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Abstract

Sulphate distributions were simulated with a global chemistry transport model. A chem-
ical scheme describing the sulphur cycle and the parameterisations of the main sinks
for sulphate aerosols were included in the model. A six-year simulation was conducted
from the years 2000 to 2005, driven by the ECMWF operational analyses. Emissions5

come from an inventory representative of the year 2000. This paper focuses on the
analysis of the sulphate sinks and sources over Europe for the entire period of simu-
lation. The Sulphate burden shows a marked annual cycle, which is the result of the
annual variations of the aqueous and gaseous chemistry. Sulphate columns can vary
regionally by 100% between different years, due to meteorological conditions, driving10

chemistry, transport and wet deposition of sulphate aerosols. Sulphate ground con-
centrations, scavenging fluxes and precipitation modelled were compared with obser-
vations. The model represents quite well sulphate fields over Europe, but has a general
tendency to overestimate sulphate ground concentrations, in particular over Northern
Europe. We assume that it is linked to the representation of the scavenging fluxes,15

which are underestimated. We suggest that uncertainties in modelled precipitation
explain only partially the underestimation of the scavenging fluxes in the model.

1 Introduction

Atmospheric aerosols have significant effects on human health (e.g., World Health
Organization, 2002) and represent a significant forcing of the Earth’s climate (e.g.,20

Haywood and Boucher, 2000). However, their effect on the radiative balance of the
earth is rather uncertain, because their burden, particle size distribution and properties
are not well known (IPCC, 2007). The first step when studying the impact of aerosols on
climate - and how it may change due to human activities – is to describe the distribution
of natural and anthropogenic aerosols over the globe.25

Some aerosols are emitted by natural sources, like dust and sea-salt, and other are
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emitted by human activities, like Black-Carbon (BC). Some aerosols have both natural
and anthropogenic sources, like organic aerosols and sulphates (IPCC, 2007). These
two aerosols can be directly emitted into the atmosphere, or produced by chemical
reactions, from precursor gases. To represent and understand complex behaviour of
aerosols, Chemical Transport Models (CTM) are often used. In particular, many numer-5

ical simulations has been performed to describe sulphate distributions, both at global
scale (e.g., Kasibhatla et al., 1997; Koch et al., 1999; Barrie et al., 2001; Berglen et al.,
2004) and regional scale (Hass et al., 2003). Sulphate mainly originates from the oxi-
dation of anthropogenic and volcanic sulphur dioxide (SO2), but also from the oxidation
of dimethylsulfide (DMS), produced by marine phytoplankton. Sulphate aerosols have10

a short lifetime, about 5 days (Lelieveld et al., 1998), and their distributions can change
very quickly, due to their strong dependence to meteorological conditions. Regionally,
the year to year variability of the monthly mean aerosol burden can reach 100% be-
cause of different weather conditions (Marmer et al., 2007). At the global scale, the
results of the aerosol simulations made by existing models differ widely. This is mainly15

due to the difference in the representation of sources and sinks in each model (Textor
et al., 2006). Indeed, models show different annual chemical production of sulphate,
depending on the representation of sulphur compounds and oxidants chemistry. The
main sink for sulphate is wet deposition (Seinfeld and Pandis, 2006). Its representa-
tion is very different from one model to another (Textor et al., 2006), inducing large20

differences in scavenging fluxes and therefore in sulphate burden modelled.
For this study, we have performed a six-year global simulation, from 2000 to 2005 for

dust, BC and sulphate. This paper focuses on the variability of the sulphate distribution
over Europe, a place where sulphate comes mainly from SO2 oxidation and where lot of
observations are available. In a first part, we introduce the CTM that we have used and25

the main parameterisations linked to the atmospheric aerosols. Then, the variability of
the sulphate concentration over Europe is evaluated and its link with the main sinks and
sources is studied. Finally, modelled sulphate concentrations and surface scavenging
fluxes are compared with observations.
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These comparisons are used to discuss the capacity of the model used to represent
sulphate sinks and sources.

2 Experimental setup

For this study, we have used the MOCAGE (Modèle de Chimie Atmosphérique de
Grande Echelle) (Teyssedre et al., 2007) CTM of Météo-France. MOCAGE is used for5

a range of applications, from regional studies of air quality to global analyses of the
evolution of both the stratosphere and the troposphere. MOCAGE can perform simu-
lations with nested domains, the parent global grid providing fully-consistent boundary
conditions to the inner grids. Here, we present a version which was adapted to repre-
sent trace gases and aerosols at the global scale.10

2.1 General features of the MOCAGE CTM

In our simulation, MOCAGE is used with a T42 Gaussian grid (about 2.8◦×2.8◦ hori-
zontal resolution) and with 47 layers from the surface to 5 hPa. 7 levels are within the
planetary boundary layer (PBL), 20 in the free troposphere and 20 in the stratosphere.
The vertical coordinate is hybrid (σ, P). The first layer is 40 m thick, while the resolution15

above 300 hPa is constant with altitude, around 800 m. In our simulation, the air tem-
perature, humidity, pressure and wind components used to drive MOCAGE consist in
the 6-hourly analyses of the European Centre for Medium-Range Weather Forecasts
(ECMWF) IFS model. A semi-lagrangian scheme is used for the advection of tracers
and chemical compounds. It is based upon the work of Williamson and Rasch (1989)20

and it is not supposed to conserve mass as soon as the grid is irregular. A simple
correction scheme is therefore applied in order to ensure total mass conservation dur-
ing transport. Further details on the transport in MOCAGE are presented in Josse et
al. (2004), which has validated MOCAGE transport comparing modelled and observed
radon field. Time steps are 1 h for advection and 15 min for subgrid-scale processes.25
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M. Ménégoz et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Turbulent diffusion follows Louis (1979), while the convection scheme (mass-flux type)
is that of Bechtold et al. (2001). The representation of dry-deposition, based on the
work of Wesely (1989) is presented in Michou and Peuch (2002). In-cloud and below-
cloud scavenging representation for gases is presented in Teyssèdre et al. (2007).
MOCAGE can simulate the evolution of three types of aerosols, represented by differ-5

ent bins size: 5 bins for dust between 0.01µm and 100µm and 4 bins for both BC
and sulphates between 0.001µm and 10µm. Representation of the different aerosol
sources and sinks is described in the following paragraphs.

2.2 Emissions

BC and dust are not involved in chemical reactions in our model and are directly emitted10

in the atmosphere. Sulphate aerosols are both directly emitted in the atmosphere and
produced by the oxidation of SO2, DMS and hydrogen sulphide (H2S). For our six-
year simulation, we have used the “AEROsol Comparisons between Observations and
Models” (AEROCOM) global inventory representative of the year 2000 (Dentener et
al., 2006). Emissions of SO2, H2S and SO2−

4 are constant over the year, except for15

biomass burning emissions, which have monthly variations. Daily variations of DMS
and dust are present in the AEROCOM inventory. However, we have used monthly
averages for these fields because we assumed that daily variations of these emissions
are very different from one year to the other, and it would not make sense to do our
six-year simulation with the daily variation of the year 2000. We assumed that 2.5% of20

the anthropogenic elementary sulphur is directly emitted as SO2−
4 ; the rest being SO2.

To avoid too strong vertical gradients within the PBL, emissions are distributed in the
five lowest levels of the model, over an altitude of 600 m on average.

2.3 Sulphur chemistry

Several chemical scheme are available running MOCAGE. For global simulations of25

atmospheric oxidants, a full chemical scheme describing the evolution of 82 gaseous
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species throughout 242 chemical reactions is used. It is a combination of the tro-
pospheric scheme RELACS (Crassier et al., 2000) and of the stratospheric scheme
REPROBUS (Lefèvre et al., 1994). In our study, we used a simple chemical scheme,
that considers the sulphur cycle only, based on Pham et al. (1995). The sulphur cycle
is described with nine chemical reactions that involve eleven species (see Fig. 1). The5

oxidants (OH, H2O2, O3 and NO3) are provided by a one-year MOCAGE simulation
with the full chemical scheme. The oxidation reactions described, both in the gaseous
and aqueous phases, lead to the formation of sulphate (SO2−

4 ), that condensate quasi-
instantaneously into aerosol particles.

2.4 Physics of aerosols in the model10

Aerosols are removed from the atmosphere by three main sinks: dry deposition, due
to the contact of the atmospheric flow with the earth surface, sedimentation, implied
by gravitational forces, and wet deposition, due to the presence of water droplet in the
atmosphere (Seinfeld and Pandis, 2006). In the following, we describe the parameteri-
sations of these processes that we used.15

Parameterisation of the dry-deposition is based on Seinfeld and Pandis (2006), and
its adaptation in MOCAGE is presented in Nho et al. (2004).

The velocity sedimentation, based on Stokes law, is adapted for the atmosphere in
Seinfeld and Pandis (2006):

vs =
ρpD

2
pgCc

18µair
(1)20

where ρp is the particle density, Dp its diameter, µair the air viscosity and Cc a coeffi-
cient which takes into account air rarefaction with altitude.

MOCAGE describes both below-cloud and in-cloud scavenging. A collision efficiency
between aerosols and droplets is computed to determine below-cloud scavenging. It
depends on the Reynolds and Schmidt numbers and on the ratio of aerosol and droplet25

diameters, as presented in Seinfeld and Pandis (2006). In-cloud scavenging is the
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adsorption of particles by cloud droplets. Its efficiency depends on the aerosol com-
position. For each grid cell, a scavenging rate λ is computing (Langner and Rodhe,
1991):

λ =
ε × R
L

(2)

R is the precipitation formation rate and L is the cloud Liquid Water Content (LWC).5

ε is a coefficient empirically proportional to L:

ε = α × L (3)

We use observations presented in Kasper-Giebl et al. (2000) to calibrate ε both for BC
and sulphate aerosols (see red lines in Fig. 2). In our simulations, we used:

εBC = 1.2L for LWC ≤ 0.6; εBC = 0.6 for LWC > 0.6 (4)10

εsulphate = 3L for LWC ≤ 0.3; εsulphate = 0.9 for LWC > 0.3 (5)

We have to keep in mind that in-cloud scavenging is a crucial process in aerosol simu-
lations. It represents 95% of the total scavenging (Boucher et al., 2002). Consequently,
the aerosol distributions modelled are strongly dependent on the representation of this
sink.15

3 Seasonal and inter annual variability of the sulphate burden over Europe

We computed a six-year simulation at the global scale, but for the purpose of this study,
we consider a domain centred over Europe, between 30◦ W to 40◦ E in longitude and
30◦ N to 85◦ N in latitude.
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3.1 Variations of the sulphate burden

Figure 3 shows the sulphate burden over Europe for the 6 years of the simulation. Our
simulation was initialised with all aerosol concentrations set to zero. A three-month
spin-up is required for the sulphate burden to reach an equilibrium value. Lifetimes of
tropospheric aerosols vary from several days to several weeks (Delmas et al., 2005),5

so we can assume that after this three-month spin-up, the aerosol distributions of the
model should be realistic. Since we used the same emissions of sulphate precursors
for each year of the simulation, the variations of the sulphate burden are only due to
the variations of meteorological fields. We can see an important annual cycle. For
each year of the simulation, the sulphate burden reaches a maximum around May,10

twice stronger than a minimum value which occurs around September. The maximum
is around 9 mg[S].m−2 (±0.5 depending on the year), and the minimum value is around
4 mg[S].m−2 (±0.5 depending on the year). A simulation made by the regional model
REMOTE over Europe for the years 2002 and 2003 presented in (Marmer et al., 2007)
shows an annual cycle between 2 mg[S].m−2 and 0.8 mg[S].m−2. These values are15

about 4 times lower than ours. Moreover, in this REMOTE simulation, the annual cycle
is shifted, with a maximum in July and a minimum in January. In their paper, Marmer
et al. (2007) find an anti-correlation between precipitation and sulphate burden. As
we can see in Fig. 4a, precipitation over our European domain shows a maximum in
January and a minimum in July. The maximum of sulphate burden occurs about three20

month after the maximum of precipitation. It is difficult to correlate precipitation with
sulphate because if high precipitation implies large scavenging rates on one hand, it
corresponds to significant aqueous chemistry production of sulphate because of the
high LWC of the atmosphere on the other hand.

3.2 Evaluation of the sulphate sinks and sources25

Figure 5 shows the times series of sinks and sources of sulphate over Europe: the
aqueous and gaseous chemistries present a significant annual cycle. In winter, the pro-
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duction by the aqueous chemistry is the main source of sulphate, whereas the produc-
tion by the gaseous chemistry is negligible. In contrast, the production of the gaseous
and aqueous chemistries are similar in summer. Production by aqueous chemistry is
clearly correlated with precipitation (see Figs. 4a and 5): when precipitation is intense,
the atmospheric LWC is high, sulphur compounds are diluted and the aqueous chem-5

istry is efficient. The production by the gaseous chemistry, which presents maxima in
summer and minima in winter, is clearly correlated with temperature (see Figs. 4b and
5).

The main sink for sulphate is wet deposition, due to its high solubility. Wet deposition
is proportional to sulphate concentration, but also depends on cloud LWC, which is10

correlated with precipitation. It does not have a clear annual cycle, but is generally
higher in winter, a period with stronger precipitation than in summer. Dry deposition
is three times smaller than wet deposition and sedimentation is negligible for sulphate
aerosols. A significant amount of sulphate is advected out of the European domain
(see the curve “Export” in Fig. 5). The direct emissions are very small compared to15

the chemical production. The sulphate burden variations load, that appears in black in
Fig. 5, oscillate around zero.

A maxima in sulphate burden appears at the end of winter due to the combination
of a maxima in the total chemical production (aqueous and gaseous) and low scav-
enging values. Minima in sulphate burden appears at the beginning of autumn due20

to the combination of a minima in the total chemical production and high scavenging
fluxes relatively to sulphate burden. Kasibhatla et al. (1997) have yet estimated bur-
den, sources and sinks over a European domain. Table 1 compares the burden and
the different sulphate fluxes simulated for the two studies. If our study shows an equiv-
alent sulphate burden between the winter and the summer, those of Kasibhatla et al.25

shows a sulphate burden two times higher in summer than in winter. We have to keep
in mind that the domain taken into account in our study is larger and contains more
oceanic surfaces than those chosen by Kasibhatla et al. (1997). As a consequence,
the anthropogenic SO2 emissions, the total chemical production and the sulphate flux
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advected out of the European domain are lower considering our domain instead those
of Kasibhatla et al. (1997). Dry and wet deposition are also smaller in our study, and
it explains that sulphate burden in our simulation is higher than those of Kasibhatla et
al. (1997). All sulphate fluxes averaged over summer and winter are quite similar in our
simulation, whereas total chemical production and wet deposition vary from about 25%5

between winter and summer in Kasibhatla et al. (1997). In their study, the gaseous
production presents an annual cycle comparable as our, which a maximum in summer
and a minimum in winter (not shown). It is not the case for the aqueous chemistry,
which shows few variations between summer and winter in their study in comparison
with our simulation (not shown). In our simulation, the combination of the annual cycles10

of the aqueous and gaseous chemical production leads to a total chemical production
relatively constant over the year.

There are two areas in Europe where the AEROCOM emissions of sulphur com-
pounds are important (not shown): in the East of the continent, emissions are mainly
anthropogenic. In the South, there are also anthropogenic emissions around the15

Mediterranean Sea, but according to the AEROCOM inventory, emissions from the
Etna volcano are also regionally very strong.

Figure 6 shows maps of the column and the main sinks and sources for sulphate over
Europe. In January, the column of sulphate presents high values in North-Eastern Eu-
rope (Fig. 6a). In this region and during this month, the atmosphere is humid enough20

to favour high levels of aqueous production of sulphate (Fig. 6b), but not enough to
imply high scavenging rates. As a consequence, removal by wet deposition (Fig. 6d)
is limited over North-Eastern Europe in January. In July, the total column of sulphate
presents high values in Southern Europe (Fig. 6a). The atmosphere is then dry there,
so sulphate production comes essentially from the gaseous chemistry (Fig. 6c), and25

scavenging fluxes are small (Fig. 6d). In contrast, more humid conditions in Eastern Eu-
rope, close to anthropogenic emissions, result in larger scavenging fluxes (Fig. 6d).
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3.3 Evolution of the sulphate distribution over the six-year simulation

As we used constant emissions over our six-year simulation, the modelled interannual
variability of the sulphate distributions is caused by the variability of the meteorologi-
cal fields. Figures 7 and 8 show the variability of sulphate in January over the period
2000–2005, respectively in terms of column and zonal mean. As explained previously,5

sulphate concentrations are high on the East of the domain that we considered in Ja-
nuray, due to a strong aqueous chemistry production. Figure 7 shows that the sulphate
column can vary locally up to 100% in January from one year to the next. To throw some
light on, time series sulphate sinks and sources during the 2001–2002 and 2003–2004
winters are shown in Fig. 9. Differences between January 2002 and January 2004 in10

sulphate distributions are mainly the consequence of two factors: In December 2001–
January 2002, large amount of sulphate are transported outside of the domain (see
variable “Export” in Fig. 9), in contrast with the same period in 2004, when most of
the sulphate produced is accumulated over polluted areas. Moreover, the aqueous
chemistry production of sulphate is stronger in January 2004 than in January 2002,15

in particular during the second half of the month. Figure 9 shows also that the wet
deposition is stronger in 2004 than in 2002 during the first two weeks of January, but
not enough to allow the sulphate burden to reach the 2002 values.

Figure 10 shows the monthly mean meteorological fields of January 2002 and 2004.
January 2002 has high pressures over Southern Europe and low pressures over North-20

ern Europe (Fig. 10a). In contrast, January 2004 shows high pressures in the South-
Western part of the domain only. The larger transport of aerosol out of the domain
in 2002 compared to 2004 is linked to strong westerly winds above Eastern Europe
(Fig. 10b), a zone with high levels of sulphate. On the contrary, field of tempera-
ture of the two years are quite similar during January (Fig. 10c) and we can assume25

that they do not explain the differences in the sulphate chemistry production. Fig-
ure 10d shows that precipitation is slightly higher in Eastern Europe in January 2004
than in January 2002; Atmospheric LWC approximately follows the same behaviour as
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precipitation. This implies a stronger sulphate aqueous chemistry production in East-
ern Europe in January 2004 (Fig. 11a), where SO2 emissions are high. Wet deposition
is also larger in January 2004 than in January 2002, but only in parts of Eastern Europe
(Fig. 11b). This comparison confirms that the meteorological fields can locally affect
sulphate concentration strongly, depending on the relative positions of the atmospheric5

pressure patterns and the location of the SO2 emissions.
Figure 8 shows that the vertical distribution of sulphate does not vary a lot in Europe

from one year to the next, unlike their latitudinal. As explained previously, at a given
latitude, the zonal mean of sulphate concentration over Europe can vary 100%, de-
pending on the meteorological forcing. Moreover, we can see in both Figs. 7 and 8 that10

there is a significant transport of sulphate toward high latitudes in January. Transport
of atmospheric air masses from European polluted areas towards the North Pole has
been highlighted (Stohl, 2006). In our simulation, the sulphate transport towards the
Arctic shows significant variations depending on the year considered (Fig. 8).

4 Comparison between EMEP observations and MOCAGE outputs15

European Monitoring and Evaluation Programme (EMEP) (Hjellbrekke, 2004) observa-
tions are used here to validate sulphate concentrations, scavenging fluxes and precipi-
tation simulated by MOCAGE. We have to note that it is not straightforward to compare
point measurements with gridded model output. The model, which has a coarse hor-
izontal resolution of about 2.8◦, represents an average of sulphate concentration in20

each grid cell. In our study, these grid values are compared with the mean of all EMEP
observations available inside the grid cell.

Figure 12 represents the sulphate ground concentrations modelled by MOCAGE and
observed at the EMEP stations in January and July, averaged over 2000–2005. Gen-
erally, the model overestimates sulphate concentrations both in winter and summer: in25

high sulphate concentrations areas, observed values reach 2µg.m−3 whereas they go
up to 3µg.m−3 in the model. The spatial agreement is quite good in winter, a period
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with high concentrations of sulphate over central and Eastern Europe and low sulphate
concentrations in all Western Europe. In summer, the agreement between the model
and observations is quite good over Northern Europe, but discrepancies appear in
Southern Europe: high sulphate concentrations are simulated near the Etna volcano,
due to large emissions in the AEROCOM inventory. It should be noted that, in our5

model, volcanic emissions are injected in the first five levels only. Injecting them higher
would certainly avoid such accumulations near the surface. Nevertheless, there are
too few observations in the EMEP network in this region to really assess the Etna con-
tribution. In the south-west of Europe, the model represents sulphate concentrations
on the coast quite correctly, but underestimates concentrations over Spain. This un-10

derestimation could be due to an underestimation of emissions in this region or to a
bad representation of the southward aerosol transport.

Figure 13 shows a comparison between modelled and observed sulphate con-
centrations for each season, averaged over 2000–2005, and distinguishing between
Northern-central and Southern Europe. As already noted over Europe, modelled sur-15

face concentrations overestimate EMEP observations. This overestimation is more
marked in autumn and winter. Moreover, agreement between model and observations
is better in Southern Europe.

Figure 14 presents similar seasonal comparisons as in Fig. 10, but for scavenging
fluxes. We constructed observed scavenging fluxes by multiplying precipitation fluxes20

with sulphate concentration in precipitating water. The modelled fluxes diagnosed by
the model correspond to the amount of sulphate absorbed by cloud droplet as pre-
sented in Sect. 2.2. Modelled scavenging fluxes generally underestimate observations
for all seasons in Southern Europe. In Northern Europe, scavenging fluxes are too
low in winter and spring, but are rather correct during the summer and the autumn.25

Representation of scavenging fluxes is strongly linked with the quality of the represen-
tation of cloud LWC and precipitation in models (Textor et al., 2007). Figure 15 shows
that high precipitation values are generally underestimated by the model. Agreement
between the model and observations is quite good for all seasons, except for winter.
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For this season, Fig. 15 reveals a large scatter: in Southern Europe, precipitation is
often overestimated, and in Northern Europe, if model represents quite correctly low
precipitations, it underestimates high precipitation. In addition, the scatter is larger in
plots for Southern Europe than for Northern Europe.

In Northern Europe, we can assume that the model overestimates sulphate ground5

concentrations because it underestimates scavenging fluxes. In Southern Europe,
modelled sulphate ground concentration are in better agreement with observations.
We can hypothesize that in this region, underestimation of the scavenging fluxes is
compensated by an overestimation of emissions. The underestimation of scavenging
fluxes in Northern Europe is probably partly linked with the underestimation of pre-10

cipitations in that area, in particular for high precipitations and high scavenging fluxes
situations. But in Southern Europe, scavenging fluxes are underestimated whereas
this is not the case for precipitation. This suggests that the scavenging representation
is not only dependent on the model capacity to represent precipitation.

5 Conclusions15

MOCAGE CTM has been used to model aerosol distributions at the global scale. Spe-
cific developments have been included in the model to describe sulphate aerosols,
in particular a simple chemical scheme describing both the aqueous and gaseous
chemistries, using oxidants fields generated by a full chemistry MOCAGE run. The
representation of sulphate wet deposition is based on an empirical law, adjusted on20

measurements made by Kasper-Gibel et al. (2000). A six-year global simulation has
been performed using the AEROCOM emissions inventory and the ECMWF opera-
tional analyses. Burden, sources and sinks of sulphate in Europe over the period
2000–2005 has been analysed on this study.

For each year of the simulation, the sulphate burden has a significant annual cycle,25

with a maximum in May and a minimum in September. Such an annual cycle is caused
by the annual cycles of the aqueous and the gaseous chemistry production, combined
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with spatiotemporal variations of wet deposition: the aqueous chemistry, clearly cor-
related with precipitation, has a maximum in January and a minimum in July. The
gaseous chemistry is correlated with temperatures and shows a maximum in July and
a minimum in January. The aqueous chemistry produces three times more sulphate
than the gaseous chemistry on average over all our simulation. The aqueous chem-5

istry is very active in winter over Eastern Europe, a region where there are significant
anthropogenic emissions. The gaseous chemistry is active in summer over Southern
Europe, with dry and warm conditions. Wet deposition, the main sulphate sink, has
no clear annual cycle, but is stronger in winter than in summer. In winter, wet deposi-
tion has medium values over large parts of the domain considered. In summer, it has10

low values on most of the domain, except on Eastern Europe, where it has very high
values.

Sulphate burden modelled by MOCAGE over Europe were four time higher in aver-
age than it is presented on Marmer et al. (2007). More investigations are needed to
explain such a difference. From one year to the next, we found sulphate column vari-15

ations up to 100%. This appears to be linked to the meteorological conditions which
drive transport, chemistry and wet deposition. Position of high and lows pressure pat-
terns relative to SO2 emission regions strongly modify the sulphate column. Wind fields
strongly affect the sulphate column, evacuating efficiently sulphate aerosols from pol-
luted areas as we showed in the comparison between January 2002 and 2004. The20

aqueous chemistry is very productive as soon as the atmosphere is humid enough.
But with large humidity, the wet deposition moderates significantly the production of
the aqueous chemistry.

Sulphate concentrations at the lowest level of the model, averaged over the six years
of the simulation for January and July, have been compared to EMEP ground obser-25

vations. In spite of a general tendency to overestimate sulphate concentrations, the
model reproduces them rather accurately in Northern Europe for both months. Over
Southern Europe, sulphate concentration are well reproduced in January, but larger
discrepancies appear in July. It is unclear whether this comes from an emissions bias
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or a bad representation of the gaseous chemistry of the model. Considering all sea-
sons, sulphate surface concentrations are often overestimated by the model in North-
ern Europe, whereas they are more realist in Southern Europe. This is partially due
to an underestimation of the scavenging fluxes. The underestimation of precipitation in
the model can not explain fully this underestimation of the scavenging fluxes. Further5

sensibility tests, including testing other scavenging fluxes representations should be
performed to evaluate further the factors that drive scavenging of sulphate aerosols.
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Table 1. Burden (mg[S].m−2), sources and sinks of sulphate (mg[S].m−2.day−1) over Europe
simulated by Kasibhatla et al. (1997) model and MOCAGE. Domain of Kasibhatla et al. (1997)
covers 40◦ N–60◦ N, 10◦ W–40◦ E, this study domain covers 30◦ N–85◦ N, 30◦ W–40◦ E.

Burden Total chemical Wet deposition Dry deposition Export
production

summer winter summer winter summer winter summer winter summer winter

This study 5.26 5.32 0.7 0.76 0.34 0.36 0.13 0.17 0.30 0.27
(MOCAGE)

Kasibhatla et al. (1997) 4.7 2.9 2.7 2.2 1.6 1.1 0.3 0.3 0.7 0.8

4400

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/4381/2009/acpd-9-4381-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/4381/2009/acpd-9-4381-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 4381–4415, 2009

Simulation of sinks
and sources of

sulphate over Europe
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Figure 1: The sulphate chemistry used within MOCAGE. All reactions are in the gaseous 

phase except for the SO2 oxidation by O3 and H2O2 which occur in the aqueous phase. 

 

Fig. 1. The sulphate chemistry used within MOCAGE. All reactions are in the gaseous phase
except for the SO2 oxidation by O3 and H2O2 which occur in the aqueous phase.
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Fig. 2. Scavenging efficiencies of Black-Carbon (a) and Sulphate (b) in supercooled Clouds at
Mt. Sonnblick (Adapted from Kasper-Giebl et al., 2000).
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Fig. 3. Evolution of the sulphate burden between October 1999 and January 2006 over our
European domain (see text).

4403

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/4381/2009/acpd-9-4381-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/4381/2009/acpd-9-4381-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 4381–4415, 2009

Simulation of sinks
and sources of

sulphate over Europe
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Figure 4 : Evolution of precipitation ((a), mm/day) and temperature ((b), °C) averaged over 

our European domain (see text), from 2000 to 2005. 

Fig. 4. Evolution of precipitation – (a), mm/day – and temperature – (b), ◦C – averaged over
our European domain (see text), from 2000 to 2005.
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Fig. 5. Sources and sinks of sulphate (mg[S].m−2.day−1) averaged over our European domain,
from 2000 to 2005 (weekly moving averages applied to 6 hourly model outputs).
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Figure 6 : From top to bottom : (a) Column of sulphate, (b) production by aqueous chemistry, 

(c) production by gaseous chemistry, (d) scavenging fluxes. Field averaged over the 2000-

2005 period for January (left) and July (right). The sulphate column is in units of mg[S].m-2; 

other quantities are in units of ms[S].m-2.day-1. 

 Fig. 6. From top to bottom : (a) Column of sulphate, (b) production by aqueous chemistry, (c) production by gaseous
chemistry, (d) scavenging fluxes. Field averaged over the 2000–2005 period for January (left) and July (right). The
sulphate column is in units of mg[S].m−2; other quantities are in units of ms[S].m−2.day−1.
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Figure 7 : Mean sulphate column (mg[S].m-2) over Europe in January from 2000 to 2005 

Fig. 7. Mean sulphate column (mg[S].m−2) over Europe in January from 2000 to 2005.
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Figure 8 : Sulphate zonal mean (mg[S].m-3) over Europe, January of years 2000 to 2005. 

(levels are in Pa). 

Fig. 8. Sulphate zonal mean (mg[S].m−3) over Europe, January of years 2000 to 2005 (levels
are in Pa).
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Fig. 9. Mains sulphate sinks and sources for 2001–2002 and 2003–2004 winter (weekly
moving averages applied to 6 hourly model outputs). Fluxes are in mg[S]/m−2/day.
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Figure 10 : Meteorological fields for January 2002 (left) and January 2004 (right). From top 

to bottom : (a) Pressure (hPa), (b) wind (m.s-1), (c) temperature (°C) and (d) precipitation 

(mm.month-1) fields. 

Fig. 10. Meteorological fields for January 2002 (left) and January 2004 (right). From top to bottom : (a) Pres-
sure (hPa), (b) wind (m.s−1), (c) temperature (◦C) and (d) precipitation (mm.month−1) fields.
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Figure 11 : Distribution of the aqueous chemistry production (top) and the wet deposition 

(bottom). January 2002 (left) and January 2004 (right). Fluxes are in mg[S].m-2.day-1. 

Fig. 11. Distribution of the aqueous chemistry production (top) and the wet deposition (bottom).
January 2002 (left) and January 2004 (right). Fluxes are in mg[S].m−2.day−1.
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M. Ménégoz et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

 29

 

Figure 12 : Sulphate ground concentration modelled by MOCAGE (left) and observed (right), 

in January (top) and July (bottom). Values (µg[S].m-3) are averaged over 2000-2005. 

Fig. 12. Sulphate ground concentration modelled by MOCAGE (left) and observed (right), in
January (top) and July (bottom). Values (µg[S].m−3) are averaged over 2000–2005.
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Figure 13 : Seasonal ground concentrations of sulphate (µg[S].m-3): MOCAGE outputs versus 

EMEP observations. Three month averages over 2000-2005. 

Fig. 13. Seasonal ground concentrations of sulphate (µg[S].m−3): MOCAGE outputs versus
EMEP observations. Three month averages over 2000–2005.
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Figure 14 : Seasonal scavenging fluxes of sulphate (mg[S].m-2.day-1): MOCAGE outputs 

versus EMEP observations. Three month averages over 2000-2005. 

Fig. 14. Seasonal scavenging fluxes of sulphate (mg[S].m−2.day−1): MOCAGE outputs versus
EMEP observations. Three month averages over 2000–2005.
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Figure 15 : Seasonal precipitation (mm.day-1): MOCAGE outputs versus EMEP observations. 

Three month averages over 2000-2005. 

Fig. 15. Seasonal precipitation (mm.day−1): MOCAGE outputs versus EMEP observations.
Three month averages over 2000–2005.
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