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Abstract. We describe and evaluate the NMMB/BSC-Dust, zontal distribution and temporal variability of the dust. Daily
a new dust aerosol cycle model embedded online withinAOD correlations at the regional scale are around 0.6—0.7 on
the NCEP Non-hydrostatic Multiscale Model (NMMB). average without dust data assimilation. At the global scale
NMMB is a further evolution of the operational Non- the modellies within the top range of AEROCOM dust mod-
hydrostatic Mesoscale Model (WRF-NMM), which together els in terms of performance statistics for surface concentra-
with other upgrades has been extended from meso to globdlon, deposition and AOD. This paper discusses the current
scales. Its unified non-hydrostatic dynamical core is pre-strengths and limitations of the modeling system and points
pared for regional and global simulation domains. The newtowards future improvements.

NMMB/BSC-Dust is intended to provide short to medium-
range weather and dust forecasts from regional to global
scales and represents a first step towards the development
of a unified chemical-weather model. This paper describes

the parameterizations used in the model to simulate the du% t aerosol particl re produced by wind erosion of arid
cycle including sources, transport, deposition and interaction ust aerosol particies are proauced by erosion ot a
nd semi-arid surfaces. The major sources of contemporary

with radiation. We evaluate monthly and annual means Of?nineral dust production are found on the desert regions of
the global configuration of the model against the AEROCOM P 9

dust benchmark dataset for year 2000 including surface cont® Northern Hemisphere, in the broad dust belt that extends

centration, deposition and aerosol optical depth (AOD), andgorr? theDE astetrr; S:bt;c_)plcal dAtgl‘,amtlﬁ easttvx\gggs g?rougg the
we evaluate the daily AOD variability in a regional domain anara Desert to Arabla and Southwes {die an

at high resolution covering Northern Africa, Middle East hBA;%(:re';(;rtlhZe(t)ofzgiospgtrr?ere;allﬁ'(c):(;%]tll_z:roeifatlezs():‘trces
and Europe against AERONET AOD for year 2006. The ' & 9. 'gnit 9 .

. e .~ can be found within the Australian, North and South Ameri-
NMMB/BSC-Dust provides a good description of the hori- can, and South African deserofment et al. 2001 Wash-

ington et al, 2003. Model estimates of the amount of
dust exported annually are uncertain and range from 1000
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Atmospheric burden estimates range from 8 to 36 Tg, an unerucial challenges for global and regional dust models. Cur-
certainty factor that exceeds Zdnder et a].2004) . rent theoretical knowledge predicts the vertical dust flux in
Strong dust events can reduce visibility to near zero atmodels if the required input parameters — surface, soil and
source regions. While visibility improves downstream of meteorological features — are accurately determihadrent
sources, dust particles are mixed vertically, reaching up tcet al, 2009. However, the application of complex emission
several kilometres, from where they are carried over dis-schemes in global and to a lesser extent regional models is
tances of thousands of kilometers by strong winds aloft. Withhampered by a lack or strong uncertainty of the required in-
the possible exception of sea-salt aerosol, dust is globally theut data at the scales of application as well as the inaccura-
most abundant of all aerosol speci3qC, 2001 and is the cies of the driving meteorological/climate model.
dominating component of atmospheric aerosol over large ar- Global models have assumed varying degrees of simpli-
eas of the Earth. Dust impacts, interactions and feedbackgcation in the dust emission schemes as a function of the
within the Earth System span a wide range of spatial andavailability and accuracy of the input data (e.@inoux
temporal scales. On the short term and close to sources, dust al, 2001, Tegen et al.2002 Zender et al.2003a Miller
storms represent a serious hazard to health, property, envet al, 2006. Although simplifications are also applied to re-
ronment and economy. At longer time scales, atmospherigional models, some of them include specific surface and soil
dust affects the climate through direct and indirect radiativedatasets developed for the most well-known sources regions
effects, and ocean biogeochemistry which in turn may influ-(e.g.,Chatenet et al1996 Callot et al, 2000 and complex
ence the carbon cycle and the climate itself (eMiller and dust emission schemes. In most cases the emission is tuned
Tegen 1998 Jickells et al, 2005 Mahowald et al.2009. to match quantitative dust observations that are mainly avail-
Dust models mainly predict dust emission, transportable far away from sources.
within the atmosphere and deposition. In the last two In this paper, we present and evaluate the NMMB/BSC-
decades, several dust cycle models have been developddust, a new online multi-scale atmospheric dust model de-
and coupled online or offline with short and medium-range signed and developed at the Barcelona Supercomputing Cen-
weather forecast models or with climate models. Dust fore-ter (BSC) in collaboration with NOAA/National Centers for
cast models such as the regional BSC-DREANickovic Environmental Prediction (NCEP), NASA Goddard Institute
et al, 2001, Pérez et al. 20060, SKIRON (Kallos et al, for Space Studies and the International Research Institute for
2006 and CHIMERE-Dust Bessagnet et al2004 and the  Climate and Society (IRI). The dust model is embedded into
global NAAPS model Westphal et a).2009 have focused the Non-hydrostatic Multiscale Model NMMB developed at
on the accurate representation of the short-term variabilityNCEP (anjig 2005 Janjic and Black2007 Janjic et al.
of the dust to provide air quality/visibility forecasts up to 2011) and is intended to provide short to medium-range dust
3 to 5days. Studies using dust climate models (e.g., GISSorecasts for both regional and global domains. We also ex-
ModelE; Miller et al., 2006 have mainly focused on the ac- pect the model to become a useful research tool that will im-
curate climatological representation of the seasonally depenprove our understanding of the dust cycle by bridging the gap
dent dust cycle as well as the study of the dust radiative forcamong the multiple scales involved. In this sense, for exam-
ing and its effects on climate at the global scale. ple, the model will provide a common modeling framework
The inclusion of the radiative effects of dust and otherto simulate dust emission at the local scale with very high
aerosols is more unusual in regional and global weather foreresolution and explicit convection, and at the global scale
cast models. Studies have suggested that the inclusion ofith lower resolution and parameterized convection. Also,
mineral dust radiative effects can improve the radiative bal-these developments represent the first step towards a unified
ance of short and medium-range forecast models and thusiultiscale chemical-weather prediction systelorba et al.
can increase the overall accuracy of the weather prediction it20117).
self (e.g.Perez et al.2006h Helmert et al.2007). Recently, Section 2 summarizes the main characteristics of the
the ECMWEF IFS medium-range forecast model has includedNCEP/NMMB model. Section 3 describes the BSC-Dust
a prognostic representation of aerosols including data assinmodel, including dust source estimation, emission scheme,
ilation of aerosol-related observations in a fully interactive dry deposition, wet scavenging, convective mixing and in-
way (Morcrette et al.2009. teraction with radiation. In Sect. 4, we assess the regional
One main focus of dust modeling research is upon the dusand global configurations of the model. For the regional,
emission process which is highly sensitive to meteorologicalwe evaluate the daily variability of the dust aerosol opti-
surface and soil features. While dust distribution and dust ef-cal depth (AOD) in 2006 for a domain covering Northern
fects are important at global scales, dust emission is a threshAfrica, Middle East and Europe. The global configuration of
old, sporadic and spatially heterogeneous phenomdraanr (  the model is compared against the AEROCQOIdxtor et al,
rent et al, 2009 that is locally controlled on small spatialand 2006 dust benchmark datasetineeus et al2011), mak-
temporal scalesTegen and Schepansi009. Therefore, ing use of the tools developed at the Laboratoire du Climat
predicting the magnitude and the spatio-temporal patterns oét Sciences de I'Environnement in the framework of the AE-
dust emission with sufficient accuracy remains among theROCOM project. In the global case, we compare monthly
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and annual means of variables that are related to the direatith 1 km resolution, the model dynamics develops-+#3
radiative effect, the dust impact on the ocean biogeochemispectrum consistent with the 3-D turbulence theory.
cal cycle and air quality, i.e. aerosol optical properties, dust The unified version of the model was developed for
deposition and surface concentration. A companion papea broad range of spatial and temporal scales extending from
(Haustein et al., 2011) evaluates and analyses the behavidarge eddy simulations (LES) to globalahjic 2005. The
of the regional configuration of the model during two experi- global model was formulated on the latitude-longitude grid
mental campaigns in Northern Africa: SAMUMHMEgintzen-  with polar filtering of the tendencies of the basic model vari-
berg 2009 and BODEX Washington et al2006. ables. In contrast to the WRF-NMM, which is defined on
the Arakawa E grid, the dynamics of the NMMB were refor-
mulated for the Arakawa B grid. The non-hydrostatic com-
2 The NCEP non-hydrostatic multiscale model ponent of the model dynamics is introduced through an add-
on module that can be turned on depending on resolution.
The Non-hydrostatic Multiscale Model NMMBJ&njic  Conservative, across the pole polar boundary conditions are
2005 Janjic and Black2007 Janjic et al. 201]) is a new  specified in the global limitJanjic 2009. In regional ap-
unified atmospheric model for a broad range of spatial andplications, a rotated longitude-latitude system is used. With
temporal scales. Its unified non-hydrostatic dynamical corethe Equator of the rotated system running through the mid-
allows for regional and global simulations. The NMMB has dle of the integration domain, more uniform grid distances
been developed within the Earth System Modeling Frame-are obtained in this way.
work (ESMF) at the National Centers for Environmental  The version of the NMMB/BSC-Dust model presented in
Prediction (NCEP) following the general modeling philoso- this paper can simulate weather and dust at global and re-
phy of the NCEP regional WRF Non-hydrostatic Mesoscalegional scales. The global model can supply lateral boundary
Model (WRF-NMM) (Janjic et al.200% Janjic 2003 which  conditions for the regional version of the model run on any
was operationally used at NCEP as the regional North Amerregional domain using the rotated latitude-longitude coordi-
ican Mesoscale (NAM) model. The regional NMMB became nate. The latest version of the NMMB that is being devel-
the NCEP NAM in october 2011. oped at NCEP can run simultaneously with multiple station-

The numerical schemes used in the model were designedry and moving nests, including several levels of nest tele-
following the principles set up idanjic(1977, 1979 1984 scoping on the latitude-longitude grid. The 2-way interaction
2003; Janjic et al(2001) andJanijic et al(2011). Isotropic  between the nests and their driving regional and/or global
horizontal finite volume differencing is employed so a va- model is under development.
riety of basic and derived dynamical and quadratic quanti- A variety of WRF physical parameterizations are avail-
ties are conserved. Among these, the conservation of enable within the model. This variety is expected to be fur-
ergy and enstrophyAfakawg 1966 improves the accuracy ther extended in the future within the NOAA Environmental
of the nonlinear dynamics. In the vertical, the general hybridModeling System (NEMS) under development at NCEP. The
pressure-sigma coordinatgifnmons and Burridgel98) is  standard operational (and thoroughly tested in NWP and re-
used. The forward-backward scheme is used for horizontallyyional climate applications) physical package used includes
propagating fast waves, and an implicit scheme is used fothe nonsingular Mellor-Yamada-Janjic (MYJ) level 2.5 tur-
vertically propagating sound waves. The Adams-Bashforthpulence closure for the treatment of turbulence in the plane-
scheme is applied for horizontal advection of the basic dy-tary boundary layer (PBL) and in the free atmosphdan¢
namical variables and for the Coriolis force. In order to elim- jic, 2001), the surface layer scheme based on the Monin-
inate stability problems due to thin vertical layers, the Crank-Obukhov similarity theoryNlonin and Obukhoy1954) with
Nicholson scheme is used to compute the vertical advectionintroduced viscous sublayer over land and waglit{nke-
tendencies. vich, 1965 Janjic 1994, the NCEP NOAH land surface

In high resolution Numerical Weather Prediction (NWP) model Ek et al, 2003 or the LISS model{ukovic et al,
applications, the computational efficiency of the model has2010, the GFDL longwave and shortwave radiatidra¢is
been higher than the efficiency of most established nonand Hansenl974 Fels and Schwarzkopt975, the Ferrier
hydrostatic models. The high computational efficiency of thegridscale clouds and microphysidsefrier et al.2002, and
NMM is primarily due to the design of the time-stepping pro- the Betts-Miller-Janjic convective adjustment sche Bet(s
cedure Janjig 2003. 1986 Betts and Miller 1986 Janijic 1994 2000. The ver-

In very high resolution two-dimensional runs, the model tical diffusion is handled by the surface layer scheme and
formulation successfully reproduces a number of classicaby the turbulence scheme. The lateral diffusion is formu-
nonhydrostatic tests. In three dimensional atmospheric runtated following the Smagorinsky non-linear approadnjig
the model dynamics demonstrates the ability to develop thel990.
observed—3 and—5/3 spectral slopes that are induced by As detailed in Sect. 3.4 we additionally coupled the rapid
the model physics, and not by computational noi¥n({ic radiative transfer model (RRTMMlawer et al, 1997 with
2009. In a decaying turbulence case on the cloud scaleserosol capability to the NMMB model in order to be able

www.atmos-chem-phys.net/11/13001/2011/ Atmos. Chem. Phys., 11, 13872011
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treat dust as a radiatively active substance interacting wittwhich all topographic lows with bare ground surface are as-
shortwave and longwave radiation. We note that for thissumed to have accumulated sediments that are potential dust
contribution, simulations were run with the GFDL radiation sources (Figl). As in Ginoux et al(2001), we are assuming
scheme which is used in the current operational configuratiora source erodibility factof defined as

of the atmospheric model. N b \5
S:< max— ftj ) (1)

hmax—hmin
3 The dust model: BSC-Dust ) . )
representing the probability to have accumulated sediments

The BSC-Dust is embedded into the NMMB model and in the grid celli of altitude h;. Here, hmax and imin are
solves the mass balance equation for dust taking into acthe maximum and minimum elevations in the surrounding
count the following processes: (1) dust generation and up10° x 10° topography.
lift by surface wind and turbulence, (2) horizontal and verti- We also account for the seasonal changes in vegetation
cal advection, (3) horizontal diffusion and vertical transport Over semi-arid areas. Indeetiggen et al(2002 have shown
by turbulence and convection (4) dry deposition and gravita-for example that Asian dust source strengths are particularly
tional settling and (5) wet removal which includes in-cloud sensitive to the seasonality of vegetation cover. In this re-
and below-cloud scavenging from convective and stratiformdard, dust emission will take place at the fraction of bare soil
clouds. exposed in a grid celd which is expressed as =1-V,
Transport of dust by advection and turbulent diffusion whereV is the vegetation fraction. We use a global 0144
is analogous to those of moisture transport in the NMMB monthly climatological vegetation fraction (1985-1990) es-
(Janjic et al, 2009. The model includes 8 dust size bins timated from AVHRR [gnatov and Gutmari998.
with intervals taken fronTegen and Laci§1996 andPérez To specify the soil particle size distribution required by
et al.(20063. Within each transport bin, dust is assumed to the emission scheme we use the soil textures of the hybrid
have a time-invariant lognormal distributiodénder et al. ~ STATSGO-FAQO soil map. In this database, the FAO two-
20033. The mass of each bin depends on model processe@yer 5-min global soil texture is remapped into a global 30-s
while the shape of the distribution is fixed to a mass medianregular lat-lon grid. Within continental United States, the soil
diameter of 2.524 pmShettle 1986 and a geometric stan- texture is then replaced by the 30-s STATSGO data. Since
dard deviation of 2.0%chulz et al.1998. The sub-micron  SOil depth significantly depends upon soil type, the dominant
particles correspond to the clay-originated aerosol (bins 1—4§0il texture from 0-30cm from multi-layer STATSGO soil

and the remaining particles to the silt (bins 5-8). was selected to match the FAO soil depths and to produce the
soil texture. Table 1 displays the mass fractions of clay, silt
3.1 Dust emission and sand for each soil texture class estimated from the textu-

ral triangle. We use 4 soil populations in our model distin-
Required input data for dust emission schemes are surfacguishing among fine-medium sand and coarse sand accord-
wind speed and turbulence, land use type, vegetation coveing to criteria detailed iffegen et al(2009. In this sense
erodibility, surface roughness, soil texture and soil moisture for example, clay loams are highly unlikely to contain coarse
This section describes the treatment of the sources and theand while sandy clay loams could contain both coarse and

emission scheme in the model. medium/fine sand. It should be noted that the textural tri-
S angle is based on measurements performed by wet sedimen-
3.1.1 Dust sources and soil size distribution tation techniques which break the soil aggregates leading to

» ) high amounts of loose clay particles that generally form ag-
Traditionally, models have used bare ground categories Obregates of larger size and that may not be encountered in

land cover maps to Iocate_z dust sources. Recently, by mean$,; ral soils Bergametti et a).2007 Laurent et al.2009.
of the Total Ozone Mapping Spectrometer (TOMS) aerOSOIFollowing Tegen et al(2002 we assume that clay is in the

index (Al) satellite retrievalProspero et ali2009 showed ¢4 of aggregate and it is reassigned as silt in loamy sands.
that enclosed basins containing former lake beds or river-

ine sediment deposits are preferential sources that dominatg.1.2 Horizontal flux and threshold friction velocity

the global dust emission. There are several different model

representations of preferential sourcsr{der et al.2003h Sandblasting and disaggregation of clay and silt particles by
Cakmur et al. 2006, based on topographys{noux et al, large particles in saltation dominate the vertical flux of dust
2001, hydrology Tegen et al.2002, geomorphology4Zen-  which is strongly sensitive to the size distribution of saltat-
der et al, 2003h, surface reflectance retrieved from Moder- ing particles §hao et al.1993. At the sources the direct
ate Resolution Imaging Spectroradiometer (MODIG)ifgi emission of small dust particles by wind is negligible. The
et al, 2005, frequency of high TOMS Al valuedNestphal  threshold wind friction velocity of soil particles (i.e. the wind
et al, 2009, and UV-visible albedoNlorcrette et al.2009. friction velocity above which soil particles begin to move
In this model, we use th&inoux et al.(2001) approach by in horizontal saltation flux) shows an optimum particle size
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Preferential sources

Table 1. Top soil texture classes from STASGO-FAO database,
mass fractions (%) of coarse sand (CS), fine-medium sand (FMS)
silt (S) and clay (C) for each soil texture class, and soil gravimetric
water content threshold(). Sand is separated into coarse sand and ™%
fine-medium sand according T@gen et al(2002.

Soil textures %CS %FMS %S %C w

Sand 46 46 5 3 0.52

Loamy Sand 41 41 18 0 0.00

Sandy Loam 29 29 32 10 1.84

Silt Loam 0 17 70 13 2.44

Silt 0 10 85 5 0.88

Loam 0 43 39 18 351

Sandy Clay Loam 29 29 15 27 5.61

Silty Clay Loam 0 10 56 34 7.40 Fig. 1. Preferential sources in the model. The resolution of the map
Clay Loam 0 32 34 34 7.40 is 1. x 1° which is used for the global simulation in Sect. 4.
Sandy Clay 0 52 6 42 9.61

Silty Clay 0 6 47 47 11.08

Clay 0 22 20 58 1457 timates when using satellite-derived aeolian versus aerody-

namic roughness lengths at global and regional scales.
The threshold wind friction velocity is expressed as

range for uplifting between 60 and 80 phgrsen and White uy = ”?sd(DS)%
1982. For smaller and larger particles the threshold friction €
velocity increases due to inter-particle cohesion forces andvhereui,4(Ds) is the threshold friction velocity of a smooth
gravity, respectively. and dry surface with soil particles of diametBg which

As shown by many studies (e.®agnold 1941 Gillette is parameterize_d with the semi-empirical relationship of
and Stockton1989 Shao et al.1993 saltation can be con- versen and Whit¢1982
sidered as approximately proportional to the third power of ox10-7\ { pogD
the wind friction velocity. NMMB/BSC-Dust simulates the 0~1291\/<1+ W) (%)
horizontal saltation flux H according White (1979: Uysg(Ds) =

®)

(0.03<R€ <10)
V(1.928R¢€ (Dg)0-0922_ 1)

6x10~7 pp&Ds
o.lzoJ(prngs)( 02

(1— 0.08&70.0617(R€(D5)710))_1

*2

4 *
P Uy, Uy,
H:fu*?’.El(l—}— u_*) <1—F>Si foru*>ui  (2)
=

where p, is the air densityy™ is the wind friction velocity,
g is the gravitational constant; is the threshold wind fric-
tion velocity ands; is the relative surface area of each soil
population:.

The wind friction velocityu* is predicted by the NMMB’s
surface layer scheme which follows Monin—Obukhov simi-

larity theory_ and includes a viscous sublayer_ovsr_ land. Th our mean soil particle diameters representing the soil pop-
aerodynamic roughness used in the calculation"df pre- ulations, i.e., clay with 2 um, silt with 15 pm, fine-medium
defined for different land use categories. As discussed ir%and wit,h 16,0 um and coarsé sand with 710 p,lm
Dardmianovg ?.t alézoog(;he prc_JbIem 'r';] using atmzso?cale Soil water can inhibit dust emission by increasing the
model predetined aerodynamic roughness instead ol a a€qq o g1 friction velocity of soil particles. In NMMB/BSC-

lian roughness in the dust emission scheme is that the twi ust soil moisture effects are included followiRgcan et al.

roughnesses reflect processes on different scalesirent ; : : :
et al. (2006 show that for bare ground, the typical aerody- (El(?g(% through the soil moisture correction paramefgin

namic roughness lengths used in mesoscale models are 2 to
4 orders of magnitude higher than satellite estimates of aefy, =1 (w<w’)
olian roughness. At present, we keep the scales consisten 0.68 /

X ' =+1+121(w—w")" 5
with the mesoscale model and we do not recalculateased fth \/ + (w—w?) (w>w) ©)
on satellite estimates of aeolian roughness length. We plamhere w is the topsoil layer gravimetric water content.
a specific study to analyze the sensitivity of the emission esThe NMMB provides volumetric water content which is

Uisg(Ds) =

(Re >10) (4)
where pp is the density of the soil particles arle’ =
uyyDs/v is the Reynolds number whereis the kinematic
viscosity of air. Because Eqd)is implicit, we use an al-
ternative expression for the Reynolds number that only de-

pendsDs based orMarticorena and Bergameitl 995, i.e.
Re' = 13310156 4-0.38 whereDs is in cm. We consider

www.atmos-chem-phys.net/11/13001/2011/ Atmos. Chem. Phys., 11, 13872011
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converted to gravimetric water content assuming that soil isx; of each soil population clagaveighed by their mass frac-
saturated when all interparticle pores are filled with water astion m; in the soil. In particular we take the values given in
described inZender et al(20033. The maximum amount Tegen et al(2002 for clay (1 = 108 cm1 if mgjay < 0.45
of adsorbed water or soil gravimetric water content thresholdor 1 = 10~7 cm™1 if Mclay > 0.45), silt (2 = 1O‘gcm‘1),
w’ is an increasing function of the clay fraction in the soil. fine-medium sandaz = 10-6 cm~1) and coarse sandf =
On the basis of empirical datBécan et al(1999 derived 107 cm™1).

L 0 5 0 Equation 8) provides a size-integrated vertical flux. We
w’ =0.0014%Clay”+0.17(%Clay) (6) assume that the vertical dust flux is size distributed according

where %Clay is the percentage of clay in the soil. Table 1t0 the 3 lognormal background source mode®utimeida
displays the values af’ calculated for each soil texture class (1987 and then distributed over each size transport bin. The

in the model. vertical flux of dustFy for each size birt is

Non erodible elements (pebbles, stones or vegetation) dis- 3
sipate a part of the wind momentum that will not be available r, — ZfiMi i (9)
to promote saltation. As in the case of soil moisture, this ef- i—1

fect can be parameterized by increasing the threshold friction

velocity. Here we use the so-called drag partition correctionWherefi =SmF is the vertical flux for source modewith

parameterfe in Eq. (3) following Marticorena and Berga- >t = 0.036, sm =0.957, sm=0.007, andM; is the

mass fraction of source modearried in each transport bin

tt' l - . .
meti (1999 k which is calculated followingender et al(20033
In( £ _
fe= l_ % (7) 1 In(_dgax.k) In(—dg'”'_")
In 035(2) ' Mig==|erf| ——2 | —erf[ ==~ (10)
: 20s 2 \/Emag,, \/éln(fg’l‘

where fe expresses the efficiency with which drag is par- where erf is the standard error functiafinaxs and dmin x

titioned between the roughness elements characterized bé( L ; . .
; . re the minimum and maximum diameters of transport bin
an aerodynamic (or aeolian) roughness lengt) é&nd the

erodible surface characterized by a smooth roughness leng and D, =(0.832um, 4.82um, 19.38m) ang,; =

. 1,191, h i i i
(z0,). The latter is calculated as, = Diax/30 WhereDmax ,1.9,1.6) are the mass median diameter and geometric

is the median diameter of the coarser population of the soiéf:gsrritdaﬁ\ggggg of the source mod@sAlmeida, 1987

size distribution Harticorena et ).1997). Summarizing Sect. 3.1, the total vertical mass flux of dust

31.3 Vertical flux Fy into transport birk at each gridcell is

3
In complex sandblasting schemes, either the kinetic energy, _ cg(1— v)oH ZsmMi . (11)
of the saltating grains exceeding a threshold of disruption of =1 ’

soil aggregates (e.gAlfaro and Gomes2001), or the vol- ) )
ume of soil removed by saltating grains when they impactVhereC is a global tuning factor. _

the surface (e.gLu and Shap1999 Shag 2001 are used to Finally, the NMMB/BSC-Dust assumes a viscous sublayer
simulate the vertical dust flux and its size distribution explic- P&tween the smooth desert surface and the lowest model
itly. However, the application of such complex schemes isl@yer (Nickovic et al, 2003 Janjic 1994. In this regard, the
mainly hampered by the lack of required input data at g|0ba|model diagnoses the dust concentration on the_top of th_e Vis-
and regional scaleg durent et al.2009. In view of these ~ COUS sublayer, based dfi and the turbulent regime, which
large uncertainties, current models assume varying degred§Presents the lower boundary condition of the NMMB ver-
of simplification in the dust emission scheme as a function oftical diffusion scheme. More details on this scheme can be
available data and in most cases several parameters are tuniynd inNickovic et al.(2003.

to match dust observations that are mainly available far awayé
from sources. In our model we follow the empirical relation-
ship of Marticorena and Bergame(tL995 andMarticorena
et al.(1997 by which the vertical dust flu¥' is proportional

to the horizontal sand fluk

.2 Sedimentation and dry deposition

Sedimentation or gravitational settling is the most efficient
removal process for large aerosols. We solve implicitly the
sedimentation for the dust mixing rati@ \ from column top

FeoH (8) (L =1) to bottom { =LM) as

whereo = Zf‘zlmiai is the so called horizontal to vertical X£§d’“9 +x

flux ratio reflecting the availability of dust in the soil, which /™= O (12)
is calculated as the sum of the vertical to horizontal flux ratio (1.0+ th—ZgL)
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Clay fraction Silt fraction

Fig. 2. Clay, silt, fine-medium sand and coarse sand mass fractions based on the soil textures of the hybrid STATSGO-FAO soil map. Table 1
provides the mass fractions of clay, silt, fine-medium sand and coarse sand for each soil texture class estimated from the textural triangle.

wheren is the time index,AZ is layer depth,L the layer  where the gravitational settling velocityy is calculated ac-
number, andy is the gravitational settling velocity at each cording to Eq. {3). The aerodynamic resistanfg is calcu-
layer, which is calculated following the Stokes-Cunningham lated as
approximation:
(e~ W) +eOIn (L)
2 Ra= ¥ (16)
oo 48— pa)Ce (13) o
o 18v wherez; is the height of the lowest model level at which the
deposition is evaluatedyisc is the viscous sublayer depti,
whereuvg is the gravitational settling velocity for dust size andy are empirically derived stability functions,is the Von
bin k, dy is the dust diametepy is the dust densityyaisthe  Karman constant and* is the friction velocity. This term
air density ang is the gravitational constant. The Cunning- s calculated using the NMMB surface layer scheme which
ham correction facto€c is based on the well established Monin-Obukhov similarity
theory (Monin and Obukhoy1954). The similarity theory
requires prescription of boundary conditions at two levels in
the air, i.e.,z1 andzyisc. The relevant variables at are
used as the upper boundary condition. In order to specify the
accounts for the reduced resistance of viscosity as particléower boundaryzyisc, the model includes parameterizations

2\ —0.554;
Ce=1+ 7 <1.257+ 0.4e™ 7 ) (14)
k

size approaches the mean free path of air molecules of a viscous sub-layer for land{(itinkevich, 1965 and wa-
The parameterization of the dust dry deposition at the bot1er Janjic 1994. _
tom layer of the model is based @hang et al(2001) which The surface resistana® is calculated as
includes simplified empirical parameterizations for the depo- 1
. . . . . . . _ R — 17
sition processes of Brownian diffusion, impaction, intercep- £ts 3 (Es+ Em + Eny) a7)

tion and gravitational settling detailed 8linn (1982. Dust
rebound at the surface is not taken into account due to limitedvhere Eg = Sc™7 is the collection efficiency from Brown-

knowledge of this process. ian diffusion in the viscous sub-layer that depends on the
The dry deposition velocityg at the bottom layer is ex- Schmidt numbeScand an empirical constaptvarying with
pressed as land use categoriesm = (St (g + Sh)? is the collection
efficiency for impaction which depends on the Stokes num-
1 berSt, which takes the fornst= Vyu* /g A for vegetated sur-
Vdk = Ugk + (Rat R9) (15  faces andst= Vgu*z/u otherwise; andty = 0.5(d,/A)?
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Table 2. Characteristic radius of collectos and parameteray vective mixing of dust closely follows the principles of the

andy in the dry deposition scheme dependent on NMMB model BMJ scheme.
land use type. Values were reassigned to 27 WRF-USGS land use . .
types from the 15 land use types used@hmang et al(2007). 3.3.1 Grid-scale deposition

The grid-scale cloud microphysical scheme in the NMMB

Land use type A *d Y (Ferrier et al. 2002 contains some of the functionali-
urban and built-up land 10.0 15 056 ties of more sophisticated microphysics packages used in
idrﬁgi‘:dccr?f;?a”r?d‘;g‘:sfﬁgure 3355 1122 é’-g:' cloud-resolving models and high-resolution mesoscale mod-
mixed dryland/irrigated cropland/pasture 35 1.2 054 els (e.g.,RutIedgg .and HObbS]'9.83 1984 .R.elsner et a.
cropland/grassland mosaic 35 1.2 054 1998 while remaining computationally efficient. The prog-
cropland/woodland mosaic 35 1.2 0.54 hostic variables in the microphysics are mixing ratios of wa-
grassland 35 12 054  tervapor, (nonprecipitating) cloud water, rain, and ice. The
shrubland 100 13 054  jceis a composite category composed of small, nonprecipi-
;";\fggnsgr“b'a”d/ grassland 775'0 0%8'3 0%24 tating ice crystals and precipitating ice particles. Throughout
deciduous broadleaf forest 75 08 o056 the rp;t of the NMMB, the prognos.tic variables are specific
deciduous needleleaf forest 3.5 1.1 056 humidity and total condensate. This approach assumes that
evergreen broadleaf forest 5.0 0.6 058 changes due to advection in the relative composition of cloud
evergreen needleleaf forest 20 1.0 0.6 ater, rain, and ice from the previous time step are small
vT;E(rjt:g:jeizts 5_'0 1 0%% %55% within each grid columnKerrier et al,. 2002).

herbaceous wetland 10.0 50 054 In the NMMB/_BSC-Dust, the dust wet deposition is cal-
wooded wetland 10.0 1.3 054 culated sequentially from model column tap<£ 1) down to
barren or sparsely vegetated - 50.0 0.54 the surfacel =LM)

herbaceous tundra - 50.0 0.54

wooded tundra - 50.0 054 F'(L)=F'(L-1D(—ay fesp(L))+AF(L) (18)
mixed tundra - 50.0 0.54 . L .

bare ground tundra _ 500 054 WhereF”(L) isthe liquid phase wet deposition flux of dust
snow or ice - 50.0 0.54 bink atlevelL, F” (L —1) is the liquid phase wet deposition
playa - 50.0 054 flux of dust arriving at levelL from above (i.e. from level
lava - 500 054"y 1) AFP(L)is the input flux of scavenged dust at level
white sand - 50.0 0.54

L due to in-cloud scavenging or below or sub-cloud scav-
enging, fevp is the fraction of precipitation flux lost to the air
column due to precipitation evaporation angl (fixed to 0.5)

is a tuning parameter to account for the fact that not all of the
is the collection efficiency by interceptionyq is an empiri-  rain droplets will evaporate.

cal parameter and is the characteristic radius of collectors,  The input flux of scavenged dust btnby in-cloud scav-
both dependent on land use. The parameterg; andy de-  engingA F” |in is calculated as

pending on 15 land use categories provide&lrang et al.

(2003 were reassigned to the 27 NMMB model's WRF- A g, _ ¢, I:fliq@-i-fice PIRi|Mk (19)

USGS land use categories as shown in Table 2. ow QoI
_ . o wheree is a solubility parameter which expresses the frac-
3.3 Wet scavenging and convective mixing tion of dust contained in cloud and ice water that can even-

tually be precipitated)M;, is the mass loading of dust for bin
Wet scavenging of dust by precipitation is computed sepax in the gridcell, Pcr is the conversion rate of cloud water to
rately for convective and grid-scale (stratiform) precipitation. rain by autoconversion, accretion, and shedding of accreted
It represents the most efficient process for the deposition otloud water,Pr is the conversion rate of cloud ice to pre-
the smallest dust particles. The model includes parameteripitation through meltingfiiq is the fraction of cloud water,
izations for in-cloud scavenging, i.e., the process by which fice is the fraction of cloud iceQ W is the cloud water mix-
particles rainout after nucleation scavenging; and for sub-ng ratio andQ1 is the cloud ice mixing ratio.
cloud or below cloud scavenging, i.e., the process by which In our model scavenging is defined as the removal of dust
particles are washed out through collection by precipitation.from the grid cell, i.e. in our case activation and collection in
The standard cloud and precipitation schemes of the NMMBcloud droplets or activation in ice particles do not contribute
model are the grid-scale cloud microphysical schemesnf  to the model in-cloud scavenging unless they rain out as pre-
rier et al.(2002, and the convective adjustment scheme of cipitation. Since there are strong uncertainties related to the
Betts-Miller-Janjic (BMJ) Betts 1986 Janjic 1994, both activation properties (solubility) of mineral dust, we use in-
operational at NCEP. As we will detail in this section, con- termediate values between purely hydrophobic and purely
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hydrophilic assumptions found in the literatugakey et al, temperature and specific humidity within a convection time
2006. The values decrease with the increasing particle sizestepAr
as the small particles are more likely to form cloud conden-

sation nuclei. Dust coating with soluble material such as sul-AT = (Tret—T") o (23)

phates would increase in-cloud scavenging. We do not con- o/ F(E)

sider in-cloud scavenging in the form of snow. Ag = (qret—q") At (24)
Below cloud scavenging for rait F}” |supis calculated for t/F(E)

each layer according t8linn (1984 where the subscript ref indicates the equilibrium reference

profiles Betts 1986, the superscripts denote the values of
temperature and specific humidity at the model levels at the
beginning of the time step, is the minimum allowed relax-
ation time, andF (E) (Janjig 1994 is the cloud efficiency
that depends on the convective regime which is proportional
to a nondimensional combination of the entropy change over
the time step, precipitation over the time step, and the mean
temperature of the cloud#nijic 2000.

cPE' (dy,D
| k(k )Mk

A1171:0|sub= D

(20)
wherec is a numerical factoe 3/2 (Loosmore and Ceder-
wall, 2004), A, is the liquid precipitation rateE,'( is the cap-
ture efficiency of water dropletd) is the raindrop diameter
anddy is the aerosol diameterE,L incorporates the effects
of directional interception, inertial impaction and Brownian During moist convection dust particles are vertically

diffusion. These terms are d.e-ta||ed in Appendix Al. mixed while scavenged by convective precipitation. BMJ is

_ For snow, the wet deposition scheme calculates sequery, 4qjustment scheme that describes the change in the total
tially from column model top £ = 1) down to the surface 5igtre at each layer in the column and does not describe
(L=LM) the vertical moisture flux or entrainment within the convec-
tive plume. The BMJ scheme has been optimized over years
of operational application in the NCEP Meso Eta modah(

whereS; (L) is the ice phase (snow) deposition flux of dust atjic' 2000 and in the WRF.'NMM model for precipitgtioq
level L, S, (L —1) is the ice phase (snow) deposition flux of forecasts over North America. Rather than undertaking im-

dust arriving at level. from above A S, (L) is the input flux plementation of a cumulus parameterization that estimates

at level due to snow sub-cloud scavengirgjiain, 1984 the convectlve_ mass flux explicitly, we have implemented
a new convective mixing and scavenging scheme for dust fol-

rPsE,‘:'(dk,)») lowing the principles of the BMJ scheme.
ASklsub= — . M (22) In the BMJ, the precipitation produced in a convective
" cloud is proportional to the total change of humidity during
wherer is 0.6, Ps is the snow rateE} is the capture effi-  the time step. In order to account for in-cloud scavenging we
ciency for different types of snow, is the characteristic cap- remove the dust in the convective cloud proportionally to the

Sk(L) =Sk (L —1)+ ASi(L)lsub (21)

ture length,D,, is the characteristic length. Details 6%, release of the total moisture as precipitation within the deep
D,, andx are given in Appendix A2. convective cloud during the convective time step. The input
flux of dust for bink by incloud scavenging is calculated as
3.3.2 Convective mixing and scavenging AQrot
AF|in=—e M (25)
The NMMB employs the Betts-Miller-Janjic (BMJ) con- Qtot

vective parameterization scheme develope®bits(1986), whereA Qi is the total change of moisture in the convective
Betts and Miller(1986 andJanjic(1994. Deep convection cloud between calls to convection, agth: and My are the

is viewed here as a thermodynamically driven process thatotal moisture and the total dust mass loading within the con-
transports the heat and moisture in order to reduce and evervective cloud at the beginning of the time step. The negative
tually remove conditional instability. In the BMJ scheme, sign in the right side of Eq25) is due to the fact thah Qyot
subject to several constraints, the equilibrium deep convecis always negative (reduction of total moisture and produc-
tive clouds are represented by reference temperaBetty  tion of precipitation in the convective column). Note that the
1986 and humidity profiles Janjig 1994 that depend on deep convective cloud is treated here as a single layer extend-
convective regime. The shallow convection uses temperaturég over the depth of the cloud.

profiles defined followingBetts (1986, while the moisture We assume that the remaining dust is mixed vertically
profiles are specified from the requirement that the secon@nalogously to moisture, so that the reference vertical profile
principle of thermodynamics be satisfiethfjig 1994. The  for dust preserves similarity to that of moisture. The change
actual model temperature and moisture profiles are relaxe@f dust concentratiosh C within a convection time stepz
toward these reference profiles. If the deep convection canis thus

not be sustained, the deep convection algorithm is replaced a Af
by the shallow one. LenT and Ag denote the changes of AC=(Cref—C )f/F(E)

(26)
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whereC” is the dust concentration at the beginning of the 4.1 Regional simulation over Northern Africa, Middle

time step. Crer fullfills two conditions: (1) it follows the East and Europe for year 2006

shape of the reference moisture profile and (2) the total mass

loading of the dust reference profile equals the eventual reWe selected 2006 since itis the reference year for model eval-

maining mass of dust after the in-cloud scavenging duringuation and intercomparison within the Sand and Dust Storm

the convective timescale ). Warning Advisory and Assessment System (SDS-WAS) for

Below cloud scavenging is performed followirfglinn Northern Africa, Middle East and Europét{p://sds-was.

(1989 (Eq. 20) assuming a typical raindrop diametBr of aemet.ed/ The SDS-WAS is a project under the umbrella

1 mm for convective precipitation. The terminal velocity of of World Meteorological Organization (WMQ) and intends

raindropsVi(D) is calculated aftewillis (1984 to achieve comprehensive, coordinated and sustained obser-

Vi(D) — 4.854D¢—0195D 27) yations and .model_ing.capabilities of dust storms, in order to
improve their monitoring state and increase the understand-

For shallow convective clouds without precipitation we mix ing of their formation processes. It shall enhance the ability

the dust homogeneously within the cloud. of countries to deliver timely and quality sand and dust storm
o forecasts, observations, information and knowledge to users
3.4 Radiation through an international partnership of research and opera-

. jonal communities.
In order to couple aerosol and radiation processes, the RRTI\h|

radiative transfer modeIMIawer et al, ;993 including 41.1 Model set-up
aerosol effects has been implemented into the model as an

alter_native option to thg operational Geophysical Fluid Dy- The model domain consists of 385281 grid points with
namics Laboratory radiation packageatis and Hansen a horizontal grid spacing of 0.25 0.25> and 40 vertical lay-

%3:734 FIeLS de Schwarlzkop(tjml?a. NRCRETIL\A \I/\S/ Lrj]sehd in the ers. The atmospheric model's fundamental time step was set
global operational model at - With the new ra-y, 445 | this simulation, dust advection and lateral diffu-

diation module dust can be treated as a radiatively active; . oo computed every 2 time steps, dust emission and ver-
substance interacting with both short and longwave radia-

. . . ; ~ “tical diffusion every 4 time steps, and convection and large
tion. For each size bin and wavelength we specify the extinc y P g

tion efficiency, single-scattering albedo and asymmetry fac'scale precipitation (as well as dust convective mixing and
i -0 o ) ‘wet scavenging) every 8 time steps. The dust distribution
tor with a Mie-algorithm based on the work bfishchenko ging) y P

| (2000. Each icle | d1to be h is simulated between 15 December 2005 and 31 December
et al. (2000. Each particle is assumed to be OMOYENeoUs, g using 1 x 1° NCEP final analyses (FNL) as initial and

and spherical. Although there is sufficient experimental eV-6.p boundary conditions. The first two weeks are discarded
idence that nonsphericity of desert dust can result in signifi-to remove dust spin-up effects. Meteorological initial condi-
cantly_ different sc_:attering properties than those predicted inons are reinitialized every 24 h with a spin-up of 12h. In
the M!e_ theory M'Sh.Ch.enkO et 8.2000, the Eﬁ_eCt of non- this contribution, simulations were carried with the the oper-
spherlc_:lty upon radiative fluxes and .alb(_ado.s is smacls ational GFDL radiation scheme which does not allow feed-
and Mishchenkp1995. The refractive indices are taken back between dust and radiation. A tuning factor of 0.66 was

from the Global Aerosol Data Set (GADSKdepke et al. sed to minimize the error with respect to the observations
1997 modified usingSinyuk et al.(2003. GADS for dust . nimiz w P vations.

is mainly based oWolz (1973; Levin et al.(1980 andPat-
terson and Gillett€1977), slightly modified in the infrared

to take into account quartz absorption features in agreemenj, compare the model dust AOD to daily AOD from
with transmission measuremenk&ufman et al(2001) sug- AERONET Sun photometer stations (F&and Table 3) and

gested that the indices of refraction at solar wavelengths fromseasonal satellite aerosol distributions from OMI and MISR
Patterson and Gillette1 977 were excessively absorbing. In (Fig. 4).

this sense we adopt refractive indices at solar wavelengths as From OMI we use the Al which is a measure of how

an average dpatterson and Gilletfd 977 and Sinyuk et al, much the wavelength dependence of backscattered ultravi-

2003. The latter are based upon Total Ozone Mapping Spec- o -
. . I V) radiation from an atmospher ntainin rosol
trometer (TOMS) retrievals and in situ Sun photometer mea—0 et (UV) radiation from an atmosphere containing aerosols

. differs from that of a pure molecular atmosphere with only
surements from the Aerosol Robotic Network (AERONET). Rayleigh scattering. In the UV, aerosol retrievals over deserts

are facilitated by the intrinsically low surface reflectance at
4 Simulations and evaluation these wavelengthg¢rres et al.2002 and represent a valu-

able semi-quantitative product. Note that the Al depends
To evaluate the model predictions against observations weipon height of the aerosol layer which makes comparison
have simulated the dust distribution with the regional andto model only qualitative. In the visible and near infrared
global configurations for years 2006 and 2000, respectively.(IR), deserts are highly reflective and accurate retrievals of

4.1.2 Observational data
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Fig. 3. Location of the AERONET stations used in the regional evaluation. The map includes the acronyms of the stations defined in Table 3.

Table 3. Names, acronyms and coordinates of the AERONET Stal_AOD are difficult because single view multispectral satellite _
tions used in the regional evaluation. instruments are generally unable to separate the atmospheric
and surface contributions to the measured radiances. Multi-
angle instruments like MISReloni et al, 2004 make use
Station name Code LORME) LatCN) Alt.(m) of the directional properties of the surface to assist in the

separation procedure. Studies have shown that MISR pro-

Ago.Ufo” AGO -15 153 305.0 vides reliable AOD over desert surface and that although the
Banizoumbou BAN 2.7 13.5 250.0 . . . .
Blida BLI 29 36.5 230.0 MISR observation repeat time is only 3 or 4 visits per month
Capo Verde CVR -22.9 16.7 60.0 over our region of interest, the major seasonal dust activity is
Dakar DAK —17.0 14.4 0.0 captured at this temporal resolution (eMartonchik et al.
Dhabi DHA 54.4 245 15.0 2004 Kahn et al, 2010. However, one should keep in mind
Dhadnah DHD 56.3 255 81.0 the current limitations of the satellite data when comparing
El Arenosillo ARE -6.7 37.1 0.0 to the modeled dust distribution.
FORTH CRETE CRE 25.3 35.3 20.0 . .
Granada GRA -36 37.2 680.0 AOD at 550 nm from AERONET stations was obtained
Hamim HMM 54.3 23.0 209.0  from quality-assured data between 440 and 870 nm follow-
llorin ILO 4.3 8.3 350.0 ing the,&ngstrbm law. The typical uncertainty in the AOD
IMAA Potenza POT 15.7 40.6 820.0 measured by AERONET instruments ranges from 0.01 to
Izana IZO -16.5 28.3 2391.0 0.02and is spectrally dependent with higher errors in the
La Laguna LLG -16.3 285 586.0 UV spectral range Holben et al. 1998 Dubovik et al,
Lecce University LEC 18.1 40.3 30.0  2000. Additionally, direct-sun AOD processing includes
Nes Ziona ZIo 34.8 31.9 40.0  the Spectral Deconvolution Algorithm (SDA) described in
g‘;f?:{:mz - NéAC o _12-;7 213355 2;’258 O'Neill et al. (2003. This algorithm yields AOD of

) ’ . sub-micron aerosols (AODfine) and AOD of super-micron
SEDE BOKER SED 34.8 30.9 480.0
Solar Village =Y 46.4 24.9 764.0 aerosols (AODcoarse) at a standard wavelength of 500 nm.

Thessaloniki THE 23.0 40.6 60.0 Thealgorithm furldamentally depends on the assumption that
the coarse mod@ngstdm exponent and its derivative are
close to zero. The AODcoarse fundamentally describes the
AOD of sea-salt and desert dust. Since sea-salt is related
to low AOD values and mainly affects coastal stations, high
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Fig. 4. Modeled dust AOD (left panels), MISR AOD (middle panels) and OMI Aerosol Index (right panels) for (from top to bottom)
January-February-March (JFM), April-May-June (AMJ), July-August-September (JAS), October-November-December (OND) in 2006.

AODcoarse values are related to mineral dust. These modthe Tokar Delta in Eastern Sudan and the south and east of
products are not available for all AERONET sites becausethe Arabian Peninsula.

at least three wavelength combinations including 490, 500 Dust emission and its transport downwind varies season-
or 675nm in addition to the standard 440 and 870 nm areally. In fall and winter, the model reproduces the spatial ex-
needed. We compare the model at stations in the Sahel angnt of the average dust plume and the high AOD and Al
West Africa (Fig.5), the Middle East (Fig6), the East- values observed over the B&ld, south of Niger, Nigeria,
ern Subtropical Atlantic, North Africa and Iberian Peninsula Benin, Ghana and the gulf of Guinea, when dust is mainly
(Fig. 7) and the Mediterranean (Fig). The location of the carried southwestward from the Beld and adjacent areas
stations is shown in Fig3 and Table 3. The selection of by the Northeasterly Harmattan winds. Strong dust events
the stations was based on the amount of the data during oueaching maximum AOD values between 0.5 and 2.5 are ob-
study year and the availability of the AODcoarse product.served and reproduced by the model in the stations located
We included 4 stations without AODcoarse (Agoufou, Bani- south of Saharan sources (Fig. Niamey, Banizoumbou,
zoumbou, Cape Verde and Dakar in Fiy.because of their  Agoufou and llorin). These stations present large contribu-
location in the Sahel and Western Africa and the predomi-tions of fine aerosols (with highngstiom Exponents) due

nance of dusty conditions. to the well-known presence of fine biomass burning aerosols
originating from the sub-Sahel zone in winter. In the rest of
4.1.3 Results and discussion the domain, dust activity is relatively low during this period.

Aerosol signatures over Libia, Sudan and the Arabian Penin-
Figure4 presents the geographic and seasonal distribution o$ula are fairly well captured by the model.
the simulated dust AOD compared to the MISR AOD and In summer, the main dust patterns are generally well re-
the OMI Al. The data from satellites show two major dust produced by the model from the west coast of Africa to the
sources, the Bddé Basin and the Mali/Mauritania border Arabian Peninsula. The comparison to the satellite distribu-
source, specially in spring and summer. Other several importion highlights the good agreement of the model in Eastern
tant dust source areas can be identified as well, including th&udan, the Tokar Delta, the Red and Arabian Seas. How-
zone of Chotts in Algeria, several source regions in Libya,ever, some important sources over Eastern Niger and the

Atmos. Chem. Phys., 11, 1300113027 2011 www.atmos-chem-phys.net/11/13001/2011/



C. Perez et al.: Dust modeling from meso to global scales —Part 1 13013

llorin Niamey
0 T w0
' | @ Modeled dust AQD at 550nm R(coarse)=0.65 R(total)=0.57 ~ | @ Modeled dust AOD at[550nm R(coarse)=0.68 R(total)=0.73
2. Ob 4 AODCL 00, Bias(coarse)=0.05 Bias(total)=—-0.25 ISEIN Ob d AOD il Bias(coarse)=0.14 Bias(total)=0.01
o serve cpprse at 500nm Rmse(coarse)=0.35 Rmse(total)=0.5 o serve coarsq|php Rmse(coarse)=0.29 Rmse(total)=0/24
0 0
a - a <1
] <]
< o | < <o |
0 | w |
= S
o | o s o
© T T T T T T T T T T © T T T T T T T T T
Jan Feb  Mar Apr May  Jun Jul Nov  Dec Jan Feb  Mar Apr May  Jun Jul Aug  Sep  Oct Nov  Dec
Agoufou Banizoumbou
0 w0
"] @ Modeled dust AOD at 550nm R(alpha<0.8)=0.69 R(total)=0.71 & " & Modeled dust AOD at[550nm R(alpha<0.8)=0.58 R(total)=0.59
o | iy Bias(alpha<0.8)=0.04 Bias(total)=0.04 o | I Bias(alpha<0.8)=0.09 Bias(total)=0.0
7] @ Observed ANGSTROM 440-870n Rmse(alpha<0.8)=0.33 Rmse(total)=0.32 i 7| @ Observed ANGSTRO Rmse(alpha<0.8)=0.44 Rmse(total)=0/42
0 0
a - a 21
] <]
< o | < <o |
w0 | o |
= S
o | 2 o | g 3
© T T T T T T T T T T T T © T T T T T T T T T T T T
Jan Feb  Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb  Mar Apr May Jun Aug Sep Oct Nov Dec
Capo_Verde Dakar
0 @ g
| ® Modeled dust AOD at 550nm R(alpha<0.8)=0.59 R(total)=0.59 | ® Modeled dust AOD at 550nm R(alpha<0.8)=0.52 R(total)=0.53
o | Bias(alpha<0.8)=-0.11 Bias(total)=—0.11 o | Bias(alpha<0.8)=-0.12 Bias(total)=-0.13
7] @ Observed ANGSTROM 440-870nm Rmse(alpha<0.8)=0.24 Rmse(total)=0.24 i) @ Observed ANGSTROM 440-870nm Rmse(alpha<0.8)=0.33 Rmse(total)=0.32
0 0
a ~ 7 a -
] <]
< o | < o |
o | 9 |
S S
o | o | 5
°© T T T T T T T T T T T T © T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 5. Daily AOD average of model vs. AERONET stations in the Sahel and Western Africa for 2006. Model averages (black lines) represent
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Fig. 6. Daily AOD average of model vs. AERONET stations in the Middle East (Dhabi, Dhadnah, Hamim and Solar Village) for 2006. Model
averages (black lines) represent the dust AOD at 550 nm. Observations include AODtotal (green circles) and AODcoarse (red circles).Each
panel includes the correlatio®), bias and root mean square error (RMSE) between the model and AODcoarse and AODtotal.

Mali/Mauritania Border appear to be misrepresented mainlyAOD in the end of spring and summer in Baninzoumbou and
in summer but also throughout the year. In the end of springAgoufou, it underestimates the AOD over Dakar and Cape
and the beginning of summer the model overestimates th&erde. Most probably, these regional differences are due to
emission over the Bdé leading to too high optical depthsin the overestimation of the Bété emissions and the under-

Southern Niger, Northern Nigeria and Burkina Faso. Indeedestimation of the Mali/Mauritania border emissions detected
Fig. 5 shows that while the model tends to overestimate thefrom the comparison to satellite derived data. Overall, the
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Fig. 7. Daily AOD average of model vs. AERONET stations in the Eastern Subtropical Atlantic (La Laguna, Santa Cruz de Tenerife and
Izana), North Africa (Blida) and Iberian Peninsula (El Arenosillo and Granada) for 2006. Model averages (black lines) represent the dust
AOD at 550nm. Observations include AODtotal (green circles) and AODcoarse (red circles). Each panel includes the coRglbtam (

and root mean square error (RMSE) between the model and AODcoarse and AODtotal.

daily correlations are good and range from 0.52—0.59 in Capénfluence of pollution from petroleum industry emissions in
Verde, Dakar and Banizoumbou to 0.65-0.71 in Agoufou andthe region. In Solar Village, located in the middle of the
llorin. Arabian Peninsula, near At Riyad and far from the Persian
It is not straightforward to attribute the discrepancies to Gulf or other industrialized areas, the model underestimates
specific aspects of the model since the emission schemsome important dust storms in spring while it overestimates
depends on multiple surface, soil, and meteorological feasome episodes in summer leading to an overall correlation of
tures and includes threshold processes and non-linear ré.37. A more detailed study would be required to understand
lationships. However it is clear from Figl that the  whether the model discrepancies in this site are mainly due
Mali/Mauritania border source is mostly omitted by the to- to an inaccurate source prescription or to the inability of the
pographic preferential source. A good candidate to improvemodel to reproduce the associated meteorology. We do not
this aspect of the model is the use of aeolian roughness dediscard a measurement problem since occasionally Sun pho-
rived from satellites as indicator for the location of preferen- tometers miss to differentiate between high dust events and
tial sources and/or in the drag partition scheme, which high-water clouds.
lights this area as a important dust source. The problem is In the Canary Islands over the Eastern Subtropical At-
complex since model improvements in some regions mightiantic, at about 100 km west of the Moroccan coast, we find
be accompanied by deterioration in some others. AERONET sites in Santa Cruz de Tenerife and La Laguna at
In the eastern part of the domain, along the coastal or neasea level and Izana at 2391 m a.s.l. (Fig.The background
coastal stations in the northeast of the United Arab Emiratesonditions at Izana (i.e. at periods without dust events) are
(in Fig. 6 Dhabi, Dhadnah and Hamim) the model reproducesassociated to very low AOD values. High AOD (above 0.15)
very well the daily variability of the AODcoarse with corre- are associated to dust events which mainly are detected in
lations of 0.75—-0.77 and correctly captures the seasonal dissummer. Santa Cruz de Tenerife and La Laguna sites are lo-
tribution of the dust activity which peaks in summer. Dur- cated in the city of Santa Cruz de Tenerife in the vicinity of
ing the summer season, the southwest monsoon introducdke city harbor. The model captures most AODcoarse peaks
a northwesterly flow over the Arabian Peninsula bringing ex-with correlations ranging form 0.7 to 0.76. The overestima-
tremely dry and dust-laden air from the Irag and Southerntion of the dust activity in Izana is related to the calculation
Iran desertsl{u et al, 2000. We can observe high total of the AOD from sea level in the model because of the steep
AOD and low AODcoarse, mainly in the end of fall and be- topography of the island and the high altitude of the station
ginning of winter, associated with low dust activity and the not represented in the model.
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Fig. 8. Daily AOD average of model vs. AERONET stations in the Central (Lecce University and IMMA Potenza) and Eastern Mediter-
ranean (Forth Crete, Thessaloniki, Sede Boker and Nes Ziona) for 2006. Model averages (black lines) represent the dust AOD at 550 nm.
Observations include AODtotal (green circles) and AODcoarse (red circles). Each panel includes the cor®laki@s @nd root mean

square error (RMSE) between the model and AODcoarse and AODtotal.

At higher latitudes, we find Blida in Algeria and ElI 2009. The aerosol climatology at Forth Crete site is signif-
Arenosillo and Granada in the Iberian Peninsula (. icantly affected by the maritime environment with sea-salt
These sites show a frequent background associated to lowerosols constituting the background conditions. The model
AOD values. High extinctions are associated with African reproduces the daily variability of the AODcoarse at Forth
dust events which are more frequent in spring and summeiCrete, Sede Boker and Nes Ziona with correlations of 0.82,
The model reproduces the daily variability and the frequent0.76 and 0.66, respectively.
events in the region with correlations around 0.7.

In the Central Mediterranean, the AOD at Lecce Univer- 4.2 Global simulations for year 2000

sity and IMAA Potenza sites is highly affected by anthro-
pogenic pollution (Fig8). Lecce University is also affected

by fine particles originating from frequent summertime for- For these experiments, the global domain was configured
est flres_ Perrone et a/.2009. Sahara_m dust events are ob- with an horizontal grid spacing of T4 1° and 24 verti-
served in the AODcoars_e from spring to autumn and aral layers. Note that the global domain’s expected forecast
captured by the model W'.th correlations around_ Q'(.S_O‘?' Ir'resolution is 0.47 x 0.33 and 64 vertical layers. The atmo-
thg Central-Eastern !\/Iednerranegn, Thessalc_)nlkl IS Characépheric model’s fundamental time step was set to 180s. As
terized by high pollution levels being strongly influenced by before, dust advection and lateral difusion is computed ev-
regional (Central and Eastern Europe) and local urban and in :

dustrial sources as well as by biomass burnBerasopoulos ery 2 time steps, dust emission and vertical diffusion every
. . 4fti i I | ipitati
et al, 2003 Kazadzis et al 2007 Gobbi et al, 2007, Sev- time steps, and convection and large scale precipitation (as

well as dust convective mixing and wet scavenging) every 8

eral desert dust events are observed from spring to fall Whicrfime steps. The dust distribution is simulated between 1 De-
are captured by the model resulting in a correlation of 0.71. cember 1999 and 31 December 2000 usifigk 1° NCEP

In the Eastern Mediterranean (FB), dust events are re- final analyses (FNL) as initial conditions. The first month is
lated to long-range transport from the Sahara, and, to a midiscarded to remove dust spin-up effects. Meteorological ini-
nor degree, from the Anatolian plateau, Negev desert and th&al conditions are reinitialized every 24 h with a spin-up of
Middle East Dayan et al.1991; Kubilay et al, 200Q Barn- 12 h. As in the regional configuration, simulations were car-
aba and Gobbhi2004 Derimian et al. 2006 Basart et al. ried out with the GFDL radiation scheme. A tuning factor of

4.2.1 Model set-up
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2 was selected to minimize the error with respect to the ob- AOD from AERONET Sun photometers is used here as
servations. The difference in the tuning factor with respectwell. We concentrate on the monthly and annual means pro-
to the regional simulation is mainly due to the following fac- viding a comprehensive evaluation of the seasonal dust cycle
tors: differences in wind speed over sources due to the rescand we exclude the evaluation of the frequency and inten-
lution of the model, the use of a different set of observationssity of dust events. The performance of the model to simu-
(type, number, distribution and temporal resolution) and thelate individual dust events at a regional scale was analyzed

different year for each simulation. in Sect. 4.1. We use all available dusty stations with mea-
surements for the year 2000 and a climatology constructed
4.2.2 Observational data considering the multi-annual database 1996-2006. The se-

lection method for dusty stations is detailedHaneeus et al.
We evaluate monthly and annual means from a global mode(zou)_

run for year 2000 against a variety of global observations
making use of the tools developed at the LSCE within the4.2.3 Results and discussion
AEROCOM project Kinne et al, 2005 Textor et al, 2009
(http://nansen.ipsl.jussieu.ffAEROCOMMe use the AE-  We first analyze the model’s ability to reproduce the obser-
ROCOM dust benchmark data set used for global dust modelations from the 20 sites managed by the Rosenstiel School
evaluation and inter-comparison. A detailed description ofof Marine and Atmospheric Science from the University of
the observations and other global dust model evaluations caMiami and at Rukomechi, Zimbabwe, and Jabirun, Australia.
be found inHuneeus et al2011). Here, we briefly describe The model performance is assessed in terms of yearly aver-
the in-situ measurements of surface concentration, deposiages and seasonal variability (F@). Following Huneeus
tion and optical depth used in this contribution. et al. (2011 we group the stations according to their range
Monthly dust concentration measurements are used fronof measured surface concentration in remote sites with mea-
20 sites managed by the Rosenstiel School of Marine and Atsurements lower than 1 ugth (orange in FigJ9), stations
mospheric Science from the University of Mianfirospero  under the influence of minor dust sources of the Southern
etal, 1989 Prosperp1996 Arimoto et al, 1999. Dustcon-  Hemisphere or remote sites in the Northern Hemisphere (vi-
centrations are derived from measured aluminium concentraelet) and stations downwind of major dust sources (blue).
tions assuming an Al content of 8% in soil duBr¢sperp  The observations present a strong gradient between the three
1999 or from the weights of filter samples ashed at 300  groups with the largest values in stations downwind of the
after extracting soluble components with water. The mea-main dust sources and the lowest ones in the remote sites.
surements were taken in the 1980s and 1990s with differenThe overall correlation is high (0.87) in the upper range of
measurement periods at each station. We also use monthikEROCOM models luneeus et al2011) mainly because
dust concentrations at Rukomechi, Zimbabwéaénhaut the model reproduces very well the surface concentration
et al, 2000a Nyanganyura et gl2007) and Jabiru, Australia  over the sites located downwind of the major dust sources in
(Maenhaut et al.2000h Vanderzalm et al.2003. Finally, Africa (Barbados (18), Miami (19) and Bermuda (21)) and
we also use measurements from the year 2000 at Barbaddssia (Hedo (20) and Cheju (22)). The model also gener-
station and at Miami. ally reproduces the gradient between the stations downwind
The data of total deposition consists of 84 sites with yearlyof the main sources and those under the influence of minor
dust deposition fluxes not coincident with the model simu-dust sources but has difficulties in reproducing the gradient
lated year Huneeus et al2011). We first use three compi- between the latter and the remote sites mainly due to an over-
lations giving deposition fluxes over land: (1) those given in estimation of the surface concentration in remote sites. This
Ginoux et al.(2001) based partly upon measurements takenis reflected by the lower but still significant logarithmic cor-
during the SEAREX campaigriPtospero et al.1989 (2) relation (0.73). The model strongly underestimates the ob-
those given irtMahowald et al(2009 measuring iron and/or ~ servations in Antarctica (sites 8 and 9) and in Rukomechi,
dust deposition and assuming a 3.5 % iron content and (3) deSouth Africa (site 17).
position fluxes derived from ice core datdghowald et al. The seasonal variability of measured and simulated sur-
1999. We also use a selection of deposition fluxes from sedface concentration is presented as Hovmoller-like diagrams
iment traps from the Dust Indicators and Records in Terresalso in Fig.9. Each row corresponds to the monthly surface
trial and Marine Paleoenvironments (DIRTMAP) databaseconcentration of a particular station of the network. The sta-
(Tegen et al.2002 Kohfeld and Harrison2001). tions are grouped as well as low, medium and high according
Deposition and surface concentration measurements ar® their surface concentration regime and we identify each
mostly not coincident with the simulated year. We follow group of stations with a colored bar on the left side of the
Huneeus et al2011) and consider these datasets to approx-figures.
imate the present climatology of dust deposition. However, In stations dominated by dust from major dust sources,
some of these measurements do not cover a long enough pt#ie model successfully simulates the seasonal variability
riod to be climatological in a strict sense. and magnitude of the surface concentration in the American
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Fig. 9. Network of stations measuring surface concentration in the upper left panel. Names and locations for each selected station are given
in Huneeus et al(2011). In the upper right panel, yearly averaged measured surface concentration versus modeled one at each station in
pg m3. It includes the root mean square error (RMS), bias, ratio of modeled and observed standard deviatih dorrelation R).
Normalized mean bias and normalized root mean square error are given in parenthesis next to RMS and mean bias, respectively. The
logarithmic correlation is given in parenthesis nextRoBlack continues line is the 1:1 line whereas the black dotted lines correspond to

the 10:1 and 1:10 lines. Bottom panels show monthly averages of measured (left) and simulated (right) surface concentration. Each row
corresponds to the seasonal cycle at one of the stations. White color corresponds to month without measurements.

stations of Barbados (18), Miami (19) and Bermuda (10).constant values throughout most of the year mainly underes-
The simulated magnitude at these sites, while mostly overtimating the surface concentration.

estimated in periods of maximum surface concentration, is For stations labeled as low, the model overestimates the
within the variability of the observations suggesting that the concentrations throughout most of the year except for Maw-
model not only manages to simulate the dust transport acrosson (1) in the Antarctica were the concentration is underesti-
the Atlantic but also its latitudinal extent towards the north. mated for most of the months. Those stations (3, 4, 5, 6, 7)
Similarly, the model not only simulates the seasonal cycle ofare located at tropical and subtropical latitudes far away from
the dust surface concentration east of the Asian dust sourcesources suggesting an overestimation of small particles, due
(Hedo (20) and Cheju (22)) but also the long-range transporto excessive emission, inaccurate vertical transport and/or de-
of Asian dust into the Central North Pacific as revealed byposition. The model presents the same dust regime in the
the seasonal cycle in Midway Island (15). The model mostlygeographically close stations of New Caledonia (2) and Nor-
underestimates in periods of maximum concentrations in thdolk Island (12) suggesting that both stations are in the south-
East China Sea (Hedo and Cheju) and mostly overestimateast dust pathway from Australia documented in Mackie et
them at Midway Island. In general the simulated values areal. (2008), whereas the observations attributes both stations
within the variability of the measurements at these three sitesdifferent regimes. In this case, the difference between model
Note that the model successfully reproduces the annual meaand observations might be due to the climatological nature
and seasonal variability for the stations downwind of the twoof the data and the episodic nature of the dust emissions in
major source regions (North Africa and Asia) at the sameAustralia.

time, a common complex issue in global dust modeling. Fi- For stations labeled as medium, comparison with Palmer
nally the model does not manage to reproduce the seasoné@) and King George (9) in the Antartica outline under-
cycle at Rukomechi (16) in South Africa presenting relatively estimation and/or inaccurate location of South American
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Barbados (13.15N ; 59.62W) Figure 11 shows the location of the dust deposition sites
NMMB_BSGC PROSPERQ and the comparison of the model against the observations.
At most of the stations the simulated deposition is within
a factor 10 of the observations. The model mostly underesti-
mates the total deposition. At individual regions, the model
mostly overestimates the total deposition over the Southern
Ocean, South Atlantic, Europe, the Indian Ocean and at ice
core sites and mostly underestimates it in the Pacific Ocean
and the North Atlantic. The normalized root mean square er-
ror (NRMS) and the correlation (0.84) lie within in the upper
range performance of AEROCOM modelduneeus et al.

50

SCONC_DUST

| 2011).
Jon Feb Mar Apr May Jun Jul Aug Sep Oct Mov Dec We finally compare the model simulation to the clima-
2008 I tological AOD constructed from the multi-annual database
RSMASMiami (25.75N ; 80.25W) and to the data from year 2000. The AERONET stations
0L MME BSG PROSPERD are grouped according to their location into African stations

(orange in Fig.12), stations in the Middle East (pink) and
American ones (blue). Stations not belonging to any of these
groups are illustrated in black. The model is successful in
reproducing the AOD gradient observed among these three
groups for both data sets, climatology and year 2000. African
stations present in general higher AOD than the Middle East
ones and these in turn have larger values than the American
Stations. The correlation is 0.88, within the upper range of
AEROCOM models. The simulated AOD is mostly within
a twofold of the observations. The bias is slightly negative
Jon Feb Mor Apr May Jun Jul Aug Sep Oct Mov Dec mainly due to the significant underestimation in Kanpur (25).
2000 T It overestimates the AOD in Africa and the Middle East and
, , _ ) underestimates it in America. In terms of difference with
Fig. 10. Measured (blue lines) and simulated (red lines) Surfacerespect to the observations, the smallest NRMS is seen in

concentration in Barbados (upper panel) and Miami (bottom panel)

for year 2000. Standard deviation bars in blue indicate the interan-the Middle East (NRMS=0.15) followed by African stations

nual variability of the records in those locations. Units are a&m (_NRMS= 0.20) and the largest 9”8 is se_en in Amgrican sta-
tions (NRMS=0.5). In the American stations, the influence

of sea salt aerosol in the observations may be playing a role

sources. Note that strong underestimation in these station# the underestimation.
and Rukomechi (17) is a common feature in most AERO- The AOD climatology shows a seasonality characterized
COM dust modelsHuneeus et al.2017). The model re- by high AOD in Africa with maximum values from Decem-
produces the general features of the seasonal cycle at Caf@r to April in the most southern stations shifting progres-
Point (11) and Hawaii (14). In Mace Head (16) the model Sively to July till September in the most Northern African
simulates the seasonal variability during the first half of thestations (Fig.13). The model reproduces this seasonal cy-
year but does not manage to do so in the second half preserﬁle with its latitudinal shift and the latitudinal gradient of
ing relatively constant concentrations. In Cape Grim (10) theAOD with larger values in the south and decreasing towards
simulated period of maximum surface concentrations is outhe north. The model shows a tendency to overestimate the
of phase with the observed one whereas in Jabirun (13) th&OD in periods of maximum AOD and underestimates it
model presents too large monthly variability not seen in the€lsewhere. In the Middle East a yearly cycle with maximum
measurements. AOD from May/June to September is observed. The model
The model also successfully reproduces the seasonal cycimulates this period of maximum AOD but with a delay of
of surface concentration of the year 2000 at Barbados an@ne month. Again the AOD is mostly overestimated during
Miami (Fig. 10). For most of the months the simulated con- the period of maximum AOD. In contrast to what is seen
centration is within the measured variability except for the in Africa and the Middle East, the AOD in American sta-
month of July where it is overestimated at both stations. Thetions is underestimated at all stations and throughout the year.
model also overestimates the surface concentration in May afhe model reproduces the seasonal cycle of larger AOD from
Barbados anticipating the period of maximum concentrationJune to September in the Caribbean associated to the trans-
by one month. Atlantic dust transport, yet the model does not reproduce the
seasonal cycle in Andros Island (22). In Surinam (17) the
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Fig. 11. Measured yearly deposition fluxes versus modeled ones in the bottom panel; units*agrgrg*lln Location for each data point in

the scatter plot is given in the left panel. Number and letters are coloured regionally for West/East Pacific (red/brown), North/Tropical/South
Atlantic (orange/black/light-blue), Middle East/Asia/Europe (violet/purple/light green), Indian/Southern Ocean (dark green/dark blue) and
pink ice core data in Greenland, South America and Antartica. Data@mioux et al(2001)/Mahowald et al(2009/DIRTMAP/Mahowald

et al. (1999 are indicated by letters/non-italic numbers/italic numbers/lower-case letters. Root mean square error (RMS), bias, ratio of
modeled and observed standard deviatioh dnd correlation R) are indicated for each model in the lower right part of the scatterplot.
Normalized mean bias and normalized root mean square error are given in parenthesis next to RMS and mean bias, respectively. The
correlation with respect to the logarithm of the model and of the observation is also given in parenthesisfneBiaitk continues line is

the 1:1 line whereas the black dotted lines correspond to the 10:1 and 1:10 lines.
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Fig. 12. Upper panels show the location of selected AERONET dusty sites based on the climatology build from the multi-annual database
1996—2006 (left) and for year 2000 (right). Names and locations for each selected station are dgikeresug et al2011). Bottom panels

show the averaged AOD at 550 nm versus modeled one for the climatology (left) and for year 2000 (right). Root mean square error (RMS),
bias, ratio of modeled and observed standard deviatigrad correlation R) are indicated in the scatter plot. Normalized mean bias and
normalized root mean square error are given in parenthesis next to RMS and mean bias, respectively. Black continues line is the 1:1 line
whereas the black dotted lines correspond to the 2:1 and 1:2 lines.
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Fig. 13. Left panels are from AERONET observations and right panels are from model output. At the top, AOD at 550 nm at dusty stations

for the climatology, and at the bottom AOD at 550 nm at dusty stations for year 2000. Each row corresponds to the seasonal cycle at one of

the stations. They have been grouped into African (AF, orange), Middle East (ME, violet) and American (AM, blue) stations and stations

elsewhere in the world (OT, black). Each one of these groups is identified by a colored bar on the left side of the left panels. Stations are

ordered from south to north within each group. The row for each station corresponds to the numbers presentE?] iNdfige and location
of each station are given i(ineeus et al2011). White color corresponds to months without measurements or months not complying with
the selection criteria.

model does not manage to reproduce the period from Februmonths which is a feature most global models do not repro-
ary to April with larger AOD values and limits it to the month duce Huneeus et al.2011). Finally the model reproduces
of March. Finally, the model simulates the dust transport off-the year-round dust transport off Africa at Capo Verde (8)
shore in Western Africa throughout the year as illustrated bywhere in contrast to the climatology it slightly underesti-
the AOD record in Capo Verde overestimating it from Febru- mates the AOD between February and April. The overes-
ary to April. timation over Cape Verde between February and April when
) ) ] _ compared to the AOD climatology is explained by the strong
Fewer stations are included in the analysis of data for thg ear-to-year AOD variability in this region. The year-to-year
year 2000 since the number of available st.atlons for this Paryariability can be very strong over the region in February and
ticular year is smaller. The model underestimates the averaggarch as it is very sensitive to the phase of the North Atlantic
AO'D in American stations. In the African stations !t over- Oscillation (NAO). During positive NAO winters the Azores
estimates the AOD for the two southernmost stations andynticyclone intensifies and the stronger easterlies over West
underestimates it in Dakar (3). The latter feature was al-africa increase the dust load over the Atlantic Ocean when
ready observed in the evaluation of the regional model. '”compared with negative NAO winters. In year 2000, the
terms of the seasonal variability the model mostly overesti-q st |oad was very high with NAO indexes for February and
mates the AOD in Ouagadougou (1) and Banizoumbou (2arch of 4.37 and 0.54, respectively. The strong positive
from February to May but underestimates it in Dakar (3) in NAQ in year 2000 explains the overestimation of the model
September and October. In addition it also reproduces a p&jnen compared to the AOD observed climatology between
riod of high AOD in Surinam (17) but limits it to March and 1996 and 2006.
April. The model transports dust southwards in the winter
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5 Summary and conclusions ica, we expect to improve the source estimation at higher
model spatial resolution.

We present the NMMB/BSC-Dust, a new online multiscale  The tendency of the model to overestimate the very low
dust model prepared for regional and global simulation do-background concentrations far away from sources points to-
mains. We compare a regional simulation covering North-wards an overestimation of the smallest dust particles (clay)
ern Africa, Middle East and Europe to daily AOD observa- due to either inaccuracies in the size distribution of the emis-
tions from the AERONET Sun photometer network and we sjons, vertical transport and/or remov@akmur et al(2006
show that the model reproduces significantly well the daily apply separate tuning factors for the emission of clay and silt
variability and seasonal spatial distribution of the dust in theglobally to minimize the error of the model against a variety
regional domain. Correlations of the simulated against ob-of global climatological observations. In the future, we plan
served AOD are high in general and vary depending on theo optimize our global emission estimates with this method.
region. The model is particularly good in the Eastern Sub- The model simulates the annual mean dust deposition
tropical Atlantic (0.7-0.76), North Africa and Iberian Penin- within a factor 10 with respect to observations which was
sula (0.7-0.71), the Central (0.59-0.72) and Eastern Mediteralso found in the global dust model intercomparison of
ranean (0.66-0.82) and the Sahel (0.65-0.71). By comHuneeus et ak2011). The model mostly overestimates the
parison to satellite derived data, the model shows its abiltotal deposition over the Southern Ocean, South Atlantic,
ity to reproduce the dust spatial distribution in Eastern Su-Europe, the Indian Ocean and at ice core sites and mostly
dan, the Tokar Delta and the Red and Arabian seas. Howunderestimates in the Pacific Ocean and the North Atlantic.
ever it misrepresents dust sources over Eastern Niger anDust removal by stratiform and convective rain is very sensi-
the Mali/Mauritania border decreasing the AOD correlation tive to the prescribed dust solubility and other uncertain pa-
over the west coast of Africa in Dakar and Cape Verde (0.52-rameters in the model. Extensive evaluation and sensitivity
0.59). A slight underestimation in Cape Verde for year 2000tests of these processes in the model need to be performed.
is also observed in the global study. The topographic pref4n this sense, the future inclusion of chemistry in the model
erential source map used in the model does not reflect thés expected to improve the representation of dust solubility.
Mali/Mauritania Border source and in our model leads to un-As discussed itHuneeus et a(2011), data issues cannot be
derestimation of the emission. Other choices of preferentiadiscarded since deposition measurements considered in this
sources or the use of satellite derived roughness lengths igtudy are not from year 2000 and do not represent the depo-
the drag partition scheme will be the object of a forthcoming sition climatology in a strict sense.
study where we expect to improve and further understand this The model reproduces well the AOD gradient among the
aspect of the model. different dusty regions and the seasonal cycle of Northern

The global model is compared to variables with a direct African and Middle Eastern dust. We note that the model
link to the estimation of the direct radiative effect, the dust reproduces the southward displacement of the Saharan dust
impact on the biogeochemical cycle and air quality, i.e., cloud during winter in contrast to most AEROCOM models.
AOD, deposition and surface concentration. The AERO- The developments showed in this study represent a part of
COM dust benchmark data set has already been presentedlarger effort towards the development of a unified chemical
in Huneeus et al(2011) where it is used for a multi-model weather forecast system including other aerosol components
intercomparison of a total of 15 global aerosol models. Hereand gas-phase chemistdofba et al.2011).
we use four different dust deposition compilations of total In November 2011, the NMMB/BSC-Dust has started to
annual flux, annual and monthly averaged dust surface conprovide pre-operational dust forecasts at the Barcelona Su-
centration across the world and AOD at dusty sites from thepercomputing Center.
AERONET network.

The annual correlations of the model with observations are .
high (0.87 for surface concentration, 0.84 for deposition and"Ppendix A
0.88-0.89 for AOD) and lie in the upper range of the AE- . L
ROCOM model evaluation performance scores. The modétollection efficiencies
reproduces the annual mean and the seasonal variability Ol\l Rain
the surface concentration in stations downwind of the major
dust sources (North Africa and Asia) while it strongly under- 1,¢ capture efficiency of water dropld$ (Slinn, 1984 in-
estimates the dust concentration at the Antarctica stations a%orporates the effects of directional interceptidin(), iner-
fected by South American sources and at the Rukomechi st&;g| jmpaction Eimp) and Brownian diffusion £sp)
tion affected by the Kalahari desertin South Africa. Note that

the model includes a global tuning factor and that no regionalEw = Eint + Eimp+ EBD (A1)
tuning factors have been applied to correct these deficien-

cies. To improve the representation of the Kalahari desert, dr [ na /2\ 9k

the source map will be revisited. In the case of South Amer-Eint = 4= M_w + (1+2Re‘- ) D (A2)
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Eimp = [ 2/3 +} -3 (A3) where « = 2/3 and the characteristic capture length=
St— St* 100 um are set to typical values of rimed cryst@sig et al.
1997. In order to increase the computational efficiency we
4 2ed)3 a2 have also created lookup tables for the capture efficiency of
Epp = @c(l—i_ 0.4R€/2Sc/3+0.16Re"2Sc" ) (A4)  snow depending on fall speed of snow and rime factor.

whered is the particle diametel) is the raindrop diameter, acknowledgementsThe authors would like to thank the
ua is the viscosity of airuy is the viscosity of waterpais ~ AERONET program for establishing and maintaining the used
the density of air. The Reynolds number of raindr&esthe  sites. OMI and MISR averaged data used in this paper were
Strokes parameter of the collected particBisthe Critical produced with the Giovanni online data system, developed and
Strokes numbeBt* and the Schmidt number for collected maintained by the NASA GES DISC. We acknowledge the mission
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