7
previouslyestimatedbyLewisandSchwartz (2004).Theuncertainty in
the emission strength causes a corresponding uncertainty in sea salt
aerosol concentrations, which makes the model results very sensitive
to the choice of the source function.

Most emission parameterizations are based on campaign
data obtained on open ocean or are based on tank measurements.
Generation of sea salt particles is mainly parameterised as function
of wind speed and only Mårtensson includes a sea surface temper-
ature effect. However, a large number of other factors influence
whitecap cover and thereby the emission strength. These include e.g.
wave state, salinity and concentration and type of surface active
materials (Anguelova and Webster, 2006; Witek et al., 2007a).
The impact of these parameters is neglected in current parameteri-
zations but may be important for near coastal areas and smaller
sea bodies, such as theMediterranean Sea and the Baltic.Witek et al.
(2007a) showed that the inclusion of wave related parameters
such as orbital velocity in the source function, may improve the
correlation of modelled sea salt concentrations with observed
concentrations.

Also, Callaghan et al. (2008) showed that the whitecap cover
increases less strongly with the 10 mwind than is parameterised in
Monahan and Muircheartaigh (1980) above about 10 m s�1. In
a sensitivity analysis, we put a maximum on the source function by
cutting off the effective wind speed at 12.5. This indeed reduced the
annual mean concentration up to 40% on the locations with the
highest wind speeds but on the continent the effect is smaller
than 20% (not shown). Hence, compared to the abovementioned
uncertainty this effect on continental concentrations is small. New
approaches to estimate and parameterize whitecap cover through
for example remote sensing (Anguelova and Webster, 2006) or to
measure emission fluxes (Norris et al., 2008) may improve our
understanding and emission parameterizations in the future.

Another source for uncertainty is associated with the dry depo-
sition process. Textor et al. (2006) recognized the large differences
between different global models with respect to (dry) deposition
fluxes and efficiencies. LOTOS-EUROS includes besides the

Table 3
Additional data set for sodium used for evaluation of the derived sea salt distribution. For each station the name, country code, location, the years during which the
measurements were made, the sodium concentration (mg m�3) and data source is given.

Site name Country Lon Lat Year Na Reference

Melpitz DEU 12.9 51.5 2004e2005 0.36 Spindler et al., (2007)
Hortenkopf DEU 7.81 49.27 2002e2003 0.57 Kuhlbusch et al. (2003)
Mainz DEU 8.26 50,06 2002e2003 0.53 Kuhlbusch et al. (2003)
Koblenz DEU 7.58 50.35 2002e2003 0.59 Kuhlbusch et al. (2003)
Ludwigshafen DEU 8.43 49.46 2002e2003 0.63 Kuhlbusch et al. (2003)
Duisburg DEU 6.79 51.43 2002e2003 0.66 Quass et al. (2004)
Villar del Arzobispo ESP 0.50 39.44 2004e2005 0.24 Viana et al. (2008)
Melilla ESP �2.94 35.29 2007 1.92 SME (2009)
Madrid ESP �3.68 40.43 2007 0.38 SME (2009)
Santander ESP �3.80 43.45 2007 2.02 SME (2009)
Torrelavega ESP �4.03 43.33 2007 1.08 SME (2009)
Ponferrada ESP �6.57 42.55 2007 0.42 SME (2009)
Mace Head IRL �9.9 53.33 2001e2006 3.98 Cerburnis (2009)
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Zhang et al. (2001) scheme a second approach, DEPAC, for calcula-
tion of dry deposition velocities following Erisman et al. (1994). The
latter is based on empirical data obtained in the Netherlands and
provides systematically higher deposition velocities than in Zhang
et al. (2001). A sensitivity simulation shows that sea salt concen-
trations are nearly a factor 2 lower when DEPAC was used (Fig. 6).
In particular at sea coarse aerosol is deposited more efficiently. This
is at least partly caused by the high gravitational settling velocities
in DEPAC, which are based on particles of 10 mm diameter. In short,
particle dry deposition is also a major area for model improvement.

The comparison of the observations and modelling results
showed an overestimation of a factor of 2.46 of the model. This
factor is well within the uncertainty of the parameterization of the
source function and the dry deposition process, as discussed above.
Also, the model explained the spatial gradients observed in ambient
sodium data very well. Both arguments support the approach
followed here to scale the annual mean modelled concentrations
to provide a domain covering estimate of the sea salt distribution
that is consistent with observations. The limited verification of the
distribution supports the results for the annual mean distribution.
However, for a day by day assessment of the sea salt concentrations
we feel that the model needs to be improved on the above-
mentioned points and that the results can only be used in a more
indicative or qualitative sense.

5. Conclusions

In Europe sea salt may contribute significantly to particulate
matter concentrations. The annual average sea salt concentrations
above land were estimated to range between 0.3 and almost
13 mg m�3. Maximum concentrations are found at the Irish coast.
At coastal sites along the Atlantic and North Sea coast concentrations
tend to be around 5 mg m�3. More inland locations up to about
300 km away from the coast tend to show concentrations between 2
and 5 mg m�3, whereas sites further away from the coast are char-
acterized by lower concentrations. An analysis of the representativity
of the data with respect to a long term average showed that annual
mean sodium concentrations are associated with a standard
deviation of around 15%. The compilation of observations provides an
improved overview of sea salt concentrations in Europe as well as an

improved basis for model validation. Verification of the results of the
LOTOS-EUROS model learned that the represents the spatial vari-
ability of the observed sea salt concentrations verywell. However, the
absolute concentrations are significantly overestimated due to large
uncertainties in the emission and dry deposition parameterizations.
Using the high explained variability in the gradients across Europe,
the bias-corrected modelled distribution serves as a best estimate of
the sea salt distribution across Europe for 2005.
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