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Abstract. Recent field observations demonstrate that a significant discrepancy
exists between models and measurements of large dust aerosol particles at remote
sites. We assess the fraction of this bias explained by assumptions involving four
different dust production processes. These include dust source size distribution
(constant or dynamically changing according to saltation and sandblasting theory),
wind speed distributions (using mean wind or a probability density function
(PDF)), parent soil aggregate size distribution, and the discretization (number of
bins) in the dust size distribution. The Dust Entrainment and Deposition (DEAD)
global model is used to simulate the measurements from the Puerto Rican Dust
Experiment, PRIDE (2000). Using wind speed PDFs from observed (NCEP)
winds results in small changes in downwind size distribution for the production
which neglects sandblasting, but significant changes when production includes
sandblasting. Saltation-sandblasting generally produces more large dust particles
than schemes which neglect sandblasting. Parent soil aggregate size distribution
is an important factor when calculating size distributed dust emissions. Changing
from a soil with large grains to a soil with smaller grains increases by 50% the
fraction of large aerosols (D > 5 µm) modeled at Puerto Rico. Assuming that the
coarse medium sand typical of West Africa dominates all source regions produces
the best agreement with PRIDE observations.

1. Introduction

Accurate representation of generation and long-range at-
mospheric transport of large particles is important for many
aerosol species including mineral dust, soot, sea salt, and ice
crystals. Large particles (e.g.,D > 5 µm) usually account
for a significant fraction of the mass distribution of most
aerosols [e.g.,Zender and Kiehl, 1994; Seinfeld and Pandis,
1997]. If dust mass concentration and deposition measure-
ments are sensitive to relatively small numbers of relatively
large particles [Arimoto, 2001], then so too are biogeochem-
ical cycles in regions, such as the Southern ocean [Moore
et al., 2002], influenced by dust-borne nutrients such as iron
[Martin, 1990]. Global models of mineral dust distribution
reproduce many observed features of the mass concentration
and optical depth [e.g.,Tegen and Fung, 1994; Woodward,
2001; Ginoux et al., 2001; Zender et al., 2003a]. However,
there are not many detailed studies of the dust size distri-

bution. Recent studies underpredict the observed size dis-
tributions of large dust particles after long range transport
[Colarco et al., 2003; Reid et al., 2003; Ginoux, 2003].

Dust aerosols are produced by two related processes called
saltation and sandblasting. Saltation is the net horizontal
motion of large particles moving in a turbulent near-surface
layer. Sandblasting is the release of dust and larger parti-
cles caused by saltators as they impact the surface. During
impact, saltators may disintegrate or eject fine dust which is
otherwise tightly bound to the soil or to the saltating soil ag-
gregates themselves. These two processes are documented
and discussed in several works [e.g.,Gomes et al., 1990;
Shao and Raupach, 1993; Alfaro et al., 1998; Shao and Lu,
2000; Alfaro and Gomes, 2001]. Models can best predict the
size distribution of the dust (vertical) flux by first predicting
the size distribution of the saltation (horizontal) flux.

Large scale transport models have trouble reproducing
the transport of large dust particles measured in remote sta-
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tions [Colarco et al., 2003; Reid et al., 2003]. Asian mineral
dust particlesD > 20 µm have been measured at Mauna
Loa [Perry and Cahill, 1999]. During the Intercontinen-
tal Transport and Chemical transformation Field Mission,
spring 2002, the Mass Median Diameter (MMD) of spring-
time East Asian dust reaching the west coast of North Amer-
ica was greater than 5µm (K. Perry, Personal communica-
tion, 2003). Reid et al.[2003] compared several measure-
ment techniques during the Puerto Rico Dust Experiment
(PRIDE) campaign (2000). Large dust particles were mea-
sured throughout the campaign. After evaluating optical and
mass-based techniques, their best estimate of dustMMD
in Barbados is 3.5µm. Using only optical measurement
techniques increases this estimate. Using only aerodynamic
measurement techniques decreases it slightly.

Recent research has partially addressed the problem of
why models do not predict enough large particles at remote
sites.Colarco et al.[2003] evaluated modeled size distribu-
tions and compared them to measured AERONET size dis-
tributions. They point to several factors which impact the
dust size distribution at Barbados: 1) The size distribution
of the emissions. In the cases where more large particles
are emitted, more large particles are also observed at Barba-
dos. 2) Particle fall speed: Aerosols which are not spheres
fall slower than spheres. Using fall speed of disks rather
than spheres, large aerosol concentration at Barbados in-
creases. They found that only the source size distribution of
Ginoux et al.[2001] combined with disk fall speed gave rea-
sonable size distributions. However, the production scheme
of Ginoux et al.[2001] does not produce dust by saltation
and sandblasting.Ginoux [2003] showed that a moment-
conserving advection scheme [Prather, 1986] reduces losses
due to gravitational settling. This explains some of the too-
large loss of large particles seen in models.

Three approaches for modeling the size distributed dust
production appear in the literature:

1. Empirical equations relate the size distributed vertical
dust flux to the wind speed [Tegen and Fung, 1994;
Ginoux et al., 2001; Woodward, 2001]. This approach
includes a variety of ad hoc prescriptions and predic-
tions of size distributions but does not account for the
saltation-sandblasting process.Ginoux et al.[2001]
use a threshold wind friction speedu∗t that increases
with dust aerosol diameter.Woodward[2001] calcu-
lates a saltation fluxes of all soil sizes and converts
them to dust fluxes of the same size assuming dust
fluxes of a certain size are proportional to soil fluxes.

2. Saltation flux is explicitly calculated and used to pre-
scribe a vertical dust flux through empirical relation-
ships. This “half-way” approach explicitly represents
saltation but not sandblasting. Studies which employ
this approach often distribute the vertical dust flux into
three lognormal modes with different shapes and mass
fractions [Marticorena et al., 1997; Schulz et al., 1998;
Zender et al., 2003a].

3. Saltation and sandblasting are both explicitly repre-

Table 1. Lognormal size distributions of dust produced by
saltation and sandblasting

Lognormal Mode 1 2 3

D’Almeida[1987]

MMD [µm] 0.83 4.82 19.36

Standard deviation 2.10 1.90 1.60

Mass fraction 0.036 0.957 0.007

Claquin[1999]

MMD [µm] 0.011 2.54 42.10

Standard deviation 1.89 2.0 2.13

Mass fraction 2.6×10−6 0.78 0.22

Alfaro and Gomes[2001]

MMD [µm] 1.5 6.7 14.2

Standard deviation 1.7 1.6 1.5

Mass fraction varies varies varies

sented and interact in a physical way to produce the
emitted dust size distribution [Shao et al., 1996; Shao
and Leslie, 1997; Gong et al., 2003]. To our knowl-
edge only two distinct methods which take this ap-
proach have been proposed [Shao and Raupach, 1993;
Shao, 2001; Alfaro and Gomes, 2001].

Table1 shows size distributions representative of the lat-
ter two approaches. The mode withMMD ∼ 2.5 µm is
widely cited as important in dust emissions [Shettle, 1984;
Schulz et al., 1998; Guelle et al., 2000; Myhre et al., 2003].
However there is no physical reason for a constant mode of
this size. Saltation sandblasting theory predicts time-varying
dust size distributions dependent on soil properties and me-
teorology.

Previous studies show that Approaches 1 and 2 ade-
quately simulate observed dust distributions on regional [Mar-
ticorena et al., 1997] and global [Ginoux et al., 2001; Zen-
der et al., 2003a] scales. Regional simulations using Ap-
proach 3 [Shao and Leslie, 1997; Gong et al., 2003] show
that saltation-sandblasting well explains continental-scale
dust emissions. Until now, global simulations using saltation-
sandblasting microphysics have not been conducted. One of
our objectives is to show whether saltation-sandblasting pro-
duction explains the observed size distribution of long-range
dust than better than other approaches and mechanisms.
We find that it does. Moreover, saltation-sandblasting pro-
duces dust size distributions very sensitive to surface winds.
Thus our second objective is to show whether saltation-
sandblasting forced by realistic wind speed distributions ex-
plains the observed size distribution of long-range dust better
than forcing with mean winds.

The paper is organized as follows. Section2 describes
the dust production simulations and the measurements used
to evaluate them. Section3 presents the PRIDE simulations.
Section4 summarizes the conclusions of the study.
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2. Theory and Methods

2.1. Dust production

This study is, to our knowledge, the first inter-continental
simulation of dust production and transport using saltation-
sandblasting theory. Our PRIDE simulations employ a se-
ries of increasingly complex (and, we believe, more realistic)
representations of dust production mechanisms:

1. Using saltation production, saltation is explicitly rep-
resented though sandblasting is not. Size distribution
of source emissions is prescribed from observations.

2. Using dynamical dust production, saltation and sand-
blasting are explicitly represented using the method
of Alfaro and Gomes[2001]. Large scale (grid-cell
mean) winds determine dust production.

3. Using wind speed distribution, a probability density
function of wind speeds [Justus et al., 1978] drives the
dust production mechanism.

The details of each production mechanism are presented be-
low.

2.1.1. Saltation-Only Production The control (here-
after CTL) production method is documented and evaluated
in Zender et al.[2003a] andZender et al.[2003b]. The salta-
tion mass flux depends on the wind friction speed excess
over the threshold speed for entrainment of optimally sized
(D = 75 µm) particles [White, 1979; Iversen and White,
1982]. A globally uniform sandblasting mass efficiency [Al-
faro et al., 1997; Marticorena and Bergametti, 1995] con-
verts the predicted saltation into a vertical dust flux. The
dust flux has a (globally uniform) prescribed size distribution
[D’Almeida, 1987] when entrained from the surface (see Ta-
ble 1). Thus the CTL mechanism accounts for saltation and
neglects sandblasting. The size distribution changes during
transport due to size-dependent wet and dry deposition.

2.1.2. Saltation-Sandblasting Production Saltation-sandblasting
(hereafter SS) produces dynamic dust size distributions us-
ing the formulation ofAlfaro and Gomes[2001]. The size
distributed saltation flux changes with wind friction speed
[Iversen and White, 1982; Grini et al., 2002]. The dust
aerosol size released by sandblasting depends on saltator
kinetic energy. Thus the dust size distribution depends on
the parent soil aggregate size distribution and the wind fric-
tion speed. High kinetic energy saltators release small dust
aerosols and low kinetic energy saltators release large dust
aerosols [Shao and Raupach, 1993]. The soil aggregate size
distribution is thus an important factor [Alfaro and Gomes,
2001]. The kinetic energy is proportional to the mass of
the saltator (and the square of the friction speed). There-
fore coarse-textured soils produce more saltators with high
kinetic energy than fine-textured soils. The computational
efficiency problems with this method noted byGrini et al.
[2002] were solved storing all parameters needed in pre-
computed lookup tables. The dust size distribution at the
source is then a simple function of wind friction speed and
soil size distribution. It is important to distinguish between

two types of size distributions often confounded in dust mod-
eling: soil textureis the fraction of sand, silt, and clay-sized
particles measured by soil scientists after dis-aggregating the
soil (e.g., ultrasonically in water). This study usessoil ag-
gregate size distribution, the dry size distribution including
aggregates. It is most appropriately measured by dry-sieving
the soil. We assume globally uniform lognormal distribu-
tions [Chatenet et al., 1996] because better data are not avail-
able at the global scale.

In the CTL formulation, dust emissions commence at
the saltation threshold friction velocity,u∗t ≈ 0.20 m s−1,
which is also a widely cited threshold for dust emissions
[Marticorena and Bergametti, 1995; Marticorena et al., 1997].
The SS formulation [Alfaro and Gomes, 2001], in contrast,
produces dust only onceu∗ ∼> 0.3 m s−1, (the sandblast-
ing threshold). This difference in saltation and sandblasting
thresholds causes a difference in the frequency of emissions
since the CTL mechanism emits more readily than the SS
mechanism. Section3.2 discusses how this difference af-
fects our results.

Emission efficiencies also differ between experiments.
Zender et al.[2003a] use a fixed fixed mass sandblasting
efficiency of α = 10−4 m−1 which corresponds to a soil
clay content of20% [Gillette, 1979]. TheAlfaro and Gomes
[2001] mass sandblasting efficiencies are generally less, and
they depend on the instantaneous saltation-sandblasting pro-
cess.

2.1.3. Probability Density Function Wind Speeds The
Probability Density Function (hereafter PDF) production
mechanism uses a wind speed PDF rather than the grid-
cell mean wind speed to initiate dust entrainment. Follow-
ing Gillette and Passi[1988], we assume average variability
winds and construct a Weibull distribution with the NCEP-
estimated mean wind speed̄U [Justus et al., 1978]. The free
parameters in the PDF are a shape factork and a scale factor
c m s−1:

kr = 0.94
√

Ūr (1)

cr = Ūr[Γ(1 + 1/k)]−1 (2)

where the subscriptr denotes quantities at reference height
(10 m) andΓ is the Gamma function.

Justus et al.[1978] provides the method to transfer the
shape parameter from the reference heightzr (10 m) to the
midpoint heightzatm

katm = kr[1− 0.088 ln(zr/10)]/[1− 0.088 ln(zatm/10)] (3)

catm comes from (2) with values for midpoint height instead
of reference height.

We discretize the central90% of the wind PDF. The min-
imum wind speed represented is slower than95% of the
winds, and the maximum wind speed is faster than95% the
winds. The cutoff wind speeds come from the cumulative
form of the Weibull distribution

pW (U < Ut) = 1− exp

[
−

(
Ut

c

)k
]

(4)
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wherepW (U < Ut) is the probability of wind speedU be-
ing slower than the thresholdUt. We discretizeU into five
bins, calculate dust production for each bin, and weight these
production terms by the Weibull PDF.

Figure1 shows the Weibull wind speed PDFpW (U). The
standard deviation ofpW (U) increases faster than̄U . Thus,
neglect of the wind speed PDF is a worse approximation for
faster winds, when dust emission is most important.

2.2. Numerical tools for dust emission and transport

2.2.1. Dust Entrainment and Deposition Model We
use the Dust Entrainment and Deposition model (DEAD)
[Zender et al., 2003a] to calculate dust production and de-
position. DEAD produces dust as a function of wind speed
and stability in the boundary layer. A geomorphic erodibil-
ity factor accounts for spatial heterogeneity of dust sources
[Zender et al., 2003b]. Dust is transported using four size
bins with boundaries at[0.1, 1.0, 2.5, 5.0, 10] µm. Simula-
tions with more than four transport bins have boundaries
logarithmically distributed between0.1–10 µm. The dis-
tribution of mass in each bin is lognormal with mass me-
dian diameter of2.5 µm and geometric standard deviation
σg = 2.0. All properties specific to each bin (e.g., dry depo-
sition velocity) are weighted according to this sub grid size
distribution. In this study, DEAD has been expanded with a
saltation/sandblasting module and a wind PDF module.

2.2.2. Transport model The dust is transported in the
MATCH chemical transport model [Rasch et al., 1997] using
time-interpolated six hourly meteorology from NCEP/NCAR
reanalyses [Kalnay, 1996]. Wet and dry deposition processes
remove more clay and silt-size particles, respectively. Nucle-
ation and sub-cloud scavenging are treated separately with
size-dependent scavenging coefficients which vary based on
the precipitation size distribution (stratiform or convective).
Dry deposition uses a resistance method that incorporates
gravitational, turbulent, and quasi-laminar terms [Zender
et al., 2003a].

2.2.3. Box model simulations Simulations with DEAD
in box model mode demonstrate the effect of saltation and
sandblasting on dust production. Table2 shows the fraction
of transported dust in each of the standard four size bins as
a function of soil size distribution and wind speed. The soil
types are described inChatenet et al.[1996]. It can be seen
that increasing the parent soil size increases the fraction of
small dust produced (for a given wind speed). However this
is not a general conclusion, and it is dependent on the soil
size distribution [Grini et al., 2002].

2.3. Model-constraining measurements performed
during PRIDE

2.3.1. AERONET Sun-Photometers AERONET sun-
photometers estimate the column aerosol phase function
and spectral optical depth from surface radiance measure-
ments [Dubovik and King, 2000]. Column volume path
V [m3 m−2] and Aerosol Optical Depth (AOD) are retrieved

from these measurements. The inversion procedure assumes
the aerosol size distribution does not change with height.
The retrieval error for the size distribution is10–35% for in-
termediate size particles (0.2 < D < 14 µm), and increases
to 80–100% outside this range [Dubovik et al., 2000]. The
absolute uncertainty in retrieved AOD is±0.02. Thus the
fractional error is large for low AOD and small for high
AOD. The sun-photometers only measure during daylight.
Plumes arriving at Puerto Rico during the night would not be
measured unless they were still present the next non-cloudy
day.

2.3.2. Near-surface Mass Concentration Observed dust
mass concentrations are from University of Miami aerosol
network observations. The instruments collect aerosol onto
filters which are weighed before and after ashing. Dust
concentration is estimated as the residual ash times1.3, a
factor that accounts for organic and volatile soil compo-
nents. This technique agrees with independent estimates
from Al measurements [Arimoto et al., 1995; Maring et al.,
2003]. The upper size limit of U. Miami measurements is
aboutD = 30–40 µm.

During PRIDE, concentration measurements were made
between between local noon (16h00 UTC) and the following
noon. Our model data are averages from 00h00–24h00 UTC.
For U. Miami data, the time of mid-sample determines the
measurement date. For most measured days, mid-sample oc-
curred at about 04h00 UTC. Our comparison may therefore
be inconsistent occasionally, especially on days when dust
arrived late in the evening.

2.3.3. Near-surface Size Distribution The observed
near-surface size distribution measurements are from the
University of Utah (K. Perry, Personal communication, 2002).
These size distributions were retrieved using an eight-stage
DRUM (Davis Rotating Unit Monitoring) impactor. DRUM
and Multi-orifice Uniform Deposit Impactor (MOUDI) had
trouble measuring all large particles during PRIDE [Reid
et al., 2003]. The inlet aerodynamics of DRUM impactors
have subsequently been changed to alleviate this problem
(K. Perry, Personal communication, 2003). However, DRUM
aerodynamic measurements probably underestimate the mass
fraction of particles withD > 5 µm during PRIDE. For these
reasons, we use DRUM measurements primarily for size dis-
tribution estimates. We present the DRUM total concen-
tration measurements for informational purposes only, and
as an indication of sampling uncertainty. We convert the
DRUM size-distributed Si concentration measurements to
dust mass size distribution assuming the measured dust has a
constant, size-independent Si mass fraction of0.33 [Seinfeld
and Pandis, 1997].

The DRUM data do not measure the same thing as the
U. Miami filters. Our results show that three times measured
Si (DRUM dust estimate) differs from1.3 times measured
Ash (U. Miami dust estimate), The U. Miami concentrations
are about three times higher, although the peak timings are
very similar. This may be due to to measuring different
chemical species and/or to problems with the DRUM inlet
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Figure 1. Weibull probability density function of wind speedspW (U) for Ū = 2, 5, 10, 15, and20 m s−1. Mean and median
winds are indicated on the curves with stars and circles, respectively.

size cut-off.

2.3.4. Evaluation Metrics There is a systematic bias
between size distributions of dust retrieved from aerody-
namic and from optical methods [Reid et al., 2003]. Op-
tical methods in general retrieve more aerosols of larger
sizes. Thus simulation size distributions should be com-
pared to both types of retrievals. We introduce two metrics,
m̃(D > 5) andṼ (D > 5), for these comparisons.

m̃(D > 5 µm) ≡
∫ D=∞

D=5
D3nn(D) dD∫ D=∞

D=0
D3nn(D) dD

=
m(D > 5)

m
(5)

where nn(D) [# m−3 m−1] is the number distribution of
dust,m [kg m−3] is the total mass concentration of dust in
the lowest model layer, and the metric̃m(D > 5) is the
fractional mass concentration of particles larger than five mi-
crons at measurement height (or in the lowest model layer).
Aerodynamic methods, e.g., DRUM impactors, allow direct
estimation ofm̃(D > 5).

Similarly, surface remote sensing methods allow direct
estimation of column-integrated properties such as

Ṽ (D > 5 µm) ≡
∫ z=∞

z=0

∫ D=∞
D=5

D3nn(D, z) dD dz∫ z=∞
z=0

∫ D=∞
D=0

D3nn(D, z) dD dz
(6)

wherez [m] is height andṼ (D > 5) is the fractional vol-
ume path of dust particles larger than five microns in the
atmospheric column. AERONET retrievals allow direct es-
timation ofṼ (D > 5) [Dubovik and King, 2000]. Together,
m̃(D > 5) and Ṽ (D > 5) provide convenient metrics to
quantify the impact of dust production mechanism in each
experiment on the large particles in the downwind size dis-
tribution.

2.4. Numerical Experiments

Table 3 summarizes our numerical simulations. Model
emissions were adjusteda posteriori to yield exact agree-
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Table 2. Soil type, Wind Speed, Fraction of Transported Dusta

Soil Typeb Wind Speedc 0.1–1.0 µm 1.0–2.5 µm 2.5–5.0 µm 5.0–10 µm
m s−1 Fraction Fraction Fraction Fraction

Dal87 All 0.03 0.17 0.40 0.38

ASS 6 0.0044 0.020 0.13 0.85

ASS 12 0.0083 0.032 0.14 0.82

ASS 18 0.0011 0.037 0.15 0.80

FS 6 0.0052 0.022 0.14 0.84

FS 12 0.012 0.042 0.15 0.79

FS 18 0.017 0.056 0.16 0.77

SS 6 0.011 0.038 0.15 0.80

SS 12 0.051 0.15 0.18 0.62

SS 18 0.093 0.26 0.19 0.46

CS 6 0.014 0.048 0.16 0.77

CS 12 0.080 0.23 0.19 0.50

CS 18 0.14 0.39 0.19 0.28

aFraction of total0.1 < D < 10 µm dust produced in each bin.
bSources: Dal87 is “Background Mode” is fromD’Almeida[1987]. All other types are fromChatenet et al.[1996]: ASS = Aluminosilicated Silt, FS =

Fine Sand, SS = Salts and clay, CS = Coarse sand.
c10 m wind speed (mean of Weibull PDF).

ment between modeled and measured (by U. Miami filters)
PRIDE-mean station concentrations at Roosevelt Roads. This
makes the simulated size distributions easier to intercompare
by eliminating the degree of freedom associated with abso-
lute mass concentration.

2.4.1. Simulations with Saltation dust source Runs
labeled CTL use the saltation size distribution for emissions.
Two sensitivity tests were done with the CTL production for-
mulation. The CTL10 sensitivity test used ten transport bins
instead of four. The size distribution of particles within each
bin is unchanged, only the number of bins changes [Zender
et al., 2003a]. Differences between CTL10 and CTL results
indicate the sensitivity of the transported size distribution to
the number of transport bins. These differences arise from
discretization of, e.g., dry deposition velocity and scaveng-
ing coefficients within a bin. The CTLPDF sensitivity test
uses a prescribed sub-gridscale distribution of wind speeds
to determine emissions, rather than the gridcell mean wind
speed. Dust emissions require wind speeds in excess of a
threshold and representing the wind speed PDF allows mo-
bilization to occur in areas where the gridcell-mean wind
speed does not reach the threshold. Thus differences be-
tween CTLPDF and CTL results indicate the sensitivity of
the size distribution to the wind speed distribution in source
regions.

2.4.2. Simulations with dynamical dust source In the
SS and SSPDF simulations, all soils are assumed to be
“Coarse Medium Sand” (CMS) [Chatenet et al., 1996; Mar-
ticorena et al., 1997]. CMS is a blend of Coarse Sand (CS,
90% mass fraction,MMD = 690 µm, σg = 1.6) with Fine

Sand (FS,10% mass fraction,MMD = 210 µm, σg = 1.6).
About50% of the surface area of the Western Sahara is CMS
[Marticorena et al., 1997]. The SS experiment uses the grid
mean wind speed to predict emissions, while the SSPDF
experiment uses Weibull PDF-distributed winds to predict
emissions.

The SSPDFSFS experiment assumes that the soil is “Silty
Fine Sand” (SFS) and that winds are Weibull-distributed.
SFS is a blend of Fine Sand (FS,62.5% mass fraction)
with Aluminosilicated Soils (ASS,37.5% mass fraction,
MMD = 125 µm, σg = 1.8). SFS soils account for about
10% of the Western Sahara desert [Marticorena et al., 1997].
The SSPDFSFS experiment shows the sensitivity of down-
wind dust distribution to soil size distribution in the source
region. This sensitivity is largely determined by the effi-
ciency of the sandblasting process.

The mass fraction of each soil type is converted to a sur-
face fraction using relations appropriate the lognormal size
distribution. We calculate a horizontal flux of each soil type
for a given wind speed, and weight this flux by the surface
fraction covered by this soil type. The mass fraction of large
soil aggregates is smaller than the surface fraction of large
aggregates since the larger aggregates have less surface per
unit mass.

3. Results

3.1. Near-Surface Mass Concentration

Figure 2 compares the measured mass concentration of
dust at Roosevelt Roads in Puerto Rico to all simulations (see
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Figure 2. Near-surface dust mass concentrationm [kg m−3] at Roosevelt Roads, July 2–24, 2000. U. Miami measurements
(black solid), U. Utah measurements (black dashes), CTL (yellow solid), CTL10 (magenta circles), CTLPDF (cyan x’s), SS
(red plus), SSPDF (green stars), SSPDFSFS (blue dashes).

Table 3. Mobilization Processes in Each Simulation
Simulation Production Mechanism #a Windb Soilc

CTL Saltation only 4 Mean CMS

CTL10 Saltation only 10 Mean CMS

CTLPDF Saltation only 4 PDF CMS

SS Saltation-Sandblasting 4 Mean CMS

SSPDF Saltation-Sandblasting 4 PDF CMS

SSPDFSFS Saltation-Sandblasting 4 PDF SFS

aNumber of transport bins.
bMean = time-interpolated NCEP wind; PDF = time-interpolated NCEP

wind is mean of diagnosed Weibull PDF [Justus et al., 1978].
cSoil size distribution: CMS = Coarse Medium Sand; SFS = Silty Fine

Sand [Marticorena et al., 1997].

Table3). The model predicts the correct number of peaks
during PRIDE. The agreement is very good between model
and measurements. Peaks on days 189, 192, 195 and 198 are
well predicted by the model. The day 203 peak occurs two
day early in the model. Figure2 also shows total mass con-
centration based on Si measurements from the DRUM im-
pactors. DRUM impactors measure less total concentration
than the U. Miami filters. DRUM and U. Miami observations
agree in timing but not magnitude of dust events. This can be
both because of different size cut-off and different chemical
analysis (see Sections2.3.2and2.3.3).

3.2. Aerosol Optical Depth

AERONET observations are available on nearly all days
with significant cloud-free periods. We compute mean AOD
and correlation coefficients to AERONET using only days
when measured AOD is available. Figure3compares AERONET
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Figure 3. Aerosol Optical Depth at Roosevelt Roads, June 27–July 23, 2000. AERONET measurements (black stars), CTL
(yellow solid), CTL10 (magenta circles), CTLPDF (cyan x’s), SS (red plus), SSPDF (green stars), SSPDFSFS (blue dashes).

observations to the simulated AOD at Puerto Rico. The
model under-predicts AOD during most dust events. The
predicted timing is accurate for days 180 and 202, and too
late on days 186 and 190. The model predicts two indepen-
dent peaks on days 195 and 197 instead of the single peak
observed on day 196.

The observed optical depths are generally higher than
the modeled ones. This is partially due to other natural
aerosols (e.g., sea salt) or aerosols from industrial pollution
or biomass burning. The 340/380 nm̊Angstrøm exponent
α for AOD measurements at Puerto Rico is about0.5 for
the periods of high optical depth during PRIDE. The low
Ångstrøm exponent indicates that the aerosol is dust.α in-
creases to1.5–2.5 when optical depth is low (near0.1). Thus
about0.1 of AOD may be explained by small aerosols in-
cluding industrial pollution.

Figure4 compares the simulated AOD to AERONET ob-

servations at Cape Verde, about 700 km from the African
continent. The SS and SSPDF production mechanisms yield
unreasonably large optical depths at Cape Verde. Figure4
serves two purposes. First, it verifies that model and mea-
sured values reasonably agree for dust crossing Cape Verde.
Much of the dust reaching Puerto Rico first crosses Cape
Verde. The transit time from Sahara to Puerto Rico is about
five days [Mahowald et al., 2002; Colarco et al., 2003]. To
compare the same dust, the Cape Verde results are shown for
an earlier period than results for Puerto Rico. A high corre-
lation at Cape Verde five days before makes us confident that
a high correlation at Puerto Rico is due to correct timing of
dust production events.

Secondly, Figure4 verifies that emission frequency dif-
ferences do not propagate far from the source region dur-
ing the simulation period. As mentioned in Section2.1.2,
the saltation-sandblasting formulations only emit dust when
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wind friction speeds exceed0.3 m s−1 whereas the saltation-
only formulations produce dust when the wind friction speeds
exceed0.2 m s−1. The simulated frequency of dust events
crossing Cape Verde shows little sensitivity to the dust pro-
duction formulation. Thus our simulated differences in dust
production frequency are either small, or they do not influ-
ence dust concentrations close to the source. This is consis-
tent with Colarco et al.[2003], who found that increasing
wind speed threshold from the formulation ofMarticorena
and Bergametti[1995] (with u∗t = 0.2 m s−1) to a fixed
10 m wind speed threshold (U10,t = 6.5 m s−1) does not
change the frequency, but does change the magnitude of dust
events.

Figure5 shows the covariation of observed mass concen-
tration and AOD at Puerto Rico. Near-surface mass concen-
tration peaks generally occur later than AOD maxima. We
believe that the tropical easterly winds transport dust aloft

more rapidly than near-surface dust. The lag causes the very
low correlation coefficient (r = −0.17) even though both
measurements clearly show the same dust events. The dif-
ference may also be due to U. Miami sampling local noon to
local noon whereas AERONET measures during local day-
light only.

3.3. Size distributions from Sun-Photometry

Figure 6 shows the columnar volume distribution from
AERONET sun-photometry and simulations. Size distribu-
tions are shown for days 187, 195, 197, and 202. Both
model and observations show high optical depths on these
days (Figure3). The low bias in simulated silt-sized parti-
cles (D > 2.5 µm) approaches and often exceeds an order of
magnitude for all production mechanisms. Locally produced
sea-salt and crustal aerosol may contribute to the observed
silt-sized particles. The difference in size distribution is not



10 GRINI AND ZENDER

175 180 185 190 195 200 205 210
0

10

20

30

40

50

60

70

DAY IN 2000

10
0x

A
O

D
(4

40
nm

), 
C

O
N

C
E

N
TR

A
TI

O
N

(u
g/

m
3)

PUERTO RICO: 100xAOD (440nm) AND GROUND CONCENTRATION (ug/m3)

Correlation coefficient:  −0.17
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only attributable to dust production. Errors in dry or wet de-
position rates also influence the results. Since no production
mechanism reproduces the flatness of the AERONET size
distributions, our deposition rates of large aerosols may be
too high.

The fixed production formulations (CTL and CTL10)
yield higher volume paths in the1–5 µm size range. CTL10
yields more clay (D < 2.5 µm) particles than CTL because
the wet scavenging coefficients for clay in CTL10 are not
tuned as they are in the other simulations [Zender et al.,
2003a]. CTL10 averages the sedimentation velocity of each
size over a narrower bin, thus large particles fall at speeds
closer to reality. This explains the reduced volume in the
largest sizes in CTL10. As we show later, these differences
due to bin discretization are small compared to changing
from fixed to dynamical source schemes.

Among dynamical schemes, SSPDF produces the most
small aerosols and SSPDFSFS produces the most large aerosols.

Column volume paths of large sizes in the sandblasting sim-
ulations vary with the meteorological conditions during dust
production. Figure6 shows that SSPDFSFS consistently
produces the most large particles. Small saltators dominate
the SFS soil blend (cf. Section2.4.2) and preferentially sand-
blast large dust particles with low binding energies [Alfaro
and Gomes, 2001]. Thus sandblasting theory demonstrates
the sensitivity of the downwind size distribution to the soil
size distribution in source regions, which is usually poorly
constrained.

3.4. Near-Surface Size Distribution

Next we contrast the observed (Section2.3.3) and mod-
eled near-surface mass distributions. Figure7 shows mass
distributions for days 188, 189, 197, and 198. Both model
and observations show relatively high concentration on these
days (Figure2). Saltation-sandblasting produces larger vari-
ations among events than saltation alone. The model predicts
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Figure 6. Columnar volume distributionsnv(D) [m3 m−2] at Puerto Rico in 2000 for July (day of month)/(day of year)
(a) 5/187, (b) 13/195, (c) 15/197, and (d) 20/202. Measurements (black), CTL (yellow), CTL10 (magenta), CTLPDF (cyan),
SS (red), SSPDF (green), SSPDFSFS (blue).

more dust than DRUM measurements because it is tuned to
match U. Miami dust concentration measurements which, in
general, exceed the aggregated DRUM measurements.

Note that SSPDFSFS consistently predicts the most large
aerosols while the differences between SS and SSPDF pre-
dictions depend on day and event. We also note an impor-
tant aspect of using soil blends: Blending two soil size dis-
tributions does not result in a linear contribution from each
soil proportional to their mass fractions. The effects of a
small fraction of fine-textured soil may dominate the mass
flux produced by a coarse-textured soil for two reasons:

1. Fine soils have larger influences than indicated by
their mass fractions. We model the saltation flux from
a soil as proportional to the surface covered by that
soil. Even for small mass fractions of fine soil, the
surface fraction can be significant.

2. Fine soils sandblast more large aerosols and coarse

soils sandblast more small aerosols. Thus fine soils
have much larger mass sandblasting efficiencies. Usu-
ally the sandblasting performed by the fine soil frac-
tion of a soil blend dominates the dust mass flux.

3.5. Fraction of Large Aerosols

Figures8 and9 compare the mean observed and modeled
m̃(D > 5) and Ṽ (D > 5) (Equations5 and 6), respec-
tively, for the PRIDE period. Saltation-sandblasting (SS)
physics consistently produces more large aerosols than the
saltation-only (CTL) mechanism. The SS source distribu-
tion contains modes withMMDs at 6.7 and 14.2 µm [Al-
faro and Gomes, 2001]. These modes activate first as slower
winds are required to exceed their threshold velocity. These
modes are significantly larger than the4.82 µm mass median
dust diameter [D’Almeida, 1987] prescribed at the source in
the CTL simulations. Prescribing a larger diameter at the
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Figure 7. Near-surface mass distributionsnm(D) [µg m−3] at Puerto Rico in 2000 for July (day of month)/(day of year)
(a) 6/188, (b) 7/189, (c) 15/197, and (d) 16/198. Measurements (black), CTL (yellow), CTL10 (magenta), CTLPDF (cyan),
SS (red), SSPDF (green), SSPDFSFS (blue). Note difference in scales between the four figures.

source would produce more large aerosols at the source in-
dependent of wind speed. As mentioned in Section2.3.3,
the DRUM size-resolved aerodynamic measurements may
underestimate the mass fraction of particles withD > 5 µm.
This would bring them̃(D > 5) (equation5) simulated by
saltation-sandblasting processes into even better agreement
with observations.

Both the SS and the SSPDF experiments use the same soil
size distribution yet SSPDF transports fewer large aerosols.
Sandblasting physics explain this outcome. In SSPDF, a
small but significant fraction of the winds are fairly fast (see
Figure1). Faster winds sandblast more small aerosols than
slower winds provided that the saltators are large enough to
exceed the binding energy of the finest dust. Sufficiently
large saltators are required to sandblast fine dust. Increas-
ing mean winds produces more small particles for the soil
size distributions that we employ (Table2), but this is not a
general rule.

The difference between SSPDF and SSPDFSFS is strik-
ing in Figures8 and9. Accurate predictions of sandblasting,

and thus dust emissions and downwind size distributions,
requires detailed source soil size distribution data. These
data must include the soil size distribution of all potential
saltators—roughly40 < D < 700 µm [Iversen and White,
1982]. Remote sensing is one promising avenue for produc-
ing these data (G.S. Okin and T.H. Painter, Effect of grain
size on spectral reflectance of sandy desert surfaces, submit-
ted toJournal of Geophysical Research, 2003).

Our sub-gridscale wind distribution, the Weibull distribu-
tion, is based on empirical parameterizations [Justus et al.,
1978] previously used in other wind erosion models [Gillette
and Passi, 1988; Shao et al., 1996]. In this formulation, wind
speed standard deviation (and thus variability or gustiness)
increases with the mean wind speed. Figure1 shows that the
standard deviation increases with the wind speed. However
the standard deviation decreases relative to the mean wind
(from 76% for 2 m s−1 to 27% for 20 m s−1). In reality, wind
speed variability is also linked to boundary layer turbulence
and to both dry and wet convection. Since these processes
are simulated in 3D meteorological models, they could be
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Figure 8. Observed and simulated̃m(D > 5), the near-surface fractional mass concentration of particles larger than5 µm.

linked into the variability of the wind PDF (Equation2).

In 2002, theMMD of springtime East Asian dust did
not change much between measurements at Gosan, Sea of
Japan, and Crater Lake, Oregon, where it exceeded 5µm af-
ter crossing the Pacific!(K. Perry, Personal communication,
2003). The trans-Atlantic crossing time of African dust is
about five days [Mahowald et al., 2002; Colarco et al., 2003]
similar to the trans-Pacific crossing time of Asian dust which
is embedded in a stronger westerly flow. Table4 shows the
simulated change in monthly size distribution from the Sa-
haran source region to Puerto Rico in the SSPDF simula-
tion. The simulated fraction of aerosols larger than 5µm
decreases from0.75 in emission, to0.53 in near-Sahara con-
centration, to0.14 in near-Puerto Rico concentration. Thus
silty dust appears to settle or wash out much more rapidly in
our model than in observations.

4. Conclusions

Three different source formulations for dust production
were used in a chemical transport model to simulate emis-
sions and long range transport of mineral dust during the
PRIDE campaign. The model results were compared to mea-
surements of aerosol size distribution, mass concentration,
and optical depth from optical, aerodynamic, and filter in-
struments. Physically based sensitivity studies addressed the
mechanisms which could explain why mineral dust emis-
sion and all known transport models underpredict long range
transport of the large particles [Colarco et al., 2003; Ginoux,
2003] seen in observations [Perry and Cahill, 1999; Reid
et al., 2003].

Previous model attempts to reproduce the large particle
size distribution measured downwind of dust sources fo-
cused on aspherical particle shape effects and on improv-
ing advection schemes [Colarco et al., 2003; Ginoux, 2003].
These studies left a significant fraction of the large parti-
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Figure 9. Observed and simulated̃V (D > 5), the fractional volume path of dust particles larger than5 µm.

Table 4. Change in Size Distribution During Trans-Atlantic Transport
Regiona Day of Year Property 0.1–1.0 µm 1.0–2.5 µm 2.5–5.0 µm 5.0–10 µm

Fraction Fraction Fraction Fraction

Sahara 170-200 Production flux 0.021 0.069 0.16 0.75

Sahara 170-200 Dust concentration 0.057 0.17 0.24 0.53

Puerto Rico 175-205 Dust concentration 0.20 0.40 0.25 0.14

aThe Sahara is defined as−20◦ < longitude< 35◦E,10◦ < latitude< 35◦N, Puerto Rico as−90◦ < longitude< −60◦E,15◦ < latitude< 25◦N

cles unexplained. We showed that a production mechanism
which accounts for saltation but neglects sandblasting un-
derpredicts the fraction of particles larger than five microns
observed after long range transport. A production mecha-
nism which accounts for saltation and sandblasting produces
greater fractions of large particles, in closer agreement with
observations. Contingent on the sandblasting process and
saltator population, realistic wind speed variability tends to

reduce the emitted and transported fraction of large particles.
Saltation sandblasting, in conjunction with wind speed vari-
ability, significantly reduces, and, in some cases, eliminates,
model biases in production and long range transport of large
dust particles.

The observed fraction of long range transported large
aerosol (D > 5 µm) is the net result of a complex interac-
tion of non-linear processes where saltation sandblasting and
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wind variability interact. Whether each process increases or
decreases the mobilization of large particles depends on the
values of the other, and on the boundary conditions (par-
ent soil size distribution). Thus saltation-sandblasting and
wind variability ought to be considered together. We con-
clude that a significant fraction of the remaining discrepancy
is explained by interactions of saltation sandblasting, wind
variability, and soil size distribution in source regions.

The downwind size distribution is very sensitive to the
soil size distribution in source regions, which is usually
poorly constrained. Assuming most source soil is the coarse
medium sand typical of West Africa produces the best agree-
ment with observations during PRIDE. This study points out
the need for improved global soil size distribution dataset
that goes beyond the sand, silt, and clay texture classifica-
tion traditionally used by soil scientists. The dataset must
include as much information as possible on the soil size
distribution of all potential saltators—roughly40 < D <
700 µm [Iversen and White, 1982]. To reproduce observa-
tions, global models must predict the correct emitted size
distribution and size-dependent deposition processes during
transport. Since reliable soil size distribution and wind vari-
ability data are unavailable globally, it is difficult to assess
whether global dust transport models err more in production
or in transport. The ideal experiment to isolate these pro-
cesses would be Lagrangian monitoring of dust in a trans-
oceanic plume.
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