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[1] We describe an updated model of the dust aerosol cycle embedded within the NASA
Goddard Institute for Space Studies ‘ModelE’ atmospheric general circulation model
(AGCM). The model dust distribution is compared to observations ranging from aerosol
optical thickness and surface concentration to deposition and size distribution. The
agreement with observations is improved compared to previous distributions computed by
either an older version of the GISS AGCM or an offline tracer transport model. The largest
improvement is in dust transport over the Atlantic due to increased emission over the
Sahara. This increase comes from subgrid wind fluctuations associated with dry
convective eddies driven by intense summertime heating. Representation of ‘preferred
sources’ of soil dust particles is also fundamental to the improvement. The observations
suggest that deposition is too efficient in the model, partly due to AGCM rainfall errors.
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1. Introduction

[2] Variations in atmospheric composition have long
been recognized as a source of climate change. Warming
during the late twentieth century is attributed primarily to
greenhouse gases like carbon dioxide, although in recent
decades the offsetting effect of aerosols has been recognized
[Charlson et al., 1992; Penner et al., 2001]. Changes to the
concentration of carbon dioxide, the leading twentieth-
century climate forcing [Hansen and Sato, 2001], can be
detected with measurements at only a few locations, because
the multi-decadal lifetime of the gas allows it to be mixed
throughout the globe. In contrast, aerosols are removed from
the atmosphere within days to weeks, resulting in much
larger spatial variations. This means that aerosols must be
sampled within a comparatively dense network as their
concentration changes rapidly along their trajectory. No
observing network exists for aerosols analogous to the

synoptic network of radiosondes that routinely measures
the three-dimensional evolution of weather.
[3] Mineral (or ‘soil’) dust, raised by the wind erosion of

dry soil particles, makes a leading contribution to the global
aerosol load [Andreae, 1995; Tegen et al., 1997]. Despite its
importance, the global distribution of dust remains uncer-
tain, even with an increasingly dense array of observing
sites [Prospero, 1996; Kohfeld and Harrison, 2001; Holben
et al., 2001]. Satellites provide more complete spatial
coverage, but in general retrieve only column integrals of
dust properties like optical thickness [Herman et al., 1997;
Mishchenko et al., 1999; Chu et al., 2002; Kahn et al.,
2005]. To integrate these observational constraints into an
evolving three-dimensional picture, models of the dust cycle
are used. Among aerosols, representation of the dust cycle
is a particular challenge for global models, whose esti-
mates of global emission vary by over a factor of two
[Zender et al., 2004]. This range results from the use of
different subsets of the available data to constrain each
model, but also from different physical representations of
the dust cycle. While it is agreed that regions of sediment
accumulation like the dry beds of former lakes are prolific
dust sources [Prospero et al., 2002], model emission is
highly dependent upon the specific identification of these
regions [Cakmur et al., 2006]. Moreover, while the models
resolve the planetary-scale winds that disseminate dust
worldwide, entrance of dust into the atmosphere often
occurs as a result of winds whose scales are below the
model resolution [Sinclair, 1969; Rennó et al., 1998].
Because wind erosion is parameterized rather than explic-
itly simulated by global models, confidence in the models’
physical basis requires a thorough comparison to a wide
range of observations.
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[4] In this article, we describe a dust model embedded
within the newly available version of the NASA Goddard
Institute for Space Studies (GISS) atmospheric general
circulation model (AGCM), referred to as ‘ModelE’
[Schmidt et al., 2006]. The dust model has been substan-
tially updated in order to reflect newly available measure-
ments along with improved representations of the dust
cycle. The dust model is described in section 2, and
compared to the previous version described by Tegen and
Miller [1998]. Model emission is chosen so that the dust
cycle agrees optimally with a worldwide compilation of
observations, including satellite retrievals and sun photom-
eter measurements of aerosol optical thickness, along with
measurements of surface concentration and deposition, and
retrievals of aerosol size distribution. Derivation of the
optimal global emission is described in a companion article
[Cakmur et al., 2006]. Here, we evaluate the optimal case in
comparison to regional measurements (section 3), and note
the sensitivity of the optimal case to new aspects of the
model (section 4), using the observations to identify those
changes that contribute to the largest improvement. Our
conclusions are presented in section 5.

2. Model Description

[5] Our description of the dust model emphasizes those
features that have been updated from the previous version
[Tegen and Miller, 1998]. The global distribution of dust
evolves with the meteorology and surface conditions com-
puted by the ModelE AGCM. ModelE is a substantial
revision to the previous generation of AGCM at NASA
GISS. It is described and compared to observations of the
current climate by Schmidt et al. [2006]. ModelE is avail-
able to the community at hhttp://www.giss.nasa.gov/tools/
modelEi.
[6] The AGCM has horizontal resolution of 4� latitude by

5� longitude. Tracer advection is based upon the quadratic
upstream scheme [Prather, 1986], which calculates as
prognostic variables not only the mean tracer value within
a grid box, but its slope and curvature, effectively increasing
the resolution of dust and other tracers above the nominal
value. In ModelE, the slope and curvature are now updated
by the aerosol deposition schemes, resulting in more accu-
rate simulation of these processes [Ginoux, 2003]. The
model top has been raised from 10 to 0.1 mb near the
stratopause, and the number of vertical layers has been
increased to 20, with six new layers added to the strato-
sphere. Two new layers increase resolution within the lower
troposphere, which is significant for the surface wind that
raises dust. Mixing within the planetary boundary layer
(PBL) is now based upon a non-local parameterization
[Cheng et al., 2002, 2003, 2004]. While turbulent
mixing was limited to the lowest layer in the previous
model, it can now occur anywhere within the column as a
result of static or shear instability. The model physics time
step has been cut in half to thirty minutes, so that radiative
and surface fluxes (including dust emission and deposition)
are computed twice as often compared to the previous
AGCM.
[7] Dust in ModelE is represented by four tracers

distinguished by particle size. The clay category includes
particles with radii less than 1 mm, while the three silt

classes have radii between 1–2, 2–4, and 4–8 mm,
respectively.
[8] The most prolific sources of dust aerosol are arid

lowlands where soil particles are accumulated by fluvial
erosion of the surrounding mountains [Prospero et al.,
2002]. The dry beds of former lakes are especially produc-
tive. In this article, these ‘preferred sources’ correspond to
the topographic depressions identified by Ginoux et al.
[2001]. The effect of other erodibility prescriptions [Tegen
et al., 2002; Zender et al., 2003; Grini et al., 2005] upon the
dust cycle is considered in our companion study [Cakmur et
al., 2006]. Dust sources created by human disturbance of
the soil, through agriculture, overgrazing, and deforestation,
for example, are currently omitted from this model, in
contrast to Tegen and Miller [1998], where roughly half
of the emission was anthropogenic. The anthropogenic
contribution to global emission is smaller according to more
recent estimates, although the precise value is not settled
[Mahowald and Luo, 2003; Tegen et al., 2004a; Mahowald
et al., 2004; Tegen et al., 2004b].
[9] Dust emission is inhibited by vegetation, which

shields soil particles from the force of the wind. Tegen
and Miller [1998] allow emission over regions of grassland,
shrubland, or desert identified by Matthews [1983]. Here,
we identify soils exposed to the wind using a more direct
criterion based upon surface roughness, retrieved from
measurements of a surface-reflected microwave pulse with
a scatterometer on board the European Remote Sensing
(ERS) satellite, and calibrated using in situ roughness
measurements [Prigent et al., 2005]. This data set char-
acterizes surface roughness at roughly 50 km resolution,
which is comparable to the Matthews [1983] vegetation
data. We allow emission to occur in the fraction of the
AGCM grid box where the ERS roughness parameter
falls below �13 dB, corresponding to a roughness length
of about 0.1 cm. This allows roughly one-quarter of the
total land grid boxes to act as a potential dust source,
consistent with previous studies [e.g., Tegen and Fung,
1994]. However, emission occurs within only a small
fraction of each grid box, representing the geographic
confinement of preferred sources. For the Ginoux et al.
[2001] prescription used in this study, the total source
extent is 0.69% of the global surface area [Cakmur et al.,
2006]. We update the ERS value each month to represent
the seasonal cycle of vegetation. The effect of roughness
as opposed to vegetation as a criterion for emission is
compared in section 4.
[10] According to wind tunnel measurements, soil par-

ticles enter the atmosphere when the wind stress exceeds
a certain threshold [e.g., Gillette, 1974]. This initiates
saltation, a horizontal creep of particles with radius of
order 30 mm and larger [Marticorena and Bergametti,
1995]. The collision of saltating particles with the surface
can liberate the smaller particles that are dispersed glob-
ally and have the greatest radiative effect [Shao et al.,
1993; Shao, 2001]. Representation of the latter process
(called ‘sandblasting’) requires detailed knowledge of the
saltator size distribution, which is related to the size
distribution of soil particles at each location [Alfaro and
Gomes, 2001; Grini et al., 2002]. Sandblasting also
depends upon the binding energy that must be overcome
to liberate the smaller particles that are potential aerosols,
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which depends upon the local mineralogy. Rather than
simulate this complicated process, which depends upon
information that is not available for every source region
worldwide, we simply assume that aerosol particles are
created when the wind stress exceeds a certain threshold. In
general, wind stress is related to the surface wind speed
through the roughness length. We assume that dry lake beds
and other environments making the greatest contribution to
dust emission are similar worldwide and can be charac-
terized by a single surface roughness. Then, emission can
be expressed in terms of surface wind speed above a
threshold that is globally uniform.
[11] To account for the binding effect of interstitial water

upon the soil grains that are potential aerosols [Fecan et al.,
1999], we increase the emission threshold with soil moisture.
Emission is observed to resume shortly after precipitation as
long as the uppermost centimeter or so has dried out [Gillette,
1999]. Measurements of the relation between emission and
soil moisture are difficult to apply toModelE, wheremoisture
is assumed to be uniform over the uppermost soil layer of
10 cm depth. Following Shao et al. [1996], we increase the
emission threshold wT according to the soil wetness q,
defined as the water within the uppermost soil layer divided
by the field capacity or maximum soil water:

wT ¼ wT ;0 exp 0:7q½ �; ð1Þ

where wT,0 is the emission threshold of the 10 m surface wind
speed for completely dry soil (equal to 8 ms�1). Saturation of
the soil (corresponding to q equal to unity) increases the
emission threshold by a factor of two, but even in the absence
of precipitation, soil moisture remains above zero, asymptot-
ing to a value that depends upon the soil texture. Our
threshold sensitivity to soil moisture is comparable to that of
Fecan et al. [1999], which is calibrated using wind tunnel
measurements. The dependence of our results upon the
threshold sensitivity is considered in section 4. Emission is
prohibited entirely where the surface is covered with ice or
more than 1 cm of snow.
[12] That emission is observed to occur on the scale of

tens of meters to tens of kilometers [Idso et al., 1972;
Sinclair, 1973] is a challenge to global dust models, where
the calculated surface wind represents an areal average over
each grid box, whose horizontal extent typically exceeds a
hundred kilometers. To represent wind fluctuations on
smaller scales over which emission is observed to occur,
we assume a probability distribution p(w) dw of surface
wind speed w within each grid box [Cakmur et al., 2004].
The emission E is calculated according to:

E ¼ CF rð Þ
Z 1

wT

w2 w� wTð Þp wð Þ dw; ð2Þ

where C represents the efficiency of emission for a given
wind event, and F(r) is the fractional size distribution of the
emitted particles of radius r. This distribution should strictly
appear inside the integral, as it depends upon the size
distribution of the saltating particles, which is a function of
the surface wind speed [Iversen and White, 1982]. We
currently neglect this dependence for simplicity, and derive
a globally uniform fractional size distribution as described
below.

[13] The cubic dependence of emission upon surface
wind speed above a threshold in (2) is suggested by wind
tunnel measurements [Gillette, 1974]. The probability dis-
tribution p(w) dw constructed by Cakmur et al. [2004]
resembles the Weibull distribution fitted empirically to wind
observations [Justus and Mikhail, 1976; Pavia and O’Brien,
1986], and proposed for the calculation of dust emission
[Gillette and Passi, 1988; Grini and Zender, 2004]. The
distribution parameters are derived from the magnitude of
subgrid wind variations calculated by the AGCM parame-
terizations of the PBL, along with dry and moist convection
[Cakmur et al., 2004]. Subgrid wind variations are domi-
nated by the occurrence of dry convection, and increase
emission preferentially over summertime deserts where
intense solar heating of the surface drives vigorous mixing
within the PBL. Topography and variations in surface
roughness are an additional and potentially important source
of subgrid wind fluctuations (through vortex shedding, for
example, or channeling of the flow upwind of the Bodele
Depression), although these effects are precluded by the
resolution of the model.
[14] Our use of a probability distribution to represent

subgrid wind variability is different from the approach of
Tegen and Miller [1998], who introduce geographic varia-
tions in the wind speed threshold so that AGCM emission
matches the value calculated by an offline model using
substantially higher resolution 1 1

8

� � 1 1
8

�� �
reanalyzed

winds. Lower values of the threshold are applied where
the reanalyses indicate large wind variability below the
scale of the AGCM grid box. Among the drawbacks of this
adjustment is that it compensates for errors in the reanalysis
winds, which are often based upon few actual observations
in the sparsely populated arid regions that produce dust. In
addition, the implied subgrid variability is constant in time
rather than being correlated with frontal passage or the
occurrence of dry convection, for example. In the present
study, we let the AGCM identify the occurrence of large
subgrid wind fluctuations based upon its calculated meteo-
rology [Cakmur et al., 2004]. This approach, where the
AGCM identifies meteorology that favors or ‘prefers’
emission, is complementary to the enhancement of emission
by preferred sources.
[15] Dust is removed from the atmosphere by a combi-

nation of wet and dry deposition. Removal by wet deposi-
tion is proportional to column precipitation, and occurs at
all levels beneath the computed cloud top. In contrast, Tegen
and Miller [1998] removed dust up to the climatological
tropopause, which allowed aerosols to accumulate above
this level after their introduction by penetrating convection.
Modification of the removal depth has a negligible effect
upon the global dust load, but reduces transport to high
latitudes above the mid-latitude tropopause. Dry deposition
is based upon a ‘resistance in series’ scheme that represents
a combination of gravitational and turbulent settling [Wesely
and Hicks, 1977; Koch et al., 1999]. The Stokes speed of
gravitational settling is slightly lower compared to that of
Tegen and Miller [1998], resulting from a correction to the
particle radius. In addition, the turbulent fall speed is no
longer a constant but is now coupled to the magnitude of
turbulence computed by the PBL parameterization [Koch
et al., 2006]. Dust is removed from the atmosphere at a
greater rate within an actively mixed boundary layer. Both
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mechanisms of dry deposition are calculated using the
same scheme as other aerosols within ModelE.
[16] In the present study, dust radiative forcing is

computed as a diagnostic for comparison to observations,
but this forcing is omitted from the calculation of the
model climate. This eliminates a feedback, because the
observed dust cycle depends upon the climate, which is
perturbed by dust. Disabling this feedback simplifies the
derivation of the dust distribution that is in best agreement
with the observations, as described below. This feedback
reduces global emission by roughly 15% in a previous
version of the model [Perlwitz et al., 2001; Miller et al.,
2004a], although certain regions exhibit a slight increase
[Miller et al., 2004b]. The reduction exhibited by the
present model is similar, as will be described separately.
In either case, this feedback upon emission is small
compared to the emission uncertainty, and we neglect it
for convenience.
[17] To diagnose radiative forcing, dust particles are

treated as Mie scatterers, where they are idealized as
spheres. This idealization is justified by the good quanti-
tative agreement between fluxes computed using non-
spherical aerosols and surface or volume-equivalent spheres
[Mishchenko et al., 1995]. While particles with radii
smaller than 1 mm are transported as a single category,
due to their nearly uniform rate of gravitational settling,
they are divided into four size categories for the radiative
calculation, using the mass partitioning calculated explic-
itly by Tegen and Lacis [1996]. Dust radiative forcing is
computed as described by Miller et al. [2004c], with two
exceptions. First, the imaginary part of the index of
refraction, formerly taken from laboratory measurements
of Saharan dust collected over the Atlantic [Patterson et
al., 1977], is reduced by roughly two-thirds at solar
wavelengths to be consistent with the value determined
by Sinyuk et al. [2003] based upon Total Ozone Mapping
Spectrometer (TOMS) retrievals and in situ sun photom-
eter measurements from the Aerosol Robotic Network
(AERONET). Outside of visible wavelengths, the imagi-
nary index is interpolated to join smoothly with the long-
wave values beyond 2 mm as measured by Volz [1973].
Second, scattering at thermal wavelengths, although not
explicitly computed, is represented by a 30% increase in
optical thickness, as suggested by the calculations of
Dufresne et al. [2002]. This has no effect upon the optimal
value of emission calculated by Cakmur et al. [2006], and
used to calibrate global emission here (described below),
because aerosol optical thickness (AOT) is a constraint
only at solar wavelengths. Despite our idealization of a
globally uniform index of refraction, regional variations in
aerosol mineralogy and scattering are observed [Carlson
and Prospero, 1972; Sokolik et al., 1993], which introdu-
ces an error into our dust cycle that is difficult to quantify.
[18] With the exception of the control simulation, we

calculate a five-year model climatology for each experiment
described in the following sections, with sea surface tem-
perature (SST) prescribed using values observed between
1997 and 2001. This period overlaps with many of the dust
measurements used to evaluate the model, although the less
than complete overlap introduces an uncertainty into our
comparison. For the control (or ‘baseline’) experiment, we
begin the model integration in 1992 and simulate a total of

ten years. In this case, a climatology is calculated by
computing the average from all possible five-year combi-
nations within the ten-year record. This allows us to
calculate the standard deviation of the five-year averages,
which measures the contribution of interannual variations of
SST along with the finite averaging period to the uncertainty
of the climatology, as described in section 4. The standard
deviation is small compared to the mean, suggesting that a
five year average is sufficient to characterize the model’s
dust cycle.
[19] What remains to be specified in (2) are the emission

efficiency C and F(r), the fractional size distribution of the
emitted particles. While C can be derived from wind tunnel
measurements or field experiments, its value on the scale of
an AGCM grid box is unclear. Tegen and Miller [1998]
chose it to match observations of surface concentration,
while the size distribution of the soil was taken from the
global survey of soil texture by Zobler [1986]. This survey
was intended for agricultural purposes and may not be
appropriate for the environments that emit dust. Moreover,
the emitted size distribution depends upon the redistribu-
tion of momentum from the saltating soil particles directly
mobilized by the wind to the smaller particles that become
aerosols [Alfaro and Gomes, 2001; Grini et al., 2002].
Given this uncertainty, we instead derive globally uniform
values of the product CF(r) for clay and silt, respectively,
in order to maximize the agreement of the model’s
climatological dust cycle with the data sets described
below. (Emission by each individual silt size category is
assumed to be identical.) This optimization is carried out
for each experiment, allowing each version of the model to
be presented in maximum agreement with the observa-
tions. Agreement is measured using the root mean square
of the difference between the model and each data set.
This represents the model error, which is normalized so
that values of order unity represent minimal agreement
with the observations, as described more fully (as the
‘relevant’ case) in the companion article [Cakmur et al.,
2006]. Because the feedback between dust radiative forc-
ing and emission is disabled, the model dust cycle is linear
with respect to the parameters C and F(r). Although the
absence of feedbacks slightly distorts the regional distri-
bution of dust, this linearity allows the optimal distribution
to be identified with a single integration of the model.
[20] The observations consist of seven data sets. Aerosol

optical thickness is retrieved from the Advanced Very High
Resolution Radiometer (AVHRR) and TOMS [Mishchenko
et al., 1999; Torres et al., 2002], along with sun photo-
meters from AERONET [Holben et al., 2001]. While the
satellite retrievals do not distinguish dust from other aerosol
types, we have chosen locations for comparison where dust
dominates the aerosol load. Because AOT is not retrieved in
cloudy scenes, the observations are compared to clear-sky
model values. Measurements of surface concentration are
provided by the University of Miami network [Prospero,
1996]. Deposition is compiled from literature values
[Ginoux et al., 2001], along with values measured using
marine sediment traps and compiled by DIRTMAP (Dust
Indicators and Records of Terrestrial and Marine Palae-
oenvironments [Kohfeld and Harrison, 2001; Tegen et al.,
2002]). Most DIRTMAP values are based upon several
seasons of measurements, although a few have records as
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