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h i g h l i g h t s
� Atmospheric N and S depositions over Mediterranean and Black seas are simulated.
� N transported from upwind sources is deposited over the Mediterranean.
� Dry deposition dominates over wet deposition in Mediterranean and Black Sea.
� Atmospheric N inputs are comparable to N export in Black and W. Mediterranean seas.
� Atmospheric N input exceeds the N export in the East Mediterranean Sea.
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a b s t r a c t

Atmospheric deposition provides significant amounts of nutrients to the continental and marine eco-
systems. Using the mesoscale WRF/CMAQ modeling system, the nitrogen (N) and sulfur (S) atmospheric
deposition fluxes over the Mediterranean and the Black seas and continental Europe are evaluated for the
year 2008. The annual N and S deposition fluxes are calculated to be 4.89 Tg(N) yr�1 and 2.07 Tg(S) yr�1

over continental Europe, 0.92 Tg(N) yr�1 and 0.52 Tg(S) yr�1 over West Mediterranean, 1.10 Tg(N) yr�1

and 0.84 Tg(S) yr�1 over East Mediterranean and 0.36 Tg(N) yr�1 and 0.17 Tg(S) yr�1 over the Black Sea.
Inorganic N deposition fluxes are calculated to be about 3 times higher than gaseous organic N depo-
sition fluxes. Comparison to available observations associates the annual mean model estimates with
about 40 � 30% of uncertainty depending on location. Dry deposition dominates over wet deposition for
both N and S in agreement with the observations. Results suggest that an important fraction of the N
deposited over the Mediterranean basin can be attributed to transported N species while S deposition is
dependent more on the local emissions. In Black Sea and West Mediterranean Sea waters the calculated
atmospheric N inputs are comparable to the N export measured by sediment traps whereas in the East
Mediterranean N input exceeds by a factor of about 5 the N export. Our simulations show that the critical
N load of 1 g(N) m�2 yr�1 is exceeded over 84% of the European forested areas.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Atmospheric deposition of nitrogen (N) and sulfur (S) species
from both natural and anthropogenic sources lead either to benefits
(fertilization) or drawbacks (acidification and accumulation of
excess nutrients) for the ecosystems (Driscoll et al., 2003). With the
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advent of the Anthropocene the transfer of these species has
increased over natural levels, modifying thus their biogeochemical
cycles in both terrestrial and aquatic ecosystems (Galloway et al.,
2008). First estimates indicate that the human-induced increase
in atmospheric N deposition to the oceans may account globally for
up to w3% of the annual new oceanic primary productivity (Duce
et al., 2008). Especially for semi-enclosed marine ecosystems
such as the Mediterranean Sea, atmospheric deposition of N may
account for up to 35e60% of new production (Christodoulaki et al.,
2013). Furthermore, in the atmosphere, ozone (O3) production is
driven by nitrogen oxide (NOx) availability and atmospheric acidity
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Fig. 1. The locations of the EMEP wet deposition stations (circles) and Finokalia station for dry deposition (triangle). Crosses represent monitoring stations in Markaki et al. (2010),
diamond represents the monitoring station at Zmiinyi Island, Ukraine (Medinets and Medinets, 2012) and pentagon represents the monitoring station in Erdemli, Turkey (Kocak
et al., 2010). The model domain extents from 18.98�N, 3.58�W to 49.82�N, 57.64�E. The EUROPE box represents Europe (from 29.95�N, 7.47�W to 54.98�N, 32.03�E), the East
Mediterranean box represents East Mediterranean (from 41.31�N, 27.67�E to 46.37�N, 43.76�E) and the West Mediterranean box represents Western Mediterranean (from 27.60�N,
2.77�W to 45.17�N, 15.14�E). The Black Sea box extends from 41.31�N, 27.67�E to 46.37�N, 43.76�E.
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is controlled by nitric acid (HNO3) and sulfuric acid (H2SO4) for-
mation (Seinfeld and Pandis, 2006). Thus, deposition of atmo-
spheric N and S species impacts on atmospheric chemistry. There
are different projections for the future levels of N and S deposition
fluxes over Europe based on different emission scenarios in the
literature that indicate control of the emissions of SO2 and NOx but
not those of NH3 (Dentener et al., 2006; Geels et al., 2012; Lamarque
et al., 2013).

Monitoring of deposition, particularly dry deposition, is very
challenging, especially over water bodies (Pryor et al., 2008), and
can provide data of only limited geographical coverage (Fowler
et al., 2009). Because deposition depends on surface characteris-
tics (dry deposition) and precipitation rates (wet removal), signif-
icant interpolation errors can occur when deposition is to be
evaluated over large areas based on observations. Atmospheric
chemistry and transport models (CTMs) are unique tools to provide
integrated view of the temporal and spatial variations of dry and
wet deposition over local to global scales. CTMs can calculate crit-
ical loads in order to provide estimates of the environmental
impact of deposition. They can use future emission estimates to
assess environmental change and provide advice to policy makers.
Such model output requires extensive evaluation by comparison to
observed deposition fluxes (Flechard et al., 2011).

Simpson et al. (2006) European Monitoring and Evaluation
Programme (EMEP) mesoscale modeling study calculated that dry
deposition of reduced N species is the major contributor to total
reactive N deposition in Central and southern Europe. Menegoz
et al. (2009) global CTM simulations of sulfate (SO4
¼) compared

with EMEP observations over Europe showed overestimations in
surface atmospheric SO4

¼ levels that have been attributed to
underestimated wet deposition.

Despite the importance of atmospheric deposition for ecosys-
tems, there is a limited number of modeling studies dedicated to
the evaluation of atmospheric deposition of N and S to the Medi-
terranean and the Black Seas (e.g. Markaki et al., 2010; references
therein, Medinets and Medinets, 2012). The present mesoscale
modeling study aims to fill this gap by performing, the first to our
knowledge study of one full year mesoscale simulation of atmo-
spheric deposition of N and S over Europe, with special focus on the
Mediterranean and Black Sea.

2. Materials and methods

2.1. The modeling system

The Advanced Research Weather Research and Forecasting
mesoscalemeteorological model (WRF-ARWv3.1.1; Skamarock and
Klemp, 2008) has been used to calculate the meteorological fields
necessary to drive the Community Multiscale Air Quality (CMAQ)
model, v4.7 (Byun and Schere, 2006). The model domain (Fig. 1)
covers most of the Europe, North Africa and the Middle East (from
18.98�N, 3.58�W to 49.82�N, 57.64�E) on a 30 � 30 km horizontal
resolution, extending up tow16 km on 23 vertical levels. The initial
and boundary meteorological conditions for the WRF model have



Table 1
Source-specific annual and seasonal domain-integrated emissions (annual emissions in Gg yr�1; seasonal emissions in Gg season�1).

Emissions (Gg season�1 or Gg yr�1) CO NOx
b SO2 NH3 NMVOC PM10

Anthropogenica Winter 1.3Eþ04 4.8Eþ03 4.7Eþ03 3.5Eþ02 6.3Eþ03 1.0Eþ03
Spring 9.8Eþ03 3.7Eþ03 2.7Eþ03 4.5Eþ02 5.2Eþ03 7.8Eþ02
Summer 9.4Eþ03 4.3Eþ03 3.2Eþ03 9.2Eþ02 4.7Eþ03 6.9Eþ02
Autumn 1.1Eþ04 4.6Eþ03 3.7Eþ03 4.0Eþ03 5.3Eþ03 1.0Eþ03
Annual 4.3Eþ04 1.7Eþ04 1.4Eþ04 5.7Eþ03 2.1Eþ04 3.5Eþ03

Biogenic Winter 6.5E�05 3.7Eþ01 1.9Eþ03
Spring 1.4E�02 1.3Eþ02 1.1Eþ04
Summer 1.2E�01 3.9Eþ02 4.1Eþ04
Autumn 5.9E�03 1.2Eþ02 9.3Eþ03
Annual 1.4E�01 6.8Eþ02 6.3Eþ04

Dust Winter 7.7Eþ04
Spring 1.2Eþ05
Summer 9.7Eþ04
Autumn 6.5Eþ04
Annual 3.6Eþ05

Biomass burning Winter 1.1Eþ00 5.4E�02 7.3E�03 1.9E�02 5.5E�01 6.5E�02
Spring 4.6Eþ00 2.3E�01 2.5E�02 8.3E�02 2.8Eþ00 2.2E�01
Summer 2.9Eþ01 1.5Eþ00 1.2E�01 5.8E�01 2.2Eþ01 1.1Eþ00
Autumn 9.7Eþ00 4.9E�01 4.1E�02 1.9E�01 7.3Eþ00 3.9E�01
Annual 4.4Eþ01 2.2Eþ00 1.9E�01 8.7E�01 3.3Eþ01 1.8Eþ00

a Anthropogenic includes shipping, aviation, agricultural emissions and land anthropogenic emissions.
b NOx (NO þ NO2) is assumed to be emitted by 90% as NO.
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been provided by the National Centers for Environmental Predic-
tion (NCEP) on a 1� horizontal and 6-h temporal resolution. The
WRF and CMAQ configurations and precipitation parameterizations
are given in Table S1 and discussed in the supplementary material
(see also Im et al., 2013).

Monthly initial and boundary chemical conditions for the CMAQ
model have been extracted from the global chemistry- Transport
Model v.4 of the Environmental Chemical Processes Laboratory
(TM4-ECPL) on a 3� � 2� spatial resolution and 34 vertical levels up
to 0.1 hPa (w65 km; Myriokefalitakis et al., 2011). Both WRF and
CMAQ models used a spin-up period of 20 days in December 2007
and the simulation period covered the year 2008 (366 days).

2.2. Deposition calculations

In CMAQ, dry deposition of particles is calculated by turbulent
air motion and by direct gravitational sedimentation of large par-
ticles (Pleim et al., 2001), using the resistance model approach
developed by Wesely and Hicks (1977). Dry deposition velocities of
gases are calculated by the MeteorologyeChemistry Interface Pro-
cessor (MCIP; Otte and Pleim, 2010) (see details in the
supplementary material). The seasonal variations of model-
calculated dry deposition velocities of gases of interest are pro-
vided in Table S2. Uncertainty in the simulations of dry deposition
fluxes is large. Flechard et al. (2011) evaluated that differences in
the representations of canopy characteristics of land use types,
stomatal conductance, non-stomatal resistances, deposition ve-
locities and exchange rates between models lead to high un-
certainties in simulated dry deposition fluxes (up to a factor of 3 for
gases and a factor of 10 for aerosols).

Wet deposition is calculated in the cloud module of CMAQ. Wet
deposition is determined by the Henry’s Law constant of the
gaseous tracer or scavenging rate of the aerosol mode and
component. CMAQ calculates the wet deposition by using an al-
gorithm that allocates precipitation amounts to individual layers
based on a normalized profile taking into account the non-
convective precipitation rate, sum of hydrometers (rain, snow and
graupel) and layer thickness to avoid excessive removing from thin
layers and little from thick layers (Foley et al., 2010). Organic ni-
trogen (ON) is calculated as the sum of the gaseous peroxy acetyl
nitrates (PAN) and organic nitrates (NTR) while inorganic nitrogen
(IN) is derived as the sum of gas and aerosol species: nitrate (NO3
�),

ammonia (NH3), ammonium (NH4
þ), HNO3, N2O5, NO, NO2 and

HONO. Sulfur deposition flux is calculated as the sum of SO4
¼, H2SO4

and SO2 deposition fluxes.

2.3. Emissions

The European anthropogenic emissions have been taken from
the emission inventory of the French National Institute of Industrial
Environment and Risks (INERIS: https://wiki.met.no/cityzen/
page2/emissions) provided in the frame of the CityZen project,
which is a re-gridded product of the 50 km � 50 km EMEP in-
ventory (http://www.ceip.at/). These emissions include shipping,
aviation, agricultural emissions and land anthropogenic emissions.
Anthropogenic emissions from the remaining areas (i.e. North Af-
rica and theMiddle East) have been provided by the Climate change
and Impact Research: the Mediterranean Environment (CIRCE)
global emissions inventory (Pozzer et al., 2012). Details on natural
emission calculations are given in the supplementary material.

The annual emissions from anthropogenic and natural sources
of gaseous and particulate atmospheric constituents used in the
model are given in Table 1. On annual basis, anthropogenic sources
are the major contributors to the gaseous pollutants in the region
whereas for particulate matter (PM), natural dust emissions are 2
orders of magnitude higher than anthropogenic emissions. The
inorganic reactive N and S annual emission distributions are
depicted in Fig. 2. The hot spot regions of London, Benelux, Po
Valley, Istanbul, Athens and Cairo and the shipping routes, partic-
ularly in the Mediterranean Sea and along the west coast of Europe,
clearly stand out. Source intensity of these areas may vary
depending on the pollutant. As an example, Po Valley stands out as
an important N source (Fig. 2a) in the region while this is not the
case for S emissions (Fig. 2b). The annual and seasonal variations of
N and S emissions over the studied regions are also given in Table 4.

2.4. Wet and dry deposition observations

EMEP (http://www.emep.int/) provides rain water concentra-
tions of pollutants and precipitation rates, at background stations
over Europe (Tørseth et al., 2012). Additional N and/or S deposition
fluxmeasurements over Europe are reported in literature (Morales-
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Fig. 2. (a) Nitrogen (NOx, NH3 and particulate nitrate) and (b) sulfur (SO2 and particulate sulfate) emissions used in the model and integrated over the year 2008 (grid resolution is
30 km).
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Baquero et al. (2006) for Sierra Nevada, Spain; Anatolaki and
Tsitouridou (2007) for Thessaloniki, Greece; Violaki et al. (2010)
for Crete, Greece and Markaki et al. (2010) for the Mediterranean
basin). Erisman et al. (2005) documented that uncertainty in wet
deposition measurements is high (up to 40%). Note that uncovered
wet deposition collectors can have a positive bias in measured
concentrations in precipitation due to dry deposition to the col-
lector surface thus causing an artificial appearance of underesti-
mation in modeled wet deposition. Such bias is expected to be
more effective during summer. At Finokalia (FKL), an atmospheric
monitoring station located at a central point in the East Mediter-
ranean basin (35.20�N, 25.40�E, 250 m asl; Mihalopoulos et al.,
1997) wet deposition measurements were made with wet-only
collectors. Wet deposition fluxes are derived as the product of the
precipitation amounts and the measured rain water concentrations
of SO4

¼, NO3
� and NH4

þ
, provided by EMEP in the EBAS database

(http://ebas.nilu.no). A total of 45 stations reported precipitation
and rain water concentration data inside the studied region for
2008 (Fig. 1 and Table S3). The wet deposition fluxes are then in-
tegrated seasonally and annually. In addition, observed monthly
dry deposition fluxes of SO4

¼, NO3
� and NH4

þ derived from obser-
vations (see details in the supplementary material) at FKL are used
to evaluate the model performance on a seasonal and annual basis.
FKL is now part of the EMEP and ACTRIS (Aerosols, Clouds, and
Trace gases Research InfraStructure) networks. Soluble IN obser-
vations of bulk (wet and dry) atmospheric deposition fluxes
(measured using a plate bulk deposition sampler, as the sum of
NO3

�, NH4
þ and NO2

�, this later being <0.2% of the total fluxes) at the
Zmiinyi Island in the northwestern Black Sea in 2008 (Medinets
and Medinets, 2012) have been also used for model evaluation.

The spatial coverage of the model evaluation has been increased
by using deposition data from the region for years other than 2008.
Annual and seasonal bulk deposition fluxes of soluble IN from Cap
Spartel (Morocco), Mahdia (Tunisia), Gozo (Malta), Cavo Greco
(Cyprus) and Akkuyu (Turkey) for the period 2001 to 2003
(Markaki et al., 2010) as well as dry (2006e2007) and wet (2006)
deposition data of NO3

� and NH4
þ from Erdemli, a coastal site at

southeastern Turkey (Kocak et al., 2010) have been also compared
with the model results. Observed dry deposition fluxes were
deduced from measured atmospheric levels of NO3

� and NH4
þ and

dry deposition velocities reported by Kocak et al. (2010). Wet
deposition fluxes are derived from rainwater concentrations and
precipitation amounts.

The following commonly used statistical parameters have
been calculated as benchmark for comparisons between model
results and observations: Correlation coefficient (r), BIAS,
normalized mean bias (NMB), root mean square error (RMSE),
mean absolute gross error (MAGE), normalized mean error (NME)
and index of agreement (IOA) (see definitions in the
supplementary material). Only the model calculated deposition
fluxes that correspond to the periods with observations have
been used for the comparisons.

3. Results

3.1. Assessment of CMAQ performance to simulate atmospheric
deposition

Atmospheric distributions of trace gases and aerosols simulated
using the same WRF-CMAQ set up used here but focusing over the
East Mediterranean have been evaluated by Im et al. (2011, 2012)
and Im and Kanakidou (2012). A detailed evaluation of the atmo-
spheric pollutant distributions derived by the CMAQ simulations
used in the present study is presented by Im et al. (2013). Here we
focus on evaluation of the model derived deposition fluxes by
comparison to observationally derived data. Simulated deposition
fluxes are affected by the emissions input and the model computed
transport, chemistry and precipitation patterns. Therefore inac-
curacies in all these deposition drivers cause differences between
observations and models. In particular, uncertainties in the simu-
lated precipitation and chemistry directly reflect in the calculated
deposition fluxes. In some case such discrepancies can counter-
balance and reduce the overall biases between observed and
simulated deposition fluxes. Thus, hereafter we also provide an
outlook of the ability of the model to simulate observed precipi-
tation rates in the studied region.

3.1.1. Simulated precipitation
In this respect, simulated precipitation rates are compared with

EMEP observations and the statistical evaluations of precipitation
for all these stations are provided in Table 2. Precipitation (Fig. 3a) is
underestimated by the model by about 12% on an annually-
integrated basis (Table 2) with the largest underestimation
(NMB¼ 20%) in fall and a slight overestimation (2%) in summer. The
spatial distribution of the NME at these EMEP stations (Fig. 3b),
reveals the largest NMEs over the Balkans and Italy and the smallest
over Central Europe. Additional comparisons for the NitroEurope
stations (Flechard et al., 2011) provided in the supplementary
Figure S1 indicate that the model is able to capture the general
pattern of precipitation rates but presents significant deficiency in

http://ebas.nilu.no


Table 2
Statistical comparison of annual and seasonal observed andmodeled wet deposition
fluxes at the EMEP stations (number of pairs¼ 44). Bias andMAGE are in mg m�2 per
year or per season for wet deposition fluxes and mm per year or per season for
precipitation amounts. NMB and NME are in percent.

r2 Bias NMB RMSE IOA MAGE NME

NH4
þ 0.3 �198 �53 262 0.6 201 54

NO3
� 0.4 �47 �17 146 0.8 110 39

NH4
þ þ NO3

� 0.4 �165 �47 226 0.7 170 48
SO4

¼ 0.2 �125 �36 267 0.6 172 46
Precipitation 0.5 �116 �12 417 0.8 318 33

Winter NH4
þ 0.1 �37 �68 51 0.5 38 70

NO3
� 0.1 �9 �19 37 0.6 27 54

NH4
þ þ NO3

� 0.1 �31 �58 45 0.5 35 65
SO4

¼ 0.2 �28 �41 55 0.6 38 56
Precipitation 0.2 �23 �11 118 0.7 88 41

Spring NH4
þ 0.2 �106 �80 142 0.4 106 80

NO3
� 0.5 �21 �23 52 0.8 38 42

NH4
þ þ NO3

� 0.3 �87 �71 118 0.5 88 71
SO4

¼ 0.4 �37 �34 68 0.7 53 47
Precipitation 0.6 �29 �10 120 0.9 90 31

Summer NH4
þ 0.3 �80 �67 104 0.5 81 67

NO3
� 0.4 �16 �21 48 0.8 34 46

NH4
þ þ NO� 0.3 �66 �60 87 0.6 67 60

SO4
¼ 0.4 �12 �13 53 0.8 44 48

Precipitation 0.3 5 2 204 0.6 127 52
Fall NH4

þ 0.2 33 53 72 0.5 52 82
NO3

� 0.4 13 22 42 0.7 30 53
NH4

þ þ NO3
� 0.3 29 47 65 0.6 46 75

SO4
¼ 0.3 �19 �23 58 0.7 41 49

Precipitation 0.6 �46 �20 102 0.9 80 34
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capturing the extreme events. Furthermore, the overestimate of
precipitation during summer might be due to the convective pre-
cipitation simulations. Thus, although our model resolution is high
compared to larger-scale models, the comparison of modeled pre-
cipitation to observations at specific stations remains a challenge
due to the high temporal and spatial variability of precipitation
events (Matthias et al., 2008; Appel et al., 2011).
Fig. 3. (a) Scatter diagram of modeled and observed annual precipitation (b) spatial distri
Appendix for definition); and Scatter diagram of modeled and observed annual wet deposit
corresponds to the annual flux at each EMEP station depicted in Fig. 1 and Table S3.
3.1.2. Simulated atmospheric deposition
Fig. 3cee depict the scatter diagrams of the observed and

simulated annual precipitation and SO4
¼, NO3

� and NH4
þ wet depo-

sition fluxes while Table 2 provides the statistical information on
annual and seasonal basis. Pollutant annual wet deposition fluxes
are underestimated by 36% for SO4

¼, by 17% for NO3
� and by 49% for

NH4
þ. Overall, the simulated annual wet deposition flux of N (sum of

NO3
� and NH4

þ) underestimates by 47% the observationally derived
flux. On a seasonal basis, the model shows similar performances
(Table 2). With the exception of fall, wet deposition fluxes of NO3

�

and NH4
þ are underestimated in all other seasons. In fall, the fluxes

overestimate by the model is attributed to that in the N sources
(primary, secondary or long range transport), since precipitation
fluxes are largely underestimated. Biases in observations of wet
deposition (Section 2.4) could also contribute to these discrep-
ancies between model and observations. For the other seasons,
relatively smaller underestimations of precipitation rates
compared to the wet deposition fluxes suggest underestimations of
sources, particularly in spring, leading to the largest underestima-
tion of IN deposition flux in spring.

Annual dry deposition fluxes at FKL are largely underestimated
by the model for SO4

¼ and NH4
þ and for total N by 30%, with larger

seasonal biases (Table 3a). Keeping in mind the large uncertainties
in dry deposition estimates discussed in Section 2.2 this compari-
son is satisfactory. On the opposite, although annual precipitation
rate (313 mm) compares very well with the observed rate
(w300 mm), the simulated bulk and wet deposition fluxes of the
sum of NO3

� and NH4
þ over the Zmiinyi Island in Black Sea highly

overestimate the observations of the specific year by a factor ofw2
while they lie in the range of the 6 years period fluxes (Table 3a).
This large difference between model and observations is due to
NO3

�which according to themodel contributes by 87% to the IN wet
deposition while Medinets and Medinets (2012) reported a NO3

�

contribution of about 18%. Recent measurements at two other lo-
cations of the Black Sea (Varna, Bulgaria, and Sinop, Turkey;
Mihalopoulos et al., unpublished work 2013) showNO3

� as the main
bution over Europe of the normalized mean error of the simulated precipitation (see
ion fluxes (WDEP) of (c) SO4

¼, (d) NO3
� and (e) NH4

þ at the EMEP stations. Each diamond



Table 3a
Comparison of simulated deposition fluxes for the year 2008 (Mod.) with observations (Obs.). Units are in g(N) m�2 yr�1 or g(S) m�2 yr�1.

NO3
� NH4

þ NO3
� þ NH4

þ SO2 þ SO4
¼ References

Obs. Mod. Obs. Mod. Obs. Mod. Obs. Mod.

Finokalia, Crete (2008)a 0.09 0.07 0.04 <0.01 0.13 0.07 0.22 0.05 Mihalopoulos et al.
unpublished data

Zmiinyi Island, Ukraine (2008)
(2004e2010)

0.27 � 0.05
0.69 � 0.07

0.53 Medinets and
Medinets (2012)

Erdemli, Turkey (2006e07) 1.29 1.30 0.56 0.21 1.85 1.51 Kocak et al. (2010)
Akkuyu, Turkey (2001e03)b 0.42 0.86 Markaki et al. (2010)
Cap Spartel, Morocco (2001e03)b 0.39 0.87 Markaki et al. (2010)
Cavo Greco, Cyprus (2001e03) b 0.67 0.99 Markaki et al. (2010)
Mahdia, Tunisia (2001e03)b 0.25 0.79 Markaki et al. (2010)

a Only dry deposition fluxes.
b N is calculated as the sum of N in NO3

�, NH4
þ, NH3, HNO3 and N2O5.
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contributor of IN deposition, indicating significant spatial vari-
ability within the area. At the Erdemli site, annual total deposition
flux of NO3

� agrees well with the reported value while NH4
þ is

underestimated by 38% (Kocak et al., 2010). Simulated annual N
deposition fluxes in the Mediterranean region for 2008 compare
reasonably well with observations in 2001e2003 by Markaki et al.
(2010), with overestimation by 50%e100% on annual basis
(Table 3a) with the exception of Mahdia, Tunisia. The model sim-
ulates larger contribution of dry deposition to total IN deposition
fluxes (67%) compared to wet deposition (33%), in agreement with
Markaki et al. (2010) who reported 60% and 40% contributions of
dry and wet deposition, respectively. In general, dry deposition
fluxes are calculated to be higher than wet deposition fluxes both
for N and S species in all studied regions (Table 4).

3.2. Nitrogen and sulfur deposition

Annual total (wet and dry) deposition fluxes of N and S are
calculated for the continental Europe, the Mediterranean basin and
the Black Sea (see Fig.1 for the area definitions). TheMediterranean
basin is further divided into West Mediterranean and East Medi-
terranean. These calculated total annual deposition fluxes are
depicted in Fig. 4. Table 4 summarizes the simulated annual and
seasonal wet and dry deposition fluxes of N and S while ON and IN
deposition fluxes over these regions are provided in Table S4 in the
supplementary material. Regional estimates of deposition fluxes
compare well with earlier studies (Table 3b). Because of the interest
of atmospheric deposition over the Black Sea for regional studies,
atmospheric deposition over the Black Sea has been also computed
separately, although the Black Sea is also part of the East Mediter-
ranean domain.

The simulated total N and S deposition fluxes over the Black Sea
of 0.36 Tg(N) yr�1 and 0.17 Tg(S) yr�1 (Fig. 4a and b) are comparable
with the 0.20 Tg(N) yr�1 and 0.26 Tg(S) yr�1 reported by EMEP
(2010). Deposition is generally higher over the coastal regions
due to the vicinity of emissions. Table 4 shows that for both S and N
total deposition fluxes, East Mediterranean and the Black Sea
together experience 1.5e2 times higher values than West Medi-
terranean. Total N deposition fluxes for the Mediterranean Sea is
about twice the estimated by EMEP (2010), while the here
computed S deposition flux is comparable with the EMEP (2010)
estimates. The calculated continental Europe annual N and S
deposition fluxes are shown in Fig. 4e and f. When both land and
sea are considered, N deposition agrees well with the earlier esti-
mates over Europe that span between 5.6 and 12.3 Tg(N) yr�1

(Table 3b), while total deposition flux of S remains by at least 60%
lower than the earlier estimates that span between 6.4 and
11.2 Tg(S) yr�1. Lamarque et al. (2013) ensemble modeling report
a mean deposition flux rates of 1.06 g(N) m�2 yr�1 and
1.08 g(S) m�2 yr�1 for Central Europe very close to the
0.97 g(N) m�2 yr�1 but double the 0.49 g(S) m�2 yr�1 here calcu-
lated for the Europeanmodel domain. Differences can be attributed
to differences in domain definitions regarding Europe and in model
resolutions. Boundary conditions are also important for long-lived
pollutants, particularly considering the importance of inflow to
the Mediterranean region, as shown by Im and Kanakidou (2012).

Annual wet deposition flux of TN over West Mediterranean is
slightly higher than over East Mediterranean Sea while S wet
deposition flux over the east basin is 50% higher than over the west
basin. Simulations show w40% higher precipitation over the West
Mediterranean (w491 mmyr�1) than the East Mediterranean. Both
S and N emissions show an opposite to precipitation pattern, being
50% higher for N and almost 4 times higher for S over the East than
the West Mediterranean. The simulations show that annual N
deposition fluxes over East Mediterranean are equivalent to 130% of
the N emissions from the same area, suggesting transported N to
the region that is deposited here. On the other hand, annual S
deposition over East Mediterranean is equivalent to 72% of the S
annual emissions from the same area, suggesting that the S is
exported to downwind regions. Higher ratios are calculated for the
West Mediterranean (179% and 96% for N and S respectively),
suggesting larger regional and local emission impacts over the
West than the East Mediterranean. Over the continental Europe,
total N and S deposition is calculated to be equivalent to 83% and
76% of the European N and S emissions, respectively.

Table S4 shows that both computed wet and dry deposition
fluxes of IN are higher than ON. Over continental Europe, IN
deposition flux is almost a factor of 3 higher than ON. Over the
Black Sea, ON and IN dry deposition fluxes are comparable in
agreement withMedinets andMedinets (2012), while over the East
and West Mediterranean Sea, dry deposition fluxes of IN are larger
up to a factor of 2 than ON, in agreement with Markaki et al. (2010).
Those comparisons have to be seen with caution since in the pre-
sent study, we do not account for ON present in the particulate form
(Kanakidou et al., 2012 and the references therein). The here
neglected contribution of particulate ON to atmospheric deposition
of ON has been estimated to be w70%, globally (Kanakidou et al.,
2012).

The spatial distributions of N and S deposition fluxes over
Europe reflect their emission distributions (Fig. 2) and their short
term outflow downwind source regions, particularly over the Po
Valley, Benelux and Northern France. The model estimates that
over continental Europe, 19% of total N is deposited over forested
regions, with 84% of these regions receiving fluxes larger than the
critical nitrogen load of 1 g(N) m�2 yr�1. This exceedance is calcu-
lated for over most of the continental Europe except for Spain and
Portugal, with larger exceedances over north Western Europe,
particularly over Benelux, and also over Po Valley (Fig. 4e). It



Fig. 4. Annually integrated atmospheric N (kg (N) km�2 yr�1; left panels) and S (kg (S) km�2 yr�1; right panels) deposition fluxes over East Mediterranean including Black Sea (a,b),
West Mediterranean (c,d) and continental Europe (e,f). Nitrogen is calculated as the sum of PAN, NTR, NO3

�, NH3, NH4
þ, HNO3, N2O5, NO, NO2 and HONO. Sulfur is calculated as the

sum of aerosol nss-SO4
¼, H2SO4 and SO2.
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indicates an imbalance in the nutrient cycling that leads to a change
in the ecosystem diversity (Bobbink et al., 1998; UN-ECE, 2010). Our
results agree with Dentener et al. (2006) who using 23 CTMs
calculated that 30% and 80% of vegetation in western and Eastern
Europe, respectively, are affected by deposition over the critical N
load threshold.

3.3. Seasonality of nitrogen and sulfur deposition over the
Mediterranean basin and Europe

The simulated seasonal variations of wet and dry deposition
fluxes of TN (ON and IN) and S are depicted in Fig. 5 for each focus
area (values also in Table 4 and S4). Over Black Sea, both dry and
wet deposition fluxes of TN maximize in fall (0.08 and
0.05 Tg(N) season�1, respectively) and minimize in spring,
following the N emissions. Regarding S deposition over Black Sea,
the maximum dry deposition is calculated in winter and the min-
imum in summer, following the S emissions. Wet deposition fluxes
of S over the area maximize in fall and winter and minimize
summer and spring following precipitation.

Over the East Mediterranean (Fig. 5a and b and Table 4), dry
deposition fluxes of TN maximize in fall and minimize in spring
while wet deposition fluxes of TN are less than half the dry depo-
sition maximizing in winter and minimizing in summer. Similarly,
in this area the largest and smallest wet deposition fluxes of S are
calculated inwinter and in summer, respectively, with amaximum-
to-minimum ratio of 10, while dry deposition fluxes of S maximize
in winter and minimize in spring with a maximum-to-minimum
ratio of about 2. The West Mediterranean shows a similar sea-
sonal pattern in deposition fluxes with Black Sea that differs from
the East Mediterranean in the seasonal pattern of the wet deposi-
tion flux that maximizes in fall due to 2 times higher precipitation
rate over the West than the East Mediterranean.

Over the continental Europe (Fig. 5c and d and Table 4), dry
deposition fluxes of TN maximize in fall (1.74 Tg(N) season�1) and
minimize in winter (0.58 Tg(N) season�1), following the seasonal



Table 3b
Comparison of simulated total annual deposition fluxes with other modeling studies
in the literature. Units are in Tg(N) yr�1 and Tg(S) yr�1 for Nitrogen and Sulfur
deposition fluxes over Black Sea, Mediterranean Sea and Europe. (*) Significant
differences exist in the definition of the European domain and the year of the flux
estimate. N deposition refers to the sum of deposition fluxes of all N-containing
species in the model. S deposition refers to SO2 and SO4

¼ deposition fluxes.

Region* Year N deposition S deposition References

Black Sea 2005 0.21 Bartnicki and
Fagerli (2008)

2008 0.20 0.26 EMEP (2010)
2008 0.36 0.17 This study (sea only)

Mediterranean 2005 0.97 Bartnicki and
Fagerli (2008)

2008 0.94 1.09 EMEP (2010)
2008 2.02 1.36 This study (sea only)

Europe 1978e94 8.4e11.2 Holland et al. (2005)
2006 8.1 6.4 Aan de Brugh

et al. (2011)
2005e08 7.4 7.5 Pozzer et al. (2012)
2000 5.6 8.6 Lamarque et al. (2013)
2008 12.3 11.2 EMEP (2010)
2008 7.7 3.9 This study

(land and sea)
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pattern of N emissions. Same seasonal variation is calculated for the
wet deposition flux of total N with the maximum in fall
(0.29 Tg(N) season�1) andminimum inwinter (0.11 Tg(N) season�1)
due to the emissions. Regarding S, the dry deposition flux maxi-
mizes in winter (0.59 Tg(S) season�1) and minimizes in summer
(0.26 Tg(S) season�1) following S emissions. Contrary to the sea-
sonality in S emissions and precipitation, wet deposition flux of S
over the continental Europe is calculated to be largest in spring and
summer. However, when both land and sea are considered in the
defined region (Fig. 1), maximum and minimum wet deposition
fluxes of S are calculated in fall and spring, respectively, following
the emission and precipitation patterns, suggesting transport of
Table 4
Simulated annual and seasonal dry and wet deposition fluxes of nitrogen and sulfur, and
Black Sea (BS), East (EM) and West Mediterranean (WM) seas, continental Europe (EUR
parentheses show the total deposition over landþ seawithin the specified regions. For the
mm yr�1 or Tg(N) season�1, Tg(S) season�1 and mm season�1.

Nitrogen deposition (Tg(N) period�1) Sulfur deposition

Dry Wet Total Dry We

Annual BS 0.23 0.12 0.36 0.16 <0.
EM 0.81 (2.88) 0.29 (0.85) 1.10 (3.73) 0.52 (1.37) 0.32
WM 0.60 (2.80) 0.32 (0.65) 0.92 (3.45) 0.33 (0.48) 0.19
EUR 4.14 (5.65) 0.75 (2.03) 4.89 (7.68) 1.59 (2.51) 0.49
Dom 17.92 2.89 20.82 3.81 1.98

Winter BS 0.05 0.03 0.08 0.07 0.02
EM 0.20 (0.52) 0.12 (0.22) 0.32 (0.74) 0.21 (0.53) 0.11
WM 0.13 (0.40) 0.08 (0.13) 0.21 (0.54) 0.11 (0.15) 0.06
EUR 0.58 (0.90) 0.11 (0.39) 0.69 (1.29) 0.59 (0.90) 0.08
Dom 3.53 0.57 4.1 1.34 0.44

Spring BS 0.04 0.02 0.06 0.03 0.02
EM 0.15 (0.60) 0.04 (0.19) 0.19 (0.78) 0.09 (0.29) 0.04
WM 0.11 (0.81) 0.05 (0.13) 0.17 (0.94) 0.07 (0.11) 0.04
EUR 0.70 (1.03) 0.19 (0.43) 0.89 (1.46) 0.36 (0.56) 0.15
Dom 4.62 0.65 5.27 0.86 0.54

Summer BS 0.06 0.02 0.08 0.02 0.02
EM 0.20 (0.82) 0.01 (0.11) 0.21 (0.93) 0.09 (0.23) 0.01
WM 0.14 (0.87) 0.02 (0.08) 0.16 (0.95) 0.06 (0.10) 0.01
EUR 1.13 (1.53) 0.16 (0.36) 1.29 (1.89) 0.26 (0.43) 0.15
Dom 4.79 0.5 5.29 0.68 0.42

Fall BS 0.08 0.05 0.13 0.04 0.03
EM 0.27 (0.94) 0.12 (0.33) 0.38 (1.28) 0.13 (0.33) 0.07
WM 0.21 (0.71) 0.17 (0.31) 0.38 (1.02) 0.09 (0.12) 0.08
EUR 1.74 (2.19) 0.29 (0.85) 2.02 (3.04) 0.38 (0.61) 0.12
Dom 4.98 1.17 6.16 0.93 0.58
land emissions over the sea. The model estimates a very low sea-
sonal variability of total N (TN ¼ IN þ ON) deposition over the
European forests (18%e20%).

Deposition-to-emission equivalent ratios for N and S for each
focus area indicate that largest contribution from medium and
long-range transport occurs during transition seasons. Similar to
the annual equivalent ratios, this ratio is larger for N compared to S
for all seasons. For the Mediterranean, the ratios for N are larger
than 1 while for S, they are generally lower than 1, suggesting that
transport from upwind locations is an important source of N in the
Mediterranean. However, it should be noted that these ratios are
subject to changes depending on the definitions of the areas and
should be treated carefully. Over continental Europe, these ratios
are lower than 1 as expected.
3.4. Significance of atmospheric N input to the Mediterranean and
Black Sea

The relative importance of these simulated atmospheric N in-
puts to the Mediterranean and the Black Seas, is shown by com-
parison with the corresponding riverine N inputs to these seas,
estimated for 1998 by Ludwig et al. (2009). A very small fraction of
these riverine inputs also comes from the atmosphere. Simulated
atmospheric N deposition (2.02 Tg(N) yr�1) to the Mediterranean
Sea is higher than the riverine inputs (1.08 Tg(N) yr�1) by almost a
factor of two. The atmospheric N deposition is calculated to be
higher than the riverine inputs reported by Ludwig et al. (2009)
(0.71 and 0.36 Tg(N) yr�1, for the East and West Mediterranean).
On the opposite in the Black Sea the riverine N input
(1.12 Tg(N) yr�1) is 3 times higher than the atmospheric deposition
(0.36 Tg(N) yr�1), although the here calculated atmospheric N
deposition agrees with experimentally derived estimates.

Simulated atmospheric N deposition over the Mediterranean
Sea (2.02 Tg(N) yr�1) is within the range of the experimentally
precipitation. N and S emissions used as input to CMAQ model. Data are reported for
) and the entire simulation domain (Dom). See also Fig. 1 for area definitions. The
Black Sea area only the sea surface is considered. Units are Tg(N) yr�1, Tg(S) yr�1 and

(Tg(S) period�1) Precipitation
(mm period�1)

Nitrogen emis.
(Tg(N) period�1)

Sulfur emis.
(Tg(S) period�1)

t Total

01 0.17 415 0.52 0.4
(0.70) 0.84 (2.07) 349 (405) 2.88 2.88
(0.33) 0.52 (0.81) 491 (384) 1.93 0.84
(1.37) 2.07 (3.88) 504 (555) 9.26 5.08

5.79 328 13.05 7.76
0.09 138 0.09 0.12

(0.19) 0.32 (0.72) 174 (146) 0.55 0.89
(0.09) 0.16 (0.23) 181 (116) 0.39 0.23
(0.32) 0.67 (1.22) 188 (159) 1.8 1.55

1.78 104 4.78 4.8
0.05 56 0.08 0.1

(0.18) 0.13 (0.47) 42 (84) 0.46 0.7
(0.08) 0.11 (0.19) 87 (92) 0.28 0.18
(0.37) 0.51 (0.93) 106 (141) 1.42 1.18

1.4 82 4.74 3.89
0.04 61 0.16 0.08

(0.13) 0.10 (0.36) 22 (66) 0.64 0.6
(0.04) 0.07 (0.14) 15 (35) 0.45 0.21
(0.28) 0.41 (0.72) 47 (98) 2.06 1.11

1.1 64 5.44 3.3
0.08 160 0.18 0.1

(0.20) 0.19 (0.52) 114 (115) 1.22 0.69
(0.13) 0.17 (0.25) 209 (143) 0.8 0.22
(0.40) 0.49 (1.02) 165 (160) 3.97 1.24

1.51 98 11.1 3.62



Fig. 5. Seasonal variation of simulated dry and wet deposition of N (sum of PAN, NTR, NO3
�, NH3, NH4

þ, HNO3, N2O5, NO, NO2 and HONO) and S (sum of nss-SO4
¼, H2SO4 and SO2) over

a,b) Black Sea and East and West Mediterranean Sea and c,d) continental Europe and the entire model domain (See Fig. 1 for domain and area definitions). Note difference in scales.

U. Im et al. / Atmospheric Environment 81 (2013) 660e670668
derived atmospheric deposition estimates of 0.27e2.06 Tg(N) yr�1

by Krom et al. (2004). Results show that atmospheric N input to the
Mediterranean Sea is significant when compared to other sources
such as intrusion of Atlantic surface water (0.79e1.89 Tg(N) yr�1),
rivers (1.08e1.20 Tg(N) yr�1), groundwater (0.25 Tg(N) yr�1) and
point sources (0.27 Tg(N) yr�1). Note however that riverine inputs
are largely confined close to the land and thus atmospheric depo-
sition is expected to be the main external to the ocean source of
nutrients in the open sea.

The potential role of atmospheric N deposition on marine pro-
ductivity can be investigated by comparing the calculated fluxes
with new primary production. Due to the absence of continuous
and long-term measurements of new production, sediment trap
data can be a good proxy of new production. Assuming all depos-
ited N is converted to biomass based on the Redfield stoichiometry
(C:N ratio of 106:16, Redfield,1934), the new production potentially
sustained by the atmospheric deposition fluxes is estimated.

For Black Sea, the calculated atmospheric deposition of N can
sustain an external carbon input of 2.4 Tg-C yr�1 that can counter-
balance the outflux to the sediments of 1.6 Tg-C yr�1 derived from
sediment traps measurements in the open Black Sea water by
Theodosi et al. (2013). These results support an important role of at-
mospheric deposition for the open waters of the Black Sea. Similar
approach can be applied for both the West and East Mediterranean
basin. For the East Mediterranean the calculated atmospheric N
deposition flux of 0.8 g(N) m�2 yr�1 is a factor of about 5 higher than
theNexportmeasured in sediments traps by Kouvarakis et al. (2001).
Therefore, atmosphere can provide more than enough of the N
required for phytoplanktonic development in this area, contributing
to over-nutrification. The excess of N accumulates then in the water
column and could explain the anomalous N/P ratio observed in the
Eastern Mediterranean (Christodoulaki et al., 2013). For the West
Mediterranean the role of N deposition is calculated to be smaller
compared to the eastern basin but still significant. Indeed the atmo-
spheric deposition of 0.9 Tg(N) yr�1 can sustain and new production
of 5.2 Tg-C yr�1, or 13 mg-C m�2d�1, which is within the range of the
values reported by Ternonet al. (2010) at theDyfamed site for a 4 year
period. Again these results clearly indicate the predominant role of
atmospheric deposition for the entire Mediterranean.

4. Conclusions

The distributions of annual (2008) and seasonal N and S depo-
sition fluxes over Europe are simulated using a mesoscale WRF/
CMAQ model system, separating the Black Sea from the West and
East Mediterranean Seas, and the continental Europe. While
regional deposition fluxes estimates lie within the range of earlier
estimates, the model underestimates the deposition fluxes at in-
dividual monitoring sites by 10e80% depending on species, season
and location. The largest differences are calculated for the wet
deposition flux of NH4

þ, leading to discrepancies in the total nitro-
gen deposition. Annual precipitation, on the other hand, is under-
estimated only by 10e20% (although locally higher deviations from
observations are found), suggesting the differences in observed and
simulated deposition fluxes can be largely attributed to atmo-
spheric sources (emissions, chemical production and transport).
Note that precipitation scavenging is recognized as a major un-
certainty in model simulations (Lamarque et al., 2013; Huneeus
et al., 2011). The model generally underestimated total N deposi-
tion fluxes over the Mediterranean basin, with larger un-
derestimations in organic compared to inorganic nitrogen. Overall
comparisons of model results with observations show an average of
40 � 30% underestimation on annual basis.

Despite the above discussed significant uncertainties in depo-
sition calculations, the results show that dry deposition is more
important than wet deposition in all focus areas and all seasons for
both N and S deposition. East Mediterranean basin is calculated to
receive more deposition than theWest basin although it rains more
in the West basin. Thus, differences in the deposition fluxes are
attributed to differences in the emission patterns and physico-
chemical transformation between the two regions. Dry deposition
fluxes of N are calculated to be largest in all studied regions during
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fall while sulfur depositionmaximizes inwinter. On the other hand,
wet deposition following the seasonal variation in precipitation,
minimizing in summer and maximizing in fall. Annually, the
Mediterranean Sea receives 2.02 Tg(N) yr�1 nitrogen and
1.36 Tg(S) yr�1 sulfur deposition while the Black Sea receives
0.36 Tg(N) yr�1 and 0.17 Tg(S) yr�1 nitrogen and sulfur, respectively.
Continental Europe receives 4.89 Tg(N) yr�1 and 2.07 Tg(S) yr�1

nitrogen and sulfur deposition, respectively. Our model results
compare well with previous model studies over Europe, particu-
larly for nitrogen.

The results show that on annual basis, total deposition fluxes of
nitrogen and sulfur are equivalent to more than 70% of the regional
emissions in the areas of discussion. Simulations also suggest that a
significant amount of the N deposition is transported N species to
the Mediterranean basin while S deposition depends more on local
emissions on annual and seasonal basis. Over most of the conti-
nental Europe, the critical for the ecosystems nitrogen deposition
load of 1 g(N) m�2 yr�1 is exceeded, in particular, in 84% of the
European forested areas (Scandinavian forests are not included in
our study area). Comparisons with riverine N inputs to the Medi-
terranean and Black Seas suggest that atmospheric deposition is an
important contributor to the nutrients external input in these
marine ecosystems. Our results clearly indicate the predominant
role of atmospheric deposition for the open Mediterranean and
Black Sea waters.
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