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[1] Mineral dust aerosols play an important role in the climate system. Coupled climate-
aerosol models are an important tool with which to quantify dust fluxes and the associated
climate impact. Over the last decade or more, numerous models have been developed,
both global and regional, but to date, there have been few attempts to compare the
performance of these models. In this paper a comparison of five regional atmospheric
models with dust modules is made, in terms of their simulation of meteorology, dust
emission and transport. The intercomparison focuses on a 3-day dust event over the
Bodélé depression in northern Chad, the world’s single most important dust source.
Simulations are compared to satellite data and in situ observations from the Bodélé Dust
Experiment (BoDEx 2005). Overall, the models reproduce many of the key features of the
meteorology and the large dust plumes that occur over the study domain. However, there
is at least an order of magnitude range in model estimates of key quantities including
dust concentration, dust burden, dust flux, and aerosol optical thickness. As such, there
remains considerable uncertainty in model estimates of the dust cycle and its interaction
with climate. This paper discusses the issues associated with partitioning various sources
of model uncertainty.
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1. Introduction

[2] Mineral dust aerosols are an important component of
the Earth’s climate system by virtue of (1) their direct
influence on the Earth’s radiation budget through absorption
and scattering of solar and terrestrial radiation, (2) the
indirect effect through modification of cloud properties,
(3) the effect of items 1 and 2 on atmospheric stability

and circulation, and (4) their role in terrestrial and oceanic
biogeochemical cycles. Despite increased research into
these processes in recent decades, aerosols remain one of
the greatest sources of uncertainty in interpretation and
projection of past and future climate change [Forster et
al., 2007]. The distribution, properties and climate impact of
mineral dust in particular is relatively poorly understood,
despite evidence that the radiative impact may be compa-
rable to that of anthropogenic sulphate aerosols [Forster et
al., 2007]. In many regions mineral dust is the biggest
contribution to atmospheric optical thickness [Tegen et al.,
1997], and evidence exists of increasing dust production in
recent decades [Goudie and Middleton, 1992; Prospero and
Lamb, 2003].
[3] Observations and simulations have demonstrated that

in regions of high dust emission such as North Africa dust
aerosols strongly influence surface and tropospheric radia-
tion budgets and consequently the atmospheric circulation
[e.g., Miller and Tegen, 1998; Haywood et al., 2005; Grini
et al., 2006; Mahowald et al., 2006; Yoshioka et al., 2007].
It is likely that numerical weather prediction models benefit
from inclusion of dust aerosols in these regions [e.g., Pérez
et al., 2006a; Rodwell and Jung, 2008]. As a result, in
recent years a number of experimental and operational dust
forecast systems have been developed at institutes around
the world, for example, the Navy Aerosol Analysis and
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Prediction System (NAAPS), the Global and regional Earth-
system (Atmosphere) Monitoring using Satellite and in situ
data (GEMS) at the European Centre for Medium-range
Weather Forecasts [Morcrette et al., 2007], and the Dust
REgional Atmospheric Model (DREAM) [Nickovic et al.,

2001]. At the same time, inclusion of dust aerosols is an
important step in the further development of climate and
Earth system models. Such dust models can make an
important contribution to understanding the role of dust in
the climate system. At present, however, there exists con-
siderable uncertainty in model estimates of dust emission
and fluxes at global [Zender et al., 2004] and regional scales
[Uno et al., 2006]. Therefore, it is important that numerical
simulation of dust processes in weather forecast and climate
models is improved. A common understanding of model
behavior will help reduce this uncertainty in the future and
help inform the interpretation of dust forecasts.
[4] It is widely recognized from analysis of satellite data

that dust emission occurs primarily in a relatively small
number of preferential source regions, mostly located in the
world’s arid zones, notably the Sahara desert [Herman et al.
1997; Prospero et al., 2002; Torres et al., 2002; Washington
et al., 2003; Zhang and Christopher, 2003]. Of these source
regions the Bodélé depression, in northern Chad is the
region with consistently the highest mineral dust aerosol
loadings. This region is, therefore, the single most signifi-
cant dust source, and has been referred to as the ‘‘dustiest
place on Earth’’ [Washington et al., 2003]. Unlike other
regions of the Sahara it is a major dust source throughout
the year. The Bodélé depression is the lowest part of the
paleo-lake basin Mega-Chad. The lake last dried up some
5000 years BP [Drake and Bristow, 2006] leaving diatomite
sediments exposed at the surface. Today, these sediments
cover an area of �10,800 km2 centered near 17�N, 18�E,
clearly apparent from satellite imagery (Figure 1a). The high
dust emission from the region is due to the erosive action on
these readily erodible sediments of locally strong winds
associated with the Bodélé Low Level Jet (LLJ) [Washington
and Todd, 2005; Washington et al., 2006; Todd et al., 2007].
This phenomenon is described in more detail in section 3.1
but is associated with the channeling effects of the Tibesti
and Ennedi mountains that rise around 2600 m to the north,
and 1000 m to the east, respectively, above the Bodélé
depression (Figures 1a and 2b). Thus, the coincidence of the
LLJ and diatomite sediment produces extensive dust
plumes, which extend as singular features up to 1000 km
downwind (Figure 1b) and occur with remarkable frequency,
around 100 times per year [Koren and Kaufman, 2004;
Washington et al., 2006]. Koren et al. [2006] estimate that
about half of all mineral dust transported fromNorth Africa to
South America originates in the Bodélé depression.
[5] A key requirement of dust models, therefore, is that

they simulate accurately the dust flux from the Bodélé
depression. This represents a key test of model fidelity.
This paper presents the results of an intercomparison of
model simulations of a large dust event from the Bodélé
over 3 days from 10 to 12 March 2005, coincident with the
first in situ data acquired from the region during the Bodélé
Dust Experiment (BoDEx 2005) [Washington et al., 2006;
Todd et al., 2007; Warren et al., 2007] (http://www.geog.
ox.ac.uk/research/climate/projects/bodex/). The paper aims
to (1) determine the degree of uncertainty in estimates of
dust emission and transport from a range of model simu-
lations, (2) highlight the sources of uncertainty in these
estimates, and (3) point to the key foci for future research to
constrain this uncertainty. The aim is not to rank the model

Figure 1. (a) MODIS channel 4 surface reflectance (8-day
composite, 27 February 2005 to 6 March 2005). (b) MODIS
true color composite (channels 3, 4, and 1) image for 0945
UTC 11 March 2005. The location of the BoDEx 2005 field
site at Chicha (16.9�N, 18.5�E) and other political and
geographical features are indicated. In Figure 1a the
domains over which the model quantities are derived in
Tables 1–5 are indicated as white lines. The smaller of these
encompasses the area of exposed diatomite sediment within
the Bodélé Depression, visible as the bright surface
immediately east of Chicha.
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performance but rather highlight the degree of uncertainty in
various aspects of model simulation.
[6] The paper is organized as follows. Section 2 provides

a description of the models and experimental configuration,

as well as the observational data used for model evaluation.
In section 3, an overview of the meteorology of the study
region of particular relevance to dust emission is provided.
Section 4 includes the primary results of the model inter-

Figure 2. (a) Mean (1979–2001) winter JFM season sea level pressure (SLP in hPa, shading) and
925 hPa wind (vectors); surface 1000-m contour is marked with dotted line. (b) Mean 925 hPa height
(gpm, shading) and wind (m s�1 vectors) for 10–12 March 2005. Data for Figure 2a are from ERA-40
reanalysis, and data for Figure 2b are from NCEP reanalysis.
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comparison subdivided into sections on meteorology and
various components of the dust cycle. Discussion and
conclusions follow in section 5.

2. Data and Methods

2.1. Dust Models

[7] Kinne et al. [2003] report that many global dust
models underestimate dust emission from key source
regions like the Bodélé. In this study we analyze the results
of dust flux estimates from dust models configured at the
regional scale more appropriate to simulation of this source
region. We obtained results from five dust models summa-
rized in Appendix A, Table A1. All the models in this study
except DREAM utilize essentially the same dust emission
scheme originally developed byMarticorena and Bergametti
[1995]. In this scheme size resolved dust emission (F) is
based on parameterizations of soil aggregate saltation and
sandblasting processes, in which saltating sand size soil
aggregates break soil into smaller particles which are
released into the atmosphere (equation (1)). Saltation occurs
when the wind friction velocity exceeds a minimum thresh-
old (u*tr), itself a function of soil particle size, soil particle
density, surface roughness and soil moisture. The size
resolved horizontal saltation flux is then largely a function
of the third power of wind friction velocity. Finally, the
vertical dust flux into the atmosphere results from the
sandblasting effect of saltation and is a function of the
kinetic energy of the aggregate (proportional to the hori-
zontal flux) and the soil binding energies.

F ¼ a
ra
g
u3*

X
i

1þ
u*tri

u*

� �
1�

u2
*tri

u2
*

 !
Si

" #

� ð1� AvegÞð1� AsnowÞ; ð1Þ

where a is the ratio between the vertical dust flux and the
horizontal saltation flux (the sandblasting efficiency), and
the rest of the right hand side of equation (1) describes the
horizontal saltation flux in which ra is the air density, g is

the gravitational constant, u* is the surface friction velocity,
u*tri is the threshold friction velocity for size fraction i, Si is
the relative surface area covered by particles of size fraction
i, Aveg is the part of the area covered by vegetation, and
Asnow is the part of the area covered by snow [from Tegen et
al., 2006]. The a parameter expresses the relationship
between the kinetic energy of the saltating aggregate
impacting on the soil and the binding strength of the soil,
but the method by which the values are determined varies
between the models. Table A1 in Appendix A shows the
values of a where available. In RegCM3 the a parameter is
calculated explicitly as a function of the kinetic energy of
the saltating particles (proportional to the mass flux) and the
soil binding energies of the soil particles from Alfaro and
Gomes [2001], and as such is a complex function of friction
velocity, soil texture and emission mode size. The values of
a in the RAMS-DPM are calculated from the empirical
relation deduced from the measurements of Gillette [1979],
and are a function of soil texture, specifically clay content,
where higher soil clay content is associated with higher
values of a. In LM-MUSCAT the single a parameter was
actually ‘‘tuned’’ for these particular experiments by
optimizing to ensure good match between modeled and
observed aerosol optical thickness (AOT) during BoDEx
itself. In Meso-NH a single a parameter is used on the basis
of that utilized in global simulations by Zender et al. [2003].
This a value provided acceptable estimates of AOT by
Meso-NH compared to observations for model runs over
West Africa at relatively low resolution (40–60 km).
Interestingly, P. Tulet (personal communication, 2008)
notes that the a values here may be too high by about
33%, as subsequent model calibration experiments suggest
a dependence on model resolution, an issue considered
further in section 5. The values of a used in the models here
(Table A1 in Appendix A) range over �3 orders of
magnitude which is similar to the range of values observed
by Gillette [1979] associated with variations in soil clay
content from 0 to 20%. In most cases over the Sahara the
clay content of the soil, like soil texture, is not well
constrained [Zender et al., 2003; Tegen et al., 2006] such

Table 1. Dust Model Results for Mean 10-m Height Wind Speed Over Period 10–12 March 2005a

Averaging Area Observations RegCM3 LM-MUSCAT Meso-NH RAMS-DPM DREAM

Chicha 13.5 8.82 8.42 9.62 11.73 6.78
Area < 250 m height N/A 8.92 8.08 9.19 11.15 5.98
14�E–21�E, 14�N–21�N N/A 6.71 6.27 6.0 8.34 4.98

aWind speed given in m s�1. N/A denotes not available.

Table 2. Dust Model Results for Dust Emission Rate and Total Emission From Available Modelsa

Quantity Averaging Area RegCM3 LM-MUSCAT RAMS-DPM

Peak emission (1200 UTC 10 March 2005) Chicha 6.93 � 10�4 5.92 � 10�4 3.38 � 10�3

area <250 m height 9.0 � 10�4 6.17 � 10�4 2.58 � 10�3

14–21�E, 14–21�N 2.63 � 10�4 2.58 � 10�4 5.61 � 10�4

Mean emission (10–12 March 2005) Chicha 4.1 � 10�4 4.69 � 10�4 b 1.38 � 10�3

area <250 m height 5.0 � 10�4 5.37 � 10�4 b 1.3 � 10�3

14–21�E, 14–21�N 1.39 � 10�4 2.1 � 10�4 b 2.81 � 10�4

Total emission (10–12 March 2005) area <250 m height 1.4 1.5 3.6
14–21�E, 14–21�N 21.1 31.9 42.5

aDust emission rate given in g m�2 s�1; total emission given in Tg.
bEmission for LM-MUSCAT is for 1200 UTC only.
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that empirical ‘‘tuning’’ of the a parameter is frequently
required (see section 5 for further discussion).
[8] The DREAM model uses the dust emission scheme

originally developed by Shao et al. [1993] in which the dust
flux, F, is, again, a function of the third power of wind
friction velocity.

F ¼ c� d � u3* 1� ðu*ti=u*Þ
� 	

: ð2Þ

Dust flux is scaled by dust productivity factor d which takes
into account effects of soil structure and particle size
distribution, and a constant, c (conceptually similar to the a
parameter in equation (1)). Dust flux is then used to
determine the surface dust concentration. However, unlike
the other models, DREAM includes a viscous sublayer
between the surface and the lowest model layer [Janjic,
1994], since there is a physical similarity between mass/
heat/momentum exchange over surfaces such as the ocean
with that of mobilized dust particle over desert surfaces
[Chamberlain, 1983; Segal, 1990]. This parameterizes the
turbulent transfer of dust into the lowest model layer
accounting for different turbulent regimes, using the
simulated surface dust concentration as the lower boundary.
More details on this scheme can be found in Nickovic et al.
[2001] and Pérez et al. [2006b]. As a forecast model
DREAM has been extensively ‘‘tuned’’ with respect to
observations of AOT over North Africa by optimizing the
constant c in the dust flux equation (2).
[9] This saltation and sandblasting mechanism parame-

terized in equation (1) is commonly used in dust models.
However, observations during BoDEx 2005 showed that in
the diatomite sediments of the Bodélé depression the actual
process of dust generation is more complex [Warren et al.,
2007]. In the Bodélé saltation and sandblasting occur
mostly where transport of sand sized quartz particles from
the surrounding sand dunes is pronounced, largely at the
northeastern end of the diatomite sediment where the dune
density is highest. However, over most of the diatomite
sediment of the Bodélé an unusual process of ‘‘autoabrasion’’
occurs; in which saltating diatomite aggregates themselves
disintegrate into fine dust sized particles [Warren et al.,
2007]. This dust generation mechanism has yet to be

parameterized in dust models. Therefore, in this model
intercomparison we evaluate the extent to which the
Marticorena and Bergametti [1995] scheme (equation (1))
and the Shao et al. [1993] scheme of DREAM (equation (2)),
under various model configurations, can represent these
processes.
[10] Various model output fields at 3-hourly resolution

were processed for comparative purposes over the period
10–12 March 2005 during a substantial dust event. The
variables represent the driving winds (Table 1), the processes
of dust emission (Table 2) and resulting dust burden (Tables 3
and 4) and transport (Table 5). In this study no consideration
of deposition rates is made. The research teams involved
were free to configure their model experiments as they
chose. This condition was agreed for logistical reasons.
Therefore, the model horizontal and vertical resolution,
domain size, driving boundary conditions, land surface
conditions, run duration, and dust physical and optical
properties vary between the models, as summarized in
Table A1 in Appendix A. Although the differences between
model configurations mean the model outputs need to be
carefully interpreted, the results provide an initial bench-
mark of model uncertainty. Future model intercomparison
projects can then utilize a more tightly constrained model
configuration. For display and analysis model output data
were remapped to a common 0.2� spatial resolution over the
domain of 12�E–24�E, 12�N–24�N and a common vertical
resolution of 100 m in the lowest 2 km of the atmosphere.
All dust quantities except AOTwere integrated over the size
range of 0.1–10 mm diameter to represent the component
involved in long-range transport. Estimates of AOT were
provided by the model teams and are based on the dust
optical properties and size distributions specified in each
model.

2.2. Comparative Data

[11] The focus of this intercomparison study is the large
dust event of 10–12 March 2005. We have collated obser-
vations of local meteorology and estimates of dust burden,
emission flux and aerosol optical thickness from various
sources, for comparison with model output. Large-scale
meteorological fields were obtained from National Centers
for Environmental Prediction (NCEP) reanalysis for the

Table 3. Dust Model Results for Mean Lowest Level Dust Concentration and Column Integrated Dust Mass Averaged Over 10–12

March 2005a

Quantity Averaging Area RegCM3 LM-MUSCAT Meso-NH RAMS-DPM DREAM

Lowest level dust concentration Chicha 3757 15322 26000 19740 2148
area <250 m height 4500 15700 25200 26800 2700

Column integrated dust mass Chicha 1.91 11.57 14.92 24.5 2.44
area <250 m height 1.57 11.58 16.1 26.37 2.87
14�E–21�E, 14�N–21�N 0.77 5.74 11.36 11.61 1.84

aDust concentration given in mg m�3, and column integrated dust mass given in g m�2.

Table 4. Dust Model Results for Mean AOT Averaged Over 10–12 March 2005

Averaging Area RegCM3 LM-MUSCAT Meso-NH RAMS-DPM DREAM

Chicha 0.93 4.29 6.53 3.67 1.82
Area <250 m height 0.85 4.71 6.47 3.95 2.14
14�E–21�E, 14�N–21�N 0.58 2.1 4.23 1.74 1.38
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study period and the ERA-40 reanalysis for the long-term
mean. Satellite estimates of AOT were obtained from the
‘‘Deep Blue’’ algorithm of Hsu et al. [2004] applied to Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) and
MODerate resolution Imaging Spectroradiometer (MODIS)
data (0.1� resolution, daily at local noon) providing esti-
mates even over highly reflective desert surfaces. SeaWiFS
observed the study region on 10 and 12 March only, and
there is some cloud contamination on 10 March. It should
be acknowledged that Deep Blue estimates of AOT are
subject to uncertainties, most notably those associated with
assumptions about the aerosol size and shape and vertical
distribution used in the generation of the look-up tables of
satellite radiances associated with AOT and single scattering
albedo. Estimates of AOT from the Multiangle Imaging
SpectroRadiometer (MISR) system have very limited cov-
erage over the Bodélé during the period of interest and are
only used for calculation of dust mass transport downwind
where an overpass occurred. In situ data were obtained from
the Bodélé Dust Experiment (BoDEx 2005). Observations
of 2 m height winds (converted here to 10 m height using a
logarithmic wind profile defined with an appropriate rough-
ness length value for desert surfaces) and AOT measured
using a microtops Sun photometer were made at ‘‘Chicha’’
(16.9�N, 18.5�E). Observations of AOT were necessarily
sporadic owing to very high dust emissions rendering
observation problematic.
[12] Model output and observations are compared at three

spatial scales: (1) point quantities at Chicha, (2) quantities
averaged over an area which approximates the area of
exposed diatomite sediment, defined by the grid cells lower
than the 250 m surface height contour in the RegCM3
model domain, and (3) quantities averaged over the domain
14�N–21�N, 14�E–21�E, which covers the area from the
northern point of lake Chad in the southwest to the Tibesti-
Ennedi gap in the northeast, encompassing the dust plumes
in their entirety. These domains are approximately indicated
on Figure 1a.

3. Overview of the Climate of the Bodélé
Depression

[13] In winter, North Africa including the Chadian sector
is dominated by the low-level northeasterly Harmattan
winds [Hamilton and Archibald, 1945; Hastenrath, 1988],
which occur in the lowest 100 hPa of the atmosphere. These
winds are driven by north-south pressure gradient between
the mean high-pressure ridge centered over Libya (the
Libyan High) and the equatorial trough (Figure 2a). The
Bodélé LLJ is embedded in this mean northeasterly
Harmattan wind and is oriented NE-SW with a mean
maximum of �12 m s�1 (at the 925-hPa level in reanalysis)
centered near 17�N, 19�E in the ERA-40 reanalysis data
(Figure 2a). Mean wind speeds at 925 hPa in excess of 11 m
s�1 extend over a large region from northern Chad to Lake

Chad, a distance of some 1200 km. The high wind speeds to
the northwest of the Tibesti mountains (centered near 22�N,
14�E) indicate a split in the Harmattan wind associated with
the presence of the mountains.
[14] The LLJ exhibits a pronounced diurnal cycle with a

nighttime (daytime) maximum (minimum) consistent with
the inertial oscillation mechanism [Blackadar, 1957;
Washington et al., 2006; Todd et al., 2008]. During the
day, surface heating leads to a well mixed deep boundary
layer that exerts a frictional deceleration of the LLJ. After
sunset, radiative cooling of the surface leads to a near-
surface temperature inversion and decoupling of the surface
and low-level winds. This initiates an inertial oscillation in
which the LLJ accelerates through the night, until turbulent
mixing starts again the following day. This process leads to
an out-of-phase relationship of the diurnal cycle of the LLJ
with respect to that of surface winds. At the surface,
maximum wind speeds are observed during midmorning
when turbulence mixes the momentum of the nocturnal LLJ
down to the surface. At night, decoupling of the surface and
low levels leads to minimum wind speeds at the surface and
LLJ maximum [Washington et al., 2006; Todd et al., 2008].
This pattern is typical of many regions in the tropics that
experience a nocturnal LLJ phenomenon [e.g., May, 1995;
Parker et al., 2005; Sultan et al., 2007; Knippertz, 2008].
Accordingly, dust production is ’locked’ to the diurnal cycle
of surface winds and tends to peak during the early mid
morning, and weaken during the afternoon [Washington et
al., 2006; Todd et al., 2007; K. Schepanski et al.,
Meteorological processes forcing Saharan dust emission
inferred from MSG-SEVIRI observations of subdaily dust
source activation, submitted to Journal of Geophysical
Research, 2008]. This results in discrete daily pulses of
dust that are then transported out of the region within the
LLJ [Koren and Kaufman, 2004; Todd et al., 2007].
[15] Although the nocturnal LLJ is a widespread phe-

nomenon in the region, it is strongest and most pronounced
over the Bodélé depression as a result of the local orographic
configuration. The northeasterly flow is channeled through
the Tibesti-Ennedi gap (Figure 2a) and the combination of a
gap wind and downslope wind-forcing acts to accelerate the
LLJ by up to 50% [Todd et al., 2008]. Dust events occur
when surface winds exceed the threshold velocity for dust
emission (about 10 m s�1 at 2 m height [Todd et al., 2007]).
Outside of summer, variability in surface winds is associat-
ed with day-to-day synoptic-scale variability in the strength
of the north-south pressure gradient across the region,
most notably controlled by ridging of the Libyan High
[Washington and Todd, 2005]. Thus, the temporal charac-
teristics of dust emission from the Bodélé during winter
results from the interaction of the basic state of the
atmosphere over North Africa, local/regional topography,
synoptic variability and the coupled diurnal cycle of the
LLJ and surface winds.

Table 5. Dust Model Results for Net Westward Dust Mass Flux Integrated Over 12.5�N–21�N and 10–12 March 2005a

Quantity RegCM3 LM-MUSCAT Meso-NH RAMS-DPM DREAM

Flux at 16�E 10–12 March 2005 0.44 4.59 4.89 12.8 0.79
Flux at 12.5�E 11–12 March 2005 0.29 2.32 2.76 N/A 0.54

aDust mass flux given in Tg d�1.
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Figure 3. Model simulated 925 hPa winds (m s�1, vectors) and 10-m scalar wind speed (m s�1,
shading) at 0900 UTC on 10 March 2005. The 500-m and 1000-m surface elevation (dashed line)
contours are shown.
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