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Abstract. We describe a model for predicting the size-resolved distribution of
atmospheric dust for climate and chemistry-related studies. The dust distribution
from 1990-1999 is simulated with our mineral aerosol entrainment and deposition
module embedded in a chemical transport model. Mobilization processes include
entrainment thresholds for saltation, moisture inhibition, drag partitioning, and
saltation feedback. For mobilization we assume soil texture is globally uniform
and is replete with saltators. Solil erodibility is prescribed by a new physically
based geomorphic index which is proportional to the runoff area upstream of
each source region. Dry deposition processes include sedimentation and turbulent
mix-out. Nucleation scavenging and size-resolved washout in both stratiform
and convective cloud types are represented. Simulations of the 1990s broadly
agree with station observations and satellite-inferred dust distributions. Without
invoking anthropogenic mechanisms, the model captures the seasonal migration
of the trans-Atlantic African dust plume, and the spring maximum in Asian dust
outflow and concentration over the Pacific. We estimate the 1990s global annual
mean and variability of> < 10 um dust to be: Emissiong490 + 160 Tgyr!;
Burden, 17 + 2Tg; Optical depth at 0.6@m, 0.030 £ 0.004. This emission,
burden, and optical depth are significantly lower than some recent estimates. The
model underestimates transport and deposition of East Asian and Australian dust
to some regions of the Pacific Ocean. An underestimate of long range transport
of particles larger than 8m contributes to this bias. Our experiments support the
hypothesis that dust emission “hot spots” exist in regions where alluvial sediments
have accumulated and may be disturbed.

1. Introduction Dust Entrainment And Deposition (DEAD) model, designed
. o ) ) for studying dust-related processes at both local and global
Mineral dust aerosol is involved in many important pro- scales. We present the underlying physical assumptions of

cesses in Earth's climate system. These processes include ¢ieAD and evaluate predictions of a 1990-1999 global nat-
rect radiative forcingTegen et a].1996, nutrient transport  jral dust simulation.

[Martin, 1990 Swap et al.1993, land-use changeNichol-

Models of the global distribution of mineral dust must
son et al, 1999, and ecosystem healttiPfosperq 1999 g

. . ) S . successfully couple the microphysical processes of entrain-
Shinn et al.2000. Simulations of the distribution of mineral ment and deposition. In global models, soil and mete-

thSt help improve ogr ﬁn%erstapdln? ﬁf the role of du§t Inorological conditions are only available at coarse spatio-
these ptrocec'jssfef, an I't et € a}vmt)rr]p these proc(:jessefsbmtpr)] éf‘nporal resolution and with great uncertainties attached.
present, and future cimates. In this paper we describe g, ot models are often differentiated by their representation

of mobilization. At least two distinct classes of mobiliza-

1Copyright 2003 by the American Geophysical Union. tion schemes exist. The simpler class parameterize mobi-
0148-0227/03/2002JD002775$09.00
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lization in terms of the third or fourth power of the wind 2. Dust Prediction
speed or wind friction speed and then impose an empiri-
cal size distribution upon the emitted dust. We call these Predicting the distribution of mineral dust in the atmos-
bulk mobilization schemes and they incluBiegen and Fung phere requires representation of source, sink, and transport
[1994; Mahowald et al[1999; Perlwitz et al.[200]. The  Processes. The source process for dust is mobilization by
more complex class use complete microphysical specificaind. Sink processes are dry deposition (gravitational sed-
tion of the erodible environment to predict the size-resolvedmentation and turbulent mix-out), and wet deposition (in-
saltation mass flux and resulting sandblasted dust emissiorfdoud and below cloud scavenging). These processes are de-
[Marticorena and Bergamefti995 Shao et al.1996 Shag  Scribed in this section.
2001. Many of the input parameters for these fully micro-  Dust is advected and diffused as a passive scalar quan-
physical schemes are not known globally, but these schemdity by the transport processes and methods used in the
have shown promising results in regional simulati@mo  host model. For MATCH, these processes include mixing
and Leslig[1997; Marticorena et al[1997. Models inter-  within the planetary boundary layeHpltslag and Boville
mediate in complexity between these two extremes, includ1993, shallow convective transportck 1994, a plume
ing the present model, are now in use at the global scalensemble method of deep convectiathfng and McFar-
[Ginoux et al, 200L Woodward 2001, Luo et al, 2003. lane 1993, and advection by large scale windRgsch
Generally, these intermediate complexity dust models uset al, 200]. These transport mechanisms are nearly identi-
microphysical parameterizations where possible, but makeal in both the MATCH and the Community Climate Model
simplifying assumptions to produce adequate global simula{CCM) versions of DEAD.
tions.

Herein we describe the physics and the mean climatology-1. Mobilization
of the Dust Entrainment And Deposition (DEAD) model in
the present climate. In this study, DEAD is implemented
as a component of the Model for Atmospheric Chemistry
and Transport (MATCH) Chemical Transport Model (CTM)
[Rasch et al. 1997, which is driven by National Center

Adequate representation of the long-lived dust burden re-
quires careful attention to the process of dust mobilization
[Schulz et a].1998. A large number of factors, many of
them poorly known on a global scale, determine soil erodi-

for Envi t Predicti NCEP vzed met | bility and dust emissions. The most important factors in-
or Ervironment Prediction ( ) analyzed meteoro 09Y ¢lude wind friction speed, vegetation cover, and surface soil

for the period 1990-199%Kpinay, 1994. Using obser- moisture content. We generally follow the microphysical

vational analyses (rathg ' tha.n predicted 'wmd) MINMIZES3ng micrometeorological approach to dust mobilization de-
meteorology-induced biases in the resulting dust distribu

vel Marti B tfil hereaf
tion, and highlights deficiencies in the model representatiori//?aO%%d byMarticorena and Bergamet(iL993, hereafter

of the mobilization and deposition processes. Quantifying D ined i h h - .
these biases helps to reveal where more study is necessary. . ust gntralne ) Into the a”T‘OSp ere originates in source
. . . .. “soils which contain the clay-sized{, < 2.5 pm) and silt-
Earlier versions of DEAD were used in aerosol assimila-

. . . sized .5 < D, < 60um) particles whose atmospheric
tion studies of INDOEX Rasch et a.2002; Collins et al, - . P .

o X residence time exceeds about 20 min (i.e., the temporal reso-
2001, 2003. A modified version of DEAD has recently been ( P

used to study decadal variations in the 30-year dust record %ﬁtion of the host model). However, clay and silt-sized parti-
Rt es are not directly mobilized by the wind because cohesive
BarbadosIlahowald et al, 2003, the mean climatology of S ! y 'z y w us SV

. . . . forces (e.g., capillary and electrostatic) bind these particles
a 22—y¢ar time serlgﬁgo etal, 2009, and interannual vari- tightly to the soil. Laboratoryljersen and Whitgl 983 and
ability in current climate dust productiodghowald et al,

. - . field [Shao et al.1994 wind tunnel studies show that dust is
2003. " Studies .Of the PRIDE and ACE-Asia field experi- primarily injected into the atmosphere during the sandblast-
ments are ongoing.

_ 4 ) _ ~ing caused by saltation bombardmeaAtfaro and Gomes
Section2 describes the physical basis and formulationogg1. Grinj et al., 2004. Sandblasting refers to the disag-

of the dust entrainment and deposition model. SecBon gregation and ejection of clay and silt particles by saltating
presents the 1990-1999 simulated dust climatology and glokahd-sized particlesX, > 60 um).

budgets. Sectiod evaluates the simulated dust climatology
with station observations of dust concentration, deposition
and optical depth. Sectidimsummarizes our results and their

implications for future research.

The first steps of the source scheme are therefore the pre-
diction of saltation events and their intensity. The condition
for saltation initiation is that the turbulent drag of the sur-
face atmosphere dissipates enough momentum to overcome
the gravitational inertia of sand-sized patrticles. The solution
of the boundary layer turbulence problem provides required
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surface drag properties in the form of the modeled wind fric-the Owen effect, and moisture inhibition. First, a drag par-
tion speed:.. To obtain au, suitable for dust mobilization, tition parameterization is applied to represent the sink of at-
DEAD re-solves the boundary layer turbulence problem in-mospheric momentum into non-erodible roughness elements
dependently of the host model (i.e., MATCH) using bound-[Raupach 1993. We consider two roughness lengths per-
ary conditions more suitable for dust producing regions. Theinent to dust emissions from erodible surfaces. The first
surface roughness length in dust producing regions is set tis the aerodynamic roughness length of the bare ground in-
the globally uniform value ot ,,, = 100 um, a value more  cluding the non-erodible elements such as pebbles, rocks,
typical of erodible soil beds(illette et al, 1997 than the  and vegetation. This is traditionally known as the rough-
large scale roughness lengths for bare grougg,(~ 5cm) ness length for momentum transfey,,,. The second rough-
used in general circulation models [e.Bgnan 199§4. We ness length is the so-called “smooth” roughness length,
obtain the kinematic and thermodynamic properties of thgMarticorena and Bergamettil993. zj ,, is the roughness
boundary layer by assuming that the surface and atmosphetength of a bed of potentially erodible particles without any
constantly adjust surface heat, vapor, and momentum exaon-erodible elements. Wind tunnel experiments over uni-
changes in order to maintain thermal equilibrium with the form beds comprised of known particle sizes show that
radiation field Bonan 1994.

z5 ~ D/30 (2)

,11

2.2. Threshold Friction Velocit
Y We use globally uniform values fap ,, andzg ,,, of 100.0 um

The mass flux of saltating particl€s (see Equationl0),  and33.3 um, respectively. Fron®), this corresponds to par-
below) depends on the excess of the wind friction speed ticle beds of particle area-mean sizeldf~ 1 mm.
over.the threshold Wi'nd friqtion speed for saltatiap,. The The efficiency with which drag is partitioned between
relation between soil particle size and; has been mea- grqdiple and non-erodible soils is expressed as an increase

sured in wind tunnelsgagnold 1941 Greeley and Iversen ¢ in the threshold friction speed for saltatian, [Marti-
1985 Shao et al.1996 Batt and Peabody |11999. Iversen  grena and Bergamefti 995

and White[1987 developed a semi-empirical parameteri-
zation of this relationship in terms of the threshold friction In(20.m/2 1) -1
Reynolds numbeRe,; = u.;D/v wherev is the kinematic fa = [1.0 — ( e ﬂ 3)
viscosity of air. DEAD employs this parameterization in the In{0.35[(0.1/2§ ,,)%8]}
computationally amenable form

The second process which modifies and . is the
_7y\71/2 Owen effect—the positive feedback of saltation upon sur-
0.1666681p,gD 6x10~7 —1/2 .
wn(D) = {_1+1.928Re2-t0922 (1 + prgD“ﬂ P face roughnessmlength and%été&p@ n 1964.
* — . 1 .
0.01440-aD(1 — 0.08580—0-0617(Re.,—10))2 Ef:\ ed-xanfiglt measysements at O s Dry ake, Califor-
[ Prg D ¢ ) ia, Giliétte al.f199§ found that thé' increase in wind

. . . . friction speed due to saltation varies quadratically with the
ExpressionY) is arranged so that all the microphysical prop- differencz between the 10 m wind spe[?ég) and the ¥hresh-

erties are in the first term on the right hand side. This term )
contains all properties determined by soil size and densit;pld wind speed at 1011, as

and thus needs to be evaluated only once (at model start) for w = w4+ 0.003(Usg — Usgy)? (4)

a given saltating particle size. The''/2 term is the same oS * ’

for all particle sizes, but depends on ambient, time-varyingThe Owen effectAu, = U, s — ., affects only the saltation
environmental conditions. Sind®e., is defined interms of  fluxes and does not affect heat, moisture, and momentum
., (1) is an implicit definition ofu. which must be solved  exchange in the large scale host model. This approximation

iteratively. will be removed in future versions of DEAD.

The optimal particle size for saltatioR, occurs where Finally, the inhibition of saltation by soil moisture is ac-
u IS at @ minimum. Solutions tal) show that, for typi-  counted for by increasing, in moist soils. A number of
cal conditions on EarthD, ~ 75pm [lversen and White  jnvestigators have created simple parameterizations which
1983 Following MaB95, we assume all soils in erodible account for the increase kat with soil water Be”y' 1964
regions contain particles of siZg, so that saltation is initi-  pye 1987 Gillette, 1988 Selah and Fryrear1995 Shao
ated whenevet.. > u.(Do). To accelerate solution of), et al, 1996 Fecan et al, 1999. We adopt the parameteriza-
we computeu. (Do) using the non-iterative parameteriza- tion of Fecan et al[1999 who used measurements to spec-
tion for Re,, introduced in MaB95. ify free parameters in the adsorptive theoryMéKenna-

Three processes modify, andu.: drag partitioning, Neuman and Nickling1989. In our model, the capillary
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force suppresses dust deflation when the near-surface sdilstead, the vertical flux of fine dust is dominated by a sec-
gravimetric water contenty exceeds a threshold; deter-  ondary process called sandblasting, which refers to the re-
mined by lease of small particles by large particles in saltati@oifnes
et al, 19970. Sandblasting and disaggregation of small clay
wy = a(0.17Meay + 0.14M3, ) (5)  and silt-sized particles from the surface and from larger par-

h h hetical f is directly fraFé | ticles during saltation is strongly sensitive to the size distri-
where the p"%fe”t etical factor Is directly rcﬁncan etal.  pution of saltating particlesShao et al.1996 Grini et al.,
[1999 and a is an ad hoc factor chosen to improve model 2007

simulations. The increasg, in threshold friction velocity
for saltationu., due to soil water isffécan et al. 1999

1 w§wt6 3 2
{¢1+1.21[100<w—wm0~68 v Q = %@‘u*t)(”u*t) (0

g U 5 U

DEAD simulates the total horizontally saltating mass flux
of large particle), according to the theory ai/hite[1979

fuw

In these simulations, the CTM uses upper layer volumetric

soil water contené m® m—3 interpolated from the 6-hourly Where,cs = 2.61, p is the atmospheric density,. is the
NCEP/NCAR reanalysis data. It is necessary to convert thavind friction speedy is acceleration of gravity, and. is
NCEP volumetric water conterftto the gravimetric water the threshold wind friction speed. This relationship assumes
content (dry mass basis)kg kg~! used in 6) and ). This  linearity between the vertical mass flux of saltators and the
requires knowledge of the volume of air (pores) per unit vol-wind friction excesss. — u., an assumption borne out by
ume soil. We assume that the volumetric water content of thé&nicrophysical saltation models as well as wind tunnel stud-
soil at saturatiord, m? m—3 equals the porous volume of air ies [White 1979. DEAD assumes that tot&); (10) is deter-

in dry soil, i.e., soil is saturated when all interparticle poresmined solely by the threshold friction speed for the optimal
are filled with water. Under this assumption, the equivalencedarticle sizeu.(Do) (1). More detailed models predict a

betweery andw is size-resolved); [Shao and Lesliel 997 Marticorena et al,
1997, but this requires global knowledge of the parent soil
s = 0.489 — 0.126 Manq @) texture.
pod = pp(l.0—16y) (8) The horizontal (saltation) mass flé¥; (10) is converted
w = 0p/pva (99 a vertical dust mass fluky with an efficiencyx, called

the sandblasting mass efficiendlfaro et al, 1997, i.e.,
where M, kgkg™! is the mass fraction of sand in the Fq = a@Qs. Observations reveal thdt; exhibits high sen-
soil [Bonan 1996 Global Soil Data Task1999, p, = sitivity to parent soil texture$hao et al. 1993 and wide
2500 kg m~2 is the mean soil particle densigy, = 1000 kg m—3 scatter with increasing.. [Alfaro and Gomes200%, Grini
is the density of liquid water, angh, o kgm~—3 is the bulk et al, 2004. DEAD adopts the size- and drag-independent
density of dry soil. Thus sandier soils have smallefor a o parameterization of MaB95
givend.

The NCEP soil moisturev usually exceeds 0.1tm—3
over active dust emission regions all year long. We have . . . .
- . . . where the mass fraction of clay particles in the parent soil
found empirically that setting = 5 in (5) gives reasonable

results in global scale models driven by NC&zPThe NCEP IS .restr|cted tonay < 0.20. The sandblasting mass ef-.
; . : ficiency « (11) increases by nearly three orders of magni-
0 is only available at two model layers, every six hours,

. . . h il h frdfm,, = 0.
and is based on a soil texture, hydrologic model, and preEUde as the parent soll texture changes fibf,, = 0.0

cipitation fields that differ from those employed in DEAD (sand) t00.20 (sandy loam). This parameterization yields

and MATCH, respectively. This inconsistency is a potential reasonable results when applled n regl_ona_l qu\dhsr_ﬁ-
corena et al. 1997 where soil characterization is reliable,

cause Of bias in our results. Embedding DEAD n a hOStbut proves overly sensitive td/.,, in our global model.
model with a consistent land surface representation reMOVes, .\ fore we use a globally uniform value bf 0.2
clay — Y.

this inconsistency. to determinex in (11). Without this assumption, dust emis-
sions, burden, and optical depth would be 2—-15 times higher
in East Asia relative to North Africa, significantly degrad-

Primary dust production, i.e., the direct mobilization of ing the fidelity of the simulation. This assumption will be
small particles by wind, is negligible on Earth becauserelaxed when more reliable global erodible soil datasets be-
u.t(D) (1) is usually too largeGreeley and lverseri983. come available.

a = 100exp[(13.4M1ay — 6.0)1n10] (11)

2.3. Saltation and Dust Production
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Currently we use the IGBP soil texture dataggtgbal
Soil Data Task1999. This dataset has less clay in the Sa- _ _
haran region of Africa than the soil datasetWebb et al. D, D, Og M
[1993. The sandier IGBP soils have a reduced threshold for pm pm  fraction fraction
evapotranspiration, and consequently allow drier surfaces. 016 0.832 210 0.036

DEAD assumes that saltation leads to dus_t production 319 482 1.9 0.957
wheneveru, > u.;(Do) over bare ground. This assump-
tion means that soils depleted in particles of si2g will 100 19.38 1.6 0.007
begin saltation at unrealistically low wind friction speeds.

The physics of entrainment in global dust models differ ~*Background dust mode & Aimeida[1987
significantly. Itis helpful to summarize the basic differences
so that the origin of inter-model differences may be under-.

. : } is close to thes, = 2.0 found to produce good agreement
stood. Many earlier studiésenthor{1993; Tegen and Fung in visible optical depth with satellite observatiorSchulz
[1994; Mahowald et al[1999 basedF,(D) on a cubic or P P

; X L ; X etal, 199§.
quartic relationship with wind spedd. A uniform thresh- ) ) )
old wind speed/; was commonly usedWoodward[2007] The hogt mod_e_l carries dust in transport bins. T_he
predicts a saltation flug,(D) (10) for each dust size class Number./ is empirically chosen to balance computational
by assuming the saltation layer mass distribution equals thEeSources against desired accuracy in the prediction of dust

parent soil mass distribution. These horizontal flugesD) ~ Particle number, surface area, and volume (mass). As a bin
are converted to vertical fluxes using the local soil clay con-T€thod, this procedure converges to an exact representation

tent as in L1). Ginoux et al[2007 do not explicitly model of transport of the source modes Asncreases. The mass

saltation. Instead, they apply a size-dependent threshold vdfaction of each source modethat is carried in each sink
locity w.. for dust particles (rather than saltation-sized par-({ransport) binj is the mass overlapf; ;. Since the mass in

ticles) which decreases with decreasing particle size. In efthe source modes is assumed to be lognormally distributed,
fect, the wind directly entrains dust-sized particles into the"€Mi,; are Bchulz etal.1994

Table 1. Tri-modal Size Distribution in Source Region$

atmosphere. This allows small dust particles to be entrained ] (D D
by weak wind events, relative to wind tunnel observations M;; = = |erf I (Dinai/Dv.i) |
[Ilversen and Whitel987. 2 V2Inog,
In Dmin j Dvi
2.4. Particle Size Distributions erf (“/)ﬂ (12)
V2 In Og.i

DEAD uses a bin-method to independently transport dis- ] .
crete, non-interacting, size (mass) classes. Each bin has y¥hereerf is the standard error functiomin ; 8nd Dinax. j
independently configurable sub-bin distribution which al- are the minimum and maximum diameters of piandD, ;
lows more accurate treatment of particle number and optiando,,; are the mass median diameter and geometric stan-
cal properties when the number of transport bins is smalldard deviation of the source modes (TableThe total trans-
The number of transport bins is arbitrary, limited only by ported mass fraction of the source mode$ i ° M; ; =
the computational requirements of the model. A|th0ughM If all of the mass in thd source modes is contained in
the entrainment of mineral dust aerosol is initiated by thethe size rang€Dinin 0, Dmax,s] thenM = 1. In the present
saltation of sand-sized particles, only particles with sizesstudy,0.1 < D < 10.0um and)M = 0.87. The residual,
Dp < 10pm reside in the atmosphere |0ng enough to travemon-transported mass (i.e., 13%) is almost all in the coarse
significant distances downwind. The vertical dust flix =~ mode centered &9 um (Tablel) which is not important for
obtained from {0) and (L1) is assumed to be size-distributed long range transporichulz et a].1994.
in an analytic, tri-modal lognormal probability density func-  Within each transport bin, particles are assumed to have
tion (PDF) which is globally uniform. This PDF comprises an analytic, time-invariant, sub-bin distribution. While the
the “Background” modes of dust suggestedylmeida  absolute mass in each bin changes every timestep due to
[1987. These three modes are hereafter called the sourcsize dependent source and sink processes (e.g., sedimenta-
modes. Tablél lists the parameters of dust in the sourcetion), the assumed sub-bin distribution within each bin never
regions. Shown are the number median diam&tgrmass  changes. Figuré shows the simulated transported size dis-
median diameteD,,, geometric standard deviatiery, and  tribution at Barbados for July. Approximately 80% of the
mass fractionV/ of each mode. Note that the middle mode, transported mass is in sizés > 2.5 um in African source
which dominates long range transport, bas= 1.9, which  regions. Sedimentation and preferential scavenging of large
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Number, Surface Area, Mass the sub-bin distribution is not important, since physical pa-
1.0} ' | L rameters do not vary greatly across the bin width. Sub-bin
~ 0.8 E distribution is important whery is chosen to be small for
€ 0.6 g computational efficiency. = 4 in the present study). The
w ot analytic sub-bin distribution allows accurate prescription of
T physical properties known to vary significantly across the
€ 0.2 * bin width. For example, the visible mass extinction coeffi-
0.0 cient, varies betweein25-3600 m? kg~! for dust particle
1.0F sizes0.1 < D, < 1.0pum. The value used for the entire
™ o8l bin is ¢, = 2893 m? kg1, corresponding to extinction by
€ } monodisperse particles of siZe= 0.37 or 0.84 pm.
© 0.6 . . . . . . .
" : All tlme-mdependen_t size-varying prppemes _(gxtmcuon,
3 04r scavenging cross-sections, sedimentation velocities) are com-
%0 0.2 F puted on a high resolution size grid, then weighted by the
o0l appropriate sub-bin distribution (surface area for extinction,
volume for sedimentation), and then integrated to bin-mean
1.0F ‘ ‘ ‘ : . i X
. : ‘ ‘ ‘ ] values. The bin-mean value shown in TaBles used in all
TE 0.8 7 7 successive timesteps. The bin boundaries at 2.5 anqui®.0
G 0.6F 1 facilitate comparison with U.S. PM2.5 and PM10 standards.
T 0.4f 1
?:Z ozl | NG 2.5. Optical Properties
0.0t i : : ] Optical properties of mineral dust are required to compare
0.1 1.0 10.( modeled dust distributions with remote sensing data, and

Diameter D (um) to predict radiative feedbacks from dust in coupled models.
There is great uncertainty in mineral dust optical properties
Figure 1. Predicted normalized size distribution at Barba- for many reasonsJokolik et al, 2001). For instance, long
dos in July. Transport bins are separated by dashed verticghnge transported mineral dust is generally not a pure crystal
lines. Solid curve shows prescribed sub-bin number, surfacge g., quartz), but rather an internal mixture of many miner-
area, and mass distribution. als [e.g.,Pye 1987 which is regionally dependent. More-
over, transported dust undergoes chemical processing by
gases and other species leading to coated, multi-component
particles (see Tabl8 below) has reduced the mass in the aerosols in the long range modegntener et a.1996. As a
silt bins relative to the clay bins during transport, but the result, treating dust measured in different regions with differ-
assumed sub-bin distributions of number, surface area, anght techniques leads to large uncertainties in radiative forc-
mass have not changed. Only 50% of the mass remains ifhg [Sokolik and Toon199§. Fortunately, the total extinc-
silt sizes at the surface in Barbados. As discussébirthe  tion coefficient of dust is much less uncertain than the indi-
transport~mode of African dust has recently been eStimatGQiduaJ scattering and absorbing components of dust, espe-
as aboutD, = 3.5 um or larger Reid et al, 2003. cially at visible wavelengths. In this study we use the visible
We employ the long range transport mode observed byndices of refraction for dust measured Bgtterson1981],
Shettle[1984 (D, = 2.524pm), as modified bySchulz  n = n,+in; = 1.56+0.0038i at 0.63um. This is very close
et al.[1999 (o, = 2.0), for the sub-bin distribution of all ton = 1.56 4+ 0.0033i at 0.625um measured in Afghanistan
transport bins. Thus the modeled dust transport is the mogSokolik et al. 1993. It is, however, generally more refrac-
realistic for the long range transport mode, exactly where itive and absorptive than annual mean values at |(né -
is most important. Tabl@ lists the size grid, sub-bin dis- ferred from AERONET measurementsdlben et al, 1999
tribution parameters, and bin-mean physical properties foat dusty stations (Bahrain, Saudi Arabia, Cape Verde, Ban-
the J = 4 transport bins used in the model. Shown areizoumbou, Ougadougou, Barbados, and Mongolia) where
minimum sizeD,,;,, maximum sizeD .., volume median  1.43 < n, < 1.56 and0.001 < n; < 0.0027 (O. Dubovik,
D, and geometric standard deviatiop of sub-bin distribu-  personal communication, 2001). The AERONET values ap-
tion, specific (i.e., per unit mass) numhd’, surface area pear to be influenced by aged dust with a significant water
S, scatteringy, extinction ., and mass fraction of en- or organic component, and do not necessarily represent dry
trained and transported dusf;, in each bin. For large/ dust itself, the focus of this study. The specific scattering and
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Table 2. Transport Bins and Sub-Bin distribution Parameters?

Bin Duwin  Dmax Dy 0 N S Vs VYo M;
pm um pm #kg ! m? kg~! m? kg~! m?kg~t %

1 0.1 1.0 2524 2.0 3484+ 15 3.464+03 2.834+03 2.893+03 3.2

2 1.0 2.5 2524 20 2138414 1.471+03 7.779402 8.350+ 02 17

3 2.5 5.0 2.524 2.0 2205413 7.107+02 3.343+02 3.825+02 41

4 5.0 10.0 2.524 2.0 3.165+12 3.741+02 1.7056402 1.961+02 38

3Interpret3.484 + 15 as3.484 x 1013,

extinction coefficients that result for each size bin of dust ards the snow-covered fraction of ground, aAg is the frac-
shown in Table2. tion of ground covered by vegetation.

The adequacy of these optical properties for the present Vegetation acts to constrain mineral dust emissions in
purposes is confirmed by comparison to in situ estimates ofmultiple ways, which is why vegetation is a primary strategy
the scattering properties of long range transported Africarto reduce soil erosion [e.gNicholson et al. 1998. First,
dust. Li et al. [19969 measured the specific scattering ef- standing vegetation and litter compete with bare ground as
ficiency of ashed Saharan dust at Barbados tajbe= sinks for atmospheric momentum. This drag partitioning re-
770m?kg~! at 530 nm. Since dust is about 130% of ashsults in less drag on the erodible component of the surface
by weight, this is equivalent tg, ~ 590m?kg—! for dust. =~ [Raupach1994, because the canopy acts as a windbreak for
Maring et al.[200Q estimatey), = 610 = 100m?kg~' at  the surface. Second, plant shade and root systems are effec-
550 nm for dust in Barbados. For comparison, the July mearive at trapping soil moisture [e.dHillel, 1982. This plant-
dust distribution shown in Figurehasy, = 720m?kg~—'at  induced soil moisture constraint is implicitly accounted for
550 nm. The modeled scattering efficiency of long range Saby (6). We assume that vegetation acts to constrain dust by
haran dust is thus about 20% too high, but close to the medinearly reducing the fraction of bare sail exposed in a
surement uncertainty. The inefficient long range transport ofyridcell.
large dust particles, previously mentioned, contributes to this
bias since the visible specific scattering efficiency decreases Ay = min[1.0, min(V, V;)/V{] (14)

with increasing particle size fap > 1 um. ) ) .
whereV is the vegetation area index, the sum of the (one-

sided) leaf plus stem area index. Thdg = 0 for V =
om*m=2 and Ay = 1 for V> V,. The threshold
Many significant dust plumes emanate from completelyfor complete suppression of dust emissions is setite=
barren regions, e.g., the Sahara desert or Saudi Arabigh3m*m~2, a reasonable value based on previous studies
peninsula. There are, however, significant sources of dust ilMahowald et al. 1999. We use a global vegetation dataset
semi-arid regions where vegetation may act as a primary dug¥hich supplies monthly leaf area index derived from 1 km
constraint, e.g., the Sahdldgen and Fungl995 Mbourou satellite datalKergoat et al, 1999 Bonan et al.2003.
et al, 1997. Moreover, significant amounts of bare ground A similar constraint is imposed for the horizontal frac-
exist in temperate regions where dust emissions are minition of ground covered by snowi,, and thus unavailable
mal. It is therefore important to account for emission con-for dust entrainment. Snow coverage is derived from the
straints by vegetation and by snow. The fraction of bareliquid water equivalent snow depth provided by the anal-
soil exposed in a gridcell,, and thus suitable for mobi- yses (or model). We assume the bulk density of snow is
lization is the maximally overlapped product of the fractions p, = 100 kg m~3, a reasonable value for fresh, non-packed
of dry ground, non-snow-covered ground, and non-vegetatednow Wiscombe and Warrerd98(Q which is most relevant

2.6. Land Surface and Geographic Constraints

ground to dust emissions constraints.
Am = (1-A-A)1-A)1-Ay) (13) ho = hip/ps (15)
Ay = min(h/hs, 1.0) (16)

where A, and A,, are the fractions of land covered by lakes
and wetlands, respectivelZpgley 1991, Bonan 1999, A, whereh is the geometric snow thickness ahd = 0.05m
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is the thickness for 100% snow covera@®han 1999 and  cation or mean relative humidity), does conceal weaknesses

dust suppressiorid). in the model physics and/or boundary datasets. These ques-
Satellite-based retrievals of proxies for absorbing aerosotionable sources may be actual dust sources that do not show

over land have revolutionized our understanding of minerallp in TOMS imagery due to weak strength, low absorption

dust emission constraints. As suggested by J. M. Prosperd}dex, or thick boundary layersierman et al. 1997 Torres

the TOMS absorbing aerosol indeldrman et al, 1997  etal, 1998 Mahowald and Dufresn€004. They may also

provides strong evidence that climatologically strong dustoe dormant or potential sources which are close to activation

emission regions, so-called “hot spots”, coincide with topo-0r are anthropogenically constrained in the present climate.

graphic depressions where alluvial sediments have accumu- ]

lated [Gillette, 1999 Prospero et al.2003. Ginoux et al.  2-7- Dust Entrainment

[2007 parameterized this hypothesis in terms of a source  gymmarizing the physical processes described in the pre-

erodibility factorS, defined as the fifth power of the ratio of ceding sections, the total vertical mass flux of digg into
the local height above a regional minimum height to the totalansport binj is ’

elevation range of the surrounding® x 10° region. This

definition of S does not replicate the hydrological definition !

of an alluvial basin because it is based on a discontinuous Faj = TAnSaQs) M (17)
function of elevation rather than on hydrological channels i=1

for surface runoff. where the summation is over tHe= 3 source modes. A

Our time-independent erodibility factor is also based onglobal tuning factor,T", is chosen to give a reasonable cli-
the alluvial sediment/disturbance hypothesis, but representsiatological simulation. The global medry ; depends on
the hydrologic processes involved more realistically. Wethe horizontal and temporal resolution of the model primar-
guantify S as the upstream area from which sediment transily due to the non-linearity of), with wind speed. These
ported in surface runoff may have accumulated. We comsimulations sef’ = 7.0 x 10~4, resulting in a global annual
puted this upstream area from a Digital Elevation Map (NGDeéntrainment of about 1500 Tgyt of fine dust © < 10 pm)
TerrainBase 5 minute resolution) using the two step proceinto the atmosphere.
dure described idenson and Dominguyd 989. Since esti-
mates of surface runoff are explicitly not includeddnwe  2.8. Dry Deposition
call this S a geomorphic, rather than topographic or hydro-
logic, erodibility factor. A complete description and inter-
comparison of the geomorphic and other erodibility factors
is presented iZender et al[2003. Use of a spatially het-
erogeneous, whether ours or that dbinoux et al.[2001],
dramatically improves the spatial correlation of simulate
emissions with TOMS satellite indices of absorbing aerosol
relative to simulations with no erodibility factoZzgnder
et al, 2003.

Without correction DEAD predicts some small, geograph- Vg = (
ically disparate sources where all the criteria are m&j (
but where satellite data do not show climatologically strongwhere the slip correction factd@r. and the drag coefficient
dust burdensHrospero et al. 2003 and surface data are Cp are given bySeinfeld and PandigL997. In generalC'p
lacking. These questionable “hot spots” are concentrateds a function ofv, so (18) is an implicit equation fow,. An
along or near the coasts of Greenland, Hudson’s Bay, Northiterative solution to18) is straightforward but too time con-
ern Siberia, and Northern Europe and are highly dependerguming for large scale atmospheric models. The following
on the land cover (vegetation) dataset employed. These p&tokes approximation provides a solution.
lar sources would not contribute much to dust loading, as For Reynolds number&e < 0.1 particles obey the
they are generally washed out very quickly, but they canstokes settling velocityig;
contribute up to 5-10% of surface fluxes. Rather than al-
lowing these dubious sources to influence our global simu- ug = D?ppgC (19)
lations, we removed them by zeroing the erodibility factor 18u
S along coasts and north of @4. Ruling out apparently
spurious sources in a model usiad hoccriteria (e.g., lo-

The simulation of dry deposition of mineral aerosol par-
ticles requires accurate specification of the gravitational set-
tling and turbulent mix-out of particles ranging fraiml <
D, <10.0 um.

d 2.8.1. Gravitational Settling Particles are assumed to
§ettle gravitationally at their terminal velocity, and to
reach this velocity instantaneously.

4gDC.py ) 12

Ty (18)

wherey is the dynamic viscosity of air. The present study
is limited to the size range 0.1 to 1Qufn, where the Stokes
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velocity us; is an excellent approximation to the terminal by nucleation scavenging, which accounts for particles be-
velocityv,. However, the Stokes velocity overestimates sed-coming embedded in raindrops. Particles beneath precipi-
imentation by more thaih0% for D > 20 um. The model is  tating clouds are susceptible to sub-cloud scavenging (colli-
capable of simulating saltation and dust production of parti-sion scavenging), which accounts for collection of particles
cle sizes up to about 10Q0n. For large particle sizes, we by precipitation. Nucleation and sub-cloud scavenging are

define a time-invariant Stokes correction faatgy; as each treated separately for convective and for stratiform pre-
cipitation.
Cst = wvg/ust (20) Evaporation of stratiform precipitation releases scavenged

heC: . d % f . | icles | dust in direct proportion to the mixing ratio of dust in the
TheCs, correction exceeds 10% for mineral particles arg(':‘rprecipit(":ltion and the local rain evaporation rate. The evap-

than45 pum. At gtartup, the model computé (D, po, To) oration tendency is consistent with the hydrologic cycle of
(2(.)) for eac_h slze f"‘t a temperature and pressure represethe coms Hack et al, 199§. In reality, scavenged dust re-
tative %f ar(ljd eri)smn Ir{eglfjl'ﬂs on dE?rth (currengly 19: mains scavenged within hydrometeors until complete evap-
1000 mb an To = 295 .)' € model computess; (, ) oration occurs. Thus our evaporative tendency is expected
every timestep and appllgs the time-invariant correction facis overestimate the source of dust at lower atmospheric lay-
tor Cs:(D, po, To) to obtainu. In this manner the iterative ers in cases where not all precipitation evaporates, i.e., virga.

solution to (8) at ever.y timestep is avoided. o Evaporation is a significant source of dust in some regions.
2.8.2. Turbulentmix-out Turbulent deposition is treated(see Figureic).

using the resistance-in-series method [eWesely 1989.

" . Cloud aerosol interaction and scavenging are treated us-
The turbulent deposition velocity

ing the method oRasch et al[200] with modifications.

1 Wet scavenging processes are treated with mass mean, path-
vy = — 21 i i ciarts, m2 ka1 defi
t ra 1 75 1 raroly (21) normalized scavenging coefficients; m* kg~* defined such
that
where the aerodynamic resistance through the constant flux dM.
p

layer r, accounts for local stability effects using similarity
theory as irBonan[1994. While r, is independent of par-

ticle size, the quasi-laminar layer resistangelepends on a whereM,, kg m~2 is the gridcell aerosol mass pathjis the

o = —APuAuM, (23)

particle’s microphysical characteristics horizontal fraction of the gridcell over which the scavenging
1 process occurs, aniy; kgm—2s! is the rate of interac-

r, = (22)  tion with the scavenging droplets. Nucleation scavenging

“*(5072/3 +1073/5Y) occurs through the entire vertical domain of the fraction of

the gridcell occupied by the appropriate (convective or strati-
form) cloud type. For nucleation scavengitig, is the local
rate of conversion of water vapor to droplets (condensation)
andA,; = 0.10 for all size classes for both stratiform and
8onvective rain. This is identical to the sulfate nucleation
Scavenging representation dRdsch et al. 2000, except
that we allow dust nucleation scavenging in frozen clouds.
These modifications to the sulfate scavenging procedure in
MATCH are intended to account for the hygrophobic nature
of mineral aerosol, as well as its potential role in forming
ice nuclei Pruppacher and Kleft197§. The present sim-
ple formulation of nucleation scavenging must be viewed
as atemporary procedure while more microphysically-based
methods involving aerosol composition and CCN activation
Wet deposition or scavenging of particles by water issuitable for large scale models are investigated [&lgang
the dominant deposition process for small dust particles be€t al, 200Q.
cause dry deposition processes are very inefficientfot The treatment of sub-cloud scavenging partially accounts
2 um, i.e., the accumulation mode [e.&einfeld and Pan- for effects due to vertical cloud structure and to aerosol size
dis, 1997. The model distinctly treats four types of wet de- and hydrometeor size distribution. For sub-cloud scaveng-
position: Particles in precipitating clouds may be removeding, A in (23) is the maximally overlapped fraction of the

The Schmidt numbefc in the denominator accounts for
Brownian diffusion and is dominant fd? < 0.7 um. The
Stokes numbeBt accounts for inertial impaction and be-
comes important foD > 5 um. The resistance to particle
or gaseous diffusion across the quasi-laminar layer to a soli
surface is proportional t6c~2/3 [Slinn et al, 197§. The
rate-limiting resistance for turbulent mix-out of accumula-
tion mode particles is}, for all wind speeds. For coarser
particles O > 2pm), r, is the limiting resistance for weak
wind speeds, but, becomes the limiting resistance &s
increases above about 5 m's

2.9. Wet Deposition
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sumed to adhere to globally uniform lognormal size distribu-

Table 3. Sub-Cloud Scavenging Efficiencies tions with number median diameters of 1000 andd@Qre-

Convective Stratiform spectively, and geometric standard deviations of= 1.86,
Diameter Theory DEADP  Theory DEAD as inDana and Hale$1976. The overbar in the\ ,; symbol
pm mkg™' m?kg™' m?kg™! m’kg~! indicates that all of the tabulated efficiencies have been nor-

01-10 7T6l—5 200—2 247—4 3.00—2 malized by the precipitation intensity, kg m-2s L This

procedure resultd; < 0.01 for clay-sized dust particles.
10-25 410-3 500-2 853-3 1.00-1 These smallA ;; may be contrasted with empirically deter-
25-50 1.05-1 105-1 197—-1 197-1 mined values of\,; closer to0.1 employed in some global
5.0-10.0 268—-1 268—1 478—-1 478-1 models Balkanski et al.1993 Rasch et a].2004.

The Aj; used by DEAD forD > 2.5 were picked to
aTheoretical values computed asSeinfeld and Pandii1997 provide more realistic simulations of long-range transported
dust. These\,, are larger than the theoretical values ob-
tained from R4) by a factor of about 200 (for bin 1) and
10 (for bin 2). The extremely small sub-cloud scavenging
product of cloud fraction and precipitation rate of all grid- efficiency of accumulation mode aerosol [see discussion in
points above the given gridpoint, whife,; is the appropri- ~ Seinfeld and Pandjsl997, when applied without modifi-
ate (convective or stratiform) precipitation rafegfsch eta).  cation to dry-sized dust particles in global models, appears
2000. The model accounts for the strong dependence ot0 lead to unrealistically long lifetimes. It is possible that
sub-cloud scavenging on both the aerosol and precipitatiofust particles in humid regions are swelled internally (e.g.,
size distributions which arises from the interaction of theSmectites) Pruppacher and Kleft1978, coated with water
constituent processes of Brownian diffusion, interception[Hanel 1976, coagulated with other aerosols, or aspherical
and impaction [e.g.Dana and Hales1976. The contri-  in shape so that their effective size during transport is larger
butions of diffusion, interception, and impaction to the pre-than accounted for by the model. These mechanisms would
cipitation collection efficiency is modeled following§ein- increase particle interception and impaction efficiencies in
feld and Pandig1997. The sub-bin distribution of parti- (24) and hence help to reconcile the discrepancy between
cles within each transport bin is as describedMl As theoretical and ad hoc values of sub-cloud scavenging ef-
mentioned above, the transport model separately diagnosdigiencies forD < 2.5um in Table3. However all these
stratiform and convective precipitation. For the purposes ofmechanisms except the last also reduce the particle’s density
scavenging, stratiform and convective precipitation dropletgvhich tends to decrease interception and impaction.
are assumed to obey lognormal size distributions with num-
ber median diameters df0 andllqoo pum, respgctlvely.. 3. Global Simulations
Table3 shows the wet deposition scavenging efficiencies
employed in the model. For each type of precipitation (COn- 14 eyaluate the model predictions against observations,
vective and stratiform are diagnosed separately by MATCH)ye have simulated the dust distribution for the ten year
two below—_cloud scavenging efﬂuepues are shown for eadberiod 1990-1999 using NCEP/NCAR reanalysésliiay,
Fransport_ k?ln. The firstis a theoreycal mass mean scavendrgoq to drive the DEAD module in the MATCH chemi-
ing coefficientA, and the second is the value DEAD uses. ¢4 transport modelfasch et al.1997. The results shown
The theoretical\ ), values are obtained using the method of pe|ow were obtained from a MATCH run from 19891201~
Dana and Hale197@. The raindrop-aerosol collision effi- 19991231, using 6-hourly NCEP meteorology interpolated
ciency between droplets of siZé> and dust particles of size {5 the nearest 30 min. model timestep. Results were archived
Dy Is setto as daily mean values, then aggregated into monthly, annual,
. and climatological means. The first month was discarded to
E(Dr, Dy) = Egp + Extc + Ewro (24) remove spin-up effects. We present only the gross clima-
where Egpp, Extc, and Eype are the individual collision  tological simulation of DEAD. We omit discussion of the
efficiencies for the processes of Brownian diffusion, inter-interannual variability in all but one figure, pending longer
ception, and inertial impaction. The meanings and analytidnodel simulations. More extensive comparisons between
form of each term are given ieinfeld and Pandig1997.  DEAD and observed dust climatology are shownLino
The collision efficiencies are integrated over the raindropet al.[2003; Mahowald et al[2003.
size distribution and the sub-bin dust distribution. For these Figure 2 shows the predicted annual mean mobilization
calculations, convective and stratiform rain droplets are asand deposition tendencies. In general, entrainment occurs

bvalue used in DEAD
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Figure 2. Predicted annual mean dust source and sink fluxgg im=2 s~! for (a) mobilization, (b) total deposition, (c) dry
deposition, (d) wet deposition. Scale is logarithmic.

in regions with a combination of high winds, low vegeta- inates source regions because of large particle sedimenta-
tion, no snow cover, and large upstream area. The strongetibn. Dry deposition operates continuously, so the dry depo-
sources are in North Africa and Asia, consistent with satel-sition patterns are an excellent proxy for atmospheric dust
lite observations and previous studiedefman et al. 1997 loading (Figure3). Wet deposition removes most dust far
Husar et al, 1997 Ginoux et al, 200% Prospero et al.  from source regions. It accounts for 41% of global deposi-
2003. These sources include the Bodele depression, Maltion, and for 89% of oceanic deposition.
and Southern Algeria, the Takli Makan, and Gobi deserts, The important role of wet deposition in our Study is
Patagonia, and the Lake Eyre basin in Australia. Northconsistent with some previous mode"ng Studmbn and
American sources center on Texas and the Great Plains rgzyng 1994 Woodwarg 2001 but inconsistent wittGinoux
gions, with additional sources in the Sonoran Desert of MeXet al. [2001, who find that wet deposition accounts for
ico and the Southwestern US. only 13% of global deposition. These models represent wet
The predicted dust deposition in Figue shows that scavenging differently and use different effective scaveng-
mass transport affects extensive areas downwind of the souriog coefficients. We (Tabl&) and Woodward[200] use
regions. Deposition to the tropical North Atlantic from size-dependent washout coefficients, wHiggen and Fung
the North African plume is especially significant, averag-[1994, Ginoux et al.[200] andLuo et al.[2003 use uni-
ing 750 mgcnt?ka~! in the ocean region bounded by 0— form scavenging coefficients which vary from 250-750. Ob-
30°N, 0-60W. We estimate an annual mean aeolian de-servations of the ratio of dry to wet deposition are difficult
position flux at the mouth of the Amazon°(9, 5¢W) of [Duce et al, 1997 and are available at too few locations
75kghalyr~!. This is consistent with the estimate by [e.g.,Arimoto et al, 1985 Guieu et al, 1997 to provide ro-
Swap et al[1997 of less than 190 kg ha yr—1. bust global constraints. However, spatio-temporal variability
Figure2c and d decompose the total deposition into dryin deposition processes would not reconcile the above mod-
and wet deposition fluxes. As expected’ dry deposition domeling differences. This emphasizes the need for coordinated,
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Table 4. Oceanic Depositioh Table 5. Trace Metal Deposition to Ocear’s

Region Duce Prospero GOCART DEAD Region Al Fe Si P
N. Pacific 480 96 92 31 N. Pacific 2.5 1.1 9.7 0.03

S. Pacific 39 8 28 8 S. Pacific 0.7 03 26 0.01

N. Atlantic 220 220 184 178 N. Atlantic  14.3 6.2 55 0.19

S. Atlantic 24 5 20 29 S. Atlantic 2.3 1.0 8.9 0.03

N. Indian 100 20 138 36 N. Indian 2.9 1.3 11.1 0.04

S. Indian 44 9 16 12 S. Indian 09 04 36 0.01
Global 910 358 478 314 Global 253 11.0 96.8 0.33
aUnits are Tgyr!. Sources ar®uce et al[1991], Prospero[19964, aUnits are Tgyr!. Assumes dust is 8.01% Al, 3.5% Fe, 30.8% Si, and

andGinoux et al[2001]. 1050 ppm P as iDuce et al[1997].

dstmch90 Dust Loading

(mg m™)

long term measurements of the spatial and temporal distri?O NI

bution of wet and dry particle deposition. 60'N

In descending order, the annual mean emissions from theg -
relevant continents in Tgyr are Africa, 980; Asia, 415; T
Australia, 37; South America, 35; North America, 8. Ta- O [
ble 4 compares the predicted annual mean deposition tgg
ocean regions to previous observation-badedck et al, E /
1991 Prosperg 19964 and model Sinoux et al, 2001 es-  60S - e
timates. DEAD and GOCART agree on deposition to thego's ‘ ‘ ‘ ‘ ‘
Atlantic and South Indian Oceans, but strongly disagree in 180" 120w  60'W o} 60  120E 180
the Pacific and North Indian Oceans. The lower estimatesof [ L [ [ T T
DEAD are much closer than GOCART Ryospero[1996H 25 50 75 100 150 200 250 300 400 500 100¢
in the Indian and South Pacific Oceans, but much farthe
from Prosperoin the North Pacific. Predicted and observed -

. . : . mgm
ocean sediment fluxes from a slightly different version of
DEAD, as well as source/sink mappings, are compared in
Luo et al.[2003.

Table 5 compares the annual mean deposition of trace
metals to each ocean. These estimates assume that trace

ingure 3. Predicted annual mean dust mass burden in
2. Scale is non-linear.

Table 6. Climatological Budget Statisticé °
Quantity Andreae Tegen GOCART DEAD

metals constitute a fraction of the dust mass equal to their Emission 1500 1222 1814 1490
estimated abundance in the upper continental crust, follow- Lifetime 4 4 7.1 4.3
ing Duce et al[1991]. Burden 84 188 35.9 174

Figure 3 shows the predicted annual mean mass burden - Ocean _ _ — 0.020
in mg m—2. Strong dust burdens are apparent over source re- - Land _ _ — 0.051

gions, where large particles have not yet sedimented. Source

regions in North and South America and South Africa show

no persistent dust burden, contrary to what might be ex-

pected based on FiguBa. Emissions in these mid-latitude  2Emissionin Tgyr*, Lifetime in days, Burden in Tg, Optical depths

source regions are very susceptible to wet scavenging, arfj 9-63:m.

so have a relatively short lifetime. bSourcesAndread 1996, Tegen and Funfl994, Ginoux et al[2007]]
Table 6 compares the climatological (1990-1999) mean  CFor size rang®.2 < D < 12um

budget of the DEAD simulation against previous studies and

estimates. DEAD predicts emissions of about 1490 Tg yr

for particles smaller than 3@m. This is about 84% of the

7 Global 0.023 0.033 — 0.030




ZENDER ET AL.: MINERAL DUST MODEL AND 1990S CLIMATOLOGY 13

GOCART estimate of 1782 Tg y* for D < 12 um [Ginoux

et al, 200]. The reduced emissions predicted by DEAD Table 7. Global mean tumnover time (days) by removal

relative to GOCART are consistent with the relative dustP'0¢€SS

concentrations and deposition fluxes (and their biases) pre- Diameter Grav Turb Dry Wet Total
dicted by the models. DEAD is consistent with the IPCC 0.1-1.0 pm 1059 928 494 18 17
estimate of the range dP < 20 pm dust emissions in the 1.0-2.5 um 171 198 99 1 1

year 2000 of 1000-3000 Tgyt with a best guess value of
2150 Tgyr! [Penner et al.2001. 2.5-5.0um 34 7 6 935

Due to the relatively short length of our base simula- 5.0-10.0pm roL6 13 6l 11
tion (1990-1999) we have not until now discussed the mod- ~ 0.1-10.0pm 40 9.1 74 105 4.3
eled interannual dust variability. To illustrate this we com-
puted the modeled mean and interannual variability for
dust emissions, burden and optical depth from the 10 total Table 8. Global Emissions and Deposition Fluxes
years (1990-1999). We quantify the interannual variability piameter  Source Dry Wet Load Life
using the standard deviatian, of the global annual mean Tgyr! Tgyr! Tgyr! Tg day
timeseries of each field. The resulting estimates &f o,

for the 1990s are: Emissions490 + 160 Tgyr—!; Burden, 0-1-1.0 18 2 47 2.2 17
17 + 2 Tg; Optical depth0.030 4 0.004. The normalized 1.0-2.5 260 31 229 (& 11
variability (o,/7) is 10-15% for all three fields. The nor- 2.5-5.0 609 371 236 58 3.5
malized variability in emission is slightly less than that for 5.0-10.0 573 463 96 1.6 1.1
burden and optical depth because emission is sensitive to afiy 11 ¢ 1490 366 607 17.4 43

particle sizes (see Tab&below), whereas burden and op-
tical depth are not sensitive to the largest particle sizes. In-

terestingly, the 1996-1998 means were all about 20% Ies8ver the tropical North Atlantic. A more complex but phys-

dusty than 1990-1995. _ o ically consistent model representation of evaporation would

_ Figure 4 shows the predicted annual mean mixing ra-release scavenged dust discretely as each rain droplet com-
tio and source and sink tendencies. Figdaeshows max- pletely evaporated, i.e., Wirga. Thus it is likely our model

ima in the subtropical belts which contain the Earth’s ma-gyerestimates the importance of evaporation.

jor desert sources. Dust from North Africa and the Saudi Table 7 shows the size dependence of all deposition
Arabian peninsula dominates the northern hemisphere Zon?ilmescales in days. Dry deposition is the sum of Gravi-
mean. The broad half-width of the maxima is due to the )

inclusion of central and east Asian dust sources which artational and Turbulent deposition. The turnover time for
. X articles in the accumulation mod® (< 2.5 um) is order
5-1C north of the African sources. Australia and Patag—% ( um)

; X . months when considering only dry processes. The relative
onian sources create the peak in the southern hemusphem'en g on ary b

. . . " “importance of dry and wet deposition changes atutn5
Figure A.'b ShOW.S f[hat nor?h_ern hemlspherlc wet de_posmonnear the boundary between clay and silt-sized particles. Wet
occurs in two distinct meridional locations: scavenging over

. . .~ _scavenging accounts for 41% of global mean deposition and
the Atlantic and Indian Oceans accounts for the subtroplcaEry processes account for 59%. The size dependent global

maxima, while scavenging over the Pacific determines th%nnual mean fluxes are summarized in T&bl&Vet deposi-
extratr0p|ca.1l maX|.ma. ) ) ) ] tion is the only effective removal process for small particles
releases scavenged dust in proportion to its local evaporatiopy 994, but not all [Ginoux et al, 2007 previous studies.

rate. Figurelc shows that gravitational settling is about 5-10 We compare the predicted Aerosol Optical Depth (AOD)

times less efficienttha_n wet processes in remo_ving_dust fro t 0.63um against AOD inferred from AVHRR channel 1
the free atmosphere in the subtropics. Settling is a smal bservations$towe et al.1997 with a nominal band cen-

source of dust at low levels near the equator and in the exg, o 0.63um. Table2 lists the specific extinction coeffi-

trat:oplcslarjd :ﬂ tr;e poI?r reglolr:s. Turb lgetﬂt dep?ff'ft.'onlﬁp'cients used for each bin. Figubeshows the predicted sea-
erates only in the fowest modetfayer and thus 1S iUt 0 g5 h 5 mean dust optical depth at Oi8. This figure may

portra)_/ .in verti.cal cross-section (see Figagefor turbulgnt be compared télusar et al.[1997, Figure 1. Note the scale
deposition). Figureld shows that evaporation of stratiform is non-linear forr > 0.5. The seasonal migration of the

rain vertically redistributes a significant fraction of the SCaV-\jorth African dust plume with the ITCZ seen in AVHRR
enged dust. Evaporation is comparable to wet scavengingnd TOMS observation${usar et al, 1997 Herman et al,
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Figure 4. Predicted climatological mean dust mixing ratio and mixing ratio tendencies. Shown are (a) mixing ratio in
ugkgt, and, in pgkg' s, (b) wet deposition, (c) dry deposition, and (d) evaporation. Contour intervals are logarithmic.

1997, and in other modelsTegen and Fungl995 Ginoux  of surface dust concentrations. The dust concentration data
et al, 2002, Luo et al, 2003, is clearly present. This dust (which are provided by J. Prospero and D. Savoie) for many
plume is thought to dominate the AVHRR observed totalU. Miami stations are calculated from Al concentrations
aerosol plume in July, and to contribute about half of theprovided by R. Arimoto. Interannual and decadal trends
observed optical depth in January, when it is complementeth the African dust plume in the North Atlantic have been
by carbonaceous aerosol from biomass burn@igit et al, analyzed using these data [e.Brpspero and Nee<sl986
2003. The dust plume reaches its farthest westward extenProsperqg 19964. Previous global dust simulations have
in July, when it is observed to be responsible for the majoritybeen evaluated against these U. Miami station observations
of aerosol scattering as far north as Miafigsperq 1999. [Tegen and Fundl994 Tegen et a].1996 Mahowald et al.
The peak extent of the Asian-Pacific dust plume occurs inL999 Ginoux et al, 2001, Perlwitz et al, 2001, Luo et al,
northern Spring. Vertical cross-sections of the seasonal dug003 Penner et al.200]]. Station locations@inoux et al,
distribution (not shown) reveal that East Asian dust may2001 Woodward 2001 and sampling techniquesSévoie
travel 200 mb higher in the atmosphere than African dust. et al, 1992 Maring et al, 200Q are discussed in the lit-
erature. Figuré compares predicted to observed monthly
mean dust concentrationsjig m—3. All stations are com-
pared to 1990-1999 model climatology except Sal Island,
Jeju (formerly known as Cheju), Okinawa, and Mace Head.
Surface observations at sites managed by the Universitylodel data for these stations were sub-sampled to include
of Miami provide a unigue long-term record and climatology

4. Station-based Evaluations
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Figure 5. Predicted seasonal mean dust optical depth atyh68r (a) DJF, (b) MAM, (c) JJA, and (d) SON.

only months during which observations were recorded. Head has a low annual-mean concentration with strong vari-

The first six stations are sensitive to the North African ability in springtime as observed.
dust plume. The modeled and observed surface dust sea- Evaluating the dust distribution over the Indian Ocean is
sonal cycle generally overlap at Barbados, Miami, Bermudadifficult due to the paucity of data ther@rosperg 19964.
Izafa, Sal Island and Mace Head. At Barbados, the observe@ihe seasonal cycle at Kaashidhoo appears reasonable, but
seasonal cycle peaks in June but DEAD peaks in May and ianthropogenic aerosol such as fly ash may account for a sig-
too active in winter. In Miami and Bermuda the peak oc- nificant fraction of the aerosol reported as dust (D. Savoie,
curs in July and August in both observed and model resultspersonal communication, 1999). Thus DEAD’s underesti-
but the modeled amplitude appears too weak in summer. Imate of concentration at Kaashidhoo may be more represen-
general the phasing and amplitude of the surface concentraative of true desert dust in the central Indian Ocean region.

tion is within the monthly variance at these stations. We  Station observations in the North Pacific generally show

are currently producing longer model climatologies to bet-3 springtime concentration maximun®rpsperq 1996H.

ter quantify the model variance. The greatest absolute dishEAD captures this seasonal phasing at Jeju, Okinawa,
parity with the North Atlantic measurements occurs in thegEnewetak, and Midway. The observed and modeled clima-
winter at Sal Island, about 700 km from the African conti- tology at Oahu are very similar to Midway and have been

nent, when the model overpredicts dust concentration by @mitted. DEAD underestimates the mean concentrations
factor of two. This disparity indicates a problem with source closer to the Asian sources at Jeju and Okinawa (Where com-
regions near the coast or the vertical location of the plumep|ex terrain may bias sampling) by about 40%, with most of

Izaha, which lies only 350 km from Western Sahara coastthe bias occuring during the winter and spring. On the other
and is located at 2360 m in the free troposphere, is also ovehand, DEAD overestimates concentrations farther from the
predicted in amplitude, but only by 20%. At iza, however,  continent at Enewetak, Midway and Oahu by up to 100%,

the observational sampling is sectored to the west, and sfost noticeably in spring. Excessive springtime transport of
may miss some large dust events which could help to reconafrican dust contributes to this high bias.

cile the model and measurements. The simulation at Mace tha south Pacific stations farthest from source regions
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Figure 6. Predicted (line) and observed (circles) monthly mean surface dust concentgafion{) at U. Miami stations.

Two standard deviations are shown for predicted (shading) and observed (whiskers) values. No whisker indicates data only
available for same month iV < 2 years. Station and model names are followed by the climatological mean concentration
(ug m—?) and the linear correlation coefficienwith the observed monthly mean data.

show weak seasonal cycles and very low mean concentranodel predictions is generally acceptable at Nauru, Amer-
tions. The overlap between U. Miami observations andican Samoa, and New Caledonia. Cape Grim, however,
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Annual Concentration (ug m-3) ever, Cape Point and Cape Grim measurements may be bi-
10 ‘ ‘ ased by the complex terrain surrounding the stations. In gen-

North Atanti o4 eral, local sources cause relatively more severe contamina-
et ot tion of samples at stations with very low dust concentration,
South Pacifo such as those in the southern hemisphere (J. Prospero, per-
10 | _*16 ] sonal communication, 2002).

11 Low concentrations at Jeju and Okinawa suggest a too

€]

< ¥ + O

0032 weak source upwind in the Takli Makan and Gobi deserts.

ﬁjs We appear to underpredict dust at Mace Head similar to
] Woodward 2001 but opposite tdGinoux et al[200]. This
12 7..-*“'}5 8 suggests inadequate transport from North African sources,
.,»*517 018 4qg but the high variability emphasizes the importance of ob-
o taining lengthier simulations and measurements.
0 _.»*"<‘>16 ] Long term land-based measurements of deposition fluxes
= X X , are highly valuable for model evaluation since, unlike ma-
10 10 eorved ° 10 rine sediments, they reflect only atmospheric transport and
can be precisely datedsinoux et al.[200]] compiled ob-

Figure 7. Predicted and observed climatological mean S€rvations previously reported in the literature from 11 lo-
surface concentration of dust jigm—2 at U. Miami sta- cations which span both hemispheres and approximately 90-
tions. Dashed lines indicate factor of two disparity. Site Station-years of measurements from the 1950s to the present.
numbers are 1. Barbados, 2. Miami, 3. Bermuda, 4idza The majority of the stations were most active in the 1980s,
5. Sal Island, 6. Mace Head, 7. King George Island, 8. Cap@efore our simulation period. C_:omparisons to deposition at
Point, 9. Kaashidhoo, 10. Jeju, 11. Okinawa, 12. EneweShemya, Nauru, New Caledonia, Rarotonga, and Norfolk Is-
tak, 13. Midway, 14. Oahu, 15. Nauru, 16. American Samoa,'a”d are not possible because only concentration was mea-
17. New Caledonia, 18. Norfolk Island, 19. Cape Grim. sured at these stations. The deposition measurements used

in Ginoux et al.[200] for these 5 stations were based on

a misinterpretation of this point. Figui@® compares our

which is closest to a source region (Australia), shows a1990-1999 mean predictions with the 11 stations in this ob-

strong austral summer peak in the observations that is abs_erved cI|ma'tolog.y. A'model low bias is readily apparent
sent in the model. Closer examination (see, e.g., Figayee at land locations in Asia and at most ocean locations. No

and Figure5a) shows that DEAD captures the phasing of consistent trend is apparent at the stations which sample the
summertime Australian emissions, but that the circulationNorth African plume. Mean d_eposn!on appears h_|gh n th_e
French Alps, somewhat low in Spain, and good in Miami.

moves this dust more efficiently toward the northwest than'vI . .
; ean deposition is underpredicted by more than a factor of
the southeast to Cape Grim. . . . .
two at both Asian land stations, Taklimakan and Tel Aviv.

Int_ercpmparlson of model performance among _aII theSince these stations are near active source regions, under-
U. Miami-operated stations shows the great dynamic rangg, jictions there, similar t&inoux et al.[2001], could re-
of dust concentration in the atmosphere. The climatologica ult from neglecting transport @b > 10 um particles or

mean observed and modeled concentrations at each Stati?ﬁ\ssing small but nearby sources.

in Figure6 are scatter-plotted in Figui Both observed and . o . : .
modeled concentrations span three orders of magnitude. In Cqmparlsons at Pacmq §tat|0ns are m!xeq_but a low bias
general, stations downwind of the African plume are betteHS_eV'dent' Mean (_Jleposmon appears significantly low at
simulated than Asian and North Pacific stations which areM'dway and Oahu n the_North P_acmc, a"ho‘.Jgh Shemya
in turn better simulated than southern hemisphere stationd! the western Aleutians is well simulated. Simulated de-

Disparities at stations with the highest and lowest mean dugposition is also low in the equatongl Paqﬂc at. Enewetak,
Nauru, and Samoa, but not at Fanning. Finally in the South

concentrations are generally less than a factor of two, and thSacific simulated deposition appears (0o low at Rarotonga

model is never more than a factor of two too high. Dust con- )
centration appears significantly underpredicted at four sta[\lew _Caled_oma, and Norfolk, but not at Nevy Zealand. '!'he
acific stations are generally far from emissions and so inte-

tions in the southern hemisphere: American Samoa, Cap " .
Point, Cape Grim, and Norfolk Island. Simulations at the lat-9rate deposition fluxes over large regions. Low model depo-
' ' ition fluxes there indicate a bias in transport and removal of

ter three stations suggest inadequate emissions and transp8 . . oo ; . .
from South Africa and from Australia, respectively. How- smaller particles. This low bias is consistent with excessive

dstmch90
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Mean Annual Deposition (g m-2 yr-1) determined by size resolved particle and precipitation aero-
ot At ‘ S dynamics. We prescribe only a minimal set of ad hoc cor-
North Pacific rections to physical processes and do not invoke any anthro-
Somaenere “”“,mo | pogenic emissions. The main features of a model climatol-
Avabian penn. ogy generated from a 1990-1999 simulation were presented.

The spatial and temporal patterns of the atmospheric dust are
10" | E consistent with station observations and satellite imagery on
__.Q‘" e el this timescale. The credibility of the simulations produced
0 by this factor support the hypothesis that dust emission “hot
spots” exist in regions where alluvial sediments accumulate
) ﬁs and may be disturbedderman et al, 1997 Gillette, 1999
107k %%_.«' i Prospero et al.2003. This naturally determined erodibil-
) ity factor helps to constrain the role anthropogenic dust may
play in present climate.

‘ Based on simulations of 1990-1999, we estimate the
10 10° 10° global annual mean and variability 6f < 10 um dust to be:
Observed Emissions 1490 + 160 Tgyr—!; Burden,17 + 2 Tg; Optical
depth at 0.63im, 0.030 + 0.004. For comparison, DEAD
Figure 8. Predicted and observed climatological mean dUStpredicts about 80% of the emissions, 60% of the lifetime,
deposition flux dust in gm?yr—" at 11 stations compiled  and only 45% of the burden predicted by GOCARTifoux
by Ginoux et al.[2001]. Site numbers are 1. French Alps et al, 2001, which uses a distinct set of physical parameteri-
(45.5N, 6.5E), 2. Spain (41.8N, 2.3E), 3. Midway (28.2N, zations and analyzed winds. Clearly the sensitivity of model
177.35W), 4. Miami (25.75N, 80.25W), 5. Oahu (21.3N, predictions to analyzed meteorologies and model resolution
157.6W), 6. Enewetak (11.3N, 162.3E), 7. Fanning (3.9N,should be investigated before drawing firm conclusions re-
159.3W), 8. Samoa (14.25S, 170.6W), 9. New Zealandyarding the contribution of model physics to climatological
(34.5S, 172.75E), 10. Taklimakan (40.0N, 85.0E), 11. Telpjases. However, the differences between DEAD and obser-
Aviv (32.0N, 34.5E). vations and other models do suggest possible causes of the
model biases and their potential improvements.

wet scavenging upstream and/or insufficient turbulent mix- AS mentioned earlier, recent measurements from the PRIDE
out at the surface. However, the mismatch between simula€XPeriment Reid et al, 2003 show that the transport mode

tion and observation periods may contribute significantly to®f African dust is abouD, = 3.5 um or larger. This is sig-
the apparent magnitude of the low bias. nificantly greater than th®, = 2.5 um predicted by DEAD

. in the Caribbean (Figur&) and used for our sub-bin dis-
In summary, the model performs much better in terms of_., =
. o tribution (Table2). A larger transport mode could help to

surface concentrations than deposition fluxes. The mode . . "
. . reconcile some of the disparities between DEAD and obser-
tendency to underestimate the full amplitude of the sea- _ ; - .
: . -~ “vations. In particular, a largeb, would allow predicted
sonal cycle of dust concentration at key stations downwind

of North Africa (Barbados), East Asia (Jeju), and Austrahaqptlcal depths to remam_constant or decreas_e_ at the same
. . . D . time as mass concentrations and thus deposition fluxes in-
(Cape Grim) suggests biases in model emissions. The in- . ) . .
) . ._.crease. Understanding the physical processes which permit
clusion of anthropogenic dust sources could help remediate, . . .
. . éfficient transport of particles coarser than the accumulation
these biases, if such sources were known. The model ten- ; .
. " . .~ mode is a key problem for future studies. These processes
dency to underestimate deposition fluxes in remote regions : : . i
e o : . ., . may include particle size at the source, particle shape, parti-

of the Pacific is more indicative of biases in small particle

. . cle density, and numerical representation of advection.
transport and scavenging mechanisms. , ) )

DEAD treats convective and stratiform nucleation and
collection scavenging using a relatively sophisticated size-
resolved technique. Collection by convective precipitation
The basis of a physical model for global dust entrain-anOI nuclee_mon scavenging by stratiform preC|p!tat|0n are

extremely important as these processes determine the life-

ment and deposition, DEAD, has been described. Entrain=

ment is based on saltation theory adjusted to fit wind nime of long range transported dust in our model. Although

nel measurements. The soil erodibility is proportional to thesuccessful In many regions, th.'s treatment does not yet cap-
runoff area upstream of each source region. Deposition igure the full phasing and amplitude of the seasonal cycle of

o< % O o
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dust over the sub-tropical north Atlantic, so further improve-derived from wind tunnel measurements. Nevertheless, the
ments are required. The relative roles of wet and dry deposiresponse of dust production and transport to many key cli-
tion vary dramatically among model&inoux et al, 2001]. mate and landscape parameters has been included. Thus
However, the physical parameters which control wet scavDEAD should be suitable for studies of the interaction be-
enging are not amenable to measurement. Near-term intween dust and climate change in past, present, and future
provements of in-cloud and below cloud scavenging, thereelimates. Currently DEAD is being used to investigate dust
fore, may continue to depend on iteratively refining modelsradiative forcing and feedback in the present climate, ox-
against observables such as concentration and optical deptidant uptake and photochemistry, the roles of atmospheric

The DEAD model has many limitations. The mobiliza- iron and silica in marine productivity. DEAD has been built
tion parameterization is detailed yet still omits some impor-upon the physics of natural erosion so that anthropogenic
tant processes. Factors known to have a significant influenc@ust sources are not yet explicitly represented. In the fu-
on dust emissions which are not directly accounted for in thdure we hope to identify and explicitly include anthropogenic
present model include: geographic variation of surface siz&lust sources.
distributions Marticorena et al, 1997, soil modulus of rup-
ture [Gillette, 1984, binding by plant root matter, spacing Acknowledgments. CSZ thanks R. Arimoto, P. Ginoux, J. Her-
and aspect ratio of non-erodible roughness elemds{ man, K. Kohfeld, C. Luo, N. Mahowald, J. Prospero, D. Savoie,
pach 1994, size-dependent energy thresholds for particle!- Sokolik, L. Stowe, O. Torres, and two anonymous reviewers for
release during sandblasting and Shap1999 Alfaro and prowdmg data anq sqggestlons to evaluate and improve thg model,
Gomes2007. Because of the absence of these processe ften prior to publication, anc_;l for helpful comments. J Fam|gI|ett|_,

. . . - . Levis, and P. Rasch provided helpful guidance with hydrologic
the present model is one of intermediate complexity. Where

Igorithms, land surface characteristics, and aerosol parameteriza-

warranted, these limitations may be addressed by more rea;]ail-onl respectively. G. Brasseur, J. Kiehl, and the NCAR ASP pro-

istic (and expensive) physical representations. We are noW,am provided support and encouragement. This research was sup-

testing a refined saltation-sandblasting mod&ififi et al,  ported in part by NASA Grants NAG5-10147 and NAG5-10546.
2002 which predicts rather than prescribes the source size
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