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Abstract

The new high resolution global anthropogenic emission inventory (EDGAR-CIRCE) of
gas and aerosol pollutants has been incorporated in the chemistry general circulation
model EMAC (ECHAM5/MESSy Atmospheric Chemistry). A high horizontal resolution
simulation is performed for the years 2005–2008 to evaluate the capability of the model5

and the emissions to reproduce observed aerosol concentrations and aerosol optical
depth (AOD) values. Model output is compared with observations from different mea-
surement networks (CASTNET, EMEP and EANET) and AODs from remote sensing
instruments (MODIS and MISR). The model reproduces the main spatial and tempo-
ral atmospheric features of the sulfate, ammonium and nitrate aerosol distributions.10

A good spatial agreement of the distribution of sulfate and ammonium aerosol is found
when compared to observations, while calculated nitrate aerosol concentrations show
some discrepancies. The simulated temporal development of the inorganic aerosols is
in line with measurements of sulfate and nitrate aerosol, while for ammonium aerosol
some deviations from observations occur over the USA. The calculated AODs agree15

well with the satellite observations in most regions, while a negative bias is found for
the equatorial area and in the dust outflow regions (i.e. Central Atlantic and Northern
Indian Ocean), due to an underestimation of biomass burning and aeolian dust emis-
sions, respectively.

1 Introduction20

Tropospheric aerosols have significant effects on human health (Huntingford et al.,
2007), the water cycle (Ramanathan et al., 2001) and climate (Isaksen et al., 2009).
To study these different topics, global aerosol models that account for a wide range of
complexities are required. These models mostly treat five key aerosol species: black
carbon (BC), particulate organic carbon (POM), sulfate aerosol (SO2−

4 ), mineral dust25

(DU) and sea spray (SS) (see Textor et al., 2006, and reference therein). In recent
years, a number of global aerosol models that can treat semi-volatile inorganic species
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that partition between the gas and aerosol phases have been developed (e.g., Adams
et al., 1999; Adams and Seinfeld, 2002; Bauer and Koch, 2005; Myhre et al., 2006;
Feng and Penner, 2007; Pringle et al., 2010a). Although models increasingly include
sophisticated aerosol descriptions they still rely on offline fields to calculate the emis-
sion of precursor gas and many aerosol species. The skill of the aerosol model strongly5

depends on the representativeness of the emission fields used, thus it is important to
consider any possible biases in the emissions. For example, most of the global an-
thropogenic emissions inventories currently neglect the seasonal cycle of emissions
for the majority of precursor gases and generally have a resolution of 1×1◦ (van Aar-
denne et al., 2005; Olivier et al., 1999, 1996).10

The seasonal variation of anthropogenic emissions is important for many compounds
(e.g. ammonia) especially for those for which the phase partitioning is temperature de-
pendent (Pinder et al., 2004; De Meij et al., 2006). In this work, we take advantage
of the state-of-the-art emissions inventory EDGAR-Climate Change and Impact Re-
search (CIRCE), which provides emissions on a high spatial (0.1×0.1◦) and temporal15

(monthly) resolution, together with a recently developed aerosol scheme implemented
within the EMAC model (Pringle et al., 2010a).

This study has two main objectives. The first objective is to evaluate the model’s per-
formance in simulating gas, aerosol and AODs calculations using the EDGAR-CIRCE
emission inventory by comparing the results with ground based and space born ob-20

servations. The second objective is to analyse the aerosol (precursor) budget for five
regions (Europe, North America, East Asia, South America and Central Africa) and
quantify the aerosol import and export terms. For this, a relatively high horizontal res-
olution (∼1×1◦) tropospheric aerosol simulation has been performed and the results
have been evaluated against observations. Particular focus is placed on semi-volatile25

inorganic aerosol species (i.e. SO2−
4 , NO−

3 and NH+
4 ) and their precursors. A detailed

budget analysis is performed, both on a global scale and for different regions, and the
results compared with previous studies. Additionally, the effect of including the sea-
sonal cycle in the anthropogenic emissions of aerosol precursors is also investigated.
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The paper is organized as follows. Section 2.1 describes the model, the emission in-
ventory and the observational datasets. In Sect. 3 the evaluation of the aerosol optical
depth (AOD) is presented. AOD is a very useful metric for analysing model perfor-
mance in regions where ground-based observations are sparse. It provides a qualita-
tive indication of the ability of the model to reproduce the concentrations of BC, OC and5

dust which are often not included in the observational networks. In Sect. 3.2 aerosol
concentrations of SO2−

4 , NO−
3 and NH+

4 are compared to large scale observations. Spe-
cial focus is given to these compounds due to their complex interactions with the gas
phase chemistry. Additionally, Na+ aerosol is also compared to station observations as
a proxy for sea salt. To examine the contribution of the different aerosol species to air10

quaility, Sect. 4 shows the global and regional budgets of aerosol in North America, Eu-
rope, East Asia, Central Africa and South America. Finally, in Sect. 5 the effects of the
seasonally varying anthropogenic emissions are analysed, followed by the conclusion
in Sect. 6

2 Model and observations15

2.1 Model description and setup

EMAC is a combination of the general circulation model ECHAM5 (Roeckner et al.,
2006) (version 5.3.01) and the Modular Earth Submodel System (MESSy, version 1.9,
Jöckel et al., 2005). The model has been extensively described and evaluated (Jöckel
et al., 2006; Pozzer et al., 2007), and additional details about the model system can be20

found at http://www.messy-interface.org.
In this study, the applied spectral resolution of the ECHAM5 base model is T106,

corresponding to a horizontal resolution of the quadratic Gaussian grid of ≈1.1◦ ×1.1◦.
The applied vertical resolution is 31 layers, up to 10 hPa. The model dynamics has
been weakly nudged (Jeuken et al., 1996; Jöckel et al., 2006; Lelieveld et al., 2007) to-25

wards the analysis data of the European Centre for Medium-Range Weather Forecasts
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(ECMWF) operational model (up to 100 hPa) to represent the actual day-to-day mete-
orology in the troposphere. This allows a direct comparison with observations. The
model output is 5-hourly, thus an entire daily cycle is covered after 5 days. Dry and
wet deposition processes have been extensively described by Kerkweg et al. (2006a)
(DRYDEP submodel) and Tost et al. (2006a, 2007a) (SCAV submodel), respectively,5

while the emission procedure has been explained by Kerkweg et al. (2006b) (OFFLEM,
ONLEM and TNUDGE submodel) and Pozzer et al. (2006) (AIRSEA submodel). The
chemistry is calculated with the MECCA submodel of Sander et al. (2005). The model
setup does not include feedbacks between chemistry and dynamics. The other sub-
models used in this study are CONVECT (Tost et al., 2006b), LNOX (Tost et al., 2007b),10

as well as CLOUD, CVTRANS, JVAL, HETCHEM and TROPOP (Jöckel et al., 2006).
Aerosol microphysics and gas/aerosol partitioning are calculated by the Global

Modal-aerosol eXtension (GMXe) aerosol module (described by Pringle et al.,
2010b,a). GMXe simulates the distribution of sulfate, BC (Black Carbon), POM (Par-
ticulate Organic Matter), nitrate, ammonium, DU (Dust) and SS (Sea Spray) aerosol15

within 7 interacting lognormal modes (in a similar approach to that of Vignati et al.,
2004; Stier et al., 2005; Mann et al., 2010). The particle number and mass of each
mode is calculated prognostically but the geometric standard deviation is fixed (2.0
for the coarse modes hydrophobic, 2.2 for coarse mode hydrophilic, 1.59 for all other
modes). The 7 lognormal modes span four size categories (nucleation (<5 nm radius),20

Aitken (5–50 nm), accumulation (50–500 nm) and coarse (>500 nm)) and are divided
into a hydrophilic (4 modes) and a hydrophobic (3 modes) distribution. Hydrophobic
aerosol (BC and DU) is emitted into the three modes in the hydrophobic distribution
and hydrophilic aerosol (sulfate and sea spray) is emitted into the three largest modes
of the 4-mode hydrophilic distribution. The emissions of POM are split between the25

hydrophobic (35 %) and hydrophilic (65 %) distributions. A parameterisation of aerosol
ageing allows aerosol to pass from the hydrophobic to the hydrophilic distribution upon
the addition of hydrophilic material (Vignati et al., 2004). The distribution of species
with each mode is given in Pringle et al. (2010b, their Table 2). The aerosol within each

25210

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/25205/2011/acpd-11-25205-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/25205/2011/acpd-11-25205-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 25205–25261, 2011

Aerosol simulation
with EMAC

A. Pozzer et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

mode is internally mixed while the 7 modes are externally mixed with respect to each
other. Gas/aersosol partitioning is treated using the ISORROPIA-II model (Fountoukis
and Nenes, 2007; Nenes et al., 1998a,b). In this study ISORROPIA-II is used to treat
the interaction of NH4, Na, SO4, NO3, Cl, H2O aerosols. Gas-phase species consid-
ered are NH3, HCl, HNO3, H2O. ISORROPIA-II solves for the equilibrium state by con-5

sidering the chemical potential of the species (Nenes et al., 1998a,b). By considering
specific compositional “regimes”, it minimises the number of equations and iterations
required. In this study activity coefficients are taken from pre-calculated lookup tables
to reduce computational expense (see also Pringle et al., 2010b).

The optical properties of the aerosol are calculated with the EMAC submodel10

AEROPT. It is based on the scheme by Lauer et al. (2007) and makes use of pre-
defined lognormal modes (i.e. the mode width σ and the mode mean radius have to be
taken into account), for which lookup tables with the extinction coefficient σsw, the sin-
gle scattering albedo ωsw and the assymetry factor γsw for the shortwave and extinction
coefficient σlw for the longwave spectrum have to be created.15

These lookup tables are calculated with the help of the LIBRADTRAN (Mayer and
Kylling, 2005) for various aerosol types. In the case of the AEROPT submodel the
considered species are POM, BC, DU, SS, water soluble compounds (WASO, i.e. all
other water soluble inorganic ions, e.g.: NH+

4 , SO2−
4 , HSO−

4 , NO−
3 , etc.) and aerosol

water (H2O). The refractive indices for these compounds are taken from several data20

bases, e.g. HITRAN2004. The references used are:

– WASO (mainly using ammonium sulfate values following Hess et al., 1998),

– BC (Hess et al., 1998),

– SS (Shettle, 1979),

– H2O (Hale and Querry, 1973),25

– OC (Hess et al., 1998; Sutherland and Khanna, 1991; S. Kinne, personal com-
munication, 2010),
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– DU (Hess et al., 1998; S. Kinne, personal communication, 2010).

For these compounds the wavelength dependent complex refractive index is used for
a comprehensive set of Mie calculations. This results in a 3-dimensional lookup table
(depending on the complex refractive index and the Mie size parameter, combining the
wavelength and aerosol size information) spanning up a 100×100×100 space.5

During the simulation, the volume–weighted mean complex refractive index is deter-
mined for each mode of the aerosol distribution. Then, depending on the mean radius
of the mode, the the Mie size parameter is calculated for each wavelength band. These
three parameters provide the required information for the lookup table for the values
for σsw, ωsw, γsw and σlw. To cover the wavelength dependency these coefficients are10

determined for 16 predefined bands in the shortwave and 16 in the longwave spectrum,
which are not necessarily required to match the bands used in the radiation calcula-
tion of the base model (in our case ECHAM5). Next a mapping of the precalculated
wavelength bands to those of the radiation scheme is performed using a weighted
interpolation. This method is also applied used to determine the values for other (di-15

agnostic) wavelengths, e.g. for the 550 nm band, which is often used in observational
data sets. The actual values for optical parameters (e.g. the AOD) are finally obtained
by weighting the coefficients with the number of aerosol particles per grid cell.

The model simulation covers the years 2004–2008. The first year is used as spin-
up for the model and only the years 2005–2008 are used in this study. These years20

are expected to be represented by the model with high consistency, because the cho-
sen emission setup of primarily emitted species was compiled for the year 2005 (see
below).

2.1.1 Emissions

The high resolution global anthropogenic emission inventory (1990–2005) which25

was used in this study has been prepared in the framework of the CIRCE
Project (No. 036961) by the EDGAR group (EDGAR, Emission Database for Global
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Atmospheric Research) of the EC-Joint Research Center Ispra (Italy), Climate Change
Unit (Doering et al., 2009a,c). This dataset includes greenhouse gases, NOx, CO,
NMVOCs, NH3 and SO2 from fossil fuel and biofuel related emissions. Emissions from
international aviation were calculated for the period 1990–2005 using a technology
based emission factor approach (Eyers et al., 2004). International shipping emissions5

are based on the QUANTIFY project (Hoor et al., 2009). The EDGAR-CIRCE emission
database has been evaluated by Doering et al. (2009b), who compared this dataset to
other emissions inventories; the EDGAR-CIRCE emissions are in line with other global
(Bond et al., 2007; UNF, 2008) and regional (Ohara et al., 2007; Streets et al., 2003;
Klimont et al., 2002; Vestreng and Klein, 2002) and the differences lie well within the10

uncertainties associated with emissions estimates. The anthropogenic emissions were
distributed vertically as described in Pozzer et al. (2009), and the chosen vertical dis-
tribution of the emissions is based on the EMEP (European Monitoring and Evaluation
Programme) model (Dimitroulopoulou and ApSimon, 1999; Simpson et al., 2003), ap-
plied after the analysis of stack plume data from Eastern Europe. As shown in Pozzer15

et al. (2009) and De Meij et al. (2006), correct injection height of the emissions is very
important in global and regional models, leading to an improvement of up to 30 % in
the correlation with station observations compared to simulations where the emissions
are not vertically distributed. The CIRCE emissions dataset has a spatial resolution of
0.1×0.1◦. The standard temporal resolution is annual, and only the data for year 200520

has been produced with higher resolution (monthly). Hence, in this study, only the
emissions for the year 2005 have been used to take advantage of high temporal and
spatial resolution. The biogenic emissions of organic species have been represented
following Guenther et al. (1995) and are computed offline in the model (Ganzeveld
et al., 2006) with monthly temporal resolution. The natural emissions of NH3 are based25

on the GEIA database (Bouwman et al., 1997). Both these datasets have a 1×1◦

horizontal resolution. NOx produced by lighting is calculated online and distributed on
different vertical levels, based on the parametrization of Price and Rind (1992). The
emission of NO from soils is calculated online based on the algorithm developed by
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Yienger and Levy (1995) and depends on ecosystem type, soil moisture state and the
surface temperature. The underlying ecosystem map was compiled by Olson (1992)
also used to estimate the isoprene emissions with the ONLEM submodel. Volcanic
emissions of SO2 are based on the AEROCOM data set (Dentener et al., 2006), with
background emissions from continuous and explosive volcanoes. The biomass burning5

contribution was added using the Global Fire Emissions Database (GFED version 3,
(van der Werf et al., 2010)) covering the years 1997–2009 with a 0.5◦ ×0.5◦ spatial res-
olution and a monthly temporal resolution. The AIRSEA submodel (Pozzer et al., 2006)
calculates the oceanic DMS emissions online, with prescribed sea water DMS concen-
trations from Kettle et al. (1999). Additionally AIRSEA calculates isoprene emissions,10

where the water isoprene concentration was estimated from chlorophyll concentration
(Conkright et al., 2002) based on the work of Broadgate et al. (2000). Finally, AIRSEA
estimates the methanol (CH3OH) water deposition, based on an undersaturation of the
oceanic surface water of 0.94. The atmosphere-ocean transfer velocity parametrization
is based on Wanninkhof (1992).15

The total gas-phase emissions are shown in Table 1.
Anthropogenic bulk aerosol emissions are also based on the CIRCE EDGAR emis-

sions inventory. Biomass burning BC and POM are based on the GFEDv3.1 emission
database. Secondary Organic Aerosol (SOA) particles are directly emitted as POM,
assuming that 15 % of natural terpene emissions form SOA (Guenther et al., 1995).20

Emission of dust and sea spray aerosol are treated using offline monthly emission files
based on AEROCOM. Offline emission of dust and sea spray have been used in this
study because of their extensive use and evaluation in a number of studies, and to
increase the comparability with the work of Pringle et al. (2010a).
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2.2 Satellite observations

2.2.1 MISR

The Multi-angle Imaging SpectroRadiometer (Diner et al., 1998, MISR) instrument flies
on the Terra satellite and has been operational since February 2000. The instrument
is designed to measure the solar radiation reflected by the Earth system by a multiple5

camera configuration (four forward, one nadir and four backward). Each camera mea-
sures in four different wavelengths centred at 446 nm (blue), 558 nm (green), 671 nm
(red) and 866 nm (near-infrared). In this study Level 3 Component Global Aerosol Prod-
uct version F15 (CGAS-F15) are used, specifically the AOD (Average Optical Depth),
which is derived from Level 1 and Level 2 products, averaged over a month and stored10

on a geographic grid of 0.5×0.5◦. A comparison over land and ocean with AERONET
(AErosol RObotic NETwork) data has shown that MISR AODs are within 0.05–20 %
of that of AERONET (Kahn et al., 2005, 2010). MISR AODs can be obtained from
https://wist.echo.nasa.gov/api/.

2.2.2 MODIS15

The MODerate resolution Imaging Spectro-radiometer (MODIS) instrument also flies
on the Terra satellite. In contrast to MISR, the MODIS instrument has only one cam-
era which measures radiances in 36 spectral bands. Daily Level 2 (MOD04) aerosol
optical depth products (550 nm) are produced on a spatial resolution of 10×10 km
over land, using the 1 km×1 km cloud-free pixel size. The MODIS Level 2 product20

refers to a swath width of about 2330 km, therefore the instrument has almost daily
global coverage. In this study global Level 3 AOD (version MOD08) Collection 005
products are used (field Optical_Depth_Land_And_Ocean_Mean ). The level 3
AOD product is derived from the statistics of the Level 2 products and stored on
a 1×1◦ grid in the MOD08 Level 3 product file. Reported MODIS AOD uncertain-25

ties are ±0.05±0.15×AOD (Remer et al., 2008; Levy et al., 2010). Although MODIS

25215

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/25205/2011/acpd-11-25205-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/25205/2011/acpd-11-25205-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
https://wist.echo.nasa.gov/api/


ACPD
11, 25205–25261, 2011

Aerosol simulation
with EMAC

A. Pozzer et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

aerosol products are provided over land (Kaufman et al., 1997) and water surfaces
(Tanré et al., 1997), it is important to underline that no aerosol retrieval is possible
over bright surfaces such as deserts and ice. MODIS AODs can be obtained from
https://wist.echo.nasa.gov/api/.

2.3 In situ observations5

2.3.1 CASTNET

The Clean Air Status and Trends Network (CASTNet) comprises 86 sites located in
or near rural areas of the United States, administered and operated by the Clean Air
Markets Division (CAMD) of the United States Environmental Protection Agency (EPA)
(Edgerton et al., 1990). CASTNET is the USA’s primary monitoring network for mea-10

suring concentrations of air pollutants. All sites utilize a Teflon filter to collect particulate
sulfate (SO2−

4 ), nitrate (NO−
3 ), and ammonium (NH+

4 ). The sampling is conducted on
a weekly basis. The usage of Teflon filters in the network for nitrate particle collection
is known to underestimate the effective concentration of NO−

3 (Ames and Malm, 2001),
due to temperature-dependent volatilization (Hering and Cass, 1999), or by reaction15

with strong acids under ammonia limited conditions (Appel et al., 1988). In this work
we only use data from stations with continous coverage for the years 2005–2008 (33
stations in total).

2.3.2 EMEP

The European Monitoring and Evaluation Programme (EMEP) is a scientifically based20

and policy driven programme under the Convention on Long-range Transboundary Air
Pollution for international co-operation to help solve transboundary air pollution prob-
lems. Parties to the Convention on Long-Range Transboundary Air Pollution perform
monitoring at regional monitoring sites across Europe. The data are subject to national
quality assessment prior to submission to the EMEP Chemical Coordinating Centre at25
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NILU (Norwegian Institute for Air Research). The number of stations used in the com-
parison ranges from 59 (for SO2−

4 ) to 31 (for NO−
3 and NH+

4 ). Due to the partial usage
of Teflon filters (depending on the station/country), observations from this network are
also expected to underestimate NO−

3 concentrations.

2.3.3 EANET5

The Acid Deposition Monitoring Network in East Asia (EANET) was established as an
initiative for regional cooperation among the participating countries, creation of a com-
mon understanding of the state of acid deposition problems and for providing useful in-
puts to policy makers at various levels. Regular monitoring activities started in January
2001 with the participation of 10 countries, namely China, Indonesia, Japan, Malaysia,10

Mongolia, Philippines, Republic of Korea, Russia, Thailand, and Viet Nam. Cambodia,
with Lao People’s Democratic Republic and Myanmar joining EANET in 2001, 2002
and 2005, respectively. Acid deposition monitoring of EANET covers four environmen-
tal items: wet deposition, dry deposition (air concentration), soil and vegetation, and
inland aquatic environment. In this work, data from 28 stations of the EANET network15

were used.

3 Comparison with observations

In the following sections, a comparison of the model results with observations is per-
formed. All the observational data have been collected at (or reduced to) monthly
averages. Firstly, the global AOD will be analysed, to give an overall picture of the20

model performance on a large scale. This comparison is important for regions where
no direct information of concentrations are available. The explicit AOD calculation dur-
ing the simulation allows a more detailed analysis than that performed by Pringle et al.
(2010a), who in addition to using annual mean anthropogenic emission fields, used
only an offline simplified treatment of AOD based on the parametrization of Kiehl and25

Briegleb (1993).
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After the evaluation of AOD, the simulated aerosol mass concentrations are com-
pared to measurements taken from observational networks in North America, Europe
and Asia.

3.1 Comparison with satellite observations

The differences of the 2005–2008 average AOD between the model and the satellite5

observations are shown in Fig. 1. In general, the AOD simulated by the model corre-
sponds very well with the observations for large areas of the globe (with a difference
below 0.07), particularly over remote marine regions. Good agreement is also found
over Europe and Northeastern America.

A strong underestimation of the model with respect to the observed AODs (both for10

MODIS and MISR observations) is found in the tropical regions, especially over the
Central Atlantic ocean, the Northern Indian Ocean, the Malaysian region and over the
Gulf of Mexico. The underestimation could be related to the uncertainties (underes-
timation) in the emissions for dust and biomass burning in the inventory or a too fast
deposition over marine regions. However, some underestimation of the emissions is15

most probable. Dust, in fact, is only emitted at the lowest level of the model, hence ne-
glecting the strong dust plume episodes which can uplift and transport dust on a wider
range. This is confirmed by a good spatial correlation of AOD between satellite and
model results during winter season, when the dust storm episodes are reduced in num-
ber with respect to the summer season (see below). Additionally, the biomass burning20

emissions of BC and POM in the inventory (2.12 Tg yr−1 and 18.45 Tg yr−1 for BC and
POM, respectively) may be underestimated, being lower than what suggested in the
literature (3.1 and 34.7 Tg yr−1, respectively, Dentener et al., 2006). The underestima-
tions of the biomass burning sources has been noticed for the same simulation also
for other emitted compounds (CO, Liu et al., 2011) when compared to satellite obser-25

vations. The underestimation could possibly produce a bias in the AOD estimates by
the model, which results in too low AODs when compared with MODIS and MISR, as
observed e.g. over the Central Atlantic Ocean. The underestimation of AOD over the
Northern Indian Ocean is consistent with an underestimation of the dust outflow from
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the Arabian peninsula, while the underestimation of the AODs over the Indian sub-
continent indicates too low emissions of anthropogenic/biomass burning origin. The
largest effect of the underestimation of the biomass burning emissions can be found
over the Malaysian region, where the simulated AODs is consistently underestimated
(∼0.2) with respect to the MODIS and MISR observations. Over China (more specif-5

ically inland) the model tends to overestimate the AODs. The cause is not clear, as
the next sections indicate that the model does not overestimate anthropogenic aerosol
compounds in this region.

Further, the model shows discrepancies with the MODIS observations also over the
western part of the USA and Canada. Generally, the model tends to agree more closely10

to MISR than MODIS observations. The MISR instrument registers AODs over bright
surfaces, which allows us to evaluate calculated AODs e.g. over the Arabian peninsula.
Over this region the model underestimates the observed AODs, most probably due to
an underestimation of the dust emissions. Note that a new dust emission routine is
under development for the EMAC model, to improve this aspect in the near future.15

To further quantify the capability of the model to reproduce the spatial distribution
of the AODs observed by MODIS and MISR, we present Taylor diagrams in Fig. 2 of
the comparison on a monthly basis. It shows the correlation coefficient between model
results and observations (R) by the angle to the ordinate. The standard deviation of
the model normalised to the standard deviation of the observations (σmodel/σobs) is20

represented by the distance from the origin. The observations are therefore located
at a correlation of 1 and a normalised standard deviation of 1. The distance between
a point and this “ideal” point is the centered pattern root mean square. The better
a model reproduces the observations, the closer the resulting points are located to
this “ideal” point. A detailed explanation of this type of diagram has been presented25

by Taylor (2001). While the spatial correlation between model and observations is
generally very good (higher than 0.5), the normalised standard deviation is below one,
indicating that the strong spatial gradients between high AODs and low AODs are not
well reproduced.
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The model reproduces the satellite observations with a high degree of consistency
during winter time. As shown in Fig. 2, despite the relatively high correlation (0.6–
0.7), for spring and summer months (April until September) we obtain a normalised
standard deviation of the model compared to the observations of ∼0.6 (MODIS) and
∼0.4 (MISR). In autumn and winter the model simulates the AOD with a higher level5

of agreement. Not only the spatial correlation coefficients are around 0.5–0.6, but the
normalised standard deviation is close to unity especially during January–March.

After the analysis of the spatial distribution for different months, the capability of the
model to reproduce the seasonal cycle of the observed AODs is also investigated.
The temporal correlation coefficients between the observations and model results are10

shown in Fig. 3. It indicates whether the model is able to reproduce the observed
seasonal cycle (if any is present), independent of biases between observations and
model results. A low correlation (close to zero) implies either a wrong representation
of the seasonal cycle by the model or the lack of a well defined seasonal cycle in the
model and/or observations. The temporal correlation is, w.r.t the MODIS and MISR ob-15

servations, low over some oceanic regions (i.e. Southern Indian Ocean and Southern
Pacific Ocean) due to the low seasonal variation in the emissions of sea salt. Outside
Europe and the USA the information about the seasonal variation is often not available,
which is one of the reasons that these variations are normally not included in global
emission inventories of anthropogenic emissions (De Meij et al., 2006). Although the20

modelled AODs are generally lower than the observed AODs over Central Africa, the
seasonality of the AOD reproduces the observations, with temporal correlation coeffi-
cients higher than 0.7. High temporal correlation coefficients (0.8) are also found over
Malaysia, which indicates that the model is correct in timing the biomass burning emis-
sions for this region. Very good correlation (higher than ∼0.7) with both observational25

datasets is found for the Arabian region. This indicates that the timing of dust events
in the regions (i.e. the transport) is correctly reproduced, at least partially related to the
nudging technique. Nevertheless, as mentioned earlier, the calculated AODs are lower
compared to the observed AODs, due to the constant emissions of dust in the model,
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which are prescribed offline. A good correlation (∼0.6–0.8) is obtained over the North
Africa, the Central Atlantic Ocean and the Southern Europe when compared to MISR
observations. This indicates that the dust intrusions over these regions are correctly
timed by the model, although (as noticed before) their intensity is generally underes-
timated. It must however be underlined, that the modelled AOD in the dust outflow5

regions is strongly affected by the conversion rate from hydrophilic to hydrophobic via
condensation and coagulation with hydrophilic material, and that it cannot be ruled out
that this effect plays also a role in the AOD underestimation in these regions.

3.2 Station observations

To evaluate the calculated global concentrations of sulfate, nitrate and ammonium10

aerosols, the multiyear model results (2005–2008) are compared with measurements
from different monitoring networks. We selected the stations for which data is avail-
able for the complete time period (i.e. between 2005–2008). In the scatter plots all
the available data are shown (monthly values), while in the Taylor diagrams, the data
are grouped per month, and all data available for a certain month (independent of the15

year) are used in the calculation. The Taylor diagrams, therefore, give information on
the spatial correlations (and normalised standard deviation) between observations and
model results for each month.

In Table 3, an overview of the comparison between the model results and the obser-
vations is presented, discussed in the following sections.20

3.2.1 SO2−
4

Overall the model correctly reproduces the observed concentrations of SO2−
4 , with

more than 88 %, 92 % and 95 % of the model results within a factor of two of the ob-
servations based on the EANET, EMEP and CASTNET networks, respectively (see
Table 3). The yearly average concentrations are reasonably well captured (see Fig. 4),25

indicating that the spatial gradients of the monthly mean concentrations are relatively
well reproduced by the model. The model calculates high sulfate concentrations over

25221

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/25205/2011/acpd-11-25205-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/25205/2011/acpd-11-25205-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 25205–25261, 2011

Aerosol simulation
with EMAC

A. Pozzer et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Europe and East USA (up to 9 µg m−3 and 7 µg m−3, respectively) and very high con-
centrations over East China and other parts of East Asia (up to 25 µg m−3). The East-
West gradient in the USA and the South-North gradient in Europe are reproduced,
while the gradients over East Asia are underestimated.

Figure 5 shows the comparison between the simulated SO2−
4 and the different obser-5

vations network. The general underestimation of SO2−
4 by the model (see MAM/OAM

in Table 3) is clear from the comparison with the CASTNET and EANET datasets (see
Fig. 5, scatter plot) and partially in the comparison with the EMEP dataset. The gen-
eral underestimation is also noticeable in the Taylor diagrams, where the normalised
standard deviation is generally ∼0.5 for comparison with CASTNET and EANET, while10

with EMEP it is between ∼0.5 and ∼1. Notably, the lowest values of normalised stan-
dard deviations appear during winter months (November–January). During the sum-
mer months (June and July) the normalised standard deviations are close to the ideal
value of 1. Again, the spatial correlation coefficient is generally above ∼0.6 during
most of the year, which implies a good representation of the spatial distribution of15

SO2−
4 throughout the year. The simulation results agree very well with the CASTNET

network observations, where a spatial correlation higher than ∼0.7 is achieved, with
peaks of 0.95 during the Summer and Autumn. The comparison with the EMEP net-
work observations again shows the lowest value of the spatial correlation during the
winter season.20

The general underestimation present in the model results compared to the CAST-
NET observations does not seems to influence the overall agreement of the seasonal
cycle of SO2−

4 , which is very well reproduced in the USA (see Fig. 4, lower panel). In
the USA the model reproduces (with a temporal correlation value above 0.7 in most
locations) the observed seasonality, with the unique exception of stations located in25

the Central USA. Compared to EMEP and EANET, however, the model results have
a somewhat lower temporal correlation (∼0.5–0.6), which is due to the absence of
a clear seasonal cycle in the observations and being more pronounced in the model
(not shown).
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3.2.2 NO−
3

NO−
3 is not reproduced with the same consistency as SO2−

4 . Although the model seems
to predict the observed average nitrate concentration with a minor overestimation over
Europe and West USA (see Fig. 6), it clearly overestimates the NO−

3 concentrations
over East Asia. Nevertheless, the seasonal cycle is generally well reproduced by the5

model (see Fig. 6, lower panel) both in the USA (with a temporal correlation coefficient
of ∼0.8–0.9) and in Japan (with temporal correlation coefficient between ∼0.6 and 0.8),
while a somewhat lower temporal correlation is calculated for some locations in Europe
and West USA. The calculated mean is at least ∼60 % higher than the observed val-
ues (see Table 3 and Fig. 7), for all network observations. This difference is possibly10

due to measurement biases in the networks. As mentioned in Sect. 2.2, the nitrate
concentrations measured with teflon filters can be low biased, especially in warm and
dry conditions, as nitrate evaporates from the filters (Ames and Malm, 2001). As shown
by Schaap (2003); Schaap et al. (2004); De Meij et al. (2006), NH+

4 and NO−
3 evaporate

partially from the filters at temperatures between 15 ◦C and 20 ◦C while at higher tem-15

peratures they can evaporate completely. It is hence possible that observational biases
are responsible for the limited agreement between model results and the observations.
A further indication of the possible evaporation of nitrate from the sampling filters is
presented in the Taylor diagrams in Fig. 7. In the comparison with EANET the spatial
correlation for summer months is outside the plots, indicating a strong overestimation20

of the model with respect to the observations. For the colder winter period (hence with
lower evaporation of nitrate from the filters), the model results agree much better with
the observations. In the case of CASTNET observations the spatial correlation coef-
ficient is higher than 0.7 for December–March. Similarly, the model reproduces the
EANET observations during November and December with a spatial correlation higher25

than 0.5, but the spatial correlation coefficients obtained for the spring and the other
winter months are between 0.2 and 0.4, but with a good normalised standard devia-
tion (∼0.5, ∼0.8, ∼0.9 and ∼0.9 for January–April, respectively). In addition, there is
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a large scatter between EANET observations and simulation results (confirmed by low
correlations), caused by an overestimation of nitrate concentrations at marine sites. In
contrast to the EANET observations, the model results agree well with the observed
nitrate from the EMEP network, with a spatial correlation of ∼0.5–0.6 and a normalised
standard deviation between 0.5 and 1.5.5

3.2.3 NH+
4

As shown in Fig. 8, the NH+
4 distribution is highly concentrated over continental regions,

especially over India and China (Clarisse et al., 2009) and over Central Europe. The
spatial distribution of NH+

4 agrees very well with the observation for all three observa-
tional networks. Excellent agreement is achieved between the model and observations10

of the CASTNET network, with spatial correlation coefficients higher than ∼0.8 (see
Fig. 9) and with 87 % of the modelled values within a factor of two of the observations
(see Table 3). Also the spatial distribution over Europe is well reproduced, with spatial
correlation coefficients higher than ∼0.6.

Although the spatial distribution is well reproduced, some discrepancies are found in15

the temporal variation of NH+
4 (see Fig. 8, lower panel). In fact, the model results and

the observations correlate very well over Europe and East Asia (with temporal correla-
tions generally above 0.7 and 0.5, respectively), but the model does not present tem-
poral correlations with observations over the East USA. For these locations, the model
calculates a double peak in the NH+

4 concentration during spring (March) and autumn20

(September). For example, for the station Edgar Evins (Tennesee, USA) a small peak
during September ∼1.7 µg m−3 and a large peak of ∼2.5 µg m−3 during March (monthly
average) is modelled. This biannual maximum is a direct result of the seasonal cycle
of the NH3 emissions in the region, which have a clear maximum in March and a sec-
ondary peak in September. This seasonality is not seen in the observations, which25

show a single yearly maximum for this location around September of ∼2.4 µg m−3

(monthly average). The emission database seems to reproduce the fertilizer applica-
tions (Goebes et al., 2003) over the USA, while the importance of livestock appears to
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be strongly underestimated. Emissions from livestock cause a yearly maximum at the
end of summer and they should account for ∼80 % of the NH3 emissions in the region
(Battye et al., 2003). The EDGAR-CIRCE emission dataset groups both emissions
sources as “agricultural” (see Doering et al., 2009a, and references therein), making
it impossible to confirm this hypothesis and to establish the real reason of the incor-5

rect seasonality in the emissions. A revision of the emissions for this region is strongly
recommended.

3.2.4 Sea spray and sodium

Sea spray aerosol (SS) consists mainly of chloride and sodium (Millero, 2003), which
may both be used as proxies for seasalt aerosol. However, chloride can react with10

acid gases like nitric acid, causing chloride loss to the gas phase (in the form of HCl)
(McInnes et al., 1994). On the other hand, sodium does not evaporate and has only
minor non-marine sources (White, 2008), and can be used to calculate the total SS
concentration from the observed sodium concentration. Following the studies of Man-
ders et al. (2010) and Millero (2003), it is estimated that around one third of sea salt15

mass is sodium. In this work SS has been speciated in three different components: as
bulk species (14 %), as chloride (51.6 %) and as sodium (33.7 %) (see Sect. 2.1 and
Pringle et al., 2010a). Hence sodium can be directly compared with observations, and
the result reflects also the SS distributions.

As shown in Fig. 10, sodium is overestimated at almost all stations in the CASTNET,20

EMEP and EANET networks. The overestimation is more pronounced over Europe
than over the USA and East Asia. Furthermore, the seasonality of the SS aerosol
concentration (see Fig. 10, lower panel) is correctly reproduced over East USA, North
Europe and at some locations over Japan, while a low temporal correlation coefficient
(below 0.4) is calculated for all other stations (especially inland). Over water the total25

column of SS is correctly reproduced, as indicated by the correct calculation of the
AOD over oceanic areas (see Sect. 3.1). It must be mentioned that in this study, the
hydrophilic coarse mode is assumed to have a geometric standard deviation (σ) of 2.2,
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leading to a relative high dry deposition rate and sedimentation over land. This in-
crease in the hydrophilic coarse mode geometric standard deviation was suggested
by a previous horizontally coarser numerical experiment with a similar set up of the
EMAC model (Pringle et al., 2010a), which showed an overestimation of a factor of
two compared to observations, analogously to that obtained by Stier et al. (2005). This5

overestimation is not only still present in this study, but it even increased, with a gen-
eral overestimation of a factor of ∼3 (see Table 3). Hence, this study indicates that the
SS overestimation is not only dependent on the horizontal resolution (as speculated
by Pringle et al., 2010a; Stier et al., 2005). The coarse vertical resolution can be the
cause of the SS overestimation over land, with the model unable to capture the correct10

deposition and sedimentation at the lowest level. As shown by Maring et al. (2003),
SS is distributed vertically following a logarithmic profile, which is very difficult to repro-
duce with a coarse vertical resolution as in EMAC, with the first level being centered
at ∼30 m and with a vertical extension of ∼60 m. An improved deposition function is
needed in future simulations to describe the sea spray distribution more accurately.15

4 Global and regional budgets

Owing to the relatively high resolution in space and time of the simulation performed
in this study, global and local budgets for aerosol compounds (and precursors) can
be estimated. In Table 4 the global budget for some species is presented. The bulk
species (dust, seas salt, black carbon and particulate organic matter) follow similar20

results compared to previous work. The ratio of wet deposition to total deposition is in
good agreement with what has been estimated by Textor et al. (2006), with 24 %, 30 %,
79 % and 80 % for dust, sea salt, BC and POM, respectively. Although the burdens of
dust and sea salt are about half of that reported by Textor et al. (2006), these values
are well within the standard deviation estimated from the multimodel ensemble in the25

same work.
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Emissions of SOx, NH3 and NOy (with 108.1 Tg S yr−1, 41.0 Tg N yr−1 and

40.0 Tg N yr−1) are similar to that estimated in the literature (see for example Pye et al.,
2009; Bauer et al., 2007; Feng and Penner, 2007; Rodriguez and Dabdub, 2004). Wet
deposition of SO2−

4 is similar to that obtained by Rodriguez and Dabdub (2004) and
Pringle et al. (2010a), while it is around twice the estimate of Pye et al. (2009). Ammo-5

nium wet deposition (21.0 Tg N yr−1) is almost coincident with the results of Pye et al.
(2009) and Feng and Penner (2007). Finally, wet deposition of nitrate (18.9 Tg N yr−1)
is similar to that obtained by Rodriguez and Dabdub (2004), but around ∼25 % lower
than that obtained by Pringle et al. (2010a) with the same model but different emissions.
Also the dry deposition of these species are in line with the literature estimates.10

Regional budgets were also calculated for five specific continents; Europe, North
America, South America, Central Africa and Asia, presented in Table 5.

As expected the largest dust burdens are present over Europe, Central Africa and
East Asia. While over Europe and Central Africa the dust is imported from outside
the regions (∼ 34 Tg yr−1 each), in East Asia dust is locally emitted (∼46 Tg yr−1). In-15

terestingly, dust is also differently deposited in these regions: while for Europe and
Central Africa the wet deposition is the main sink, for East Asia sedimentation plays
the main role. Near the source, in fact, the particles are relatively large and removed
more efficiently by sedimentation. Sulfate aerosol has the largest burdens over indus-
trialised regions (Europe, North America and East Asia), and it is at least a factor of20

2 lower over Central Africa and South America. North America is a net exporter of
all the compounds investigated, with the exception of SS. Analogously to North Amer-
ica, also Europe is a net exporter of most of species, with the exception of dust and
sea salt. The European budget estimated in this work is in line with that obtained by
Aan de Brugh et al. (2011). Europe is a net importer of dust and sea salt, with ∼3425

and ∼2 Tg yr−1, respectively. The import of sea salt occurs from the Atlantic Ocean,
related to the prevailing westerly winds. Compared to the regional anthropogenic emis-
sions inventory EMEP (Vestreng et al., 2007, 2009), the emissions used in this work
are significantly higher. As an example SO2 emissions used here are ∼80 % higher

25227

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/25205/2011/acpd-11-25205-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/25205/2011/acpd-11-25205-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 25205–25261, 2011

Aerosol simulation
with EMAC

A. Pozzer et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

compared to the EMEP inventory (9.9 and 5.5 Tg S yr−1, respectively), while smaller
differences are present for NOx (4.7 and 3.9 Tg N yr−1, respectively) and NH3 (5.3 and
3.5 Tg N yr−1, respectively). Nevertheless the total SOx, NOy and NH3 emissions in

this work (11.2 Tg S yr−1, 5.1 Tg N yr−1 and 5.3 Tg N yr−1, respectively) are in line with
the work of Aan de Brugh et al. (2011) (11.4 Tg S yr−1, 7.2 Tg N yr−1 and 6 Tg N yr−1,5

respectively), who used different anthropogenic emissions (Dentener et al., 2006). In
contrast to other industrialised regions, East Asia is a net importer of NH3. In gen-
eral, NH3 is transferred to the aerosol phase within the domain and washed out rapidly,
as indicated by the relatively large amount of wet deposited NH+

4 (∼3.5 Tg N yr−1).
East Asia is clearly a strong exporter of sulfate, with around ∼34 % of the global an-10

thropogenic SO2 emission (and ∼25 % of the total SOx emission) being concentrated
in the region. Although the SOx emissions (∼24 Tg S yr−1) are more than twice the
emissions in Europe (∼11 Tg S yr−1), most of the sulfur is converted to sulfate and
washed out within the region, leading to an export (∼2.2 Tg S yr−1) that is comparable
to that from Europe (∼1.9 Tg S yr−1). This has also been concluded by other studies15

(Lawrence et al., 2007). The EDGAR-CIRCE anthropogenic emissions in this region
are quite different from those estimated by the REAS (Regional Emission inventory in
ASia) database (Ohara et al., 2007) for the year 2005, although the differences are
well within the errors associated with the emissions estimates of the region. The an-
thropogenic emissions used in this work are within 20 % of the REAS database for BC20

(∼1.4 and 1.3 Tg yr−1, respectively) and NOx (∼6.8 and ∼6.0 Tg N yr−1, respectively),
but quite different values are found for NH3 (∼6.1 and ∼10.4 Tg N yr−1, respectively),
SO2 (∼24.0 and ∼18.2 Tg S yr−1, respectively) POM (∼5.5 and ∼3.9 Tg yr−1, respec-
tively). Nevertheless these values are in line with the literature estimates for these
compounds (Streets et al., 2003; Streets and Waldhoff, 2000). This emphasizes the25

difficulties of constraining the emissions in this region. As expected, Central Africa
and South America strongly export POM (∼1.1 and 2.4,Tg (POM) yr−1, respectively),
due to the vegetation emissions and strong biomass burning events in these regions.
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In Central Africa the intrusion of dust is comparable to Europe, with wet deposition
playing a major role in the sink terms. Additionally, this relatively clean region is a net
importer of most of the compounds with the exception of NOy, which is emitted from

biogenic activities and from biomass burning (∼0.5 and 1.2 Tg N yr−1, respectively).
South America (mainly the Amazon basin) is a largely pristine region with highly lo-5

calised industrial sources. The sulfate aerosol, for example, is much lower compared to
industrialised regions, though around a factor of 5 higher than that estimated for Central
Africa. Overall, there is a net export of sulfate compounds. Similarly to Central Africa,
the South American continent also exports nitrogen compounds (∼0.8 Tg N yr−1), due
to the biogenic and biomass burning emissions.10

5 Effect of monthly distribution of anthropogenic emissions

As mentioned in Sect. 2.1.1, the EDGAR-CIRCE inventory contains emissions on a rel-
atively high spatial resolution with monthly temporal variation.

To evaluate the impact of the temporal distribution on the calculated aerosol concen-
trations, an additional model simulation (named NS, No Seasonality) was performed15

and the results were compared with the calculated concentrations of the standard sim-
ulation described in this work (here named ST, STandard case). Due to the intensive
computational time requirement for these model simulations, simulation NS covers only
the year 2005. The year 2005 is expected to be represented by the model with the high-
est consistency, mainly because the chosen emissions of primarily emitted species was20

compiled for this year. The model set-up of simulation NS is the same as in simula-
tion ST, (described in Sect. 2.1), but without the monthly distribution of the anthro-
pogenic components, i.e. neglecting the seasonal cycle present in the EDGAR-CIRCE
database. Hence, the annual total emissions are not changed.

In Table 6 the results of NS and ST are compared with observations for different25

aerosol species for the year 2005. For SO2−
4 the calculated yearly averages by NS

indicates a low bias relative to the observations compared to ST, while for all other
species ST represents the yearly average better.
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The comparison of SO2−
4 , NO−

3 , and Na+ with the EANET network does not shows
significant differences between the two simulations. This is generally due to the small
seasonal cycle present in the EDGAR-CIRCE data for East Asia. For example, SO2
emissions in China do not show a strong seasonal cycle (Zhang et al., 2009), because
of the continual energy production for industry and domestic usage. Therefore, ne-5

glecting the seasonal cycle hardly affects the calculated concentrations in this region.
The comparison of model results from simulations NS and ST with CASTNET observa-
tion suggests large differences, especially for SO2−

4 . The bias is smaller for NS than ST
when compared to the observations. This is caused by the strong monthly variability
in the SO2 emissions over the USA. The SO2 emissions show a difference of a factor10

of 2 between winter and summer emissions (being lower in summer). Photochemical
oxidation is a very important source of aerosol formation which contributes more than
50 % of the SO2−

4 formation, being larger in summer than winter. In NS, the SO2 emis-

sions are higher in the summer than in ST, which leads to higher SO2−
4 concentrations,

also due to the relatively efficient photochemical oxidation of SO2. During winter, lower15

emissions of SO2 in NS do not influence the calculated SO2−
4 concentrations, because

of the reduced photochemical oxidation. Analogously, this effect is also observed for
NO−

3 concentrations and the related NOx emissions (although less strongly); also in
this case, the yearly average is somewhat higher in simulation NS than in simulation
ST, especially when compared to CASTNET. The temporal correlation of NS with the20

observations is somewhat lower than for ST, with a decrease of ∼10 % for SO2−
4 and

5 % for NO−
3 , depending on the station.

In contrast to SO2−
4 and NO−

3 , the concentrations of NH+
4 depend mainly on the

sources of NH3, emitted by livestock and fertiliser usage, which are higher during the
spring/summer months because of the intense agricultural activities during that period.25

Ignoring the temporal distribution of NH3 emissions in NS shows a strong impact on
the calculated NH+

4 concentrations and confirms the findings by De Meij et al. (2006)
and Schaap et al. (2004). Calculated NH+

4 concentrations by ST show a smaller bias
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than NS (see Table 6) and the model percentages of agreement within a factor of two
to the observations, are higher for ST than NS with 3.6, 4.3 and 0.9 % increase when
compared to CASTNET, EMEP and EANET, respectively. As shown in Fig. 12, the tem-
poral correlation between model results and EMEP and EANET observations generally
decreases (∼10 %) when the temporal distribution of the NH3 emissions is ignored. It5

is interesting to see that NS correlates better with CASTNET than ST. As mentioned
earlier, this may be related to the dual peak in the seasonal cycle of the NH3 emissions
not present in the observations (see Sect. 3.2.3). The lack of seasonality in NS im-
proves the temporal correlation for many stations especially in the eastern part of the
USA, although it remains rather low for many stations.10

The spatial correlation coefficients between model results and observations show
small differences for all aerosol species included in this study. The underlying reason
for this is that the overall spatial distribution of the emissions does not change between
the two simulations, rather showing the same patterns over the year. Finally, the impact
of changing the monthly distribution on Na+ concentrations is negligible. The reason15

for this is that the main emission source of Na+ is mostly natural (i.e. sea spray) and
therefore calculated concentrations do not change between the two simulations.

6 Conclusions

The newly produced global anthropogenic emission inventory (EDGAR-CIRCE) of pol-
lutant gas and aerosol emissions has been incorporated in to the chemistry general20

circulation model EMAC (ECHAM5/MESSy Atmospheric Chemistry). The emission
database not only provides a very high spatial resolution, but also a temporal distri-
bution not present in other databases previously produced by the EDGAR commu-
nity. The results covering the years 2005–2008 were compared with observations from
satellites and regional networks to evaluate the model. The calculated AODs agree well25

with the satellite observations (level 3 products) over most of the globe, with a negative
bias present in equatorial areas and in the dust outflow regions (i.e. Central Atlantic
and Northern Indian Ocean). This is due to an underestimation of biomass burning
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and aeolian dust emissions. The AOD over industrialised regions is well reproduced
although with some overestimation over East Asia and an underestimation near the
west coast of the USA. Because the level 3 products do not present information about
the sampling time, a more detailed study of the AOD produced by the model would
be helpful, especially in comparison with level 2 products (i.e. with higher spatial and5

temporal resolution) to estimate the correct timing of pollution episodes and to quantify
in more detail the simulation quality over industrialised regions.

Compared to regional network observations of aerosols, the model reproduces the
main spatial and temporal atmospheric distribution of the sulfate, ammonium and ni-
trate aerosols. More specifically, good agreement is found for the simulated spatial10

distribution of sulfate and ammonium, while nitrate shows some differences when com-
pared to observations. The temporal development of these aerosol species are in line
with measurements, with the exception of ammonium aerosol, which shows some de-
viations from observations over the USA, mainly due to wrong emissions of ammonia
from livestock. Finally, sodium, used as a proxy for the sea spray aerosol, shows an15

overestimation, previously seen with similar models, which may be related to a lack of
detail in the representation of gradients in coastal regions, requiring improved emission
and deposition parametrizations.

The usage of monthly varying anthropogenic emissions improves the model ability to
reproduce the observations compared to yearly constant emissions, with an improved20

temporal correlation between 5 to 10 %, depending on the aerosol type and the lo-
cation. The only exception appears for NH+

4 , for which neglecting the seasonal cycle
improved the simulation results over the USA, partially correcting the wrong seasonal
distribution of the emissions. This improvement is, however, limited to the USA, while
in the other regions a degradation of the model results compared to the observations25

is obtained.
In conclusion, the emission database EDGAR-CIRCE is found to be a valuable in-

ventory for tropospheric chemistry and aerosol studies, with only a minor issue in
the emission of ammonia in the Eastern USA, and its usage can be encouraged to
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the atmospheric chemistry community, especially regarding its highly detailed spa-
tial/temporal resolution.
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Hauglustaine, D., Isaksen, I. S. A., Jöckel, P., Lelieveld, J., Myhre, G., Meijer, E., Olivie, D.,
Prather, M., Schnadt Poberaj, C., Shine, K. P., Staehelin, J., Tang, Q., van Aardenne, J.,15

van Velthoven, P., and Sausen, R.: The impact of traffic emissions on atmospheric ozone
and OH: results from QUANTIFY, Atmos. Chem. Phys., 9, 3113–3136, doi:10.5194/acp-9-
3113-2009, 2009. 25213

Huntingford, C., Hemming, D., Gash, J., Gedney, N., and Nuttall, P.: Impact of climate change
on health: what is required of climate modellers?, T. Roy. Soc. Trop. Med. H., 101, 97–103,20

doi:10.1016/j.trstmh.2006.11.001, 2007. 25207
Isaksen, I., Granier, C., Myhre, G., Berntsen, T., Dalsøren, S., Gauss, M., Klimont, Z., Benes-

tad, R., Bousquet, P., Collins, W., Cox, T., Eyring, V., Fowler, D., Fuzzi, S., Jöckel, P., Laj, P.,
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Tanré, D., Kaufman, Y. J., Herman, M., and Mattoo, S.: Multiangle Imaging Spectrora-

25241

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/25205/2011/acpd-11-25205-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/25205/2011/acpd-11-25205-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2003JD003639
http://dx.doi.org/10.5194/acp-5-445-2005
http://dx.doi.org/10.5194/acp-5-445-2005
http://dx.doi.org/10.5194/acp-5-445-2005
http://www.library.uu.nl/digiarchief/dip/diss/2003-1209-110044/inhoud.htm
http://www.library.uu.nl/digiarchief/dip/diss/2003-1209-110044/inhoud.htm
http://www.library.uu.nl/digiarchief/dip/diss/2003-1209-110044/inhoud.htm
http://dx.doi.org/10.5194/acp-4-857-2004
http://dx.doi.org/10.5194/acp-5-1125-2005
http://dx.doi.org/10.5194/acp-5-1125-2005
http://dx.doi.org/10.5194/acp-5-1125-2005
http://dx.doi.org/10.1029/2002JD003093


ACPD
11, 25205–25261, 2011

Aerosol simulation
with EMAC

A. Pozzer et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

diometer (MISR) global aerosol optical depth validation based on 2 years of coincident
Aerosol Robotic Network (AERONET) observations, J. Geophys. Res., 102, 16971–16988,
doi:10.1029/96JD03437, 1997. 25216

Taylor, K.: Summarizing multiple aspects of model performance in a single diagram, J. Geo-
phys. Res., 106, 7183–7192, 2001. 252195

Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer, S., Berntsen, T., Berglen, T.,
Boucher, O., Chin, M., Dentener, F., Diehl, T., Easter, R., Feichter, H., Fillmore, D., Ghan, S.,
Ginoux, P., Gong, S., Grini, A., Hendricks, J., Horowitz, L., Huang, P., Isaksen, I., Iversen, I.,
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Table 1. Global gas emissions for the year 2005. In bold are the emissions calculated on-line
by the submodels ONLEM or AIRSEA (maximum and minimum).

Trace gas Anthropogenica Biomass Natural Total
burningb

CO 584.1 356.8 112.4 1053.3
C2H4 6.9 3.6 11.3 21.8
C2H6 7.5 2.0 0.5 10.1
C3H6 3.0 1.6 3.4 8.0
C3H8 9.0 0.6 0.3 10.0
C4H10

c 63.0 0.8 0.4 64.2
MEKd 7.0 3.1 – 8.2
CH3CHO 1.5 1.4 – 2.9
CH3COCH3 4.1 1.3 55.6 61.0
CH3COOH 4.8 4.6 3.4 12.7
CH3OH 7.6 4.6 150.1 1 62.3
HCHO 3.4 2.4 – 5.9
HCOOH 2.6 2.5 5.6 10.7
SO2 140.4 2.3 29.1 171.9
NH3 40.7 – 10.6 51.3
DMS – – 44.6–45.6 45.3
ISOPRENE – – 394.9–420.8 408.0
NOx

e 27.9 4.6 7.7–8.6 41.0

a Based on the CIRCE-EDGAR inventory for the year 2005.
b From GFEDv3.1 (van der Werf et al., 2010), averaged over the years 1997–2009.
c It includes higher alkanes.
d Methylethylketone plus all higher ketones.
e In unit of Tg N yr−1. The natural emissions include soil and lightning source.
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Table 2. Global aerosol emissions for the year 2005.

Aerosol Anthropogenica Biomass Naturalc Total
burningb

BC 6.0 2.1 – 8.1
POM 18.8 25.8 19.1 63.7
DU – – 1669.8 1669.8
SS – – 7888.3 7888.3

a From based on the CIRCE-EDGAR inventory, for the year 2005.
b From GFEDv3.1 (van der Werf et al., 2010), averaged over the year 1997–2009.
c From AEROCOM (Dentener et al., 2006).
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Table 3. Summary of the comparison of model data to observations of aerosol concentrations.
OAM and MAM are the arithmetic mean of the observations and of the model, respectively (in
µg m−3). The model has been sampled at the locations of the observations, and the average
corresponds to the 2005–2008 period. PF2 is the percentage of modelled point within a factor
of two of the observations.

Species Network MAM OAM MAM/OAM PF2

SO2−
4 CASTNET 2.1 2.9 0.7 95.3

SO2−
4 EMEP 1.6 1.9 0.8 92.3

SO2−
4 EANET 2.4 4.4 0.5 88.7

NO−
3 CASTNET 1.7 0.9 1.9 46.0

NO−
3 EMEP 2.5 1.6 1.6 64.5

NO−
3 EANET 1.9 1.2 1.6 52.0

NH+
4 CASTNET 1.0 1.0 1.0 87.7

NH+
4 EMEP 1.2 0.9 1.3 80.6

NH+
4 EANET 0.9 1.1 0.8 81.9

Na+ CASTNET 0.3 0.1 3.2 49.8
Na+ EMEP 3.5 0.9 3.9 15.7
Na+ EANET 2.9 1.0 2.8 33.8
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Table 4. Global aerosol budget. All units in Tg (species) yr−1, except nitrogen and sulfur com-
pounds (expressed as Tg N yr−1 and Tg S yr−1, respectively). NOy includes NO, NO2, peroxya-
cytyl nitrate (PAN), NO3, HNO4 and N2O5, and not nitric acid or aerosol nitrate. SOx includes
SO2, H2SO4 and DMS, and not aerosol sulfate. The yearly standard deviation is listed in paren-
thesis.

Emissions Dry deposition Sedimentation Wet deposition Burden

DU 1659.3 (12.6) 65.3 (3.1) 1183.5 (18.5) 403.3 (11.1) 10.6 (0.3)
SS 7843.9 (50.0) 1422.8 (25.7) 4090.7 (13.4) 2314.3 (13.5) 5.8 (0.3)
BC 8.1 (0.1) 0.8 (0.0) 0.8 (0.0) 6.2 (0.1) 0.1 (0.0)
POM 63.4 (0.5) 6.1 (0.1) 6.1 (0.1) 50.0 (0.6) 1.0 (0.0)

NH3 41.0 (0.2) 16.3 (0.1) – – 0.1 (0.0)
NH+

4 – 0.9 (0.0) 2.6 (0.1) 21.0 (0.2) 0.1 (0.0)

SOx 108.1 (0.9) 26.0 (0.2) – – 0.6 (0.0)
SO2−

4 2.1 (0.0) 6.2 (0.1) 23.8 (0.2) 55.0 (0.5) 0.3 (0.0)

NOy 40.0 (0.2) 4.4 (0.0) – – 2.0 (0.1)
HNO3 – 9.8 (0.1) – – 1.1 (0.0)
NO−

3 – 1.0 (0.0) 6.7 (0.1) 18.9 (0.2) 0.1 (0.0)
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Table 5. Regional aerosol budgets. All units in Gg(species) yr−1, except nitrogen and sulfur
compounds (expressed as Gg N yr−1 and Gg S yr−1, respectively) and the species are as in
Table 4. The transport is positive (negative) associated with a net import (export) to (from) the
region. The yearly standard deviation is listed in parenthesis.

Emissions Dry deposition Sedimentation Wet deposition Transport Burden

North America (126◦ W–72◦ W and 30◦ N–52◦ N)
DU 7505.0 (63.8) 622.1 (38.4) 4569.7 (72.94) 1707.5 (89.1) −385.6 (83.4) 32.1 (1.1)
SS 21524.3 (221.7) 2613.1 (149.9) 13551.4 (313.84) 6852.2 (243.1) 987.0 (342.2) 29.2 (1.7)
BC 511.7 (4.7) 59.7 (1.1) 17.7 (0.79) 223.5 (4.3) −198.9 (7.2) 4.8 (0.2)
POM 1986.2 (84.6) 248.5 (9.6) 64.3 (4.17) 1010.7 (35.7) −489.2 (72.3) 22.3 (1.6)

NH3 2972.8 (11.6) 980.2 (18.8) – 0.0 (0.0) −35.7 (21.6) 7.9 (0.3)
NH+

4 – 131.6 (4.9) 219.4 (16.03) 1251.8 (23.0) −303.8 (11.6) 8.4 (0.3)

SOx 7336.4 (63.3) 1776.5 (43.9) – – −1216.9 (111.0) 33.4 (0.3)
SO2−

4 181.3 (1.3) 237.2 (10.9) 469.2 (22.80) 2904.9 (71.8) −486.1 (23.4) 13.2 (0.5)

NOy 5699.4 (38.3) 582.7 (21.4) – – −987.7 (160.4) 66.3 (1.7)
HNO3 – 1703.8 (19.9) – 2.6 (0.4) −625.0 (97.4) 35.2 (0.5)
NO−

3 – 56.4 (2.6) 197.2 (5.00) 1242.5 (17.8) −59.7 (7.9) 2.2 (0.1)

Europe (12◦ W–36◦ E and 34◦ N–62◦ N)
DU 4459.9 (18.8) 1856.4 (168.7) 11210.7 (823.2) 30349.2 (2234.5) 34616.7 (3581.8) 386.0 (29.0)
SS 85557.5 (912.9) 14544.0 (517.8) 46657.7 (1078.2) 28457.0 (1406.6) 2007.0 (670.2) 80.8 (2.0)
BC 662.0 (5.5) 76.6 (1.0) 53.3 (2.2) 290.5 (5.6) −224.7 (7.5) 5.4 (0.1)
POM 1091.8 (26.8) 136.9 (3.3) 98.6 (3.0) 580.8 (24.8) −214.2 (25.5) 12.2 (0.5)

NH3 5261.0 (19.3) 2122.8 (42.6) – 0.2 (0.0) −147.0 (7.5) 7.8 (0.4)
NH+

4 – 197.1 (4.4) 391.8 (37.5) 2008.6 (78.6) −271.1 (8.9) 8.9 (0.5)

SOx 11232.3 (92.2) 3530.3 (37.7) – – −1884.6 (119.4) 45.5 (0.7)
SO2−

4 273.8 (1.9) 320.3 (3.2) 917.5 (38.2) 3620.3 (47.9) −607.5 (26.0) 16.4 (0.7)

NOy 5058.4 (32.5) 634.5 (11.2) – – −576.4 (160.6) 68.8 (1.6)
HNO3 – 920.9 (17.4) – – −415.6 (120.4) 36.7 (0.7)
NO−

3 – 150.9 ( 5.0) 597.2 (25.6) 1394.2 (40.2) −115.1 (7.2) 3.7 (0.1)

East Asia (100◦ E–144◦ E and 20◦ N–44◦ N)
DU 45933.8 (309.1) 3294.9 (116.1) 37822.6 (398.7) 16845.0 (800.4) 10354.2 (1099.9) 351.4 (11.2)
SS 89937.5 (886.3) 7016.6 (421.5) 46863.3 (1272.1) 30749.6 (730.0) −4424.2 (619.9) 96.3 (4.5)
BC 1476.6 (15.2) 133.9 (0.8) 140.5 (3.7) 972.2 (26.7) −159.8 (23.3) 15.3 (0.3)
POM 6263.3 (70.1) 594.6 (7.9) 612.3 (12.9) 4976.6 (198.7) 201.3 (142.7) 77.0 (2.5)

NH3 6097.2 (23.1) 1868.5 (13.5) – 0.1 (0.0) 501.4 (61.5) 12.8 (0.3)
NH+

4 – 244.9 (7.1) 580.3 (23.5) 3563.1 (75.5) −226.7 (45.4) 20.7 (0.4)

SOx 23935.0 (201.6) 7715.1 (96.0) – – −2187.1 (186.2) 93.7 (1.8)
SO2−

4 591.2 (4.3) 502.4 (15.5) 1790.9 (38.2) 10413.7 (140.4) −889.2 (59.9) 31.8 (0.8)

NOy 7262.6 (49.2) 645.1 (9.2) – – −568.3 (163.4) 66.0 (1.5)
HNO3 – 1407.8 (29.3) – 1.2 (0.1) −330.1 (140.0) 34.9 (1.0)
NO−

3 – 121.1 (5.6) 594.0 (12.9) 3028.7 (48.1) −164.5 (17.4) 7.0 (0.2)

Central Africa (10◦ E–40◦ E and 10◦ S–10◦ N)
DU 3.5 (0.3) 3762.6 (552.4) 9418.7 (986.7) 24017.1 (1431.9) 33347.4 (2650.8) 327.2 (43.6)
SS 713.3 (5.2) 321.1 (5.5) 1245.0 (8.1) 1470.5 (70.9) 2182.6 (88.6) 17.8 (0.6)
BC 839.7 (31.8) 78.1 (1.3) 32.3 (1.6) 597.8 (42.7) −93.3 (23.2) 13.0 (0.5)
POM 8928.1 (324.2) 870.3 (14.5) 543.2 (29.0) 5990.5 (422.4) −1079.8 (228.2) 119.0 (4.3)

NH3 761.8 (4.9) 256.8 (16.3) – 0.0 (0.0) 116.1 (11.2) 3.8 (0.3)
NH+

4 – 8.6 (0.5) 14.8 (1.0) 646.4 (19.7) 31.0 (7.9) 1.9 (0.1)

SOx 708.6 (15.2) 160.5 (8.1) – – 230.7 (15.2) 4.8 (0.2)
SO2−

4 18.5 (0.4) 36.9 (1.5) 80.7 (2.9) 768.8 (34.8) 87.5 (16.1) 5.4 (0.3)

NOy 2115.7 (68.1) 203.8 (13.5) – – −361.7 (139.8) 35.2 (1.5)
HNO3 – 670.9 (8.5) – 0.1 (0.0) −6.2 (74.8) 16.2 (0.8)
NO−

3 – 9.1 (0.5) 24.2 (1.8) 692.0 (65.6) 56.8 (4.5) 0.7 (0.0)

South America (75◦ W–35◦ W and 30◦ S–0◦ N)
DU 3382.4 (15.4) 472.7 (61.1) 2218.3 (32.5) 4630.4 (563,7) 3422.3 (577.9) 38.0 (4.0)
SS 30004.4 (163.4) 3230.5 (150.5) 22772.9 (196.4) 11909.4 (590.2) 6823.9 (599.2) 68.8 (1.6)
BC 599.4 (103.2) 64.3 (11.8) 21.6 (6.3) 319.7 (65.6) −154.0 (24.2) 8.1 (1.7)
POM 10020.4 (1144.5) 1012.7 (129.3) 339.8 (96.2) 5603.7 (898.4) −2484.2 (341.9) 117.5 (15.8)

NH3 2606.4 (16.7) 1110.2 (14.9) – – −73.4 (32.7) 7.7 (1.0)
NH+

4 – 15.3 (1.7) 29.0 (3.1) 1252.2 (56.0) −77.7 (13.3) 2.3 (0.2)

SOx 3827.7 (60.7) 625.5 (6.8) – – −703.6 (117.8) 20.9 (0.2)
SO2−

4 91.2 (1.4) 84.3 (5.2) 309.9 (10.6) 1582.8 (123.2) −245.2 (27.3) 9.7 (0.6)

NOy 2576.2 (210.0) 320.0 (19.4) – – −807.9 (170.9) 62.6 (2.9)
HNO3 – 467.8 (102.1) – 0.2 (0.0) −69.6 (134.7) 22.1 (1.5)
NO−

3 – 29.3 (2.3) 86.7 (3.5) 534.3 (79.2) 62.5 (6.8) 1.5 (0.1)
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Table 6. Comparison of model results to observations of aerosol concentrations. OAM and
MAM are the arithmetic mean of the observations and of the model, respectively (in µg m−3).
Bias represents the difference between MAM and OAM. The model has been sampled at the
locations of the observations, and the average corresponds to the 2005 period. PF2 is the
percentage of modelled concentrations within a factor of two of the observations.

ST NS PF2 difference
Species Network OAM MAM Bias PF2 MAM Bias PF2 PF2(ST)−PF2(NS)

SO2−
4 CASTNET 2.9 2.0 −0.8 94.7 2.2 −0.6 94.2 0.5

SO2−
4 EMEP 1.9 1.6 −0.5 94.0 1.7 −0.4 92.7 1.3

SO2−
4 EANET 4.4 2.4 −2.1 92.3 2.4 −2.1 91.7 0.6

NO−
3 CASTNET 0.9 1.7 0.9 42.6 1.9 1.1 40.1 2.5

NO−
3 EMEP 1.6 2.7 1.0 66.1 2.7 1.0 66.1 0.0

NO−
3 EANET 1.2 1.9 0.7 52.5 1.9 0.7 53.1 −0.6

NH+
4 CASTNET 1.0 1.0 0.0 86.8 1.1 0.1 83.2 3.6

NH+
4 EMEP 0.9 1.3 0.2 82.7 1.4 0.3 78.4 4.3

NH+
4 EANET 1.1 0.9 −0.2 86.1 0.9 −0.2 85.1 0.9

Na+ CASTNET 0.1 0.3 0.2 43.4 0.3 0.2 42.6 0.8
Na+ EMEP 0.9 3.6 2.6 13.5 3.7 2.7 13.5 0.0
Na+ EANET 1.0 2.9 1.9 36.3 2.9 1.9 36.0 0.3
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Fig. 1. Annual average AOD difference between model results and MODIS and MISR obser-
vations (level 3 product). In grey the regions with less than 12 observations present during the
years 2005–2008.
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Fig. 2. Taylor diagram of the comparisons between satellite observations and model results of
AOD. The comparison with MODIS and MISR are depicted with squares and circles, respec-
tively. The triangles denote the comparison between MISR and MODIS observations. The
color code denotes the month of the year.
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Fig. 3. Correlation (R) between model results and MODIS and MISR observations (level 3
product) of AOD. In grey the regions with less than 24 observations/months present during the
years 2005–2008.
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Fig. 4. UPPER: simulated mean concentrations of SO2−
4 (in µg m−3) for the year 2005–2008,

with observations from CASTNET, EMEP and EANET (averaged over the same period) over-
plotted. LOWER: temporal correlation of observations from CASTNET, EMEP and EANET and
model results for SO2−

4 .
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Fig. 5. LEFT: Scatter plots of observed and modelled monthly averaged concentrations (in
µg m−3) for the year 2005–2008 of SO2−

4 . RIGHT: Taylor diagram of the comparison between
station observations and model results. The color code denotes the month of the year for
which the statistical values are calculated. UPPER: observations from CASTNET, MIDDLE:
observations from EMEP, LOWER: observations from EANET.
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Fig. 6. As Fig. 4 but for NO−
3 .
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Fig. 7. As Fig. 5 but for NO−
3 .
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Fig. 8. As Fig. 4 but for NH+
4 .
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Fig. 9. As Fig. 5 but for NH+
4 .
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Fig. 10. As Fig. 4 but for Na+.
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Fig. 11. Scatter plots of station observed and modelled monthly averaged concentrations (in
µg m−3) for the year 2005–2008 of Na+. LEFT: observation from CASTNET, MIDDLE: obser-
vations from EMEP, RIGHT: observations from EANET.
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Fig. 12. Temporal correlation of observations from CASTNET, EMEP and EANET and model
results for the year 2005 of NH+

4 . UPPER: model results from simulation ST; LOWER: model
results from simulation NS.
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