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Abstract. Airborne desert dust influences radiative trans- scheme appears to perform better in several locations. This
fer, atmospheric chemistry and dynamics, as well as nutripaper discusses the differences between the two versions of
ent transport and deposition. It directly and indirectly affectsthe dust emission scheme, focusing on their limitations and
climate on regional and global scales. Two versions of a pastrengths in describing the global dust cycle and suggests
rameterization scheme to compute desert dust emissions apossible future improvements.
incorporated into the atmospheric chemistry general circu-
lation model EMAC ECHAM5/MESSy2.41Atmospheric
Chemistry). One uses a globally uniform soil particle size
distribution, whereas the other explicitly accounts for differ- 1  Introduction
ent soil textures worldwide. We have tested these two ver-
sions and investigated the sensitivity to input parameters, usPesert dust is an important atmospheric constituent, given
ing remote sensing data from the Aerosol Robotic Networkits potential to affect air quality, nutrient deposition and cli-
(AERONET) and dust concentrations and deposition measmate (Sokilik and Toon, 1996; Tegen and Lacis, 1996; Ra-
surements from the AeroCom dust benchmark database (anganathan et al., 2001; Mahowald et al., 2005; Forster et al.,
others). The two versions are shown to produce similar atmo2007). Global models, being independent of lateral bound-
spheric dust loads in the N-African region, while they deviate ary constraints and less dependent on initial conditions than
in the Asian, Middle Eastern and S-American regions. Thelimited area models, are useful tools to study the large-scale
dust outflow from Africa over the Atlantic Ocean is accu- transport dynamics, the physico-chemical behaviour and de-
rately simulated by both schemes, in magnitude, location angposition distributions of dust aerosols. Furthermore, anthro-
seasonality. Approximately 70 % of the modelled annual de-pogenic influences, including interactions between pollutant
position data and 70-75 % of the modelled monthly aerosolgases and aerosols with dust particles can be analysed, and
optical depth (AOD) in the Atlantic Ocean stations lay in the their role in atmospheric chemistry and climate change simu-
range 0.5 to 2 times the observations for all simulations. Thdated (Kallos et al., 2007; Astitha et al., 2010). The uncertain-
two versions have similar performance, even though the toties associated with these processes and research questions
tal annual source differs by 50 %, which underscores the are indicated by the large variety of global models using dif-
importance of transport and deposition processes (being thterent emission parameterization schemes, input parameters
same for both versions). Even though the explicit soil parti-and representations of aerosol removal processes (Ginoux et
cle size distribution is considered more realistic, the simpleral., 2001; Tegen et al., 2002; Zender et al., 2003; Stier et al.,
2005; Pringle et al., 2010). In many cases models are tuned
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(either the dust fluxes or the threshold friction velocity) to- We address (i) the physical processes that lead to the injec-
wards available observations, which are often performed ation of dust particles into the atmosphere and (ii) the role
large distances from the main dust source areas (Ginoux aif the input parameters in representing the spatial hetero-
al., 2001; Zender et al., 2003; Prigent et al., 2005; Heinoldgeneity of dust emissions. One advantage of using EMAC
et al., 2008; Li et al., 2008; Ridley et al., 2012; Perez et al.,is the direct coupling to meteorological calculations at each
2011). An important effort to compare the dust distributions time step ¢ 10 min), which is expected to realistically rep-
from different global models, the Aerosol Comparisons be-resent the grid-scale temporal variability, e.g., compared to
tween Observations and Models (AeroCom) project, has reeff-line calculations with a chemistry-transport model based
vealed that models apply a wide range of global dust sourcesn 3 or 6-hourly meteorological analyses. We thus combine
and sinks (514 to 5999 Tgy#) and simulate very different the meteorological variables with specific input fields of soil
atmospheric burdens (8.2 to 54 Tg) (Textor et al., 2006, 2007 properties without using a-priori (or preferential) source dis-
Prospero et al., 2010; Huneeus et al., 2011), indicative of theributions of dust or pre-calculated tables of input variables.
uncertainties involved. The first objective is to implement a dust emission scheme
Mineral dust particles enter the lower atmosphere pri-that makes use of the air temperature, humidity, density and
marily through a mechanism called saltation bombardmentfriction velocity, thus directly linking into the meteorologi-
which is strongly dependent on the meteorological condi-cal calculations, and simulate the threshold friction velocity
tions near the surface, as well as the soil texture and partiand dust fluxes online. The second objective is to investigate
cle size classification (Shao et al., 1993; Alfaro and Gomesthe role of the soil particle size distribution and texture. The
2001; Grini et al., 2002). The emissions of dust particlesspatial heterogeneity of the dust emissions is related to the
have important regional and global consequences, whereamiqueness of the regions the particles originate from. This
the phenomenon itself is of episodic nature driven by pro-is reflected in the soil texture and size distribution, the local
cesses on small spatial and temporal scales. Therefore, globaieteorological conditions, the topographical characteristics
models need to be based on a number of assumptions tand the general synoptic conditions.
simplify and generalize the dust emission schemes. Several The paper is organized in five sections. The next sec-
methods have been proposed to estimate the dust flux intton describes the EMAC model and the configuration used
the atmosphere, some more detailed than others (Marticorerfar the simulations. In Sect. 3, the dust production scheme
and Bergametti, 1995; Marticorena et al., 1997; Shao, 2004is presented and analysed considering the two implementa-
Shao et al., 1993, 2011; Alfaro and Gomes, 2001; Nickovictions. The observational data, collected to compare with the
et al., 2001; Tegen et al., 2002; Zender et al., 2003; Balkamodel results, is discussed in Sect. 4, which includes in-situ
nski et al., 2004). In most cases a process-based dust emimeasurements from the AeroCom dust benchmark dataset
sion scheme is pursued that explicitly takes into account thgHuneeus et al., 2011) and remote sensing data. In Sect. 5
soil surface characteristics. One of the limitations in a globalthe effects of nudging the model to meteorological analyses
setup involves the availability of input parameters for which are discussed, and an extensive model evaluation with sub-
measurement data are lacking. While this applies to bothsections on concentrations, deposition fluxes and aerosol op-
global and regional models, detailed datasets have been cdiical depth is presented. A discussion about the differences
lected of soil characteristics for specific desert areas (Callobetween the two versions of the parameterization is also in-
et al., 2000; Laurent et al., 2005, 2006, 2008), and regionatluded.
models are typically more sophisticated in representing dust
emissions as their resolution is closer to the small-scale dy-
namical processes involved. Further, the difficulty of directly 2 EMAC model configuration
measuring the dust emission fluxes in the source areas hin-
ders the evaluation of model results. The EMAC model combines the ECHAMS5 general circula-
The goal of our study is to develop and test two versionstion model (Roeckner et al., 2006) and the Modular Earth
of a dust emission parameterization scheme, implemente@ubmodel System @dkel et al., 2005, 2006, 2010). The
into the atmospheric chemistry — general circulation modelMESSy system (version 2.41) is modular and all sub-models
EMAC (Jockel et al., 2005, 2006, 2010; Roeckner et al., follow strict coding standards to allow easy implementation
2006), and investigate the dependence of the dust distribuwithin other models. It also provides the option of running
tion on the soil properties and the emitted particle size dis-the model with multiple representations of processes to sys-
tribution. The two versions of the dust emission scheme ardematically test and improve the results. The model was run
primarily different in the explicit representation of soil parti- with a spectral resolution of T106(1.1° x 1.1°) and 31 ver-
cle size distributions and also in the emitted size distributiontical levels up to 10 hPa for the year 2000. The reason for se-
at the source. In the first version, the particle size distribu-lecting this year is the availability of dust measurement data
tion at the source is globally uniform, whereas in the sec-(for Miami, Barbados, Haifa), important for the evaluation
ond, it is explicitly accounted for based on the Zobler geo-procedure and the recently published work on global mod-
graphical soil texture classification and four soil populations.elling of dust for the same year (Huneeus et al., 2011; Perez
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et al., 2011). Giser et al. (2012) used four horizontal reso- ered species are organic carbon, black carbon, dust, sea salt,
lutions, with T106 being the highest, and concluded that im-water-soluble compounds (WASO, i.e. all other water soluble
portant differences occur in the dust emissions, which are noinorganic ions, e.g.: Nﬂi, so};, HSQ,, NO3) and aerosol
well described in the coarser resolution setups. The modelater (HO). The refractive indices for dust are taken from
output is recorded every 5h and the output fields represenitiess et al. (1998). More details on the method of the AOD
averages of the previous 5h. The simulations performed incalculation can be found in Pozzer et al. (2012). The anthro-
clude a simplified sulphur chemistry scheme allowing the pogenic fraction of the aerosol species is less relevant, since
production of sulphuric acid and particulate sulphate, whichthe subject of this work is to investigate the dust production
play an important role in transforming the dust particles from and transport, and we focus on areas primarily influenced by
hydrophobic into hydrophyllic, thus affecting their ability to desert dust outbreaks.
interact with clouds and be removed by precipitation. More The model performance, simulating the global dust dis-
details on the sulphur chemistry mechanism and the set ofribution, was also tested using the nudging option, in con-
chemical reactions can be found indsér et al. (2012). The trast to the free-running mode. As pointed out by Timm-
aerosol microphysics sub-model is M7 (Vignati et al., 2004;reck and Schulz (2004), significant differences can occur
Stier et al., 2005), which describes the aerosol size distribubetween nudged and free-running simulations, in particu-
tion according to 7 lognormal modal size fractions; 4 solublelar with respect to the mean geographical distribution and
and 3 insoluble, encompassing the nucleation, Aitken, accuseasonal variability of mineral dust. For the nudged simula-
mulation and coarse modes. tions the European Centre for Medium-Range Weather Fore-
The emissions of gases and aerosols are treated using onasts (ECMWF) 40-yr re-analysis (ERA-40) data for the year
line and offline routines (Pozzer et al., 2009) and the pro-2000 has been used. The prognostic variables nudged to-
cesses taken into account in the simulations include advecwards the observations (i.e., the re-analyses) are tempera-
tion, convection, deposition (wet and dry), simple sulphur ture, vorticity, divergence and surface pressure, and the nudg-
chemistry and radiation. The set of sub-models activated iring weights are chosen such that the boundary layer and the
the EMAC version are described in Table 1, including ref- upper troposphere/lower stratosphere are not directly influ-
erences to the original work. The following emission sub- enced (Lelieveld et al., 2007). A discussion about the effects
models are used: (a) the fixed (offline) emissions includeof nudging on the simulated dust concentrations and deposi-
sulphur dioxide from anthropogenic, volcanic sources andtion is included in Sect. 5.
biomass burning; nitrogen oxide from anthropogenic, air-
craft, biogenic sources and biomass burning; black carbon o o
and organic carbon from wildfires; dimethyl sulphide from 3 Dust emission parameterization
terrestrial sources; formaldehyde, formic acid and methano
from anthropogenic sources and biomass burning. (b) Th
online emissions include dimethyl sulphide from water bod-

ies, nitrogen oxide from soil biogenic sources, organic and I
: . =" of clay content, emission source strength factors thgs?)
black carbon (bio-fuel, fossil fuel, and secondary species), . I - .
and threshold wind friction velocities (n$), representing

dust and sea salt. The present work extends this SChen}%e entire globe. The modelled temperature and precipitation

with an online representation of mineral dust sources. The. . ) N
T e fields are used to adjust the soil wetness and thus limit the
aerosols are not radiatively coupled to the model in this work; o ; .
ust production in wetted soil areas. The vertical dust flux

the full aerosol chemistry and thermodynamics scheme is no . ) .
. . ) . ; - only coarse dust particles were emitted) was calculated with
implemented in the simulations for computational efficiency

as the focus is to investigate and evaluate the desert du%?e use of the diagnosed wind speed at 10m, the threshold

. . . : ) velocity and the emission source strength factor from the pre-
production, without the complexity of climate and chemistry . S
: . . calculated tables. The results of the Balkanski dust emission
feedbacks, which will be the subject of planned future work. scheme are also discussed iR et al. (2012), comparin
The modelled AOD is calculated at 550 nm using con- ’ ' paring

centrations of dust and sea salt particles, biomass burninIt with the Tegen et al. (2002) scheme recently implemented

products (black carbon and organic carbon) and sulphatib EI!]heeErrl:/(le'?hco(r:inocl)(()jel'followed in this work is based on previ-
aerosols. More specifically, the aerosol optical properties are aology . P )
calculated with the EMAC submodel AEROPT (Table 1). It ous dust emission schemes for regional (Perez et al., 2006;

is based on the scheme by Lauer et al. (2007) and make%pyrou et al., 2010; Laurent et al., 2008, 2010; Marticorena

use of predefined lognormal modes (i.e. the mode width et aI.' 1997) and global modeliing s_ystems (Zender gt ‘f’“"
: . 003; Tegen et al., 2002). Two versions of a dust emission
and the mode mean radius have to be taken into account o . .
) . L - arameterization have been included into EMAC, presented
for which lookup tables with the extinction coefficient, the

single scattering albedo and the asymmetry factor for the" detail in the following sub-sections.
shortwave and extinction coefficient for the longwave part
of the spectrum are created (Pozzer et al., 2012). The consid-

lI'he previous dust emission scheme in the EMAC model was
ased on the work of Balkanski et al. (2004) as discussed
in Stier et al. (2005). It includes three pre-calculated tables
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Table 1. EMAC sub-models used in this study.

M. Astitha et al.: Impact of nudging and soil properties

Submodel Description Reference

M7 Aerosol microphysics Vignati et al. (2004)

DRYDEP Dry deposition Kerkweg et al. (2006a)

SCAV Wet deposition Tost et al. (2006a)

SEDI Sedimentation of aerosol particles Kerkweg et al. (2006a)

MECCA1 Atmospheric chemistry Sander et al. (2005)

OFFEMIS Prescribed emissions of trace gases and aerosols Kerkweg et al. (2006b)

ONEMIS On-line calculated emissions of trace gases and aerosols  Kerkweg et al. (2006b)

RAD4ALL ECHAMS radiation scheme as MESSy submodel Roeckner et al. (2006); Jockel et al. (2006)
JVAL photolysis rates based on Landgraf and Crutzen (1998)
AEROPT Aerosol Optical Depth Lauer et al. (2007), Pozzer et al. (2012)
CLOUD ECHAMS5 cloud scheme as MESSy submodel Roeckner et al. (2006, and references therein)
CONVECT convection parameterizations Tost et al. (2010)

CVTRANS convective tracer transport Tost et al. (2006b)

LNOX lightning NOx production Tost et al. (2007)

TNUDGE Newtonian relaxation of species as pseudo-emissions Kerkweg et al. (2006b)

TROPOP tropopause and other diagnostics Jockel et al. (2006)

3.1 Dust sources and input parameters Table 2. Olson ecosystem biomes selected for the dust emission

scheme.

Dust particles are injected into the atmosphere through salta- No
tion and sandblasting (Marticorena and Bergametti, 1995;
Marticorena et al., 1997; Grini et al., 2002; Zender et al., »
2003). The saltation process is initiated when the drag near 3
the surface exceeds the gravitational inertia of the sand-size 4
particles (diameter> 60—80 um) moving them downwind
horizontally. With this movement the large particles disag-
gregate and release smaller size silt and clay particles (sand-
blasting) (Grini et al., 2002; Alfaro and Gomes, 2001). The the two implementations is the emitted particle size distri-
height of the saltation layer is of the order of 1m, which un- bution; in DU1 the d’Almeida (1987) “background” source
derscores that the dust emissions take place on small spatiglodes are imposed uniformly in all grid cells whereas in
scales. The direct emission of small and coarse dust particle®U2 the soil characteristics in every grid cell are used. The
referred to as aerodynamic entrainment (Shao, 2004; Shao #iPut parameters that both emission schemes have in com-
al., 2011), is negligible because of cohesive and gravitationafnon are described below. One of the first important input
forces, respectively, which bind the particles to the soil; thisParameter is the location of the dust sources. Both formu-
mechanism is not included here considering the negligibldations use as input fields the geographical sources of dust
contribution compared to saltation bombardment. A third Pased on the Olson global ecosystem biomes (Olson, 1992)
mechanism of dust entrainment into the atmosphere is dis&S described in Table 2. This database provides global infor-
integration (self-abrasion) of large aggregates or fragmentgnation on the location of deserts (sand or clay), semi-deserts
(Shao et al., 2011), which is considered difficult to model on (Steppe, shrub, sparse grass) and flat desert playas (Fig. 1,
a global scale due to the lack of input data that characterizéeft plot). The set of input parameters also includes the clay
the aggregates in the soil. The dust particles are considered d&ction of the soils (Scholes and Brown de Colstoun, 2011)
mobilized in the atmosphere when the wind friction velocity, @ Shown in Fig. 1 (right plot), the rooting depth (Schenk
a proxy of the surface drag properties, exceeds a threshol@d Jackson, 2009) and the monthly vegetation area index
value. This threshold value depends on the soil size distribu{SUm of leaf and stem area index) as discussed in Zender et
tion and soil texture classification. Details on the calculation@l- (2003). The schemes use the online meteorological fields
of the threshold friction velocity are given in Sect. 3.2. from the EMAC model: temperature, pressure, relative hu-
For the new implementation two formulations of the on- midity, soil moisture and the surface friction velocity. Each
line dust production are tested, from here on referred to agglevant parameter will be discussed in the following subsec-
DU1 and DU2. DU1 utilizes a homogeneous global soil sizetlons.
distribution of dust particles and DU2 uses an explicit geo-
graphical representation instead. Another difference between

Biomes

Desert, mostly bare stone, clay, sand

Sand desert, partly blowing dunes

Semidesert/desert shrub/sparse grass

Cool/cold shrub semidesert/steppe

Salt/soda flat desert playas, occasionally with intermittent lakes

Atmos. Chem. Phys., 12, 1105724083 2012 www.atmos-chem-phys.net/12/11057/2012/



M. Astitha et al.: Impact of nudging and soil properties 11061

LATITUDE

1 100 100

2
LONGITUDE
CLAY (%)

Fig. 1. Left plot: Olson global ecosystem biomes. The indices on the colour bar correspond to the values in Table 2. Right plot: clay content
of the soil (%). Both plots at%x 1° resolution.

3.2 Threshold friction velocity threshold wind friction velocity is calculated for particle di-
ameters in the range of 0.1 to 1000 pm.
A central part of the dust production scheme is the calcu- Two corrections are imposed in the calculateg, which
lation of the threshold friction velocityu(.nr), above which  are related to the drag partition scheme near the surface (Mar-
the emission of dust particles into the air is considered possiticorena et al., 1997) and the soil moisture (Fecan et al.,
ble. It is based on an empirical relationship derived by Mar-1999). Since the initial computation of thess is an em-
ticorena and Bergametti (1995) and analyzed in Marticorengijrical relation for smooth surfaces, a correction is imposed
etal. (1997) over smooth surfaces based on the proposed foglepending on the surface roughness lenggh é4nd the lo-
mulations of lversen and White (1982) The relationship uti- cal roughness |ength of the uncovered surfagg (The em-
lizes the friction Reynolds numbeé, which depends on the pirical relation is shown in Eq. (4) and it is valid for small
soil particle SiZEDp, in Egs. (1—3) This relationship indi- values of aeolian roughnes&k 1cm) (Darmenova et al.,
cates that the minimum threshold friction velocity occurs for 2009). An example of how the correction factoy fdrag is
soil particle diameters around 60—70 um (Fig. 2a). the multiplication factor fon,s) changes with the surface
roughness length, and local roughness lengtfs is given

For 003< 5 <61(1)'29K @) in Fig. 2b. As shown in the graph, the correction factor is
uss(Dp) = - higher for higherz, and lowerzgs, which leads to higher
/192800921 values ofur (EQ. 5). The reason for this is that a higher
For B >10: threshold friction velocity must be assigned for a surface with
uss(Dp) = 0.129K[1 — 0.0858 exg—0.0617 B — 10))], more obstacles. When the soil includes an increased num-
ber of non-erodible elements (solid obstacles, i.e. rocks, peb-
wherek = \/&DPQJF _0.006 bles, vegetation), which translates into higher valuesqpf
Pe PogDy the threshold friction velocity increases causing a decrease
uwsDp in the emission of dust particles. Wheps increases (i.e.,
B=—— (2) smoother surfaces) the correction factor decreastfartd),

v ..
giving smaller values aof 4inr-

B =1331D;%6+0.38 (3)
whereu,s is the threshold friction velocity over smooth sur- Farag=1— o @)
faces,D;, is the diameter of the soil particle,is the kine- 7929~ In[0.35(12)08]

0s

matic viscosity of air,op is the particle densityp, is the

air density andg the gravitational acceleration. The above

Egs. (1-3) are implemented in the first version of the dust Uxts
emission scheme (DU1), with the iterative Eg. (2) being used"*" = farag
in the second time step whereas the analytical solution (3) is

used at the start of the calculation. The difference with theFor both dust emission schemes DU1 and DU2, globally
DU2 scheme is that in DU1 th®, is constant and equal uniform values have been used fog and zos (0.01 and

to an optimal diameter for saltation (60 um), when in DU2 0.00333 cm, respectively, as in Zender et al., 2003), given
the soil size distribution is included as an input field, and thethe lack of data for these parameters in the global scale. In

®)
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Fig. 2. (a) Dependence of the threshold friction velocity on the diameter of the soil particle. The blue dots correspond to the correction of the
threshold friction velocity from the drag partition scheme whfgp,gis constant(b) Dependence of the drag correction parameter on the
aerodynamic roughness length(left), and the smooth roughness lenggs (right).

future implementations, we plan to substitute these fixed val-
ues with more appropriate ones.

The final correction in the calculation of the threshold fric-
tion velocity is the soil moisture adjustment as proposed byt = Usthr
Fecan et al. (1999) and applied by Marticorena et al. (1997For w > w’ (wet soil :
and also Zender et al. (2003), Laurent et al. (2005, 2006, ;
2008), among others. The principle behind this correction is?+t = ”*thf\/lJr 1.21(w —w')*%8
that the threshold friction velocity must increase in wetted Both emission schemes DU1 and DU2 use the above soil
soils and this is accomplished by relating the residual soilmoisture correction in the formulation of Egs. (6) and (7),
moisture to the clay content of the soil. The residual soilsince it is not dependent on the soil size distribution. The
moisturew is calculated with the empirical Eq. (6), and its sequence described above provides the threshold friction ve-
physical meaning is given as the ratio of the mass of water tqqcity 1, that enters the calculation of horizontal and vertical
the mass of dry soil: fluxes, as discussed in the following subsection.

For w < w’ (dry soil) : @

w’ = 0.0014(% clay® +0.17(% clay) residual soil moisture (6) 3.3 Horizontal and vertical flux calculations

Besides the residual soil moisture, the soil moisture correc- , . . . .
: : . . . . . The final step is the calculation of horizontél ( and vertical
tion scheme requires the gravimetric soil moisturewhich : :
. : : ; (V) fluxes of the dust particles entering the atmosphere. Fol-
is calculated from the modelled soil moisturg (m) by di- . : :
- . . : . lowing Kawamura (1964) and White (1979) as implemented
viding with the rooting depth (Hillel, 1980). The final correc- . . : .
: o S in Marticorena et al. (1997) the horizontal flux is calculated
tion of the threshold friction velocity is calculated based on _ . 4 N
. - with Egs. (8) or (9), depending on whether or not the soil size
Eq. (7), depending on whether the soil is dry or wet. A )
distribution is accounted for:

.3 2
H:M(1+M)<l_u_;t), when . > ux (8)

g I/l* *
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H(Dy)= cpairit? 14 uxt (Dp) 1 ust(Dp)? Siei(Do) et al. (2003). This source size distribution is considered glob-
Py U u2 relt=p)s ally uniform and the parameters of the distribution are as fol-
whenu, > 1y ©) lows: mass median diametef¥, = 0.832, 4.82, 19.38 and

geometric standard deviationy = 2.10, 1.9, and 1.6, fol-
wherec = 1 (Darmenova et al., 20094 is the air density, lowed by the mass fraction of each modg:= 0.036, 0.957,
uy is the friction velocity,u, is the threshold friction ve- and 0.007, respectively.
locity, Srel is the relative surface area covered from particles The size distribution of the soil elements is different from
with diameterDj, (assuming particles of spherical shape).  the size distribution of the particles set in motion into the at-

In DU1 the horizontal flux is calculated using Eg. (8) (Zen- mosphere. Once the particles are emitted into the air, the par-
der et al., 2003, Spyrou et al., 2010), since there is no sizédicle size distribution is adjusted to the 8 size bin modes from
distribution assigned to the soil particles. In DU2, Eq. (9) 0.2 to 20 um in diameter after Perez et al. (2006). Because
is implemented to estimate the horizontal flux per soil parti- the mass in the source modes is log-normally distributed, the
cle of sizeDp, and the total horizontal flux per soil sourge ~ mass fraction overlap/;; of each source modi carried in
Hiot,; - each transport bi, is calculated with the use of the standard

The vertical fluxV is defined as the mass of dust parti- error function (Schulz et al., 1998; Zender et al., 2003):
cles emitted from unit area per unit time (kgAs™1). V is N N
considered proportional to the horizontal flék and is cal- Mij=% [erf(ln(DmaXJ/DV") In(Dm.n,//D\,f,))} (11)
culated by the relationship = a - H established from com- v2Inaog, V2Inag,
bined measurements &f andV by Gillette (1979), account- Where Dpin and Dmax are the minimum and maximum di-
ing for all dust particles with diameters less than 20 um. Theameters of each transport bjinand Dy is the mass median
parameter is the sandblasting efficiency that depends on thediameter of the source
clay content of the soil. Marticorena and Bergametti (1995) Finalizing the formulation of the dust emissions scheme
established an empirical relationship between the fafiel DUL, the vertical flux (kg m?s~1) for each transport birj,
and the soil clay content, which is adopted in this work: is calculated using:

3

a= 100.134(% clay—6 (10) Vj = F1BaH ZmiMi,j (12)
i=1

)—erf(

Equation (10) is valid for clay percentages up to 20 %. For _ . _
higher clay contents the sandblasting efficiency is set conWhereF is an empirical conversion factor (18 for DU1),
stant to the values proposed by Tegen et al. (2002). SpecifiB is the fraction of bare soil exposed in a grid cell (depends

cally: on the percentage of each Olson biome, the fraction of land
covered by water or snow and the fraction of ground cov-
a=10x10"%cm™1, for20< (% clay) < 45 ered by vegetation; the vegetation area index is used to cal-
a=10x10"cm™1, for (% clay > 45 culate the monthly fraction of ground covered by vegetation),
«a is the sandblasting efficiency is the horizontal flux and
The final equation that provides the dust vertical flaxor 3

both DU1 and DU2 is described in the following sub-section, 2_ i Mi.j is the mass fraction of each transport bin. The em-

in which we discuss the particle size distribution, which is lp:irlical factor F was chosen following Zender et al. (2003)
stated to be of central importance by Kok (2011). where a similar tuning factor was applied X7.0~%). The
choice of the particulaf for each formulation was based on
providing reasonable global emissions of dust.

In the second scheme DU2 an explicit size distribution of
the soil is introduced, based on the Zobler soil type catego-
rization, thus representing each grid cell by fractions of de-
fined particle sizes (7 types from coarse to fine organized in
4 modes as shown in Tegen et al. (2002), and shown in Ta-
ble 3). The mass fraction mof each size population is also
listed in Table 3. As in DU1, the transport size distribution
when the friction velocity exceeds the thresholdgt Thus, 'S 2djusted to 8-size bins from 0.2 to 20 ym in diameter. The

horizontal dust flux is calculated with Eq. (9) for each di-

the threshold friction velocity and the horizontal fléik are , ; .
calculated without a dependency on soil particle size. To es@Meter of the soil particles (ranging from 0.1 to 1000 um).

timate the dust vertical fluy distributed over the different COnsequently, the vertical flux for every transport bin is

size modes, the particle sizes at the sources are assumed %timated as follows:
'_ H 1 4 “ ” - . 3 « D 2 D
follow a tri-modal distribution based on the “background CPairlty, ) <1+u 1 p)) (1_“*t( p)) Srei(Dp) (13)

3.4 Soil and transport size distributions

The main difference between the two implementations in-
volves the soil size distribution and the emitted size distribu-
tion. In the DU1 version of the scheme we adopt an optimum
size for saltation ofD, = 60 um at which the threshold fric-

tion velocity has a minimum (Marticorena and Bergametti,
1995; Spyrou et al., 2010). It assumes that all erodible re
gions contain particles of sizB, so that saltation is initiated

X : Vi=FBaM;——— 5
modes suggested by D’Almeida (1987) and used in Zender 8 o Uy ug
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Table 3. Zobler soil texture classification and mass fraction for each soil size population after Tegen et al. (2002). For all particle sizes the

geometric standard deviatieR is 2.0.

Soil Type mf mfy mfg mfy
(Dy1=707pm) Oy =158pm) Oyz=15um) Oyq=2pm)
Coarse 0.43 0.40 0.17 0
Medium 0 0.37 0.33 0.30
Fine 0 0 0.33 0.67
Coarse-medium 0.10 0.50 0.20 0.20
Coarse-fine 0 0.50 0.12 0.38
Medium-fine 0 0.27 0.25 0.48
Coarse-medium-fine 0.23 0.23 0.19 0.35

and additionally from the MODIS-Terra (v5.1 — Level 3
product), MISR-Terra (v.31 — Level 3 product) satellite in-
same as descnbed in Eq. (12), with the exception of thestruments and Deep Blue algorithm (which are included in
empirical conversion factor/, = 10~2 for DU2) and mf,  the Supplement). The concentration and deposition datasets
which is the mass fraction of each of the four source sizesare taken from the AeroCom benchmark dataset presented
in Table 3. The vertical flux in DU2 includes the soil size by Huneeus et al. (2011) (N. Huneeus, personal communica-
distribution dependence of the horizontal flx(Eq. 9) and  tion, 2011). More specifically, the comparison is performed
the assumption that the breakage of the soil aggregates thgsr monthly and annually averaged dust concentrations based
result in the atmospheric suspension of dust particles (santbn measurements at 24 stations, of which 22 are managed by
blasting) is related to the soil size distribution. The emissionthe Rosenstiel School of Marine and Atmospheric Science,
scheme of Marticorena and Bergametti (1995) cannot repreuniversity of Miami (Prospero et al., 1989; Prospero, 1996;
sent the sandblasting procedure explicitly (Grini and ZenderArimoto et al., 1995). Two additional stations, Jabirun and
2004; Grini et al., 2002) and the assignment of the emittedRuchomechi, are added as in Huneeus et al. (2011). All mea-
size distribution is investigated by attributing this to the soil syrement stations are located downwind though remote from
properties whereas in DU1 the d’Almeida particle size distri- the main dust source areas, and the measurement period cov-
bution is imposed uniformly. ers the 1980s and 1990s, while each station has been active
For consistency with the aerosol module in the EMAC during different periods.
model, the 8 transport size bins are grouped into the accumu- The dust concentrations are derived from measured alu-
lation and coarse insoluble modes used for all aerosol physminium concentrations assuming an Al content of 8 % in soil
ical and chemical processes (Aitken mode particles are nogust (Prospero, 1999) or from the weights of filter samples
produced by the dust scheme). The aerosol module used igshed at 508C after extracting soluble components with wa-
this work is M7 (Vignati et al., 2004), using 7 size and sol- ter as described in Huneeus et al. (2011). Figure 3a shows
ubility modes for the aerosol distribution. The freshly emit- the locations of the 24 stations; the names and coordinates
ted dust particles are assumed to be initially insoluble, withare given in Table S1 of the Supplement. From this dataset
a geometric standard deviation and mass median diametge also use the annual average from each station to evaluate
og =2, mmd=3.5um for the coarse mode ang=1.59,  the model calculated annual and seasonal dust distributions.
mmd=0.7 um for the accumulation mode (Cheng et al., These measurements are multi-annual and not for the simula-
2008). The dust particle size distribution used in this work tion year 2000, which will be taken into account in the model
has not been assessed except indirectly (by the mass concegvaluation in Sect. 5.1. Furthermore, monthly dust concen-
tration and AOD at distant locations) and will be the subjecttration measurements for 2000 are available for Miami and
of future work. The differences between the two versions ofBarbados (J. Prospero, personal communication, 2010) and
the dust emission scheme (DU1 and DU2) are summarizegor Tel Shikmona (Haifa, Israel) (B. Herut, personal commu-
in Table 4. nication, 2012).
The deposition of dust particles directly relates to their

distribution and mass load in the atmosphere. Dust particles
4 Observational data are mostly deposited through precipitation scavenging and

sedimentation and to a lesser extent through dry deposition.
For the comparison with model results, available observa-Annual deposition data from 84 sites (names and locations
tional datasets of monthly and annual dust concentrations andre listed in Table S2 of the Supplement) are used to evalu-
deposition, aerosol optical depth from sun-photometer datate the modelled dust deposition. This dataset is a collection
include those of the Aerosol Robotic Network (AERONET),

whereM; = Z mf; M;;. The parameters in Eq. (13) are the
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Table 4. Characteristics of the two versions of the dust emission scheme.

Input Parameters and DUl DuU2
Calculated fields
Olson world ecosystem biomes Yes Yes
Clay fraction of the soil Yes Yes
Rooting Depth Yes Yes
Vegetation area index Yes Yes
Meteorological fields (temperature, pressure, Yes Yes
humidity, soil moisture, friction velocity)
Threshold friction velocity over smooth uxts (for Dp = 60 pm) uxts (Dp)
surfaces
Drag partition correction (fixedo, zos) Yes Yes
Soil moisture correction Yes Yes
Zobler soil texture classification No Yes
Source Size Distribution Globally uniform tri-modal Explicit assignment of particle
distribution (D’Almeida, 1987) size in each grid cell (Table 3)
Transport size distribution 8-size bin distribution after Peres in DU1
et al. (2006)
Horizontal Flux H H(Dp)
3 4
Vertical Flux Vj =FBaH ZmiMi,j Vj = F5 Bu Hiot Z mfiM,-j
i=1 i=1

a = 100-134%clay—6 clay < 20%
Sandblasting efficiencyx( a=10"520%< clay < 45% Asin DU1
a=10"" clay> 45%

from different sources, the measurement period being differ- The selection of the AERONET stations included in this
ent for the stations; for more details we refer to the indicatedevaluation presupposes that they are located in areas influ-
publications. The 84 stations are shown in Fig. 3b, colour-enced mainly by dust sources, thus avoiding highly polluted
coded according to region. The regions are: Europe, Asia, Nfegions. To select the appropriate stations for the year 2000,
and S-Atlantic, S- and W-Pacific, S-Ocean and Indian Oceanwo criteria were applied to the daily AOD of each available
(Table S2, Supplement). Further, the monthly dust massestation. The first criterion is that the AQEynmexceeds 0.2
deposited in three locations in Florida are used (Florida At-and the second that the Angstrom exponentd#Es7onm
mospheric Mercury Study-FAMS network, Prospero et al.,is less than 1.2 to select the coarser particles associated with
2010). The deposition measurements for each site have beatesert dust transport (Kinne et al., 2003; Dubovic et al.,
averaged by month over three years (1994-1996), providin@000). The station is considered “dusty” if at least 20 % of
the total and the wet deposition fraction. More details aboutthe available data satisfies the above criteria. This method-
these datasets can be found in Huneeus et al. (2011). ology has provided 19 available stations for the simulation
The AOD observed by the AERONET stations (level 2 year 2000. A list is presented in Table S3 of the Supple-
data) is used to compare with the model output for thement and the location of each station is shown in Fig. 3d. For
year 2000 on a daily, monthly and annual basis. Since thesome stations the availability of the AERONET aerosol opti-
AERONET Level 2A0D is not given at 500 nm or 550 nm cal depth has been limited and in these cases monthly AOD
for all the selected stations, the measured AOD at 550 nnvalues from MODIS-Terra, MISR and MODIS Deep Blue
is obtained by an interpolation method using the measure{Level 3) have been included to evaluate the model (included
ments at 440 and 870 nm (de Meij and Lelieveld, 2011). Thein the Supplement). Of course, there are limitations to the use
AERONET stations provide AOD data during daytime and of level-3 data, which are averages from level-2 pixels on a
clear sky conditions, and the daily average of the availablel x 1 degree resolution. The sampling of actual retrievals is
measurements is used for the evaluation. highly non-uniform in space and time, even at the resolution
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oo o 100 o0 o 100°E

Fig. 3. Stations used for the model evaluatiga) for dust concentrationgb) for dust deposition. The names of the stations that correspond
to each number are given in the supplemé)tThe black boxes denote the areas for the calculation of the regional emissions in Table 6.
Location of the 19 AERONET stations used for the model evaluation of AOD.

of these products (MODIS & 1 degree and MISR 0.5 0.5 and DU2ERAJO0 for the nudged model. At first glance the
degree) (Kahn et al., 2009). The use of the satellite data iglifferences in the annual emissions from running the model
complementary to that of the AERONET data, since it is rec-in these two modes are hardly discernible. The annual emis-
ommended to cautiously compare the monthly level 3 datasions from DULERA40 and DU2ERA40 are presented in
products with the AERONET data (Leptoukh, 2011; Levy et Fig. 4. The geographical distribution is largely the same, ex-
al., 2009). cept for some areas where the emission flux appears to be
lower in the nudged simulation (N-Africa, Arabian Penin-
sula). By calculating the global emission fluxes the differ-

5 Results ences become more apparent (Table 5). The differences in the
seasonal emissions between nudged and free-running mode
5.1 Effects of nudging to meteorological analyses and among the DU1 and DU2 formulations appear in the

Supplement (Figs. S1 and S2).
As discussed by Timmreck and Schulz (2004), nudging a The nudged simulations (DUERA40 and DU2ERA40)
simulation with observed, i.e., analysed meteorological datgoroduce less dust globally compared to the free-running
compared to a free-running general circulation model, canmodel, in agreement with the results of Timmreck and Schulz
substantially affect the simulated global dust budget and th§2004) for the ECHAM4 climate model that the nudging
seasonal variability of concentration distributions. In this Somewhat reduces the wind speed and the dust emissions ac-
work, the ERA40 reanalysis data has been assimilated intgordingly. For DU1, the reduction of the annual emissions
EMAC for the nudged simulation, and as a second optionis ~20% and for DU2 it is~ 24 %. The atmospheric life-
the free-running model was used by applying multi-annualtime of airborne dust is slightly longer in the nudged version
mean sea surface temperatures and ice coverage as bourfif-the model. The annual deposition reduces in line with the
ary conditions. The latter runs were included to study pos-emissions between 16 and 25 %, and the annual atmospheric
sible artefacts by the nudging and differences relevant fodoads are also reduced compared to the free-running model
climate change applications. The simulations are denoted as-14 % for DU1 and—19 % for DU2). The parameteriza-
DU1 and DU2 for the free-running model and DIFRA40 tion of the dust emissions is such that even small differences
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Table 5. Atmospheric dust budgets by the different emissions schemes, compared with the AeroCom median values as presented in Huneeu:
etal. (2011).

Emissions Load Dry Sedi Wet Lifetime (days)
(Tgyr'hy (Tg) (Tgyr'l) (Tgyr1l) (Tgyrl) [load/deposition]
AeroCom Median 1123 15.8 396 314 357 4.6
DU1 1841 23.2 82 573 1161 4.7
DU2 2860 32.2 138 841 1846 4.2
DU1_ERA40 1472 19.9 67 484 904 4.9
DU2_ERA40 2185 26.1 104 675 1392 4.4

Table 6.Regional dust emissions (Tgy¥) (regions shown in Fig. 3c) for the different simulations.

N. Africa  S. Africa  Middle East Asia N. America S. America  Australia
(TgyrY) (Tgyrh)  (Toyrl)  (Tgyrh)  (Togyrl)  (Togyrl)  (Tgyrd)

AeroCom Median 792 11.8 128 137 2 9.8 30.7
DU1 659 57.4 244 395 30 367 34.7
DU2 611 99.4 325 934 65 681 47.8
DU1_ERA40 528 54.1 182 283 22 314 35.7
DU2_ERA40 460 93.2 233 639 48 569 49.7

in the friction velocity can have substantial effects (Egs. 8sources that are not included in the model. Nevertheless, the
and 9 include a dependency of the horizontal flux on thecorrelation between modelled and observed concentrations
friction velocity to the power of three). The same is evidentis r = 0.91 for DULERA40 andr = 0.90 for DU2 ERA40
from the regional analysis of the dust budgets in Table 6.with the regression line close to a 1 relationship. The mean
The nudged simulations produce lower emissions comparetias is—2.8 and the RMSE is 3.7 for DUERA40 and the
to the free running model in all areas except Australia, be-mean bias is-3.1 and the RMSE is 3.8 for DUERA40.
cause the wind speeds are less affected there by the nudging
(Fig. S1 in the Supplement demonstrates the seasonal diffe.2 Evaluation of model results
ence in the emissions for DU1 and DUIERA40).

In spite of the effects of the nudging on the dust emis-5.2.1 Dust concentrations
sion strength, its importance for a direct comparison with
observations is illustrated in Fig. 5, showing model resultsFigure 6 presents a comparison of the annual mean dust con-
and measurement data at the station Miami (courtesy J. Progentrations calculated for the year 2000 and the observed
pero). This station is affected by dust transport from the Samulti-annual means at 24 stations. The model appears to
hara, predominantly in summer, whereas during winter thesimulate the spatial variability within a factor of 10 with
prevailing westerly winds minimize the transported transat-both emission parameterization schemes DU1 and DU2. The
lantic Saharan dust. The lower panel shows the multi-yeaiolours of the symbols in Fig. 6 correspond to the station lo-
mean simulation where the seasonal cycle is captured bgations shown in Fig. 3a, to help distinguish the geographical
the free running model. The modelled dust concentration isareas. The same colour coding is used throughout this sec-
within the variability of the measurements with=0.96,  tion. January is excluded from the comparison to avoid dif-
mean bias= —0.64, RMSE=2.8 for DUl andr = 0.95, ferences due to the model initialization. The comparison for
mean bias= —0.59 and RMSE=3.03 for DU2. The upper stations in the Atlantic region (Barbados, Izana, Bermuda,
panel shows the comparison for the year 2000, indicatingvliami and Mace Head shown in green) shows a relation-
a bimodal seasonal profile, thus deviating from the multi- ship between modelled and measured values close iddr
annual mean. Again the model captures the seasonality of thall simulations (DU1, DU2, DUIERA40 and DU2ERA40).
observations, while underestimating the concentrations in thehis demonstrates the ability of the model to simulate the
months September to November. During these months, théransport of dust from the main source areas in N-Africa.
transport of desert dust from N-Africa is weak (as shown by The simulations for the Asian stations (Jeju and Hedo in
satellite images and sun-photometer data). The differencegink) are also in agreement with the observed annual means,
between model and observations are related to the simulatiowith the highest correlation for the DU2 and DUERA40
of the removal processes, the inadequate northward transporitodel versions. By also considering Midway Island (no. 12
of Saharan dust during these months or the existence of locah Fig. 3a, orange square with an x-symbol in Fig. 6) as a
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Monthly dust concentration at Miami (80.2W, 25.8N) for 2000
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Fig. 5. Comparison of monthly modelled and measured dust con-
centrations (g m3) at the Miami station. The upper panel shows

results from the nudged simulations and the lower panel from the
e free-running simulation. Measurements for the year 2000 are indi-
cated by the blue line in the upper panel; the climatology of the sta-
tion (multi-annual averages) is shown by the blue line in the lower
panel including the standard deviation for each monthly average.

Fig. 4. Annual dust emissions (kg ) for the year 2000: usingthe  The model results from DUL are shown in red and from DU2 in
nudged mode with DU1 (upper plot) and DU2 (lower plot) schemes. green.

85—

100°N o
LONGITUDE

'Dust Emissions v2ERA40 MESSYR.41 (kg/mg2) for 2000

station predominantly affected by Asian desert dust transsources that are not represented in global models. Finally,
ports, the correlation with the annual observed values ighe dust observed in Australian stations (yellow), i.e., Cape
0.99 and the linear regressign= 0.73x + 0.27 (y =model,  Grim and Jabirun, is underestimated by all simulations, pos-
x = observations) in the DU2 simulation. For the S-Oceansibly related to the underestimation of the Australian dust
stations (grey) the model overestimates the dust concentrasources.

tions at two of the three stations (Marsh and Palmer) and The statistical analysis, comparing the annual average dust
underestimates it at the third (Mawson in Antarctica). The concentrations from multi-annual observations to the model
results nevertheless lay to a large extent within thel@  results for the year 2000 (Table 7) shows correlations in
and 10: 1 range for most of the simulations. For the two sta- the range 0.84—0.88 and a relatively low bias, especially for
tions in S-Africa (blue), which are influenced by the Kalahari the nudged simulations. Also, the normalized mean bias is
Desert, the comparison is not conclusive, since at one statiolow for the nudged simulations, especially for DIERA40

the model overestimates (Cape Point) and at the other unde4.5 %). The root mean square error (RMSE) is lowest for
estimates (Rukomechi) the dust concentrations. The Pacifithe nudged simulations, for which the slope of the linear re-
Ocean stations (orange and red) appear to be the most prolgression is closest to one. The difference between the sim-
lematic since different results are obtained for each of theulations is generally small, though the nudged runs slightly
simulations, though the model generally underestimates theutperform the other model simulations.

observed concentrations. Interestingly, these are stations with Extending the comparison for these 24 stations to the
annual average concentrations below 1 pgnHuneeus et monthly average dust concentrations, the general picture is
al. (2011) found that many global models have difficulties similar (Fig. 7). Again, January has been excluded. The cor-
representing dust concentrations at such locations, and weelations of the simulation results for the Atlantic Ocean sta-
suspect that these stations are affected by small-scale loctibns (green) with the observations in all simulations show
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Fig. 6. Annual mean dust concentrations from the simulation of the year 2000 compared to measured multi-annual means at 24 stations.
The colours correspond to the location of each station, as shown in Figure 3a. E-RPaeificW-Pacific= orange, S-Africa= blue, At-

lantic= green, Australia= yellow, Asia= pink, S-Ocean= grey (the orange square with the x symbol is for the Midway Island station). The
dotted lines denote the 1:10 to 10: 1 range.

Table 7. Statistics of the annual average dust concentrations. January has been excluded.

Average Linear Correlation Mean Bias NMB RMSE
(g m3) regression Coefficient  (ugm?) (%)  (ugnT3)
Observations  4.4% 7.63
DU1 5.24+14.28 y=1.60x—1.81 0.86 0.84 19 8.56
DU2 6.33+14.00 y=1.54x—0.46 0.84 1.93 44 8.67
DU1 ERA40 4.47+11.03 y=127x-111 0.88 0.07 15 5.56
DU2 ERA40 5.10+10.02 y=1.14x+0.08 0.87 0.69 16 5.03

* Normalized Mean Bias (NMB3- 100- ¥ (Model— Obs)/z(Obs)

that for some months and stations the model captures and fanodelled dust concentrations over the Pacific Ocean stations
others it underestimates the observed values. These involvéorange and red) are again underestimated by all simulations,
e.g., the months March and October for the stations Macen line with the results for the annual means mentioned above
Head, Bermuda and Miami, where the modelled dust con{< 1 pgnT2). The comparison for the S-Ocean stations indi-
centrations are significantly too low. This also applies to Julycates best agreement between the IRRA40 results and

in Mace Head, and to September and November in Bermudahe observations, though an overestimation is evident for
The same applies to the monthly mean model results at thall simulations. The statistical analysis shows that the com-
Asian stations (pink), in line with the annual averages. Theparison is generally best for the nudged simulations with
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Table 8. Statistics of the monthly average dust concentrations. January has been excluded.

Average Linear Correlation Mean Bias NMB RMSE
(Mg m3) regression Coefficient  (ugm™) (%) (ugnT3)
Observations  4.4%9.16
DUl 5.03£24.31 y=0.82x+1.37 0.31 0.55 12 23.15
DU2 5.90+22.71 y=0.85x+2.08 0.34 1.42 32 21.37
DU1 ERA40 4.2%423.05 y=129%—151 0.52 -0.18 -4 19.89
DU2 ERA40 4.74-20.80 y=123x—-0.77 0.54 0.26 6 17.56

a correlation coefficient of 0.52 and 0.54 for DIFRA40 sis Systemlittp://disc.sci.gsfc.nasa.gov/precipitation/toyas/
and DU2ERA4O0 respectively, small biases and RMSEs (Ta-is 3.4 mmday? for 11 April and 0.02 mm day? for 12 April
ble 8). Nonetheless, it appears that the model generally unfor Haifa, whereas in the model the precipitation is almost
derestimates dust concentrations, notably in locations wheregero for both days at that location. For all three stations the
concentrations are relatively low. This may also indicate thatcorrelation coefficients are rather high (0.73-0.91) and the
removal processes during transport may generally be too efspread in the scatter plots is low.
ficient, possibly related to the solubility and the wet removal
of dust particles. 5.2.2 Dust deposition

Dust concentration measurements for the year 2000 were N ]
kindly provided for 3 stations (Barbados, Miami, USA, and Ann_ual deposition measurements of dust are available for 84
Tel Shikmona near Haifa, Israel) by J. Prospero (personaftations, and monthly bulk and wet deposition dust data for
communication, 2010) and B. Herut (personal communica-thre_e locations in EIon_da, as mentlonedl in Sect. 4. The 84
tion, 2012), respectively. The availability of these compre- Stations are shown in Fig. 3b, and are typically located down-
hensive datasets, together with AERONET data, has motiwind and partly remote from the main dust source areas. This
vated our selection of the year 2000 for the simulations. Fig-mPplies that to a large degree we test the transport and depo-
ure 8 compares the observations to the results of the nudge®jtion qualities of the model, and to a lesser extent the emis-
simulations. The two parameterizations yield similar resultsSion schemes, depending on the distance from the sources.
for Barbados and Miami (Fig. 8, upper and middle plot, re- The data represent.multl-gnnual averages that unfortu.nat(.aly
spectively), with the Barbados concentrations being overesd0 not match the simulation year, so that the evaluation is
timated by the model and the Miami ones being closer torgther_quahtanv_e. The comparison with _the dlffer_ent5|mu_la-
the observations during most months. In Barbados the moddions is shown in the scatter plots of Fig. 9, which also in-
overestimates concentrations during the dusty summer se&ludes correlation coefficients, mean biases, RMSE and nor-
son by a factor of 1.5 to 3. In Miami, the simulated con- Malized mean biases (NMB). Again, the colour of the data
centrations agree with the observed values within a factoP0ints in thel scatter plots relates to the location of the sta-
of 0.7 to 1.02 for this season, though the model underestiions showninFig. 3b. _ _
mates concentrations in the transition seasons by a factor of Theé measured deposition over Atlantic Ocean stations
10 to 50, especially in September—October. For the Tel Shik{gréen) is reproduced by the model in all four simulations
mona station, the DUERA40 scheme appears to perform W|th|n_ a factor of 0.5_ to 2 (68-72% of the moc_ielled_ data
better than DUZERA40, though the differences are not large @€ within 0.5 and 2 times the observations), in line with the
(DU1_ERA4O0 values are 0.6 to 1.1 times the DERA40). above-described evaluation, indicating that the dust outflow
During two days in April (11-12) the model results are sub- from N-Africa ove_r_the_ Atlantic Ocean_i_s reaso_nably simu-
stantially higher than the observations by a factor of 2.5, i.e. lateéd. Dust deposition in E- and W-Pacific locations (red and
with both versions of the parameterization scheme, which is°range) tends to be underestimated by the model, though the
related to the meteorological conditions in that period. TheDU2 improves the simulation for the E-Pacific region (the
modelled wind speed at 10 m is similar to the measured at théinear regression becomes= 0.70x 4 0.05, withr = 0.69,
WMO station in Haifa kittp:/Avww.ncdc.noaa.govioa/mpp/ yvhereas for the other simulations is very low (not shown
The daily average modelled value is 2.6 dor April 11 in the _plots)). The mode_lled deposmon over _the S-Oce_an
and 5.3ms? for 12 April, and the observations are 3.8mts ~ (9rey) is strongly overestimated in some locations reaching
for 11 April and 5.9 ms? for 12 April. The high modelled ~ UP to 100 times the obse_rvauqns, while |nd|cat||jg higher
dust concentrations result from the underestimation of thecorrelations with observations in the DUERA40 simula-
precipitation during these days which underestimated the welion (v = 1.25¢ 4-0.04, » = 0.95, not shown in the statistics
deposition fluxes of the dust particles. The daily precipita-IN Fig- 9). The modelled deposition over the Indian Ocean

tion rate from the TRMM online visualization and Analy- (black) and at European stations (blue) agrees with the ob-
servations within a factor of 10, except one value in Lake
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Fig. 7. Comparison of modelled monthly with measured multi-annual dust concentrations at 24 stations (January excluded). The colours
correspond to the location of each station, as shown in Fig. 3a. E-Racéit, W-Pacific= orange, S-Africa= blue, Atlantic=green, Aus-
tralia=yellow, Asia= pink, S-Ocear= grey. The dotted lines denote the 10 to 10: 1 range.

Kinneret (Israel). In two locations, the Taklimakan desert magnitude of the deposited dust, in contrast to some of the
in central Asia (purple) and Lake Kinneret in Israel (blue), results in the AeroCom study (Huneeus et al., 2011). For the
the dust deposition is systematically underestimated by th&amiami Trail station a time shift of one month appears in
model, with no significant differences between the simula-the maximum deposition flux (the model maximum is in July,
tions. The underestimation of some E-Pacific stations (rednotin June as indicated by the measurements), and the model
is also persistent in all simulations, with small deviations overestimates the bulk deposition flux in July and August.
among them. The statistical analysis of the four simulationsFor the southernmost station, Little Crawl Key, the model
shows that the mean bias, NMB and RMSE are lowest anctaptures the seasonality though also overestimates the depo-
the correlation highest for the DU2 simulation. sition maximum in July, being the result of a too strong wet
Measurements of bulk and wet deposition at three loca-deposition flux. Since we are comparing different model and
tions in Florida during three consecutive years (1994-1996measurement periods for those stations, we cannot expect
have been used to additionally evaluate the dust depositiogonclusive (dis)agreement among the values. Nevertheless,
simulations and also to assess the contribution of wet dethe model captures the seasonality of the measurements with
position. The stations are Lake Barco, Tamiami Trail andonly one month shift in one of the three stations (Tamiami
Little Crawl Key, as in Huneeus et al. (2011) (Prospero etTrail). Also the predominance of wet deposition is described
al., 2010). The free-running simulation results are comparedy the model, though the maximum wet deposited amount at
with the measurements in Fig. 10. The differences betweerthe two stations located further south was overestimated by
the two versions of our parameterization are small, likely almost a factor of 2.
because deposition fluxes are largely governed by transport
and rainout processes, being the same in the two versions.
At Lake Barco, the model captures the seasonality and the
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Monthly dust concentration at Barbados (59.4W, 13.2N) for 2000 Barbados (59.4W, 13.2N)
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Fig. 8. Comparison of modelled and measured dust concentrations for the year 2000 for stations in Barbados (upper panel), Miami (middle)
and Tel Skikmona, Haifa (lower panel). Measurements for the year 2000 are indicated in blue; the multi-annual average concentrations are
shown by the blue dotted line. The model results from CERA40 are shown in black and from DU2RA40 in green (nudged simulations).

The scatter plots on the right also list the linear regressions and correlation coefficients.

5.2.3 Aerosol optical depth and MODIS related comparison for each AERONET station

is included in the Supplement as it is complementary to the
The modelled AOD, which is dominated by dust at the se-comparison with the sunphotometer data.

lected stations, analysed at 550 nm wavelength, has been The comparison between daily measured and modelled
evaluated on a daily, monthly and annual basis. AlthoughaOD at the 19 AERONET stations for the year 2000 is
AERONET provides measurements of AOD at high tem-shown in Fig. 11. The mean biases are small for both ver-
poral resolution of the order of minutes, the evaluation insjons of the emission scheme@.008 for DU1, and 0.014
this paper is based mainly on the daily and monthly aver-for DU2) and the average and standard deviation are close
ages, focussing on the seasonal dust cycle and not on specifi§ the measured values (Table 9). The simulations do not
dust events. Nevertheless, the daily averages provide a rathghow statistical significant differences between the two ver-

detailed view of the desert dust distribution. The monthly sjons of the dust scheme, although at individual locations the
AOD is estimated from the daily values for each AERONET AOD from one version can be twice the AOD from the sec-

station, and the modelled AOD is calculated for the sameond version. In addition, we consider each station individ-
days as those for which AERONET data is available. When-ua"y and in groups according to the location (colours ac-
ever the MODIS (v5.1), MISR (v31) or MODIS Deep Blue cording to Fig. 3d). For the African stations (no. 4, 6, 7,
(v.5.31) AOD is used, the monthly modelled values are cal-9 and 16 in red), the model reproduces the daily measured

culated from all days of the month. For this evaluation the AODs, e.g., in the outflow region of the dust (6: Cape Verde,
nudged simulations for DU1 and DU2 are used. The MISR
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Fig. 9. Comparison of modelled and measured annual dust depositiomn4grm?) from 84 stations. The stations are shown in Figure 3b
and the colour of the dots corresponds to the location of each station. E-Pawtic W-Pacific= orange, S-Africa= blue, Atlantic= green,
Australia=yellow, Asia= pink, S-Ocean= grey. The dotted lines denote the 10 to 10: 1 range.

Table 9. Statistics of the daily average AOD for 19 AERONET stations.

Average Linear Correlation Mean NMB RMSE
regression Coefficient Bias (%)
Observations  0.298 0.28
DU1.ERA40 0.29£0.28 y=0.57x+0.12 0.55 -0.008 -2.6 0.27
DU2_.ERA40 0.31+£0.33 y=0.54x+0.15 0.46 0.014 4.8 0.33

7: Dakar in Table 10). At the other three stations located inwith correlation coefficients in the range of 0.48 to 0.70 for
Central Africa, the model tends to underestimate the AOD.DU1_ERA40 and 0.46 to 0.70 for DUERAA4OQ (Table 10).
This can be attributed to a possible underestimation of botiThe model underestimates the AOD over the station Suri-
biomass burning and dust emissions in this area, the lattename (no. 19) in northern S-America, and to a greater ex-
from the Bo@lé Depression, for example, which is a ma- tent with the DU2ERA40 simulation, possibly associated
jor dust source region in N-Africa. In contrast to some otherwith the under-representation of anthropogenic aerosols in
models, we have not tuned preferential dust sources such @ee model, notably biomass burning aerosols, which may in-
the Bodtle Depression because we favour process consisfluence this station. This is supported by the fine/coarse AOD
tency within EMAC, with the risk of under-representing such from the AERONET database (not included) which shows
pronounced source regions (Todd et al., 2008). that the coarse mode AOD dominates the total AOD during
The daily AODs over the S-American and W-Atlantic January to May and in July. During these months the model
stations (no. 2,5,14 and 19) are represented by the modelalues are close to the observed ones (Fig. S3, station 19).
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Fig. 10. Comparison of modelled and measured monthly dust deposition fluxes{gmonthi1) at 3 locations in Florida (FAMS Net-
work; measurements are provided as a 3-yr means for 1994-1996): Lake Barco (LB} 822267 N), Tamiami Trail (TT) (80.82W,

25.77 N) and Little Crawl Key (LCK) (80.98W, 24.75 N). The left panels show the total deposition fluxes and the right panels the wet

deposition fluxes (g m% month1).

Table 10. Statistics of the 19 AERONET stations (daily average AOD). The station numbers correspond to the locations shown in Fig. 3d.

Stations(#) Station Name DUERA40 DU2ERA40

1 Anmyon y=0.55¢—-0.03,r=055 y=073—-0.03,r =044
2 Arica y =0.69x +0.006,r =0.49 y=126x—0.003,r =0.48
3 Bahrain y=031x+0.27,r=036 y=0.54x+0.34,r =0.39
4 Banizoumbou y=0.26x+0.33,r=036 y=0.19%+0.26,r =0.32
5 Barbados y=0.76x +0.04,r =0.51 y =0.74x 4+ 0.05,r = 0.53
6 CapaVerde y=0.88c+0.23,r =066 y=0.81x+0.19,r =0.64
7 Dakar y=141x+013,r =070 y=1.29%+0.10,r =0.69
8 El_Arenosillo y = 0.44x +0.05,r =0.38 y =0.48x 4+ 0.06,r = 0.35
9 lllorin y=0.21x+0.35,r=055 y=0.17x+0.26,r =0.56
10 IMC_Oristano y=169% —0.08,r=0.82 y=195 —0.10,r =0.80
11 IMS-METU-ERD y =0.51x +0.01,r =0.61 y = 0.56x — 0.009,r = 0.60
12 Kaashidhoo y =0.50x +0.005,r =0.59 y=0.52x +0.02,r =0.52
13 Lampedusa y=221x—-0.04,r=0.84 y=266x—0.08,r =0.84
14 LaParguera y=115 —-0.02,r =0.70 y=1.06x —0.02,r =0.70
15 NesZiona y=101x -0.02,r=0.62 y=1.27x—0.05r=0.63
16 Ouagadougou y=0.24x+0.27,r =042 y=0.21x+0.22,r =041
17 SEDEBOKER y=1.17x +0.04,r = 0.66 y =1.45¢ 4+ 0.03,r = 0.69
18 SolarVillage y=0.39% +0.46,r =036 y=0.60x +0.63,r =0.37
19 Surinam y=0.53x +0.016,r =0.48 y=0.45¢+0.02,r =0.46
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The discrepancies are more pronounced during June, and The monthly average AODs are calculated by only ac-
September to December when the fine and coarse AOD aleounting for the days for which AERONET data are avail-
most equally contribute to the total AOD. The overestima- able, i.e., the same days from model results and observa-
tion of the AOD for the month of June can be due to overes-tions. Figure 12 shows the scatter plots for the two versions
timation of the dust and the sea salt flux as this site is neaof the dust emission scheme. The upper panel shows the lin-
the coast in Suriname. The model results for the stations irear and the lower panel the logarithmic relationships, colour
the Middle East (no. 11, 15 and 17) compared to the dailycoded by the location of each station (Fig. 3d). The monthly
measured AODs have correlation coefficients in the rangdime-series for each station in comparison to AERONET and
0.60-0.69, while the model overestimates some peak valuesatellite data are presented in Fig. S3 in the Supplement. A
in April and May by a factor of 3 to 5, over Nes Ziona and seasonal analysis of the monthly values is included in the
Sede Boker in Israel. At the Arabian stations (no. 3 and 18)Supplement (Fig. S4); the data are segregated per trimester
the model performance is poorer with low correlation coef- on a seasonal basis (winter: December to February, spring:
ficients (0.36 to 0.39) and slope of the linear regression lineMarch to May, summer: June to August, fall: September to
0.31 to 0.60. For the AOD over the Asian station (no. 1), November). The majority of the modelled values are within
located in S-Korea, the model underestimates the AODs irD.5 to 2 times the observations during spring, summer and
January to March, November and December by a factor of Jall, whereas for the winter months the correlation is quite
to 10, while performing better in April, May, September and poor. The underestimation of the monthly AOD at the station
October with the modelled values 0.7 to 1.2 times the ob-lllorin (Nigeria) prevents a closer to:1l regression for the
servations (other months are absent from the observationatinter months. Again this may be related to the underrepre-
dataset). sentation of anthropogenic aerosols in this location. Another
One station is located on an island in the Indian Ocearnreason for the poor correlation during winter is the inclusion
(no. 12, Kaashidho at Maldives) where the model underesof January, which is considered a spin-up month.
timates the AOD compared to the AERONET data in the By grouping the stations according to their location
period January to March, whereas the model performancéFig. 3d), the modelled monthly AODs compared to the
is much better for the months of April to October with the AERONET measurements (Fig. 12, lower panels) are pre-
exception of July (Fig. S3). This is likely related to pol- sented for the S-American-Atlantic stations (purple), the
lution outflow from the Indian subcontinent during the dry Asian station in Anmyon (cyan, S-Korea), the Middle East
season (Lawrence and Lelieveld, 2010), being underreprefgreen) and the S-European stations (grey). The AOD at the
sented in the model. Studying the MODIS small mode frac-African stations (red) is reproduced by both versions of the
tion images lfttp://disc.sci.gsfc.nasa.gov/giovanni/overview/ model, except for Illorin, as mentioned above. Poorer agree-
index.htm) shows that during autumn and winter the small ment is obtained for the Arabian stations (blue) and the In-
particles dominate the AOD (caused by anthropogenic in-dian Ocean station (white, Maldives). The majority of the
organic aerosols [Sp NO3 and NI-Q]), while during the  points, though, lay within the 12 and 2: 1 lines (Fig. 12);
summer a mixture of fine and coarse particles is observed70% of the DULERA40 and 67.5% of the DUERA40
This station is expected to be influenced also by sea salt pamonthly modelled AOD values are within the range 0.5 to 2
ticles as it is located in an island, thus the contribution intimes the observations. Similarly, the annual AOD evaluation
the coarse mode AOD is from both dust and sea salt partiin Fig. 13 is coloured by the location of the stations. It should
cles (such contribution cannot be quantitatively derived frombe emphasized, however, that many of the AERONET mea-
the AOD evaluation). Finally, for the stations located in S- surement time series are incomplete; hence the “monthly”
Europe (no. 8, 10 and 13; two in Italy and one in Spain) and “annual” data should be interpreted with care. Similar
we obtain high correlations with the measurements for theagreement with the AOD measurements is obtained for the
Italian stations and a lower correlation with the Spanish datawo versions of our dust emission scheme for the African,
(Table 10). The AODs over the ltalian stations (LampedusaMiddle Eastern, S-European and S-American-Atlantic sta-
and IMC Oristano) are typically overestimated by the modeltions. Differences are more pronounced for the Arabian sta-
(both emission schemes, though better with DERA40), tions and Lampedusa (lItaly), indicating better agreement us-
while in southern Spain (El Arenosillo) the modelled AODs ing the DU1 scheme for Lampedusa and the Arabian stations.
appear to be too low (Statistical analysis in Table 10). Fig- The column aerosol mass burden (ug@én and the
ure 11 summarizes these results into two global maps, showAOD from the model and that derived from the MODIS-
ing the correlation coefficients for each of the AERONET Terra satellite measurementhttp://disc.sci.gsfc.nasa.gov/
stations, both for DUERA40 and DU2ERA40. This indi-  giovanni) are shown for the month June 2000 in Fig. 14.
cates that both versions of the emission scheme perform sim#/e selected this month because of the generally intense dust
ilarly in the Middle East, the Arabian Peninsula, S-Europe activity in the large, arid areas such as N-Africa and the en-
and some stations in S-America while DIFRA40 gener-  suing dust transport over the Atlantic Ocean. The images of
ally achieves the best agreement with AERONET data. the mass burden only provide a qualitative evaluation, since
this MODIS satellite data product is not validated to the
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Daily AOD for 19 AERONET stations
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Fig. 11. Scatter plot of the modelled versus measured daily AOD550nm from the 19 AERONET stations for the DU1 ERA40 and the DU2
ERA40 simulations. The dotted lines correspond t@Iand 2: 1 relationship. The two lower panels show the correlation coefficients for
each of the 19 stations for the DU1 ERA40 (left) and DU2 ERA40 (right) simulations (daily average).

same extent as the AOD. The outflow of desert dust towardsnodel, which smoothens the pronounced terrain, leading to
the Atlantic Ocean appears to be well-described using bothoo high friction velocities over the Patagonian desert. Again,
emission schemes, matching both the spatial distribution patthis is also a consequence of applying one consistent parame-
tern and the magnitude (Fig. 14). The column mass and theerization throughout the global domain, whereas some mod-
AOD over the Indian Ocean and India is also in good agree-els apply regionally tuned emission fluxes (Cakmur et al.,
ment with the satellite-retrieved data, with DUERA40 be-  2006; Miller et al., 2006). The same pattern is indicated in
ing closer to the observed column burden than CERA40. the AOD plots shown in Fig. S5 from the MODIS-Terra and
The N-African deserts are excluded from the MODIS dataDeep Blue instruments compared to the model results. The
of the columnar aerosol mass but they are present in thé&OD is calculated as an average between March to Novem-
AOD maps (Fig. 14f). The AOD is overestimated by the ber 2000, based on the availability of the MODIS data. We
model in the Mauritania and West Africa region and also should note here that the modeled AOD was averaged over
over the Arabian Peninsula with both schemes, with DU2the entire period and there is no available information for
producing more dust in those areas than DUL. Further, théhe missing data from MODIS, thus the comparison between
DU2 scheme seems to overestimate the dust burden from theodel and satellite retrievals must be done with caution.
Asian deserts. Finally, the N-American arid areas are rep- Nevertheless, the results from the AOD comparison indi-
resented by the DU1 scheme whereas DU2 again overestate that both versions of the dust emission parameterization
mates the dust load. Both schemes overestimate the amouatiequately describe many of the sources, and that the EMAC
of dust from S-America. Notwithstanding indications in the model reproduces the dust transport over the Atlantic Ocean
literature and from the MODIS data that S-America is only a and the Mediterranean region realistically. The DU2 scheme,
weak dust source, especially compared to N-Africa (Prosperavhich includes an explicit soil particle size distribution, ap-
et al., 2002), both versions of the emission scheme generatgears to perform better at locations like Anmyon, Dakar,
significant dust plumes, while DU1 generates less dust thamahrain and Erdemli. Both schemes underestimate atmo-
DU2. This is possibly related to the coarse resolution of thespheric dust at lllorin, possibly caused by too low emissions
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Fig. 12. Scatter plots (upper: linear, lower: logarithmic) of the modelled versus measured monthisdgkfrom the AERONET stations

for the DULERA40 and the DUZERAA40 simulations. The stations are shown in Fig. 3d and the colour of the dots corresponds to the location
of each station: Africa=red, Indian Oceaga: white, Europe=grey, Middle East green, S-America: purple, Arabian Peninsutablue,
Asia=cyan. The dotted lines denote theAto 2: 1 range. A seasonal analysis of the above comparison is included in Fig. S4 of the
Supplement.

from the Bolé Depression (Todd et al., 2008) and the of changes in the emitted particle size distribution, which we
under-representation of anthropogenic aerosols. Overall, thplan to address in future work performing more sensitivity
model simulations of the AOD in areas predominantly af- studies.

fected by airborne dust are comparable for both schemes, We emphasize that the criteria applied for the selection
with DU1 performing slightly better than DU2. A recent of dust-dominated AERONET stations do not preclude a
study by Ridley et al. (2012) suggested that adding detail tarole by anthropogenic aerosols. As discussed by Huneeus et
the dust submicron size distribution in the AOD calculation al. (2011), data from stations with AE (at 500—870 nm wave-
(affecting only the dust optical properties and not the aerosolength) between 0.4 and 1.2 may include a mixture of coarse
mass), leads to a reduction of the AOD over N-Africa, im- and fine particles. Furthermore, the MODIS aerosol retrieval
proving the agreement with observations. Also, Kok (2011)algorithm has difficulties when biomass burning and desert
achieved a reduction in the overestimation of the clay frac-dust aerosols occur concurrently, typically overestimating the
tion of the emitted dust aerosol by a theoretical expressiorAOD (Kahn et al., 2009). Since anthropogenic aerosols are
of the particle size distribution, in contrast to the empirical underrepresented in our simulations (we only account for sul-
expression. Both studies emphasize the emitted particle sizphate), and also because the sea spray estimated by the model
distribution as a key factor in improving the representation of might not be well represented over island stations, it may be
the global dust cycle. Note that we did not assess the effects
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cell compared to a uniform pattern is investigated and also
Annual Average AOD for 19 AERONET stations the effect of nudging the simulations towards observed mete-
DULERA40 orological data. The simulations provide encouraging results
both for the spatial and temporal distributions of dust parti-
, cles on a global scale. The new formulation includes more re-
o alistic spatial and temporal heterogeneity of the emitted dust,
/ and the online coupling with the meteorology and the soll
067 /% ® characteristics is more consistent. Furthermore, this formula-
s tion allows for the emission of dust particles of variable sizes
041 /! (accumulation and coarse), which are linked to the aerosol
S/ module of the EMAC model, and can be expanded in the fu-
024 / Q)/’/ y=0.57x+0.14 ture.
s o rmost The two versions of the dust emission scheme are primar-
0 ‘ ‘ ; ; ily different in the explicit representation of soil particle size
0 02 04 08 08 ! distributions and also in the emitted size distribution at the
obs source. Whereas in DU1 the (tri-modal) particle size dis-
tribution at the source is globally uniform, in DU2 it is ex-
A e et | oons plicitly accounted for based on the Zobler geographical soil
1 . texture classification and four soil populations, as listed in
Table 3 (Tegen et al., 2002). This influences the threshold
08 1 o/ friction velocity, which triggers the dust mobilization and
) hence influences the emission fluxes. It should be stressed
S e that the Zobler soil texture classification has been derived us-
ing wet sedimentation measurement techniques, which break
0a | g i the soil aggregates. This increases the number of free clay
’ ° particles, thus underestimating the number of large size ag-
I NI o = 042x +020 gregates (Laurent et al., 2010; Kok, 2011). Furthermore, Lau-
T o - =047 rent et al. (2006) mention that there is no direct relation-
L ship between the soil grain size distribution and the soil tex-
o 02 04 06 08 L ture in the Northeast Asian deserts. An advanced technique,
obs based on dry sedimentation, has been used by Chatenet et
al. (1996), followed by Laurent et al. (2006, 2008, 2010)
though the measurements are limited to N-African, Arabian
Fig. 13. Scatter plots of the modelled versus AERONET mea- and NE Asian deserts and cannot be applied within a global

sured annual AODSS0nm for the DUL ERA4O (upper plot) and framework at this stage. Nevertheless, making use of these
for the DU2 ERA40 (lower plot) simulations. The colour of the data is planned as a next step in our work

dots corresponds to the location of the stations: Afdaed,
Indian Ocean=white, Europe=grey, Middle Eastgreen, S-
America= purple, Arabian Peninsutablue, Asia=cyan. The dot-
ted lines denote the:12 to 2: 1 range.

1

0.8

model

0.6 J/

model
R4

The model calculated atmospheric dust budgets based on
the DU1 and DU2 dust emission schemes differ substantially
(Table 5). We have to note here that the calculated budget
is simply a model diagnostic tool and not an indication of
quality. These values cannot be directly compared to mea-
expected that our model somewhat underestimates the AOSured/observed global quantities that would allow a proper
as compared to remote sensing observations. characterization of the simulated budgets. In the free-running

model the global source with DU2 is about 1000 Tg¥yr

stronger than with DU1, and in the nudged simulations the
6 Discussion and conclusion difference is about 713 Tgyt. It appears that the results of

the nudged DUIERA40 simulation are closest to the median
In this paper, two formulations of a process-based dust emissource of the AeroCom exercise, i.e., 1123 TglyHuneeus
sion scheme have been introduced in the atmospheric chenet al., 2011). The DU2 scheme produces stronger emissions
istry general circulation model EMAC; one in which the soil than DU1, mostly due to differences in the Asian and S-
properties are assumed globally uniform and the other inAmerican deserts and to a lesser extent in N-Africa (Ta-
which soil properties are assigned from a gridded databaseéble 6). The stronger sources by DU2 primarily increase the
The emission scheme follows to a large degree the work oflust loads over the source regions, and it would be useful to
Marticorena et al. (1997) as well as other published work.have access to additional measurement data there. For the N-
The effect of assigning a soil size distribution in each grid African deserts the total dust emissions by the two versions

Atmos. Chem. Phys., 12, 1105724083 2012 www.atmos-chem-phys.net/12/11057/2012/



M. Astitha et al.: Impact of nudging and soil properties 11079

MOD08_W3.051 Mass Conogniralian, ~ Land (QA-w) [ug/om"2] MOD08_W3.051 Mass Concepiralin - Ocean (QA-w) [ug/cm"2]

LATITUDE

100w e e 100 o« 100
LONGITUDE LONGITUDE

C Tust Load DU1_ERA40 MESSYZ.41 (ug/cmg) for JUNE 2000 d ‘Dust Load DUZ_ERA40 MESSYZ.41 (ug/cm2) for JUNE 2000'

T T T T
100 100e

> >
e Londimuce f Longmoe

Deep Blue AQD (550nm) for June 2000 MODIS—Terra AQD (550nm) for June 2000

1o0m o o
g LoNGITUDE h LONGITUDE

DU1 ERA40Q AOD (550nm) for Jume 2000 DUZ ERA40 AOD (550nm) for June 200G

uuuuu 100 100

Fig. 14.Column aerosol mass concentration (pg‘(?mand aerosol optical depth from the MODIS-Terra (v5.1) sateléitb@nde, f) and
from the model simulations using the DUEARA40(c, g)and DU2ERA40(d, h) simulations for June 2000.

do not deviate much except for DUPRA40, which seems (Fig. S2 in the Supplement shows the difference in the sea-
relatively low (460 Tgyr?). The two versions also produce sonal emissions between the two versions). The differences
similar emissions in the Middle East and Australia. For S-are mostly regional and related to the threshold friction ve-
Africa, Asia, N- and S-America, on the other hand, the dif- locity (i.e., the particle size distribution, soil moisture, drag
ferences can be a factor of two to three. This is a result ofpartition correction). Over Africa, the geographical patterns
the substantially different soil particle size distributions and of DU1 and DU2 can differ also, the latter emitting less dust
emitted size distributions. from the Sahara, Mauritania and the Bt&ElDepression, and
The annual cycles by the DU1 and DU2 schemes are quitenore in Libya and Algeria. This is a direct effect of the size
similar, also because the seasonality is predominantly detedistribution assigned to the soils in DU2, because in parts
mined by the meteorology rather than the soil classificationof the Sahara, the Bé&te Depression and Mauritania deserts
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