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[1] Current estimates of global dust emission vary by over a factor of two. Here, we use
multiple data types and a worldwide array of stations combined with a dust model to
constrain the magnitude of the global dust cycle for particles with radii between 0.1 and
8 mm. An optimal value of global emission is calculated by minimizing the difference
between the model dust distribution and observations. The optimal global emission is most
sensitive to the prescription of the dust source region. Depending upon the assumed
source, the agreement with observations is greatest for global, annual emission ranging
from 1500 to 2600 Tg. However, global annual emission between 1000 and 3000 Tg
remains in agreement with the observations, given small changes in the method of
optimization. Both ranges include values that are substantially larger than calculated by
current dust models. In contrast, the optimal fraction of clay particles (whose radii are less
than 1 mm) is lower than current model estimates. The optimal solution identified by a
combination of data sets is different from that identified by any single data set and is
more robust. Uncertainty is introduced into the optimal emission by model biases and the
uncertain contribution of other aerosol species to the observations.
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1. Introduction

[2] Aerosols are an important component of the global
radiation budget. Mineral (or ‘soil’) dust aerosols are one of
the largest contributors to aerosol radiative forcing [Tegen et
al., 1997; Penner et al., 2001]. In order to compute this
forcing, accurate information is needed on the distribution
of dust within the atmosphere along with the particle size
distribution. These properties have uncertainties associated
with them and therefore contribute to the uncertainty of dust
radiative forcing [Houghton et al., 2001]. This study con-

centrates on constraining the geographic and particle size
distribution of dust aerosols.
[3] Dust emission, whereby soil particles enter the atmo-

sphere, has been measured at only a small number of
locations over a relatively short period of time [Tegen et
al., 2002]. A global value has been extrapolated from
limited observations over specific source regions, such as
the Sahara and Asia [Uematsu et al., 1985; Swap et al.,
1996; Marticorena and Bergametti, 1996; Zhang et al.,
1997]. The global sum resulting from these measurements
ranges over two orders of magnitude from 60 to 5,000 Tg/yr
[Schutz, 1980; Goudie, 1983; Duce, 1995; Goudie and
Middleton, 2001]. Oceanic deposition observations repre-
sent a potential lower bound on global emission but are
scarce.
[4] Dust emission is estimated indirectly by constraining

a model with observations of aerosol amount. Modelers are
confronted with difficulties because dust emission is a non-
linear function of wind speed that depends on many other
factors that are poorly known on the scale of the model grid.
Emission E is often calculated according to:

E ¼ CF rð Þ w� wtð Þw2 for w � wt

0 for w < wt

�
ð1Þ

where w is the surface wind speed, wt is the threshold above
which emission occurs, C is a coefficient of proportionality,
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and F(r) represents the dependence of emission upon
particle size, denoted by radius r [Gillette, 1974]. The
emitted size distribution F(r) depends upon both the size
distribution of particles in the soil and the intricate transfer
of momentum from the largest particles displaced by the
wind to the smallest particles that are buoyant enough to
enter the atmosphere [Alfaro and Gomes, 2001]. While the
coefficient C and size distribution F(r) can be specified
empirically in certain situations, neither is well-known on
the scale of global models. These parameters are often
chosen so that the model dust distribution matches the
observations at a particular location such as Barbados,
where there are long term measurements [Prospero, 1996].
Global emission from recent models varies by over a factor
of two between 800 and 2,000 Tg/yr for particle diameters
below 10 mm [Ginoux et al., 2001; Tegen et al., 2002;
Mahowald et al., 2002; Zender et al., 2004]. Global
emission is sensitive to the data set and region used as a
model constraint, in addition to the physics of the model.
[5] In this article, we constrain the emission and global

distribution of dust aerosols using multiple data types and a
worldwide array of stations. Using the dust distribution
calculated by the NASA Goddard Institute for Space
Studies (GISS) atmospheric general circulation model
(AGCM), we minimize the squared difference between the
model distribution and observations to derive an optimal
value of global dust emission. More precisely, we vary clay
and silt emission separately through the product CF(r) in
order to identify values that are in best agreement with
observations. (Clay particles are defined with radius r less
than 1 mm, compared to larger silt particles.)
[6] In section 2, we review the parameterization of dust

aerosols within the GISS AGCM [Miller et al., 2006]. We
describe the data types used to constrain the model in
section 3. In section 4, we discuss the minimization proce-
dure used to derive a dust cycle that is in optimal agreement
with observations. In section 5, we calculate the optimal
global emission of clay and silt particles, along with a range
of emission that agrees nearly as well with the observations.
We also calculate the sensitivity of the optimal value to
different data sets and how this value changes if we
constrain the model for specific regions such as Africa,
Asia, and Barbados. Our conclusions are given in section 6.

2. Dust Model

[7] Dust aerosol is calculated using the newly available
modelE AGCM of the NASA Goddard Institute for Space
Studies [Schmidt et al., 2006]. The dust model represents a
substantial upgrade to the version developed by Tegen and
Miller [1998], and is described in more detail in a compan-
ion article [Miller et al., 2006].
[8] The AGCM has horizontal resolution of 4� latitude by

5� longitude and 20 layers extending from the surface to
0.1 mb, of which 10 are in the troposphere. The planetary
boundary layer (PBL) is simulated using a non-local,
second-order model of turbulence that extends throughout
the depth of the atmosphere [Cheng et al., 2002], an
improvement to the previous version of the GISS model
where turbulent mixing occurred only up to the middle of
the first layer around 200 m. Tracers (including dust) are
advected using the quadratic upstream scheme [Prather,

1986], which computes the slope and curvature of a tracer in
addition to its grid box average, increasing the effective
resolution.
[9] The model transports four size categories of soil dust:

one for clay with particle radii less than 1 mm, and three for
silt with radii of 1–2, 2–4, and 4–8 mm. Particles with radii
less than 1 mm are transported as one class because they are
not fractionated by gravitational settling, due to the par-
ticles’ similar fall speeds [Tegen and Lacis, 1996]. However,
in the radiative transfer calculations, the clay category is
further divided into four size bins.
[10] Enclosed basins containing former lake beds or

riverine sediment deposits provide an abundance of small
clay-sized particles that are loosely bound, and dominate
global dust emission according to the Total Ozone Mapping
Spectrometer (TOMS) aerosol index satellite retrieval
[Prospero et al., 2002]. Modeling studies show that inclu-
sion of these ‘preferred’ source regions improve the realism
of the model dust load in the vicinity of the sources [Zender
et al., 2003]. To identify these regions, we choose from
several alternative representations based upon topography
[Ginoux et al., 2001] (hereafter referred to as GINOUX), the
presence of dry lake basins [Tegen et al., 2002] (hereafter
TEGEN), an alternative identification of dry lakes (referred
to as Geomorphology by Zender et al. [2003]) (here referred
to as ZENDER1), and a linear function of surface reflec-
tance retrieved from Moderate Resolution Imaging Spec-
troradiometer (MODIS) [Grini et al., 2005] (hereafter
ZENDER2). For the TEGEN case, emission results from a
combination of preferred sources and sources identified
using conventional vegetation and soil wetness criteria.
We weight these so that preferred sources contribute roughly
90% of the global emission, consistent with Tegen et al.
[2002], although our results are insensitive for fractions as
low as 50%. We will consider the sensitivity of our results
to the preferred source formulation.
[11] Dust emission depends upon the fraction of the wind

stress absorbed by soil particles, as opposed to ‘roughness
elements’ like vegetation and topography; wind erosion of
soil decreases with the roughness of the surface. We use the
European Remote Sensing (ERS) microwave scatterometer
measurements to identify regions of low surface roughness.
The ERS is very sensitive to surface roughness and can
detect subtle changes in desert morphology [Prigent et al.,
2001, 2005]. We permit emission in the fraction of the grid
box where the ERS backscattering is less than �13 dB,
corresponding to a roughness length below 0.1 cm.
[12] Together, particle availability and surface roughness

determine the susceptibility of a region to wind erosion and
dust emission. This susceptibility is defined as the product
of the grid box fractions permitting emission, according to
the preferred source and roughness prescriptions, and is
plotted in Figure 1 as a fraction of the maximum value. The
lightest shade corresponds to susceptibilities below one-
quarter of the maximum; the darkest corresponds to sus-
ceptibilities above three-quarters, and represents what are
potentially the most productive source regions. Beneath
each figure is the percentage of grid boxes in each category.
For example, the most productive grid boxes represent 3.6
and 3.3% of the total in the GINOUX and ZENDER2
prescriptions, as opposed to only 1.0% in the TEGEN
prescription. In the former cases, dust emission is poten-
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