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Abstract. The new global anthropogenic emission inventory (North America, Europe, East Asia, Central Africa and South
(EDGAR-CIRCE) of gas and aerosol pollutants has been in-America) are calculated. Over East-Asia most of the emit-
corporated in the chemistry general circulation model EMAC ted aerosols (precursors) are also deposited within the region,
(ECHAM5/MESSy Atmospheric Chemistry). A relatively while in North America and Europe transport plays a larger
high horizontal resolution simulation is performed for the role. Further, itis shown that a simulation with monthly vary-
years 2005-2008 to evaluate the capability of the model andng anthropogenic emissions typically improves the temporal
the emissions to reproduce observed aerosol concentratioreorrelation by 5-10 % compared to one with constant annual
and aerosol optical depth (AOD) values. Model output is emissions.

compared with observations from different measurement net-
works (CASTNET, EMEP and EANET) and AODs from re-
mote sensing instruments (MODIS and MISR). A good spa-;
tial agreement of the distribution of sulfate and ammonium

aerosol is found when compared to observations, while Cal‘l’ropospheric aerosols have significant effects on human
culated nitrate aerosol concentrations show some discrepalh—ea“h (e.g.Huntingford et al, 2007, the water cycle

cies. The simulated temporal development of the inorgani(‘(e.g' Ramanathan et al.2003) and climate (e.g.lsak-

aerosols is in line with measurements of sulfate and nitrateSen et al. 2009. To study these different topics, global
aerosol, while for ammonium aerosol some deviations fromaerosol models that account for a wide range, of com-

observe_ltio_ns occur over the_ USA, dug t(_) the wrong tem'plexities are required. Modelling work on aerosols chem-
poral distribution of ammonia gas emissions. The calCU-jgyy (and their feedbacks) has been performed for over
lated AODs agree well with the satellite observations in mosts yr (e.g.Atwater, 1975 Baklanoy 1988 Taylor and Pen-
regions, while negative biases are found for the equatoria}1er 1994, with ’the first global model to fully couple
area and in the dust outflow regions (i.e. Central Atlantic ,jine meteorology-chemistry-aerosol-radiation on global
a_nd Northern _Ind|an Ocean), due to an u_nderest|mat|o_n %Ccale (with inorganic partitioning) being developed Ja-
biomass burning and aeolian dust emissions, reSpeCt!"e%obson(ZOOQ 2001ab) based on earlier work on a regional
Aerosols and precursors budgets for five different regionsg4e 0acobsonl997ab), which included a large number of
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962 A. Pozzer et al.: Aerosol simulation with EMAC

aerosol species. Nowadays, a number of global aerosol modiatasets. In Sec3.the evaluation of the aerosol optical depth
els that can treat semi-volatile inorganic species that partitio(AOD) is presented. AOD is a very useful metric for analyz-
between the gas and aerosol phases exist Aelgms et al. ing model performance in regions where ground-based ob-
1999 Adams and Seinfeld2002 Bauer and Koch2005 servations are sparse. It provides an indication of the ability
Myhre et al, 2006 Feng and PenngP007 Pringle et al. of the model to reproduce the concentrations of BC, OC and
20103, but most models treat five main aerosol species:dust which are often not included in the observational net-
black carbon (BC), particulate organic matter (POM), sulfateworks. In Sect.3.2 aerosol concentrations of %Q NO3
aerosol (S§"), mineral dust (DU) and sea spray (SS) (seeand NH; are compared to large scale observations. Special
Textor et al, 2006 and reference thereinZhang(2008 and  focus is given to these compounds due to their complex in-
references therin) clearly describes the history of the chemteractions with the gas phase chemistry. Additionally;”Na
istry models, showing the large increase in our understandingierosol is also compared to station observations as a proxy
of the processes involved in aerosol formations and interacfor sea salt. To examine the contribution of the different
tions. aerosol species to air quality, Sedtshows the global and
Although models increasingly include sophisticated regional budgets of aerosol in North America, Europe, East
aerosol descriptions they still rely on offline calculated fields Asia, Central Africa and South America. Finally, in Se&t.
of aerosols and precursors emissions. The skill of the aerosahe effects of the seasonally varying anthropogenic emissions
model strongly depends on the representativeness of theare analyzed, followed by the conclusions in Séct.
emission fields used, thus it is important to consider any
possible biases in the emissions. For example, most of the
global anthropogenic emissions inventories currently neglect .
the seasonal cycle of emissions for the majority of precur-2 Model and observations
sor gases and generally have a resolution »fl? (e.g.van o
Aardenne et a].2005 Olivier et al, 1999 1996. Regional 2-1 Model description and setup
inventories of anthropogenic emissions are available at much
higher resolution (both spatially and temporally) but they areEMAC is a combination of the general circulation model
spatially limited (e.gWarneke et a.2007 Jacobson2001¢ ~ ECHAMS (Roeckner et a).200§ (version 5.3.01) and the
Jacobson et gl2007 and hence difficult (or impossible) Modular Earth Submodel System (MESSy, version 1.9,
to use in global models. The seasonal variation of anthro-Jockel et al, 2005. The model has been extensively de-
pogenic emissions is important for many compounds (e.gscribed and evaluatediickel et al, 2006 Pozzer et aJ.
ammonia) especially for those for which the phase partition-2007), and additional details about the model system can be
ing is temperature dependertifder et al. 2004 De Meij ~ found athttp://www.messy-interface.org
et al, 2006. In this work, we take advantage of the state- In this study, the applied spectral resolution of the
of-the-art emissions inventory EDGAR-Climate Change andECHAMS base model is T106, corresponding to a horizon-
Impact Research (CIRCE), which provides emissions ontal resolution of the quadratic Gaussian grickol.1x 1.1°.
a high spatial (0.% 0.1°) and temporal (monthly) resolu- The horizontal resolution has been chosen as a compromise
tion, together with a recently developed aerosol scheme imbetween the resolution of the emissions inventories and com-
plemented within the EMAC modeP¢ingle et al.20103. putational resources. Emissions with different resolutions are
This study has three main objectives. The first objectiveavailable (ranging from 0. 0.1° to 1 x 1°, see Sec?.1.]),
is to evaluate the model performance in simulating aerosobut here the coarser resolution has been used in line with
and AODs calculations using the EDGAR-CIRCE emissionthe model grid structurewild and Prathef2006, who per-
inventory by comparing the results with ground based andformed a set of simulations at different resolutions (T21,T42,
space borne observations. The second objective is to analyses3 and T106), showed that the simulated ozone is increas-
the aerosol (precursor) budget for five regions (Europe, Northingly realistic (compared to the observations) with increasing
America, East Asia, South America and Central Africa) andresolution. In the literature not many studies at T106 resolu-
quantify the aerosol import and export terms, compared withtion on a global scale are available; as an exanipteet al.
previous studies. Thirdly, we investigate the effect of in- (2008 performed a simulation at this resolution, but it was
cluding the seasonal cycle in the anthropogenic emissions dimited to the summer of 1999, and not multi year as in this
aerosol precursors, taking advantage of the newly developediork. Higher resolutions are possible using the nesting tech-
emissions database. Therefore, a multi year model simulaniques Kerkweg and dckel 2011, Hofmann et al.2011), or
tion with a relatively high horizontal resolution-(1 x 1°) by using a non-uniform (stretched) grigdrk et al, 2004ab)
has been performed. Particular focus is placed on semito reduce the computational costs of the overall simulations.
volatile inorganic aerosol species (i.e.$0N0§ and NH)) Nevertheless, it must be stressed that these techniques can be
and their precursors. implemented only in few regions of interest. One of the main
The paper is organized as follows. Secthfi describes  goals of this work is to take advantage of the relatively high
the model, the emission inventory and the observationakesolution to study regional air pollution budgets (see SBct.
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and thus it is essential to use a global model which providess emitted into the three largest modes of the 4-mode hy-
consistent information within and between different regions. drophilic distribution. The emissions of POM are split be-
The applied vertical resolution is 31 layers, up to 10 hPa.tween the hydrophobic (35 %) and hydrophilic (65 %) distri-
The model dynamics has been weakly nudgkliken et al.  butions. A parameterisation of aerosol ageing allows aerosol
1996 Jockel et al, 2006 Lelieveld et al, 2007 towards to pass from the hydrophobic to the hydrophilic distribu-
the analysis data of the European Centre for Medium-tion upon the addition of hydrophilic materidfignati et al,
Range Weather Forecasts (ECMWF) operational model (uf2004. The distribution of species within each mode is given
to 100 hPa) to represent the actual day-to-day meteorologyn Pringle et al.(2010h their Table 2). The aerosol within
in the troposphere. This allows a direct comparison witheach mode is internally mixed while the 7 modes are exter-
observations. The coupling between the radiation and theally mixed with respect to each other. Gas/aersosol par-
atmospheric composition has been removed (switched off)titioning is treated using the ISORROPIA-II modéiqun-
This implies that changes in the atmospheric compositiontoukis and Nene2007 Nenes et a).1998ab). In this study
calculated by the chemical mechanism (i.e. ozone, aerosolsSORROPIA-II is used to treat the interaction of hiHNa,
and greenhouse gases) do not induce a dynamical respons®y,, NOs, Cl, H,O aerosols. Gas-phase species considered
of the model, which is instead forced by a climatological are NH;, HCI, HNO3, H2O. ISORROPIA-II solves for the
concentrations of such components. The model output iquilibrium state by considering the chemical potential of the
5-hourly, thus an entire daily cycle is covered after 5 days.speciesKlenes et a.1998ab). By considering specific com-
Dry deposition and sedimentation are described extensivelyositional “regimes”, it minimises the number of equations
in Kerkweg et al.(20068 (DRYDEP and SEDI submodel) and iterations required. In this study activity coefficients are
which are based on the big leaf approach. Dry deposition vetaken from pre-calculated lookup tables to reduce computa-
locities depend on physical and chemical properties of thetional expense (see al&uingle et al.20108.
surface cover. Wet deposition is describedTiost et al. The optical properties of the aerosol are calculated with
(20063 (SCAV submodel), while its impact on atmospheric the EMAC submodel AEROPT. It is based on the scheme by
composition in the EMAC model is analyzed in detail in Lauer et al.(2007) and makes use of predefined lognormal
Tost et al.(20073. The emission procedure has been ex- modes (i.e. the mode widthand the mode mean radius have
plained byKerkweg et al (20068 (OFFLEM, ONLEM and  to be taken into account), for which lookup tables with the
TNUDGE submodel) anBozzer et al(2006 (AIRSEA sub-  extinction coefficientosy, the single scattering albedasy
model). The chemistry is calculated with the MECCA sub- and the assymetry factgg,, for the shortwave and extinction
model of Sander et al(2005. The chemical mechanism is coefficientoy,, for the longwave spectrum have to be created.
the one used idockel et al.(2006 see electronic supple- These lookup tables are calculated with the help of the LI-
ment), and consists of 104 gas phase species and 245 reaBBRADTRAN (Mayer and Kylling 2005 for various aerosol
tions. G related chemistry of the troposphere is included, types. In the case of the AEROPT submodel the consid-
as well as non-methane-hydrocarbons (NMHCs) decompoered species are POM, BC, DU, SS, water soluble com-
sition (von Kuhlmann at a).2003. The other submodels pounds (WASQO, i.e. all other water soluble inorganic ions,
used in this study are CONVECTdst et al, 20060, LNOX e.g.: Nl—g, S HSQ,, NO;, etc.) and aerosol water
(Tost et al, 2007h, as well as CLOUD, CVTRANS, JVAL, (H20). The refractive indices for these compounds are taken

HETCHEM and TROPOPJckel et al, 2006. from several data bases, e.g. HITRAN2004 :
Aerosol microphysics and gas/aerosol partitioning are cal- ) ) )

culated by the Global Modal-aerosol eXtension (GMXe) — WASO (mainly using ammonium sulfate values

aerosol module (described Byingle et al.2010ab). GMXe following Hess et a].1998,

simulates the distribution of sulfate, BC (Black Carbon),
POM (Particulate Organic Matter), nitrate, ammonium, DU
(Dust) and SS (Sea Spray) aerosol within 7 interacting log- — SS Shettle 1979,

normal modes (in a similar approach to thaMignati et al,

2004 Stier et al, 2005 Mann et al, 2010. The particle — H20 (Hale and Querryl973,
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 _ py (Hess et al.1998 S. Kinne, personal

four size categories (nucleatioa% nm radius), Aitken (5— communication, 2010).

50 nm), accumulation (50-500 nm) and coars®&@0 nm))

and are divided into a hydrophilic (4 modes) and a hydropho- For these compounds the wavelength dependent complex
bic (3 modes) distribution. Hydrophobic aerosol (BC and refractive index is used for a comprehensive set of Mie cal-
DU) is emitted into the three modes in the hydrophobic culations. This results in a 3-dimensional lookup table (de-
distribution and hydrophilic aerosol (sulfate and sea spray)pending on the complex refractive index and the Mie size

— BC (Hess et a].1998,

— OC (Hess et a].1998 Sutherland and Khannd 991,
S. Kinne, personal communication, 2010),
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parameter, combining the wavelength and aerosol size infor2007 UNF, 2008 and regional Qhara et al.2007 Streets
mation) spanning up a 100100x 100 space. et al, 2003 Klimont et al, 2002 Vestreng and Klein2002

During the simulation, the volume-weighted mean com- data sets and the differences lie within the uncertainties as-
plex refractive index is determined for each mode of thesociated with emissions estimates. In particular, over Eu-
aerosol distribution. Then, depending on the mean radiusope, the EDGAR-CIRCE emissions inventory are signifi-
of the mode, the Mie size parameter is calculated for eacttantly higher than the regional anthropogenic emissions in-
wavelength band. These three parameters provide the rerentory EMEP Vestreng et a).2007, 2009. As an exam-
quired information for the lookup table for the valuesdgy, ple SG emissions from EDGAR-CIRCE are80 % higher
wsw, Ysw @ndoyy. To cover the wavelength dependency thesecompared to the EMEP inventory (9.9 and 5.5 TgSlyre-
coefficients are determined for 16 predefined bands in thespectively), while smaller differences are present foryNO
shortwave and 16 in the longwave spectrum, which are no(4.7 and 3.9 TgNyr!, respectively) and Nkl (5.3 and
required to match the bands used in the radiation calculatio3.5 TgNyr 1 respectively). Nevertheless the total European
of the base model (in our case ECHAMS5). Next a mappingSGx, NOy and NH; emissions in the EDGAR-CIRCE in-
of the precalculated wavelength bands to those of the radiventory (11.2 TgSyr!, 5.1 and 5.3 Tg N yrl, respectively)
ation scheme is performed using a weighted interpolationare in line with the work ofAan de Brugh et al(2011)
using a (constant) reference spectrum for the solar incoming11.4 TgSyr?, 7.2 and 6 Tg N yrt, respectively), who used
flux at the Earth surface in which trace gas absorption basedifferent anthropogenic emissionB¢gntener et al.2006.
on climatological values has been considered. This methodhe EDGAR-CIRCE anthropogenic emissions over Asia are
is also applied to determine the values for other (diagnosticuite different from those estimated by the REAS (Regional
wavelengths, e.g. for the 550 nm band, which is often usecEmission inventory in ASia) databas®lfara et al.2007)
in observational data sets. Finally, the method of calculatingfor the year 2005, although the differences are well within
the AOD is the following: for each mode the extinction coef- the errors associated with the emissions estimates of the
ficient is calculated for a single particle; the extinction coef- region. The anthropogenic emissions from the EDGAR-
ficient is then multiplied by the number of particles per grid CIRCE inventory are within 20 % of the REAS database for
cell, giving the vertical integral of the extinction per mode BC (~1.4 and 1.3 Tg yrl, respectively) and NQ(~6.8 and
and per layer. The AOD per layer is obtained by adding all~6.0Tg Nyr1, respectively), but quite different values are
the modes in the layer, and the sum of all AOD values overfound for NH; (~6.1 and~10.4TgNyr?, respectively),
the vertical model domain yields the total atmospheric AOD. SO, (~24.0 and~18.2Tg Syrl, respectively) POM~5.5

The model simulation covers the years 2004—2008. Theand ~3.9Tgyr 1, respectively). Nevertheless the values
first year is used as spin-up for the model and only the yearsised in this work are in line with other literature estimates
2005-2008 are used in this study. These years are expectedfior these compoundsSfreets et al 2003 Streets and Wald-
be represented by the model with high consistency, becauskoff, 2000. This emphasizes the difficulties of constraining
the chosen emission setup of primarily emitted species waghe emissions, especially in this region.

compiled for the year 2005 (see below). The anthropogenic emissions were distributed vertically
as described ifPozzer et al(2009, and the chosen vertical
2.1.1 Emissions distribution of the emissions is based on the EMEP (Euro-

pean Monitoring and Evaluation Programme) modaihg-
The high resolution global anthropogenic emission inven-itroulopoulou and ApSiman1999 Simpson et al.2003,
tory (1990-2005) EDGAR-CIRCHIering et al.2009ac) applied after the analysis of stack plume data from Eastern
which was used in this study has been prepared in thé&curope. As shown ifPozzer et al(2009 andDe Meij et al.
framework of the CIRCE (Climate Change and Impact Re-(2006, the injection height of the emissions is very impor-
search: the Mediterranean Environment) Project by thetant in global and regional models, leading to an improve-
EDGAR (Emission Database for Global Atmospheric Re- ment of up to 30 % in the correlation with station observa-
search) group of the EC-Joint Research Center Ispra (Italy)tions compared to simulations where the emissions are not
Climate Change Unit. This dataset includes greenhouseertically distributed (i.e. released from the surface). The
gases, N, CO, Non-Methane Volatile Organic Compounds EDGAR-CIRCE emissions dataset has a spatial resolution
(NMVOCs), NHz and SQ from fossil fuel and biofuel re- of 0.1x 0.1°. The standard temporal resolution is annual,
lated emissions. Emissions from international aviation wereand only the data for year 2005 has been produced with
calculated for the period 1990-2005 using a technologyhigher resolution (monthly). Hence, in this study, only the
based emission factor approadtyérs et al. 2004). Inter- emissions for the year 2005 have been used to take advan-
national shipping emissions are based on the QUANTIFYtage of high temporal and spatial resolution. The biogenic
project Hoor et al, 2009. The EDGAR-CIRCE data has emissions of organic species have been represented follow-
been compared to other emissions inventorieDimgring ing Guenther et al(1995 and are computed offline in the
et al. (2009h. This comparisons reveals that the EDGAR- model Ganzeveld et al2006 with monthly temporal reso-
CIRCE emissions are in line with other glob&dnd et al, lution. The natural emissions of NtHre based on the GEIA
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Table 1. Global gas emissions for the year 2005 in Tg¥rin bold Table 2. Global aerosol emissions for the year 2005 in Toyr
are the emissions calculated on-line by the submodels ONLEM or
AIRSEA (maximum and minimum) during the 2005-2008 period.

Aerosol  Anthropogenf® Biomass Natur&l Total
burnind®

Trace gas Anthropogerfic Biomass Natural Total

burning® BC 6.0 2.1 - 8.1

POM 18.8 25.8 19.1 63.7

co 584.1 356.8 112.4 1053.3 DU B N 1670 1670
CoHg 6.9 3.6 11.3 21.8 ss 2890 2890
CoHg 7.5 2.0 0.5 10.1 B B
C3Hg 3.0 16 3.4 8.0
C3Hg 9.0 0.6 0.3 10.0 aFrom based on the EDGAR-CIRCE inventory, for the year 2005.
CyqH1° 63.0 0.8 0.4 64.2 b From GFEDV3.1Van der Werf et a).2010), averaged over the year 1997-2009.
MEKA 7.0 3.1 _ 8.2 ¢ From AEROCOM Dentener et al2006.
CH3CHO 15 1.4 - 2.9
g:Sggg*Hb ‘2}3 a-?é 553-3 %3 face water of 0.94. The atmosphere-ocean transfer velocity
CH§OH 76 46 150 1 1623 parametrization is based affanninkhof(1992. The total
HCHO 3.4 2.4 _ 5.9 gas-phase emissions are shown in Tdble
HCOOH 2.6 2.5 5.6 10.7 Anthropogenic bulk aerosol emissions are also based on
SO, 140.4 2.3 29.1 171.9 the EDGAR-CIRCE emissions inventory. Biomass burn-
g;ss 49'7 B m 61_0426 4551é3 ing BC and POM are based on the GFEDv3.1 emission
ISOPRENE _ — 3940-4208 408.0 database. Secondary Organic Aerosol (SOA) particles are
NOx® 27.9 4.6 7.7-8.6 41.0 directly emitted as POM, assuming that 15 % of natural ter-

pene emissions form SOAGQenther et a].1995. Emis-

sion of dust and sea spray aerosol are treated using offline
monthly emission files based on AEROCOM. Offline emis-
sion of dust and sea spray have been used in this study be-
cause of their extensive use and evaluation in a number of
studies, and to increase the comparability with the work of
Pringle et al(20103.

2Based on the EDGAR-CIRCE inventory for the year 2005.

b Erom GFEDv3.1vyan der Werf et a).2010, averaged over the years 1997-2009.
Cltincludes higher alkanes.

d Methylethylketone plus all higher ketones.

€1n units of TgN yr—l. The natural emissions include soil and lightning sources.

databaseBouwman et a].1997). Both these datasets have
a 1x 1° horizontal resolution. N@produced by lighting is
calculated online and distributed on different vertical levels,
based on the parametrization®fice and Rinq1992. The 2.2.1 MISR

emission of NO from soils is calculated online based on the

algorithm developed byienger and Levy(1995 and de- The Multi-angle Imaging SpectroRadiomet@irfer et al,
pends on ecosystem type, soil moisture state and the surfadé®98 MISR) instrument flies on the Terra satellite and has
temperature. The underlying ecosystem map was compiledheen operational since February 2000. The instrument is
by Olson (1992 and is also used to estimate the isoprenedesigned to measure the solar radiation reflected by the
emissions with the ONLEM submodel. Volcanic emissions Earth system by a multiple camera configuration (four for-
of SO, are based on the AEROCOM data d@efitenereta).  ward, one nadir and four backward). Each camera mea-
2006, with background emissions from continuous and ex-sures in four different wavelengths centred at 446 nm (blue),
plosive volcanoes. The biomass burning contribution wasb58 nm (green), 671 nm (red) and 866 nm (near-infrared). In
added using the Global Fire Emissions Database (GFED verthis study Level 3 Component Global Aerosol Product ver-
sion 3,van der Werf et a).2010 covering the years 1997— sion F15 (CGAS-F15) are used, specifically the AOD (Av-
2009 with a 0.5< 0.5° spatial resolution and a monthly tem- erage Optical Depth), which is derived from Level 1 and
poral resolution. The fuel burnt areas used in the GFEDLevel 2 products, averaged over a month and stored on a geo-
database is based on the work@®iglio et al. (2010, esti-  graphic grid of 0.5< 0.5°. This observational dataset present
mated from four satellite datasets. The AIRSEA submodelmonthly resolution. A comparison over land and ocean with
(Pozzer et a).2006 calculates the oceanic DMS emissions AERONET (AErosol RObotic NETwork) data has shown
online, with prescribed sea water DMS concentrations fromthat MISR AODs are within 0.05-20 % of that of AERONET
Kettle et al.(1999. Additionally AIRSEA calculates iso- (Kahn etal,2005 2010. MISR AODs can be obtained from
prene emissions, where the water isoprene concentration wa¥tps://wist.echo.nasa.gov/api/

estimated from chlorophyll concentratior@ankright et al,

2002 based on the work oBroadgate et al(2000. Fi-

nally, AIRSEA estimates the methanol (gBIH) water de-

position, based on an undersaturation of the oceanic sur-

2.2 Satellite observations

www.atmos-chem-phys.net/12/961/2012/ Atmos. Chem. Phys., 12, 9872012
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2.2.2 MODIS Transboundary Air Pollution perform monitoring at regional
monitoring sites across Europe. The data are subject to na-
The MODerate resolution Imaging Spectro-radiometertional quality assessment prior to submission to the EMEP
(MODIS) instrument also flies on the Terra satellite. In Chemical Coordinating Centre at NILU (Norwegian Insti-
contrast to MISR, the MODIS instrument has only one tyte for Air Research). The number of stations used in the
camera which measures radiances in 36 spectral bandgomparison ranges from 59 (for %O to 31 (for NG and
Daily Level 2 (MODO04) aerosol optical depth products NH*). Due to the partial usage of Teflon filters (depend-
(550 nm) are produced on a spatial resolution okIIDkm  jnq on the station/country), observations from this network
over land, using the & 1km cloud-free pixel size. The gare also expected to underestimate;N@ncentrations. The

MODIS Level 2 product refers to a swath width of g4t were downloaded frohttp:/Avww.nilu.no/projects/ccc/
about 2330km, therefore the instrument has almost dailyemepdata. html

global coverage. In this study global Level 3 AOD

(version MODO8) Collection 005 products are used (field2.3.3 EANET

Optical_Depth_Land_And_Ocean_Mean ). The

level 3 AOD product is derived from the statistics of the The Acid Deposition Monitoring Network in East Asia
Level 2 products and stored on a«11° grid with a monthly ~ (EANET) was established as an initiative for regional coop-
temporal resolution in the MODOS Level 3 product file. Re- eration among the participating countries, creation of a com-
ported MODIS AOD uncertainties afe0.05+ 0.15x AOD mon understanding of the state of acid deposition problems
(Remer et al.2008 Levy et al, 2010. Although MODIS  and for providing useful inputs to policy makers at vari-
aerosol products are provided over larikagfman et al.  ous levels. Regular monitoring activities started in January
1997 and water surfaceJéné et al, 1997, it is important 2001 with the participation of 10 countries, namely China,
to underline that no aerosol retrieval is possible over brightindonesia, Japan, Malaysia, Mongolia, Philippines, Repub-
surfaces such as deserts and ice. MODIS AODs can be obic of Korea, Russia, Thailand, and Viet Nam. Cambodia,

tained fromhttps://wist.echo.nasa.gov/api/ with Lao People’s Democratic Republic and Myanmar join-
_ _ ing EANET in 2001, 2002 and 2005, respectively. Acid
2.3 Insitu observations deposition monitoring of EANET addresses four environ-

mental issues: wet deposition, dry deposition (air concen-
tration), soil and vegetation, and inland aquatic environ-
ment. In this work, data from 28 stations of the EANET
etwork are used. The data were downloaded fldip:
/www.eanet.cc/product/index.htrfsia Center for Air Pol-
Tution Research (ACARRO01Y).

2.3.1 CASTNET

The Clean Air Status and Trends Network (CASTNet) com-
prises 86 sites located in or near rural areas of the Unite
States, administered and operated by the Clean Air Market
Division (CAMD) of the United States Environmental Pro-
tection Agency (EPA)Edgerton et al.1990. CASTNET is
the USAs primary monitoring network for measuring con- 3 Comparison with observations

centrations of air pollutants. All sites utilize Teflon filters

to collect particulate sulfate (ﬁO), nitrate (NG ), and am-  In the following sections, a comparison of the model re-
monium (Nl—g). The sampling is conducted on a weekly sults with observations is performed. All the observational
basis. The usage of Teflon filters in the network for ni- data have been collected at (or reduced to) monthly averages.
trate particle collection is known to underestimate the ef-Firstly, the global AOD will be analyzed to obtain an overall
fective concentration of ND (Ames and Malm2007), due picture of the model performance on a large scale. This com-
to temperature-dependent volatilizatiodefing and Cass  parison is important for regions where no direct information
1999, or by reaction with strong acids under ammonia lim- about concentrations are available. The explicit AOD calcu-
ited conditions Appel et al, 1988. In this work we only lation during the simulation allows a more detailed analysis
use data from stations with continuous coverage for the yearthan that performed byringle et al(20103, who used an of-
2005-2008 (33 stations in total). The data were downloadedline simplified treatment of AOD based on the parametriza-

from http://www.epa.gov/castnet tion of Kiehl and Briegle(1993.
After the evaluation of AOD, the simulated aerosol mass
2.3.2 EMEP concentrations are compared to measurements taken from

o . observational networks in North America, Europe and Asia.
The European Monitoring and Evaluation Programme

(EMEP Hjellbrekke and Fjeerga201]) is a scientifically
based and policy driven programme under the Convention
on Long-range Transboundary Air Pollution for interna-
tional co-operation to help solving transboundary air pol-
lution problems. Parties to the Convention on Long-Range
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Africa (80 %) for modelled AOD compared to MODIS obser-
vations, while the maximum overestimation+$%0 % over
East Asia when compared to MISR observations. A strong
underestimation of the model with respect to the observed
AODs (both for MODIS and MISR observations) is found
over some tropical oceans, especially over the Central At-
lantic ocean, the Northern Indian Ocean, the Malaysian re-
gion and over the Gulf of Mexico~50 % or~0.2) for both
observational datasets. The underestimation could be related

-100 0 100 to the uncertainties (underestimation) in the emissions for

dust and biomass burning in the inventory or overestimation

0 5E-03 001 006 0.2 0.7 of the deposition over marine regions. However, some un-
MODEL—MISR

derestimation of the emissions is most probable. Dust, in
fact, is only emitted at the lowest level of the model, hence
neglecting the strong dust plume episodes which can uplift
and transport dust over larger distances. This is confirmed
by a good spatial correlation of AOD between satellite and
model results during the winter season, when the dust storm
episodes are reduced in number with respect to the sum-
mer season (see below). Additionally, the biomass burn-
ing emissions of BC and POM in the inventory (2.12 and
18.45 Tgyr1, respectively) may be underestimated, as they
are lower than what is suggested in the literature (3.1 and
34.7Tgyr !, respectivelyDentener et a)2006. The under-
estimations 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 observa-
tions. The underestimation could possibly produce a bias in
the AOD estimates by the model, which results in an underes-
timation of AOD when compared with MODIS and MISR, as
observed e.g. over the Central Atlantic Ocean. The underesti-
mation of AOD over the Northern Indian Ocean is consistent
with an underestimation of the dust outflow from the Arabian
peninsula, while the underestimation of the AODs over the
Indian subcontinent indicates too low emissions of anthro-
Fig. 1. Top: annual average AOD modelled by EMAC for the Pogenic/biomass burning origin. The largest effect of the un-
years 2005—-2008. Bottom: annual average AOD difference betweelerestimation of the biomass burning emissions can be found
model results and MODIS and MISR observations (level 3 product)over the Malaysian region, where the simulated AOD is con-
for the years 2005-2008. In grey the regions with less than 12 obsistently underestimated-Q.2) with respect to the MODIS
servations during the period considered. and MISR observations. Over China (more specifically in-
land) the model tends to overestimate the AODs. The cause
is not clear, as the next sections indicate that the model does
3.1 Comparison with satellite observations not overestimate anthropogenic aerosol compounds in this
region. We speculate that this might be related to the def-
In Fig. 1 the 2005—-2008 average AOD simulated by EMAC is inition of aerosol versus thin cloud in the satellite retrieval
shown, together the differences between these values and ttadgorithm, because in this region high level of pollution are
2005-2008 averaged satellite observations. In general, theften associated with “haze clouds”, which might be rejected
AOD simulated by the model corresponds well with the ob- as cloud contaminatiorMa et al, 2010.
servations for large areas of the globe (with a relative differ- Further, the model shows discrepancies with the MODIS
ence below 30 %). Compared to MODIS AOD observations,observations also over the western part of the USA and
the model appears to be generally low-biased (in terms ofCanada. In fact, although good agreement is also found
relative difference) by 70 % over the Southern Pacific Oceanpver Europe and Northeastern America (below 30 % differ-
Northwestern America and North East Asia, while comparedence both for MODIS and MISR), for West USA the satellite
to MISR this bias is much smaller~40%). Highest rel- AOD observations are lower than the modelled ones (70 and
ative overestimations appear over South America and SoutBB0 % for MODIS and MISR, respectively). Generally, the

MODEL—-MODIS

-100 0 100

-0.2 -0.07-0.030.01 0.05 0.09 0.4

www.atmos-chem-phys.net/12/961/2012/ Atmos. Chem. Phys., 12, 9872012



968 A. Pozzer et al.: Aerosol simulation with EMAC

. mostly below one, indicating that strong spatial gradients be-
tween regions of high AODs and low AODs are not well re-
produced.

" The model reproduces the satellite observations with

10 a high degree of consistency during winter time. It is clear

. from Fig. 2 that despite the relatively high correlation (0.6—

0.7), for spring and summer months (April until Septem-

ber) we obtain a normalised standard deviation of the model

7 compared to the observations 0.6 (MODIS) and~0.4

6 (MISR). In autumn and winter the model simulates the AOD

with a higher level of agreement. Not only are the spatial cor-

relation coefficients around 0.5-0.6, but the normalised stan-
dard deviation is close to unity, especially during January—

3 March.

2 After the analysis of the spatial distribution for different

months, the ability of the model to reproduce the seasonal

' ' ' cycle of the observed AODs is also investigated. The tem-

Normalised Standard Deviation poral correlation coefficients between the observations and
) ) ) ) model results are shown in Fig. This has been calculated

Flg_. 2. Taylor diagram of the comparisons betwe_en satglllte obser-based on monthly values of the observational dataset and

vations and model results of AOD. The comparison with MODIS -

and MISR are depicted with squares and circles, respectively. Théﬂonthly _av_erages of the model resul_ts for the period 2005-

color code denotes the month of the year. 2008. It indicates whether t_he model |s_able to reproducg the

observed seasonal cycle (if present), independent of biases
between observations and model results. A low correlation

) (close to zero) implies either a wrong representation of the
model tends to agree better with MISR than MODIS obser-gea50nal cycle by the model or the lack of a well defined

vations. The MISR instrument registers AODs over bright seasonal cycle in the model and/or observations. The tem-
surfaces, which allows us to evaluate calculated AODS e.9pora correlation is, with respect to the MODIS and MISR
over the Arabian peninsula. Over this region the model un-ghservations, low over some oceanic regions (i.e. Southern
derestimates the observed AODs, most probably due to afgian Ocean and Southern Pacific Ocean) due to the low
underestimation of the dust emissions. Note that a new dus{easonal variation in the emissions of sea salt. Outside Eu-
emission routine is under development for the EMAC model, ;ope and the USA the information about the seasonal varia-
to improve this aspect in the near future. tion is often not available, which is one of the reasons that
To further quantify the ability of the model to reproduce these variations are normally not included in global emis-
the spatial distribution of the AODs observed by MODIS and sion inventories of anthropogenic emissioBe (Meijj et al,
MISR, in Fig.2 we present a Taylor diagram of the compar- 200§. Although the modelled AODs are generally lower
ison on a monthly basis. It shows the correlation coefficientthan the observed AODs over Central Africa, the seasonality
between model results and observatioR} iy the angle to  of the AOD represents the observations, with temporal corre-
the ordinate. The standard deviation of the model normalisedation coefficients higher than 0.7. High temporal correlation
to the standard deviation of the observationgdgel/oobs iS coefficients (0.8) are also found over Malaysia, which indi-
represented by the distance from the origin. The standardates that the model is correct in timing the biomass burn-
deviation was estimated using the root mean square differing emissions for this region. Very good correlation (higher
ence (in space) from the spatial average, each estimated frothan~0.7) with both observational datasets is found for the
the set of multi year monthly values. The standard devia-Arabian region. This indicates that the timing of dust events
tion represents the spatial variability of the data from each sein the regions (i.e. the transport) is correctly reproduced, at
of temporal means (month). The observations (i.e. MODISleast partially related to the nudging of the meteorology (and
or MISR) are therefore located at a correlation of 1 andthus of transport). Nevertheless, as mentioned earlier, the
a normalised standard deviation of 1. The distance betweenalculated AODs are lower compared to the observed AODs,
a point and this “ideal” point is the centered pattern root due to the constant emissions of dust in the model, which are
mean square. The better a model reproduces the observarescribed offline. A good correlation-0.6—0.8) is obtained
tions, the closer the resulting points are located to this “ideal”’over North Africa, the Central Atlantic Ocean and the South-
point. A detailed explanation of this type of diagram has ern Europe when compared to MISR observations. This in-
been presented byaylor (2001). While the spatial corre- dicates that the dust intrusions over these regions are cor-
lation between model results and observations is generallyectly timed by the model, although (as noted before) their
good (higher than 0.5), the normalised standard deviation isntensity is generally underestimated. It must however be

Normalised Standard Deviation
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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 year:
2005-2008.

underlined, that the modelled AOD in the dust outflow re-

969

In the following sections (Sect8.2.1-3.2.4), a standard
set of figures is presented (Figs:12). The maps in Figsb,
7, 9 and11 present at the top the multi year annual average
of the model with the multi year annual average of the ob-
servations overplotted (both in pg¥) and at the bottom the
correlation coefficients between model results and observa-
tions, based on the monthly values. In Fi§s8 and10 on
the left side the scatter plots of all the available data (monthly
values) are presented, while on the right side the Taylor di-
agrams are shown. In these diagrams the data are grouped
per month, and all data available for a certain month (inde-
pendent of the year) are used in the calculation. The Taylor
diagrams, therefore, give information about the spatial corre-
lations (and normalised standard deviation) between obser-
vations and model results for each month. ForNenly the
scatter plots are shown (Fi$j2). In Table3, an overview of
the comparison between the model results and the observa-
tions is presented, as discussed in the following sections.

321 sG-

Overall the model accurately reproduces the observed con-
centrations of SQT , with more than 88, 92 and 95 % of the
model results within a factor of two of the observations based
on the EANET, EMEP and CASTNET networks, respec-
tively (see Table8). In general the Root Mean Square error
(RMS) is well below the observational standard deviation,
which is one of the conditions for good quality modelling
results Barna and Lami®2000. The yearly average concen-
trations are reasonably well captured (see Bjgindicating

that the spatial gradients of the monthly mean concentrations
are sufficiently well reproduced by the model. The model
Calculates high sulfate concentrations over Europe and East
USA (up to 9 and 7 pg e, respectively) and very high con-
centrations over East China and other parts of East Asia (up
to 25ug nT3). The East-West gradient in the USA and the

gions is strongly affected by the conversion rate from hy- South-North gradient in Europe are reproduced (although it
drophobic to hydrophilic via condensation and coagulationis less distinct over the USA, see below), while the gradi-
with hydrophilic material, which affects the removal by de- ents over East Asia are underestimated. It must however be
position processes, and that this effect may play a role in theétressed that the number of stations used in the comparison
underestimation of AOD in these regions. not only is the lowest for the EANET network (26 stations),
but also that this network covers a much larger region than
the CASTNET and EMEP networks. The spatial gradients
i.e. the Taylor diagram) could therefore be strongly influ-
To evaluate the calculated global concentrations of aerosoinced by the station distribution, and the representativeness
sulfate, nitrate and ammonium, the multiyear model resultsyf the comparison is limited.
(2005-2008) are compared with measurements from differ- Figyre 6 shows the comparison between the simulated
ent monitoring networks. We selected the stations for whlchsoﬁf and the different observations network. The general

data is available for the complete time perioq (i.e. betweenunderestimation of ng by the model (see the Model Arith-
20(.)5_2008)' The moc_jel hgs been sampled in the same Iq; etic Mean (MAM) and the Observations Arithmetic Mean
cation as the observations in order to have co-located mod AM) in Table 3) is clear from the comparison with the

results and observations. In Figsome examples of the tem- CASTNET and EANET datasets (see also Fiands, scat-
poral development of the model results and observations arg, plot) and partially from the comparison with th1e EMEP

. X : e
shown for the different locations and aerosol species. dataset. Also the simulated spatial variability is lower than

observed, as noticeable in the Taylor diagrams where the

3.2 Station observations
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and latitude) is at the center of each plot. Note the different scales of the vertical axes.
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Table 3. Summary of the 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 Hﬁ)nwhile OSTD and MSTD are the standard deviation of the observations and

of the model, respectively (in ugn?). MAM and MSTD were calculated by sampling the model at the locations of the observations and
monthly averaged as the observations, over the 2005—-2008 period. MAM, OAM, MSTD and OSTD represent co-located measurements and
model results. PF2 is the percentage of modelled point within a factor of two of the observations. RMS denotes the Root Mean Square error.

Species Network n. statons MAM MSTD OAM OSTD MAM/OAM PF2 RMS

Sof( CASTNET 32 2.1 1.2 2.9 2.0 0.7 953 1.2
soﬁ— EMEP 58 1.6 1.1 1.9 1.3 0.8 923 1.2
sofl— EANET 26 2.4 1.9 4.4 5.3 0.5 88.7 47
NO; CASTNET 32 1.7 1.7 0.9 1.1 1.9 460 1.2
NOZ EMEP 30 25 2.2 1.6 2.0 1.6 645 2.1
NO3 EANET 26 1.9 2.2 1.2 2.2 1.6 520 2.6
NH; CASTNET 32 1.0 0.7 1.0 0.7 1.0 87.7 0.6
NH; EMEP 30 1.2 1.2 0.9 0.8 1.3 80.6 0.8
NH, EANET 26 0.9 1.1 1.1 1.6 0.8 819 15
Nat CASTNET 32 0.3 0.6 0.1 0.1 3.2 498 05
Nat EMEP 23 3.5 35 0.9 1.8 3.9 157 3.2
Nat EANET 26 2.9 2.9 1.0 1.6 2.8 338 26

tion higher than~0.7 (Fig.5, top) is achieved, with peaks

of 0.95 during the Summer and Autumn. This implies that
0 the observed spatial distribution is accurately reproduced by
o the model, although the gradients are less pronounced than
00 observed. The comparison with the EMEP network observa-
0 tions again shows the lowest value of the spatial correlation
during the winter season.
20°N | A The general underestimation of the model results com-
8 FMo.8 pared to the CASTNET observations does not seem to in-
SO°N T o6 fluence the overall agreement of the seasonal cycle §f SO
30°N o4 which is very well reproduced in the USA (see Figlower
1ooN i 82 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 in
the Central USA. Compared to EMEP and EANET, however,

3 _ _ the model results have a somewhat lower temporal correla-
Hgm™*) for the year 2005-2008, with observations from CAST- inn (~.0.5-0.6), which is due to the absence of a clear sea-

NET, EMEP and EANET (averaged over the same period) over-g, o o cle in the observations, which is more pronounced in
plotted. LOWER: temporal correlation of observations from CAST- .
the model (see Figl).

NET, EMEP and EANET and model results for $O

Fig. 5. UPPER: simulated mean concentrations ofﬁSQin

322 NG

normalised standard deviation is generai.5 for com-  NOj is not reproduced with the same consistency aﬁ‘SO
parison with CASTNET and EANET, while with EMEP it The model predicts the observed average nitrate concentra-
is between~0.5 and~1. Notably, the lowest values of tion with a general overestimation over Europe and West
normalised standard deviations appear during winter month&SA and a strong overestimation over East Asia (see#jig.
(November—January). During the summer months (June andllevertheless, the seasonal cycle is generally well reproduced
July) the normalised standard deviations are close to the idedly the model (see FigZ, lower panel) both in the eastern
value of 1. The simulation results agree very well with the USA (with a temporal correlation coefficient 60.8—0.9)
CASTNET network observations, where a spatial correla-and in Japan (with a temporal correlation coefficient between
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Fig. 6. Left: scatter plots of observed and modelled monthly aver- Fig. 8. As Fig. 6 but for NG5 .

aged concentrations (in ug*rﬁ) for the year 2005-2008 of ﬁo
Right: Taylor diagram of the comparison between station observa-
tions and model results. The color code denotes the month of the~0.6 and 0.8), while a somewhat lower temporal correlation
year for which the statistical values are calculated. Upper: obseris calculated for some locations in Europe and West USA.
vations from CASTNET, middle: observations from EMEP, lower: The calculated mean is60 % h|gher than observed (See Ta-
observations from EANET. ble 3 and Fig.8) for all networks. Additionally, the RMS is
higher than the standard deviation of the observations, imply-
ing an incorrect representation by the model of this aerosol
constituent. This difference between model and observations
is possibly due to measurement biases in the networks. As
mentioned in Sect.2, the nitrate concentrations measured
with teflon filters can be low biased, especially in warm and
dry conditions, as nitrate evaporates from the filt&més
and Malm 2007). As shown bySchaa2003, Schaap et al.
(2004 andDe Meij et al.(2006, NH; and NG; partially
evaporate from the filters at temperatures betweetCland
20°C while at higher temperatures it can evaporate com-
pletely. It is therefore possible that observational biases are
responsible for the limited agreement between model results
and the observations. This effect is not noticeable in &ig.
because the concentrations of nitrate aerosols have a min-
imum during summer. However, a possible indication of
Fig. 7. As Fig.5 but for NQO; . the evaporation of nitrate from the sampling filters is pre-
sented in the Taylor diagrams in Fig. In the comparison
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with EANET the spatial correlation for the summer months *0"104 T T o & 12 16 20
is outside the visible diagram, indicating a strong overesti- Observed g /m?
mation of the model spatial variability with respect to the 107 ey
observations. For the colder winter period (with lower evap- S
oration of nitrate from the filters), the model results agree S
much better with the observations. In the case of CAST-
NET observations the spatial correlation coefficient is higher
than 0.7 for December—March. Similarly, the model repro-
duces the EANET observations’ spatial distribution during T
November and December with a spatial correlation higher e
than 0.5, while the spatial correlation coefficients obtained ot 100 1ol 10 048 12 16 20
for spring and the other winter months are between 0.2 and Opserved o /m? Normelised Stendard Beviation
0.4, but with a good normalised standard deviatie®.5, Fig. 10. As Fig. 6 but for NH;".

~0.8,~0.9 and~0.9 for January—April, respectively). This 4
suggests that during winter time the amplitude of the spa-
tial distribution is similar between model and observations3 23 NHF
though the patterns are not fully similar. Although the spa-~""" 4
tial correlation and variability agreement/disagreement can- o . )
not confirm the evaporation from the filter, it indicates that S Shown in Fig.9, high NH;  concentrations are pre-
this process may play an important role. Furthermore, agjor_nlnantly found over contlnen_tal regions, e_spemally In_dla,
mentioned in Sect3.2.], particular attention has to be paid China gnd Central Europe, Wh'Ch_ agrees W'Fh the findings
when drawing strong conclusions from a comparison with©' Clarisse et al(2009. The spatial distribution of N

the EANET network. Nevertheless the results here obtained97€es reasonably well with the observation for all three ob-
suggest that the spatial distribution (regardless of the biasfervational networks. Excellent agreement is achieved be-
agrees better during winter than during summer. In addi- ween the model and observations of the CASTNET network,

tion, there is a large scatter between EANET observationé"’_ith spatial C(_)rrelatLon coefficients higher tha”‘?-S_ (see
and simulation results (confirmed by low time correlations Fig. 10) and with 87% of the modelled values within a fac-

in many location, see Fig), caused by an overestimation tor of two of the observations (see Tal3g while some dis-

of nitrate concentrations at marine sites. In contrast to thef"éPancies in the spatial distribution are found over Europe

EANET observations, the model results agree well with the@"d East Asia. Additionally RMS values are very close to
observed nitrate from the EMEP network, with a spatial Cor_the _stgndard deviations of the observations, which implies a
relation of~0.5-0.6 and a normalised standard deviation be-deviation of the model results from the observed concentra-
tween 0.5 and 1.5. tions of NH;{. As mentioned in SecB.2.2 possible evap-
oration from the filters during summer could influence the
observations. As for ND, it is difficult to quantify if this
effect, as NI{ concentrations are very low during the sum-
mer months. Because NHemissions follow a strong sea-

sonality, their influence on N}i formation is by far larger

EANET

Model ug /m?®
.o
S
.
Normalised Standard Deviation
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‘ ; RA Fig. 12. Scatter plots of station observed and modelled monthly
100°W ° averaged concentrations (in ug‘ﬁ) for the year 2005-2008 of
Na'. Left: observations from CASTNET, middle: observations
Fig. 11. As Fig.5 but for Na'. from EMEP, right: observations from EANET.

than the possible filter evaporation. In fact, although the Spafor seasalt aerosol. However, chloride can react with acidic
tial distribution is well reproduced, some discrepancies aredases like nitric acid, causing chloride loss to the gas phase
found for the temporal variation of NH(see Fig.9, lower  (in the form of HCI) Mcinnes et al. 1994. On the other
panel). The model results and the observations correlate rediand, sodium does not evaporate and has only minor non-
sonably well over Europe and East Asia (with temporal cor-marine sourcesWhite, 2008, and can be used to estimate
relations generally above 0.7 and 0.5, respectively), but thdhe total SS concentration. Following the studiesMzn-
model does not achieve temporal correlations with observaders et al.(2010 and Millero (2003, it is estimated that
tions over the East USA. For these locations, the model calround one third of sea salt mass is sodium. In this work
culates a double peak in the [jitoncentration during spring SS hgs been speciated i.n three different components: as bulk
(March) and autumn (September). For example, for the stasPecies (14 %), as chloride (51.6 %) and as sodium (33.7 %)
tion Edgar Evins (Tennesee, USA,°36-86" W, see Fig4) (see Sect2.1andPringle et al.20103. Hence sodium can

a small peak during Septembet..7 ug n73 and a large peak be directly compared with observations, and the result re-
of ~2.5ugnT3 during March (monthly average) is mod- flects also the SS distributions.

elled. This biannual maximum is a direct result of the sea- AS shown in Figs11land12, sodium is overestimated at
sonal Cyc|e of the NEl emissions in the region, which have almost all stations in the CASTNET, EMEP and EANET net-

a clear maximum in March and a secondary peak in Septemworks. The overestimation is more pronounced over Europe
ber. This seasonality is not seen in the observations, whictihan over the USA and East Asia. The RMS values in Table
show a single yearly maximum for this location around are consistently higher (a factor of two) than the standard de-
September of~2.4 pg n3 (monthly average). The differ- viation of the observations, indicating that the model does
ence for the summer months is even higher if evaporatiorot correctly reproduce the observed concentrations (see also
from the filter of NH; is considered, exacerbating the dif- Fig- 4). Figure12 shows that N& is overestimated espe-
ference between model results and observations. The emisially with respect to the EMEP and EANET network, while
sion database seems to reproduce the fertilizer application8 partial (low) agreement s present with respect to the CAST-
(Goebes et a’|2003 over the USA, while the importance of NET network. On the other hand, the Seasonality of the SS
livestock appears to be strongly underestimated. Emissiongd€rosol concentration (see Fibfl, lower panel) is correctly
from livestock cause a yearly maximum at the end of summereproduced over eastern USA, norther Europe and at some
and they should account for80 % of the NH emissions in locations over Japan, while a low temporal correlation coef-
the region Battye et al. 2003. The EDGAR-CIRCE emis- ficient (below 0.4) is calculated for other stations (especially
sion dataset groups both emissions sources as “agriculturafnland). Over water the total column of SS is correctly repro-
(seeDoering et al, 2009a and references therein), making duced, as indicated by the accurate calculation of the AOD
it impossible to test this hypothesis and to establish the reapVer oceanic areas (see Segtl). It must be mentioned
reason of the incorrect seasonality in the emissions. A revithat in this study, the hydrophilic coarse mode is assumed

sion of the emissions for this region is recommended. to have a geometric standard deviatier) of 2.2, leading
to a relative high dry deposition rate and sedimentation over
3.2.4 Sea spray and sodium land. This increase in the hydrophilic coarse mode geomet-

ric standard deviation was suggested by a previous horizon-
Sea spray aerosol (SS) consists mainly of chloride andally coarser numerical experiment with a similar set up of
sodium Millero, 2003, which may both be used as proxies the EMAC model Pringle et al. 20103, which showed an
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overestimation of a factor of two compared to observations,
analogously to that obtained IStier et al(2005. This over-
estimation is not only still present in this study, but it even e
increased, with a general overestimation of a factor8f 4o - NA L
(see Table3). Hence, this study indicates that the SS over- B
estimation is not caused by a coarse horizontal resolution (as 7 r
speculated byringle et al.2010a Stier et al, 2005. How-
ever, the coarse vertical resolution might be the cause of the A
SS overestimation over land, as the model may be unable to 4 -
capture the correct deposition and sedimentation at the low-
est level. As shown biaring et al.(2003, SSis distributed ~ 40°> ] i
vertically following a logarithmic profile, which is very dif-
ficult to reproduce with a coarse vertical resolution, as used
in EMAC (the first level is centered at30 m and has a ver-  80°S +—= ‘ = ‘ ‘
tical extent of~60m). An improved deposition function is 100°W o° T00°%
needed in future simulations to describe the sea spray distri
bution more accurately.

I-:ig. 13. Location and extension of the geographical regions used in
the budget calculation. The regions are: North America (NA), Eu-
rope (EU), East Asia (EA), Central Africa (CA) and South America

. (SA).
4 Global and regional budgets

Because of the relatively high spatial and temporal resolu- . . o
tion of the simulation performed in this study, global and (20103 W't.h. the same model but dlff_erent emissions. The
local budgets for aerosol compounds (and precursors) caﬂIry depos_ltlon of the analyzed species are in line with the
be estimated. The different contributions of the aerosol sinlJepom?d literature values. i N
processes are estimated within each region (i.e. wet and dry Regional budgets were also calculated for five specific
deposition and sedimentation). The emissions are also cakontinents (see Fid.3): Europe (EU), North America (NA),
culated for the bulk species (DU, SS, BC and POM), while SOuth America (SA), Central Africa (CA) and East Asia
for the non bulk species, the gas phase precursors emissiof§A)- The budgets for the different regions are presented in
have been included. Finally, for the regional budgets, the'@bleSand graphically in Figsl4and15.

transport in (out) to (from) the region is also calculated both As expected the largest dust burdens are present over Eu-
for the aerosols and their precursors (for non bulk species)iope, Central Africa and East Asia. Over Europe and Cen-
to achieve the budget closure. In Tall¢he global budget tral Africa the dust is imported from the surrounding regions
for some species is presented. For the bulk species we olf~34 Tgyr-! each), while in East Asia dustis locally emitted
tain similar results compared to previous works. The ratio of(~46 Tgyr-t). Note that dust is deposited differently in the
wet deposition to total deposition (24, 30, 79 and 80 % for regions: while for Europe and Central Africa wet deposition
dust, sea salt, BC and POM, respectively) is in good agreeis the main sink £30 and~24 Tgyr-!, respectively) com-
ment with the estimates dextor et al(2006). Furthermore,  pared to sedimentationL1 and~9 Tgyr-?, respectively),

the ratio of wet to dry deposition for BC is lower than, but for East Asia sedimentation is the most dominant removal
similar to,Jacobsorf2010, i.e. 92 %. Although the burdens mechanism, being a factor of two higher than wet deposi-
of dust and sea salt are about half of that reporteddxtor ~ tion (~38 and~17 Tgyr?, respectively). The reason for

et al.(2006), the values are well within the standard deviation this is that near the source, the particles are removed more
estimated from the multimodel ensemble in the same work. efficiently by sedimentation due to their large size.

Emissions of SQ, NH3z and NG, (108.1Tg Syrl, 41.0 For sea salt the budgets are more equivalent than for dust.
and 40.0 TgNyr1) are similar to reported values in the lit- In all regions sedimentation plays a major role as a sink of
erature (e.gPye et al. 2009 Bauer et al.2007 Feng and  sea salt (see Fid.4). The ratio of sedimentation to wet de-
Penner2007 Rodriguez and DabdyB004. Wet deposition  position ranges from-1.5 (in East Asia) to~1.9 (in North
of SOfl_ is similar to that obtained birodriguez and Dabdub America and South America), which is in line with the ratio
(2009 andPringle et al(20103, though it is around a factor for the entire globe+1.7). The only exception is Central
of two larger than the estimation Bfye et al(2009. Thewet  Africa, where sedimentation contributes onh0.85 to the
deposition of ammonium (21.0 TgNV}) is in agreement  wet deposition. This is due to the fact that almost no local
with the results ofPye et al.(2009 and Feng and Penner emissions are present and the sea salt is entirely transported
(2007). Finally, wet deposition of nitrate (18.9 Tg N is into the region. In conclusions, local emissions and sedi-
similar to that obtained byRodriguez and Dabdu{2004), mentation are the most important process in the sea salt bud-
but around 25 % lower than that obtained Bsingle et al.  get over the open ocean and coastal areas, while, over land,
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Table 4. Global aerosol budget. All units in Tg (species)yr except nitrogen and sulfur compounds (expressed as TgNand Tg Syr?,
respectively). N@ includes NO, NQ, peroxyacytyl nitrate (PAN), N@ HNO,4 and NyOs, and not nitric acid and aerosol nitrate. ;50
includes S, HySO4 and DMS, and not aerosol sulfate. The yearly standard deviation is listed in parenthesis.

Emissions Dry deposition Sedimentation Wet deposition Burden
DU 1659.3 (12.6) 65.3 (3.1) 11835 (18.5) 403.3 (11.1) 10.6 (0.3)
SS 7843.9 (50.0) 1422.8 (25.7) 4090.7 (13.4) 23143 (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 (0.2) 6.1 (0.2) 50.0 (0.6) 1.0 (0.0)
NH3 41.0 (0.2) 16.3 (0.2) - - 0.1 (0.0
NHX - 0.9 (0.0) 2.6 (0.2) 21.0 (0.2) 0.1 (0.0
SO 108.1 (0.9) 26.0 (0.2) - - 0.6 (0.0
SOE_ 2.1 (0.0) 6.2 (0.2) 23.8 (0.2) 55.0 (0.5) 0.3 (0.0
NOy 40.0 (0.2) 4.4 (0.0) - - 20 (0.2)
HNO3 - 9.8 (0.2) - - 1.1 (0.0
NOg - 1.0 (0.0) 6.7 (0.2) 18.9 (0.2) 0.1 (0.0
Dust Sea Salt
40. 80.
> 20 > 40,
o 03% 2 0 D-Dj-
—20. :
—40. T T T T T —40. T T T
NA EU EA CA SA U EA SA
' 60 Black Carbon Particulate Organic Matter
1.20 8.0
S 49 i I S 40
o o 04 0ke ==
—.40
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NH5+NH,* SO, +S047”
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0 T E‘DF T T 201 T [ !
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S 2.0 5 69
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(NO,+HNO3) + NO3~ Aerosols Tracers
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—3.0 T =] Dry Deposition e Dry Deposition
N SA EiE Emissions

Fig. 14. Budget of different aerosol (and precursors) species as in Balilee colour code denotes the process, while the positive (negative)
value is associated with a source (sink) of the component. Under the abscissa the regions are listed: North America (NA), Europe (EU), East
Asia (EA), Central Africa (CA) and South America (SA). For non bulk species the gas-phase and aerosol contribution to the budget are also
shown with dashed and solid colour bars, respectively. For the non bulk aerosol species the emissions were removed for clarity.

Atmos. Chem. Phys., 12, 961987, 2012 www.atmos-chem-phys.net/12/961/2012/



A. Pozzer et al.: Aerosol simulation with EMAC

977

Table 5. Regional aerosol budgets. All units in Gg(species)fyrexcept nitrogen and sulfur compounds (expressed as GgNamd
Gg Syr1, respectively) and the species are as in TdblEhe 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 (126-72W and 30-52 N)
DU 7505.0 (63.8) 622.1  (38.4) 4569.7 (72.9) 1707.5 (89.1) -—385.6 (83.4) 321 (11)
SS 215243 (221.7) 2613.1 (149.9) 135514  (313.8) 6852.2  (243.1) 987.0 (342.2) 29.2 (1.7)
BC 511.7 4.7) 59.7 (1.1) 17.7 0.8) 2235 (4.3) —198.9 (7.2) 48 (0.2
POM 1986.2  (84.6) 248.5 (9.6) 64.3 4.2) 1010.7 (35.7) —489.2 (72.3) 223  (1.6)
NH3 2972.8  (11.6) 980.2  (18.8) - 0.0 (0.0 —35.7 (21.6) 79 (0.3)
NH4+ - 131.6 (4.9 219.4 (16.0) 1251.8 (23.0)0 —303.8 (11.6) 84 (0.3)
SOx 7336.4  (63.3) 1776.5  (43.9) - - -1216.9  (111.0) 334  (0.3)
sof; 181.3 1.3 237.2  (10.9) 469.2 (22.8) 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) 352 (0.5)
NOZ - 56.4 (2.6) 197.2 (5.0) 1242.5 (17.8) -59.7 (7.9) 22 (0.1)
Europe (12 W-36° E and 34-62N)
DU 44599  (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) 145440 (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) —2247 (7.5) 54 (0.1)
POM 1091.8  (26.8) 136.9 (3.3) 98.6 (3.0) 580.8 (24.8) -—-214.2 (25.5) 122  (0.5)
NH3 5261.0 (19.3) 2122.8  (42.6) - 0.2 (0.0) -147.0 (7.5) 78 (0.4
NH4+ - 197.1 (4.4) 391.8 (37.5) 2008.6 (78.6) —271.1 (8.9) 89 (0.5)
SOx 11232.3 (92.2) 3530.3 (37.7) — - —1884.6 (119.9) 455 (0.7)
sof; 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) 6345 (11.2) - - —576.4  (160.6) 68.8  (1.6)
HNO3 - 9209 (17.4) - - —415.6  (120.4) 36.7 (0.7)
NOZ - 150.9  (5.0) 597.2 (25.6) 1394.2 (40.2) -115.1 (7.2) 3.7 (0.1)
East Asia (100—-144E and 20-44N)
DU 45933.8 (309.1) 32949 (116.1) 37822.6  (398.7) 16845.0  (800.4) 10354.2  (1099.9) 3514 (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) 153  (0.3)
POM 6263.3  (70.1) 594.6 (7.9) 612.3 (12.9) 4976.6  (198.7) 201.3  (142.7) 770 (2.5
NH3 6097.2  (23.1) 1868.5 (13.5) - 0.1 (0.0) 501.4 (61.5) 128 (0.3)
NH4+ - 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) 77151  (96.0) - - —2187.1  (186.2) 93.7 (1.8)
sof; 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) 349 (1.0
NOZ - 121.1 (5.6) 594.0 (12.9) 3028.7 (48.1) —1645 (17.4) 70 (0.2)
Central Africa (10-40E and 10 S-10 N)

DU 35 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) 3211 (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) 323 (1.6) 597.8 (42.7)  —-933 (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) 38 (0.3)
NHj{ - 8.6 (0.5) 14.8 (1.0 646.4 (19.7) 31.0 (7.9 19 (0.1)
SOx 7086  (15.2) 160.5 (8.1) - - 230.7 (15.2) 48 (0.2)
soﬁ— 18.5 0.4) 36.9 (1.5) 80.7 (2.9 768.8 (34.8) 87.5 (16.1) 54 (0.3)
NOy 21157  (68.1) 203.8 (13.5) - - —361.7 (139.8) 352 (L5)
HNO3 - 670.9 (8.5) - 0.1 (0.0 -6.2 (74.8) 16.2 (0.8)
NO3 - 9.1 (0.5) 24.2 (1.8) 692.0 (65.6) 56.8 (4.5) 0.7 (0.0
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Table 5. Continued.
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Emissions Dry deposition Sedimentation Wet deposition Transport Burden
South America (75W-35 W and 30 S-C N)

DU 3382.4 (15.4) 4727 (61.1) 22183  (32.5) 4630.4 (563.7) 34223 (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) 81 (17)

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) 11102 (14.9) - - -734  (32.7) 77 (1.0)

NH, - 15.3 @.7) 29.0 (3.1) 1252.2  (56.0) -77.7  (13.3) 23 (0.2)

SOx 3827.7 (60.7) 625.5 (6.8) - - —703.6 (117.8) 209 (0.2

Sl 91.2 1.4) 84.3 (5.2) 309.9  (10.6) 1582.8 (123.2) -—2452 (27.3) 9.7 (0.6)

NOy 2576.2  (210.0) 3200 (19.4) - - —807.9 (170.9) 62.6 (2.9)

HNO3 - 467.8 (102.1) - 0.2 (0.0) —69.6 (134.7) 221 (15

NOZ - 29.3 (2.3) 86.7 (3.5) 534.3  (79.2) 62.5 (6.8) 15  (0.)
wet deposition is a more effective sink than the sedimenta- In general, the ammonia emissions are very large

tion. Sea salt is similar to dust in that near the source regionsver industrialised/agricultural regions and the ammonium
coarse mode particles are the biggest contributors to the totalerosol distribution closely reflects the emissions (see
sea salt mass. These particles are removed efficiently by se®éect. 3.2.3. Dry deposition of NH and wet deposition
imentation, while far from the local sources small particles, of NHj,rr are of the same magnitude in North America
which are more efficiently removed by wet deposition, are(~0.9 and~1.2 TgNyr1, respectively), Europe~2.1 and
the main contributor to the burden. ~2.0 TgNyr, respectively) and South America{.1 and

Black carbon, in contrast to sea salt and dust, shows in~1.2 TgNyr1, respectively). In contrast, wet deposition
teresting differences between the different regions. In genof NHI is a factor of two higher than wet deposition of
eral wet deposition is the main removal process for this comNHI in East Asia 1.8 and~3.5TgNyr 1, respectively)
pound, peing an order of rr)ggnitude more im_portant than sedz g central Africa{0.2 and~0.6 Tg N yrL, respectively).
imentation and dry deposition. In some regions transport ofrhe East Asia region covers a large portion of ocean area,
BC is also essential as removal term: e.g. in North America,yhere dry deposition of Nglis less important when com-
Europe and South America the removal by transport is of dared to land areas. This leads to a large burden of NH
similar magnitude to the sink from wet deposition. For East 5 NH;, which is finally removed via wet deposition. In
Asia and Central Africa transport plays only & minor role, ¢t while Europe and East Asia have similar emissions, the
comparable to dry deposition and sedimentation. For Eashsjan burden of Ni is almost a factor of two higher(8 and
Asia, the small contribution of transport is due to the rela- 131y N for Europe and East Asia, respectively), with even
tively stagnant dynamical conditions, especially outside thelarger differences in the NHburden (-9 and~21Tg N for
monsoon seasorL.gwrence et a).2007. Hence, for black  Eyrope and East Asia, respectively). In contrast to East Asia,
carbon the importance of the atmosphere dynamics shoulgsentral Africa is characterized by a relatively strong contri-
be underlined, as well as the importance of the selected repytion from wet deposition due to the stronger transport con-
gion boundaries. Furthermore, for East Asia, the stronglyyrihytion for NHs and NH (~20% of the emissions). The
polluted conditions allow a very effective conversion from yertical profiles of NH indicate that~75 % of the tracer bur-
hydrophobic to hydrophilic particles within the regioMd  gen occurs above the surface layer, while for the other re-
etal, 2010. . _ gions this is~60 %.

For POM we see that Central Africa and South America . .

Sulfate aerosol has the largest burden over industrialised

are strong exporters<(l.1 and 2.4 Tg (POM) yr!, respec- . ; : L
g exp S g( )y b egions (Europe, North America and East Asia), and it is at

tively), due to the vegetation emissions and strong biomas .
burning events in these regions (see Fi). As for BC, wet %east a factor of 2 lower over Central Africa and South Amer-

deposition is the main sink term for all regions, while sed- ica. East Asia is clearly a strong exporter of sulfate, with

a0 ) o
imentation plays a much smaller role, due to the small sizearound 34% of the global anthropogenic S@missions

of POM on emission (Aitken mode). The ratio of sedimenta- (and~2§ % of the total SQemi;siqn) being concenarated in
tion to wet deposition is similar in all regions, ranging from the region. Although the SQemissions {24 Tg Syr ™) are

~0.06 (in North America and South America) td.16 (in more than twice the emissions in Europel{. TgSyr),
Europe), and it is similar to the global value60.12 most of the sulfur is converted to sulfate and washed out

within the region. This leads to an exporteR.2 TgSyr?!
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Fig. 15. Budget of different aerosol (and precursors) species as in Babieplayed by regions. The colour code denotes the process while

the positive (negative) value is associated with a source (sink) of the component. Under the abscissa the components are listed: dust (DU)
sea salt (SS), black carbon (BC) and particulate organic matter (POM). The units are all i_nl'l(g'@rP) and in GgN yTl and Gg SyT1
(BOTTOM). DU and SS are reduced by a factor of 10 for clarity. For the non bulk aerosol species the emissions were removed for clarity.
Please note the different vertical axis in each diagram.

which is comparable to that from Europe1.9 TgSyr?). largely pristine region with highly localised industrial activ-
This indicates again that transport in (out) from the selectedties. The sulfate aerosol burden is much lower compared to
region for East Asia is not as effective as in the other regionandustrialised regions, though it is around a factor of 5 higher
considered. South America (mainly the Amazon basin) is athan for Central Africa.
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For nitrate aerosol three main processes balance the emighe NT simulations. More specifically the dynamics (and the
sions within each region: the wet deposition of NGhe  transport) in both simulations are binary identical. Hence,
transport from the region of NOand the dry deposition of the differences in the aerosols (and precursors) concentra-
NOy +HNO3. Depending on the region selected and the as+tions (mixing ratios) between simulation ST and NS calcu-
sociated outflow conditions of the precursors, the other twolated by the model are entirely due to the different emissions
terms (mostly) balance the emissions. East Asia and Norttand not to different meteorology.

America appear to represent two extreme cases. In North |n Table6 the results of NS and ST are compared with ob-
America the outflow towards the Atlantic ocean removes aservations for different aerosol species for the year 2005. For
large amount of NQ+HNO3 (~1.3 Tg Nyr?), correspond- SO;~ the calculated yearly averages by NS indicates a low
ing to~30 % of the total NQ+HNOs +NO3 removal. The  pias relative to the observations compared to ST, while for
removal of these quantities of precursors lead to a reduced|| other species ST represents the yearly average better.
formation of NG; and, in turn, a lower removal by wet de- |, general the RMS is very similar in both simulations,
position of NG; (~1.2TgNyr?, or 20% of the total re-  \ith the only substantial difference being for yOwhere
moval). In contrast, the East Asian outflow of NOHNOs  simulation ST performs better than NS, as indicated by the
(~0.9TgNyr?, i.e. 12% of the total removal) is small, comparison to EMEP and CASTNET observations. Never-
and nitrogen compounds can be converted within the regiongheless, the RMS is in these cases is higher than the standard
leading to higher N@ wet deposition £3TgNyr™, or  deviation of the observations, implying that the model still
45 % of the total removal). Finally, the case of Central Africa geviates from the observed values.

is quite interesting and unique. This relatively clean and pris- The comparison of ng' NO;, and Na with the

ti_ne region is a r_1et importer Of, most of the.compounlds CON"EANET network does not show significant differences be-
sidered here, with the exception of NQwhich is emitted tween the two simulations. This is due to the small seasonal

from biogerlic sources and b_y _biomass burniﬁg).(_S and cycle present in the EDGAR-CIRCE data for East Asia (see
1.2 TgNyr -, respectively). Similarly to Central Africa, the also Fig.4). For example, S@emissions in China do not

South American continent also exports nitrogen compoundshave a strong seasonal cychang et al. 2009, because

~ 1 iogeni i i is- , \ o ' ,
(~0.8TgNyr™), due to biogenic and biomass burning €mis- i the continual energy production for industry and domestic
slons. usage. Therefore, neglecting the seasonal cycle hardly af-
fects the calculated concentrations in this region. The com-
parison of model results from simulations NS and ST with
CASTNET observations suggests larger differences, espe-
cially for SOf,r‘. The bias and the RMS is smaller for NS than

. . i . ST when compared to the observations. This is caused by
As mentioned in Sec.1.1, the EDGAR-CIRCE inventory the strong monthly variability in the SGemissions over the

accounts for emissions on a relatively high spatial resolu- 7 :
tion with monthly temporal variation. To evaluate the impact USA. The .SQ emissions show a_dn‘_ference .Of a facto_r of 2
between winter and summer emissions (being lower in sum-

of the temporal distribution on the calculated aerosol con- : S \
mer). Photochemical oxidation is a very important source of

centrations, an additional model simulation (named NS, No erosol formation which contributes more than 50 % to the
Seasonality) was performed and the results were compare )

with the calculated concentrations of the standard simula—sgz‘21 e,n?gighr:z :réa;l?e;; ii“{g?:&;ﬁg:‘;gﬁr'inlgy Sv;/rg?ceh
tion described in this work (here named ST, STandard case}. 9 !

; . . “leads to higher Sﬁj concentrations. Sﬁ) concentrations
Due to the large computational requirement for these simu- - )

. . ) . are then further enhanced by the efficient photochemical ox-
lations, simulation NS covers only the year 2005. This yeari ation of SG that occurs in summer. During winter, lower
is expected to be represented by the model with the highesfjmissions of S@in NS do not influenc.e the cglculateé ?O
consistency, mainly because the chosen emissions of primag_oncentrations because of the reduced photochemical oxi-
ily emitted species was compiled for this year. 2005 is also ' P

. ; . . dation. This can be seen in Fig6 (left) where the summer
meteorologically representative, without major annular mode

such as the Elino Southern Oscillation and the North At- concentrations for Sﬁ) are higher than during winter. Anal-
lantic Oscillation. The model set-up of simulation NS is the ©90UsIY; this effect is also observed for fi@oncentrations
same as simulation ST (described in S&ct), but without and the related NPemissions (although less strongly); also

the monthly distribution of the anthropogenic components,n this case, the yearly average is somewhat higher in sim-
i.e. neglecting the seasonal cycle present in the EDGARUIAtON NS than in ST, especially when compared to CAST-

CIRCE database. Hence, the annual total emissions are ﬂ4_3ET. The temporal correlation of NS with the observations
same. IS somewhat lower than for ST, with a decrease-&f % for

Because no coupling between the radiation and the atmo-Soézl_ and 5% for N, depending on the station.

spheric composition was active in the simulations, the nudg- In contrast to S§ and NG, the concentrations of
ing forces the model with the same intensity both in ST andNHj depend mainly on the sources of BlHemitted by

5 Effect of monthly distribution of anthropogenic
emissions
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Table 6. Summary of the 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 Hﬁ)nwhile OSTD and MSTD are the standard deviation of the observations and of

the model, respectively (in pgTd). Bias represents the difference between MAM and OAM. MAM and MSTD were calculated sampling

the model at the locations of the observations and monthly averaged as the observations, for the 2005-2008 period. MAM, OAM, MSTD
and OSTD represents co-located measurements and model results. PF2 is the percentage of modelled point within a factor of two of the
observations. RMS denotes the Root Mean Square error.

ST NS PF2 difference
Species Network  n. stations OAM OSTD MAM MSTD Bias PF2 RMS MAM MSTD Bias PF2 RMS PF2(3H2(NS)

SO;~  CASTNET 32 2.9 2.0 2.0 12 -08 947 11 2.2 15 -06 942 10 0.5
Slorm EMEP 58 1.9 1.3 1.6 12 —05 940 12 1.7 11 -04 927 12 1.3
Clorm EANET 27 4.4 5.3 2.4 19 -21 923 48 2.4 1.9 -21 917 48 0.6
NO;  CASTNET 32 0.9 1.0 1.7 1.6 09 426 12 1.9 18 11 401 14 2.5
NOZ EMEP 31 1.6 1.6 2.7 23 10 661 18 2.7 2.2 1.0 661 19 0.0
NOZ EANET 26 1.2 1.9 1.9 2.0 07 525 21 1.9 2.0 07 531 21 -06
NH;  CASTNET 32 1.0 0.6 1.0 0.6 00 868 05 1.1 0.6 01 832 05 3.6
NH; EMEP 30 0.9 0.9 1.3 1.2 02 827 08 1.4 1.2 03 784 09 43
NH; EANET 26 11 1.4 0.9 1.0 -02 861 12 0.9 1.0 -02 851 11 0.9
Nat CASTNET 32 0.1 0.1 0.3 0.6 02 434 06 0.3 0.6 02 426 06 0.8
Nat EMEP 24 0.9 3.1 36 35 26 135 39 3.7 35 27 135 39 0.0
Nat EANET 26 1.0 15 2.9 2.9 19 363 25 2.9 2.9 19 360 25 0.3
80°N
3 1
8 (42° N, 72° W) N (42° N, 72° W) 60°N ' 0.8
b . 40°N oe
Z . ; 0.4
2 1 20°N 0.2
o °? o 0
0 Oﬂ
JFM A MJ J A S O ND JFM A MJ J A S O ND
80°N 1
Fig. 16. Comparison of simulated and observediSQIeft), and 60°N 0.8
NHjlr (right) concentrations (in ugm?) for a selected location of 20°N 0.6
the CASTNET observational network. The red lines represent the 0.4
observations, while the simulated monthly averages are indicated byoen 0.2
the black and blue lines for simulation ST and NS respectively. The 0

location of the station (longitude and latitude) is indicated. Note the 0 wdyoug

different scales of the vertical axes.
Fig. 17. Temporal correlation of observations from CASTNET,
EMEP and EANET and model results for the year 2005 of}NH

livestock and fertiliser usage, which are higher during theUpper; mod_el results from simulation ST; lower: model results
from simulation NS.

spring/summer months because of the intense agricultural ac-

tivities. Ignoring the temporal distribution of Nf-emissions

in NS shows a strong impact on the calculatedjT\kH)ncen—

trations and confirms the findings e Meij et al.(2006 to the observed (0.9 pgm) than the model average from
andSchaap et a{2004. Calculated NE concentrations by ~ simulation NS (1.4 pg m?), but also the RMS is lower for
ST show a smaller bias than NS (see Ta#)land the model  simulation ST than for simulation NS (0.8 and 0.9 pgin
percentages of agreement within a factor of two to the obserrespectively). Further, as shown in Fig, the temporal cor-
vations, are higher for ST than NS with 3.6, 4.3 and 0.9 %relation between model results and EMEP and EANET ob-
increase when compared to CASTNET, EMEP and EANET,servations generally decreaseslQ %) when the temporal
respectively. The improved agreement between observationdistribution of the NH emissions is ignored. It is interest-
and model results of simulation ST with respect to simula-ing to see that NS correlates better with CASTNET than ST
tion NS is mostly noticeable when comparing model results(see also Figl6). As mentioned earlier, this may be related
with measurements from the EMEP network. In this caseto the dual peak in the seasonal cycle of thegMdthissions
the model average from simulation ST (1.3 pg¥nis closer  not present in the observations (see S8@2.3. The lack
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of seasonality in NS improves the temporal correlation for Aerosol and precursors budgets (i.e. emissions and sink
many stations especially in the eastern part of the USA, alterms) for five different regions (North America, Europe,
though it remains rather low for many stations. East Asia, Central Africa and South America) were estimated
The spatial correlation coefficients between model resultdased on the model results. The different meteorological
and observations show only small differences (between theegimes of the regions are central in explaining the differ-
ST and NS simulations) for all aerosol species included inent relative contribution of the sink terms to the budget. It
this study. The reason is that the overall spatial distributionis found that over East Asia nitrate and sulfate aerosol pre-
of the emissions does not change between the two simulacursors are largely converted and transferred into the aerosol
tions; it shows the same patterns over the year. Finally, thgphase and efficiently removed via wet deposition. This effect
impact of changing the monthly distribution onNaoncen- is reduced in North America and Europe, where transport
trations is negligible. The reason for this is that the mainof precursors out of the region is an important contribution
emission source of Nais mostly natural (i.e. sea spray) and to the removal processes. For the bulk species it is found
therefore calculated concentrations do not change betweethat sedimentation plays an important role for dust and sea
the two simulations. salt if the regions encompass sources of such aerosols, since
the mass of the emissions is dominated by the coarse mode.
) In contrast, for black carbon and particulate organic matter
6 Conclusions wet deposition plays a major role in the budget, as the these

. L aerosols are mostly emitted in the Aitken mode.
The newly developed global anthropogenic emission inven- ; ) . .
The use of monthly varying anthropogenic emissions im-

tory (EDGAR-CIRCE) of pollutant gas and aerosol emis- 7 .
X . . : roves the model ability to reproduce the observations com-
sions has been incorporated in to the chemistry generaﬁ)

circulation model EMAC (ECHAMS/MESSy Atmospheric pared t(.) annual mean emissions, with an improved temporal
. : correlation of 5 to 10 %, depending on the aerosol type and
Chemistry). Model results covering the years 2005-2008 . ) .
. . . . he location. The only exception appears forj\lH’or which

were compared with observations from satellites and regiona

networks to evaluate the results. The calculated AODs agregeglectlng the seasonal cycle improved the simulation results

. . X over the USA, partially correcting the incorrect seasonal dis-
well with the satellite observations (level 3 products) over_ . = . C 7 .
. . : : X tribution of the emissions. This improvement is, however,
most of the globe, with negative biases in equatorial area

and in the dust outflow regions (i.e. Central Atlantic and?'m'ted to the USA; in the other regions a degradation of the

Northern Indian Ocean). This is due to an underestimatioandel results compared to the observations is obtained.
' In conclusion, the emission database EDGAR-CIRCE is

of biomass burning and aeolian dust emissions. The AOD, . . .
: o . . -, _found to be a valuable inventory for tropospheric chemistry
over industrialised regions is well reproduced although with

L . .. and aerosol studies, with only a minor issue in the emission
some overestimation over East Asia and an underestimation o .
of ammonia in the Eastern USA, and its use can be encour-
near the west coast of the USA. Because the level 3 products : : :
) . . T aged to the atmospheric chemistry community.
do not include information about the sampling time, a more
detailed study of the AOD produced by the model would be cknowledgementsive thank S.Metzger for his contribution to
h?'DfU.L eSpeCIaI'Iy in comparison with Ieyel 2 prodgcts (i-e. the gmXe code. We thank the DEISA Consortiunwiv.deisa.el
with higher spatial and temporal resolution) to estimate theco-funded through the EU FP6 project RI-031513 and the FP7
correct timing of pollution episodes and to quantify in more project RI-222919, for support within the DEISA Extreme
detail the simulation quality over industrialised regions. Computing _Initiative. The s?mulations for this study have been
Compared to regional network observations of aerosolsperformed in the DEISA grid. The research leading to these
the model reproduces the main spatial and temporal atmotesults has received funding from the European Research Council
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aerosols. More specifically, good agreement is found forl 007-2013) C grand agreement no. 226144. We ac-

. . A . knowledge the usage of data from the CIRCE project (contract
the simulated spatial distribution of sulfate and ammonium, . 036961). The authors wish also to acknowledge the

while nitrate shows some differences when compared tC{Jse of the Ferret program for analysis and graphics in this pa-

observations. The temporal development of these a‘?roscﬁer. Ferret is a product of NOAA's Pacific Marine Environmental
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ammonium aerosol, which shows some deviations from ob-

servations over the USA, mainly due to incorrect emissionsThe service charges for this open access publication
of ammonia from livestock in the inventory. Finally, sodium, have been covered by the Max Planck Society.
used as a proxy for the sea spray aerosol, shows an overesti-
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parametrizations.
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