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[1] Mineral dust in the atmosphere is an important component of the climate system but is
poorly quantified. The Bodélé Depression of northern Chad stands out as the world’s
greatest source region of mineral dust into the atmosphere. Frequent dust plumes are a
distinguishing feature of the region’s climate. There is a need for more detailed
information on processes of dust emission/transport and dust optical properties to inform
model simulations of this source. During the Bodélé Dust Experiment (BoDEx) in
2005, instrumentation was deployed to measure dust properties and boundary layer
meteorology. Observations indicate that dust emission events are triggered when
near-surface wind speeds exceed 10 ms�1, associated with synoptic-scale variability in
the large-scale atmospheric circulation. Dust emission pulses in phase with the diurnal
cycle of near-surface winds. Analysis of dust samples shows that the dust consists
predominantly of fragments of diatomite sediment. The particle size distribution of this
diatomite dust estimated from sun photometer data, using a modified Aeronet retrieval
algorithm, indicates a dominant coarse mode (radius centered on 1–2 mm) similar to other
Saharan dust observations. Single-scattering albedo values are high, broadly in line with
other Saharan dust even though the diatomite composition of dust from the Bodélé is
likely to be unusual. The radiative impact of high dust loadings results in a reduction in
surface daytime maximum temperature of around 7�C in the Bodélé region. Using optical
and physical properties of dust obtained in the field, we estimate the total dust flux
emitted from the Bodélé to be 1.18 ± 0.45 Tg per day during a substantial dust event.
We speculate that the Bodélé Depression (�10,800 km2) may be responsible for between
6–18% of global dust emissions, although the uncertainty in both the Bodélé and
global estimates remains high.
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1. Introduction

[2] Atmospheric aerosols influence the Earth’s radiation
budget and are thus an important component of the Earth’s
climate system, and likely play an important role in global
climate change. Indeed, aerosols are one of the greatest
sources of uncertainty in interpretation and projection of
past and future climate change [Ramaswamy et al., 2001].
Aerosols are produced from a range of sources including

volcanic eruptions, anthropogenic pollution, biomass burn-
ing, the oceans and wind-blown terrestrial mineral dust. The
distribution, properties of mineral dust and its climate
impact are poorly understood, despite evidence that the
radiative impact may be comparable to that of anthropo-
genic sulphate aerosols [Ramaswamy et al., 2001]. In many
regions, mineral dust is the biggest contribution to atmo-
spheric optical thickness [Tegen et al., 1997], and evidence
exists of increasing dust production in recent decades
[Goudie and Middleton, 1992; Prospero and Lamb,
2003]. Dust also plays an important role in terrestrial and
oceanic biogeochemical cycles and it has been suggested
that Saharan dust plays a key role in fertilisation of soil
systems in the Sahel and the Amazon basin [Swap et al.,
1992].
[3] The direct and indirect radiative forcing effects of

mineral dust aerosols have been studied from simulations
[e.g., Miller and Tegen, 1998; Collins et al., 2001; Ginoux
et al., 2001; Weaver et al., 2002; Myhre et al., 2003] and
observations [e.g., Hsu et al., 2000; Kaufman et al., 2001;
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Haywood et al., 2003a, 2003b; Highwood et al., 2003;
Tanré et al., 2003]. These studies indicate that the radiative
impact of dust is complex. Dust backscatters solar radiation
to space and acts like a greenhouse gas to absorb upwelling
terrestrial radiation. The net radiative effect of dust is
influenced by underlying surface properties and dust optical
properties. Over oceans the radiative forcing in the solar
spectrum can be as high as �130 Wm2 locally [Haywood et
al., 2003b] whilst over the land the net effect may be
generally positive [Weaver et al., 2002]. Haywood et al.
[2005] estimate the longwave radiative effect to be up to
+50 Wm2 in cloud free regions of the Sahara. As a result,
the magnitude and even the sign of dust radiative forcing
remains uncertain [Ramaswamy et al., 2001]. Individual
Saharan dust events have been estimated to induce a global
mean net radiative forcing of �0.4 Wm2 [Myhre et al.,
2003]. There is clearly a need for detailed information on
dust physical and optical properties to test the assumptions
made in calculations of radiative forcing and the models
used for simulation of dust emission and transport [Kinne et
al., 2003], as well as for retrieval of aerosol properties from
satellite information. These radiative transfer models require
a range of information including aerosol optical thickness
(AOT), phase function, single-scattering albedo (wo the ratio
of scattering to scattering plus absorption), itself largely
dependent on the complex part of the refractive index, and
particle size distribution.
[4] Satellite sensors providing near-global representation

of aerosols, namely the Total Ozone Mapping Spectrometer
(TOMS) and the Multi-angle Imaging Spectro-Radiometer
(MISR), show that most of the world’s mineral dust is
associated with a small number of key preferential source
regions [Herman et al., 1997; Torres et al., 2002;
Washington et al., 2003; Zhang and Christopher, 2003].
Within the Sahara the TOMS aerosol index (Figure 1),
TOMS AOT (not shown), and the MISR AOT products
(not shown) all highlight the Bodélé Depression in northern
Chad as the region with consistently the highest mineral
dust aerosol loadings. This region is therefore the dustiest
place on Earth [Washington et al., 2003] and, unlike other

regions of the Sahara, is a major dust source throughout
the year. The Bodélé Depression is the deepest part of the
paleolake basin Mega-Chad, which was exposed when the
lake dried up some 5000 years BP.
[5] That the Bodélé Depression is such a dominant dust

source is due to the collocation of (1) an extensive source of
readily erodible diatomite sediment (�10,800 km2) centered
near 17�N, 18�E (Figure 2a) which is the source of the
major dust plumes characteristic of the region (Figure 2c)
and (2) locally strong winds associated with the Bodélé
Low-Level Jet (LLJ, Figure 3a) [Washington and Todd,
2005; Washington et al., 2006]. The Bodélé LLJ results
from the acceleration of the mean northeasterly
‘‘Harmattan’’ wind flow of North Africa due to the presence
of the Tibesti and Ennedi massifs which rise around 2600 m
to the north, and 1000 m to the east, respectively, above the
Bodélé Depression (Figure 3a). It is likely that combination
of a gap wind and downslope wind forcing creates the LLJ
[Washington and Todd, 2005; Washington et al., 2006]. The
LLJ and diatomite sediment interact to produce extensive
dust plumes (Figure 2c), which extend as singular features
up to 1000 km downwind and occur around 100 times per
year [Koren and Kaufman, 2004; Washington et al., 2006].
The dust plumes of the Bodélé Depression are a most
remarkable geophysical phenomenon.
[6] The Bodélé Depression is an extremely remote region

about which little is known in the scientific literature. To
address this, the Bodélé Dust Experiment (BoDEx), an
international, multidisciplinary field project was undertaken
in February–March 2005 to obtain fundamental informa-
tion on processes of dust emission and transport and the
properties of dust from the Bodélé region (http://www.geog.
ox.ac.uk/research/projects/bodex/). By obtaining observa-
tions directly within the world’s primary source region
BoDEx 2005 is rather different from most previous studies
of Saharan dust in which observations are made at locations
remote from the source regions. Kinne et al. [2003] report
that many dust models underestimate dust emission from
key source regions. The rationale for this work is therefore
as follows: (1) The Bodélé Depression is the world’s greatest

Figure 1. Annual mean aerosol index from TOMS (1980–1993, arbitrary units � 10).
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dust source because of its highly unusual geomorphological
and climatological characteristics, (2) a key requirement of
dust models which estimate global dust emission and associa-
ted climate impact is to simulate accurately dust emission/
transport from this key source region, and (3) detailed
information of key processes in the Bodélé during dust events
is therefore required for model parameterisation, calibration
and validation. Accordingly, in this paper we address the
following: (1) What is the relationship between the dust
emission events and the local wind conditions? (section 3).
(2) What are the values of the critical physical and optical
properties of the dust that determine the radiative effect, and
are these similar to other Saharan dust sources? (section 4)
(3) What is the effect of dust on the local climate? (section 5).
(4) What is the magnitude of mass flux of dust from the
Bodélé Depression? (section 6).

2. Data and Methods

[7] The BoDEx field campaign ran from 28 February to
13 March 2005. The instrumentation used to monitor

aerosol properties consists of a suite of ground based
instruments: (1) a Cimel C-318 sun-sky spectral radiometer
calibrated and upgraded as part of the NASA Aerosol
Robotic Network (AERONET) protocol [Holben et al.,
1998] and (2) a Microtops handheld sun photometer instru-
ment, manufactured by Solar Light Co. In addition, Meteo-
rological observations of wind speed, air temperature and
solar radiation (over the wavelength range 300–1000 nm)

Figure 2. (a) MODIS channel 4 surface reflectance (8 day
composite 27/2/05–6/3/05); (b) MODIS true color compo-
site (channels 3, 4, and 1) image for 1245 UTC 4 March
2005; (c) as in Figure 2b, but for 09:50 11 March 2005.
The location of the BoDEx 2005 field site at Chicha
(16.9�N, 18.5�E) is indicated in Figure 2a. The line in
Figure 2a indicates the transect used in dust flux calculation
(section 6).

Figure 3. Characteristics of the wind regime in the study
region. (a) Long-term mean 925 hPa zonal wind speed
(shaded, ms�1) during March (1979–2001) from ERA-40
reanalysis data. Westerly (easterly) winds have positive
(negative) values. Contours indicate surface topography (m).
(b) Geopotential height at 925 hPa (gpm, shaded) and
925 hPa wind speed and direction (ms�1, arrows) for 06z,
10 March 2005 from NCEP reanalysis data. Cross in circle
marks location of BoDEx field site in both figures.
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were made at 2 min intervals using a Davis Vantage Pro
weather stationmounted at 2m. The instrumentswere located
at 16.88�N, 18.53�E, and elevation 179 m (Figure 2a). The
location was selected for logistical and scientific reasons. The
site is relatively accessible and has a supply of groundwater.
The field site is located at the southeastern edge of the
exposed diatomite deposits, which is the primary dust
plume source region (Figure 2), enabling direct observations
of both surface dust emission processes and the atmospheric
characteristics.
[8] The Cimel 318A spectral radiometer is a solar pow-

ered robotically pointed sun and sky spectral radiometer.
This instrument made sun and sky observations at four
wavelengths; 440, 670, 870 and 1020 nm with further
observation in the water vapour absorption channel of
940 nm. The Cimel makes two basic measurements, direct
sun and sky, within programmed sequences. AOT is calcu-
lated from spectral extinction of direct beam radiation at
each wavelength on the basis of the Beer-Bouguer Law.
Attenuation due to Rayleigh scatter, absorption by ozone
(from interpolated ozone climatology atlas), and gaseous
pollutants are estimated and removed to isolate the AOT. A
sequence of three such measurements is taken 30 sec apart
creating a triplet observation per wavelength for cloud
screening purposes.
[9] The Cimel measures the sky radiance in four spectral

bands along the solar principal plane (i.e., at constant
azimuth angle, with varied scattering angles) up to nine
times a day and along the solar almucantar (i.e., at constant
elevation angle, with varied azimuth angles) up to six times
a day. The approach is to acquire aureole and sky radiances
observations through a large range of scattering angles from
the sun through a constant aerosol profile to retrieve size
distribution, phase function and AOT. Sky radiance
measurements are inverted using a new refinement of the
Dubovik and King [2000] scheme to provide aerosol optical
properties, size distribution and phase function over the
particle size range of 0.05 to 15 mm radii. In this new
scheme, aerosols are assumed to be randomly oriented
spheroids as in Dubovik et al. [2002b] but in addition
(1) the spheroid mix is refined and extra constraints
were used for limiting the concentrations of fine particles
with radii 0.05 mm [Dubovik et al., 2006] and (2) surface
albedo were assumed on the basis of surface reflectance

climatologies derived from satellite observations by Moody
et al. [2005]. These refinements to Dubovik and King
[2000] aerosol retrieval are to be included in an operational
new version processing of AERONET data that is currently
under development.
[10] There are notable gaps in the record provided by the

Cimel during BoDEx 2005 because of (1) the instrument
sensor head overheating during the local afternoon resulting
in corrupted data and so, generally, observations are limited
to the morning and (2) During the periods of intense dust
emission the Cimel could not operate because of the
potential for damage to the instrument motor and optics
from saltating sand particles. The Bodélé region is generally
cloud free during the boreal spring season. Nevertheless
cirrus clouds associated with the subtropical jet stream do
occur in the region and were present in the study period.
The Cimel data were screened for the presence of clouds
using the standard AERONET method described by
Smirnov et al. [2000]. These cloud screened data are
referred to as Aeronet level 1.5 data. The cloud screening
algorithm uses a number of decision rules based on the
variability of AOT values at short timescales (i.e., within the
triplet observations and within a day). Cloud identification
is based on the assumption that temporal variability in AOT
due to clouds is likely to be higher than that associated with
aerosols. This assumption may be violated when (1) tem-
poral variability in cloud characteristics is low and (2) when
temporal variability of aerosols is high. Such a condition
may apply to the BoDEx data since (1) the only clouds
observed are thin cirrus clouds with low temporal variability
and (2) the site is a dust source region where dust produc-
tion is highly variable because of microscale and mesoscale
variability in surface wind speed.
[11] The Microtops instrument provides observations of

AOT every 30 min each day from 0500 UTC to 1600 UTC.
The only break in the record occurred during the periods of
most intense dust production when the sun was not visible.
As such, the Microtops instruments provide a useful addi-
tional source of information on AOT. The Microtops
instrument has filters at 440, 675, 870, 936 and 1020 nm.
Microtops observations coincident with the Cimel observa-
tions were screened for clouds using the Cimel record.
Microtops observations during periods when the Cimel
was inoperable were cloud screened using a combination
of manual surface based observations and satellite observa-
tions of cirrus occurrence. Near-coincident observations of
AOT from the Microtops and the Cimel are in close
agreement (Figure 4) providing confidence in the stability
of the instruments and in the ability of the Microtops to
substitute for periods of Cimel inactivity.
[12] A sample of airborne dust was collected on a sticky

scanning electron microscope (SEM) stub at the field site on
10 March 2005. The stub was position at 2 m height to
capture dust transported largely by suspension. The samples
were placed on a 3 mm pin type stub with a carbon tab.
Energy dispersive analysis was done on an EDAX system
equipped with a Super Ultra Thin Window (SUTW). The
samples were examined in a Phillips XL30 Environmental
scanning electron microscope.
[13] A range of large-scale atmospheric information was

analysed in support of the field data. Information on large-
scale atmospheric conditions was obtained from ERA-40

Figure 4. Comparison of near-coincident observations of
AOT440 from the Cimel and Microtops instruments.
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and NCEP reanalysis data sets and composite MODIS
satellite imagery. Parcel trajectories were calculated using
the British Atmospheric Data Centre (BADC) trajectory
service, using atmospheric winds from the ECMWF opera-
tional analysis fields at 1.125� resolution. An atmospheric
simulation was made using the Pennsylvania State University/
National Center for Atmospheric Research numerical model
MM5 over the Bodélé domain. MM5 is a nonhydrostatic,
primitive equation model using terrain following coordi-
nates [Dudhia, 1993; Grell et al., 1994]. It was configured
with two nested domain grids in a two-way nesting. The
mother domain has 81 km resolution and covers the region
4.4–34.2�N, 4.0–36.0�E, whilst the nest domain has a
resolution of 27 km over 9–24�N, 9–24�E, roughly cen-
tered on the Bodélé. Lateral boundary conditions were been
provided by 6 hourly NCEP Reanalysis fields. The Noah
Land Surface Model was employed in the simulation using
MRF planetary boundary layer scheme. The simulation ran
for the period 25 February to 15 March 2005.

3. Dust and Wind Conditions During BoDEx
2005

[14] During the 14 day period of BoDEx 2005 the region
experienced a wide range of dust conditions. There were

substantial dust emission events on 10, 11, and 12 March.
On these days dust emission was severe with surface
visibility restricted at times to approximately 20 m and dust
plumeswere clearly visible fromMODIS imagery (Figure 2c).
Moderate dust emission over shorter periods of a few hours
occurred on 3 further days (28 February, 4 and 9 March),
when small plumes were visible from MODIS imagery
(Figure 2b). On the remaining days dust emission from the
field region was negligible (Figure 2a).
[15] The time series of AOT (Figure 5a) illustrates this

variability in dust emission. AOT440 values are �0.15 on
the clearest days (e.g., 8 March). Elevated AOT440 values
are apparent during the moderate dust events of 28 February,
4 March (AOT440 = 0.86), and 9 March. The major dust
events of 10–12 March (observed using the Microtops
sensor only) are associated with daily mean AOT440 values
of up to 1.62 on 11 March. On 10 March one single
instantaneous AOT440 value of 6.4 was observed. An
instantaneous peak AOT440 value of 3.6 was recorded on
11 March. It must be noted however that the error in
these observations, when the sun is partially obscured by
dust, is high. These Microtops observations obtained during
10–12 March are actually indicative of periods of relatively
low dust emission during the afternoon only when the sun
was just visible. During the mornings of 10–12 March
no observations were possible and aerosol loadings
are therefore higher than those indicated by the afternoon
Microtops results.
[16] The variability in daily mean AOT corresponds

closely to the variability in daily mean surface wind speed
(Figure 5a). This is consistent with the condition that the
aerosols are produced locally from the zone of exposed
diatomite sediments (except on 5 March: see below).
Variability in daily mean near-surface wind speed is mod-
ulated by variability in the large-scale circulation. Specifi-
cally, the flow direction and velocity of the Bodélé LLJ is
controlled substantially by the intensity and position of the
Libyan high-pressure system. The major dust events during
BoDEx 2005 are clearly associated with increased intensity
in the LLJ caused by eastward ridging of the Libyan High
(Figure 3).
[17] Despite the primary role that the large-scale synoptic

conditions play in producing the large dust events, the local
diurnal cycle remains important. On all days a pronounced
diurnal cycle in surface wind speeds is observed with
maxima (minima) close to 0900 UTC (2000 UTC) (local
time is UTC + 1 hour). That strongest winds at the surface
typically occur in the mid morning is due to mixing of
momentum from the LLJ down to the surface by radiative
heating. This is also evident during the large dust event of
10–12 March when 15 min average maximum (minimum)
values of �14 ms�1 (�2–8 ms�1) were recorded near 0800
[2000] UTC (Figure 6a). On these days dust emission
reflected this diurnal cycle, occurring in pulses of
�18 hours duration on the 10 and 11 and �13 hours on
12 March. Although no photometer observations were
possible during the mornings because of excessively high
dust loadings, after 1200 UTC on 11 and 12 March AOT
observations from the Microtops were possible as the
atmosphere cleared, and a coincident decline in AOT440

and wind speed was recorded (Figure 6a). From this we can
infer that dust transport out of the region within the LLJ

Figure 5. Daily average values observed during BoDEx
2005 of (a) AOT440 from the Cimel 318 (solid thin line with
triangle markers) and Microtops instrument (dotted line
with diamond markers) and daily mean 2 m wind speed
(solid thick line), (b) AOT440 and Ångstrom parameter from
Microtops and Cimel instruments.
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exceeded the rate of surface emission after 1200 UTC on
both days resulting in falling AOT values. During the
smaller dust events of 9 and 4 March the AOT440 cycle
lags wind speed by about 1 hour (Figures 6b and 6c). On
4 March, AOT440 values remained elevated throughout the
afternoon (not shown) because of advection of dust into the
Bodélé from the remote Ennedi region to the east, visible
on the MODIS imagery (Figure 2b). Wind direction was
ENE on 4 March compared to NNE or NE on all other dust
days. This advection of dust from remote sources persisted
during 5 March when AOT values remained relatively high
but wind speeds were too low for local dust emission
(Figure 5a).
[18] One of the largest uncertainties in modeling dust is

the dust emission from source regions such as the Bodélé. In
most models the processes of dust uplifting are parameter-
ized as a function of wind speed, soil water content, surface
roughness and particle size and density [e.g., Ginoux et al.,
2001; Zender et al., 2003; Tegen et al., 2002]. The threshold
wind speed for dust emission is a critical factor in dust

models. From consideration of coincident observation of
wind speed, AOT, and visual observations of visibility,
saltation and surface dust flux we estimate the threshold
wind velocity (at 2 m over 15 min) for dust emission to be
10.0 ms�1. This is consistent with the duration of dust
emission on 28 February, 4 and 9–12 March and the
absence of substantial emission on other days when wind
speeds never exceeded 10.0 ms�1. This estimate is also very
close the minimum estimated dust plume advection rate for
the Bodélé derived from satellite data byKoren and Kaufman
[2004]. This threshold wind speed is considerably greater
than those observed elsewhere. Gillette [1977] suggests a
threshold wind speed of 6–7 ms�1 whilst Park and In [2003]
define values of 6.0–9.5 ms�1 (at 10 m height) for various
surface types in China from statistical comparison of wind
speed and dust storm occurrence. On the basis of various
studies, Tegen and Fung [1994] use a threshold of 6.5 ms�1

(at 10m) in their global dust model. This disparity may reflect
the rather unusual process by which fine dust is liberated in
the Bodélé through self-abrasion of mobilised diatomite
flakes [Giles, 2005].

4. Physical and Optical Properties of Bodélé Dust

[19] SEM analysis of the dust particles on the stub
indicates that the dust is dominated by fragmented fossil
diatoms from the dry lake bed of the Bodélé (Figure 7). The
dominant species are the planktonic centric diatom Aulaco-
seira and Stephanodiscus. In addition, large quartz particles
are evident, which have their origin in the desert surround-
ing the depression. The quartz grains are 50–250 mm in size
such that they represent the saltating particles not involved
in long-range transport. The barchan dunes which hold
substantial quantities of quartz are largely restricted to the
eastern side of the Bodélé Depression surrounding the
BoDEx field site. The majority of the central and western
Bodélé is relatively free of sources of quartz. Trace quan-
tities of evaporite products such as halite are apparent. From
this we can infer that the dust emitted from the Bodélé is
predominantly composed of fragmented fossil diatoms.
[20] Retrievals of aerosol size distribution from Cimel

data using the revised Aeronet retrieval show a dominant
coarse mode centered on 1.5–2.0 mm and a minor fine
mode centered close to 0.5 mm (Figure 8a). The coarse
mode becomes more dominant during the dust events (4 and
9 March). There is an order of magnitude increase in the
volume concentration of the coarse mode during the mod-
erate dust events compared to ‘‘clear’’ conditions. The
coarse mode is characteristic of dust properties observed
elsewhere in the Sahara and other desert regions, e.g., the
long-term observations of Dubovik et al. [2002a] and short-
term observations of Highwood et al. [2003]. However,
the minor but noticeable presence of fine particles with
radii <1 mm is rather unusual for desert dust. Estimates of
the particle size distribution based on electron microscopy
of in situ samples of dust collected on nucleopore filters
using a vacuum pump dust sampler during BoDEx 2005 are
very similar (J. V. Martins et al., manuscript in preparation,
2006). Retrievals using the current operational Aeronet
scheme with an assumption of spheroidal particles (not
shown) indicate a pronounced ultra fine mode centered
close to 0.05 mm, which is not shown in SEM analysis of

Figure 6. Instantaneous AOT440 (diamonds) and 15 min
mean 2 m wind speed (line, ms�1) during (a) 10–12 March
2005 (b) 9 March 2005 (c) 4 March 2005. All times are
UTC.
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in situ dust samples (although the technique is capable of
resolving this mode if it existed) (J. V. Martins et al.,
manuscript in preparation, 2006) nor the new retrieval,
and is likely to represent an artefact of the retrieval. This
demonstrates the value of the new retrieval scheme.
[21] The shape of the particle size distribution is similar in

relatively clear and dusty conditions consistent with the
condition that the study site is a source region such that
the atmosphere is dominated by locally produced aerosols.
The median size of the coarse mode is 1.9 mm, and the
effective radius is 1.66 mm (for cases when dust is locally
produced). These are close to those figures derived from
sun-sky radiometer data elsewhere for desert dust and from
other in situ observational methods [e.g., Dubovik et al.,
2002a, and references therein]. The spectral dependence of
AOT can also be utilised to obtain information on the size of
dust particles. The Ångstrom parameter, which is indicative
of the average spectral behaviour of AOT, was derived from
both Cimel data and Microtops data on the basis of daily
mean AOT. The results show a broadly inverse relationship
with AOT (Figure 5b) for daily mean values, suggestive of a
shift toward coarse particles during dust outbreak events of
4, 9, and 11–12 March. During the major dust event on
10 March only one observation was obtained (not shown in
Figure 5) and indicates an extremely low Ångstrom value of
0.08. The daily mean Ångstrom values are in line with those
reported previously in the Sahara and elsewhere [e.g.,
Smirnov et al., 2000; Pinker et al., 2001; Dubovik et al.,
2002a].
[22] Observations from the Aeronet Cimel instrument at

Ilorin, southwest Nigeria (8�, 190N, 4�, 200E), are also
instructive. There is strong evidence of dust transport to
this region from the Bodélé. Parcel trajectories from the
Bodélé over 10–12 March are toward the southwest
reaching southwest Nigeria after approximately 3 days
(not shown). This pattern of long-range dust transport to
the southwest from the Bodélé during BoDEx 2005 is
very typical of conditions during the winter/spring period
[Washington et al., 2006]. Dust emitted from the Bodélé

Figure 7. SEM image of dust sample collected on 10 March 2005 at the BoDEx field site. Clearly
visible are crushed diatom fragments from the dry paleolake bed.

Figure 8. Particle size distribution for (a) daily mean at
Bodélé using the ‘‘new’’ Aeronet retrieval (4 March: solid
thick line, 6 March: thin dotted line, 7 March: dashed line,
8March: thick dotted, line 9March: solid thin line). (b) Mean
for 13–15 March observed at Ilorin, Nigeria, using standard
Aeronet retrieval with spheroidal particle assumption.
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on 10–12 March was detectable from observations at the
Aeronet station at Ilorin, Nigeria, approximately 3 days
later, with enhanced AOT440 values (in excess of 1.2)
compared to the 3 days immediately prior (�0.5–0.8).
We are confident that the AOT at Ilorin was dominated
by mineral dust rather than biomass burning aerosols
because of the very low Ångstrom coefficients observed
on these days (�0.2). Retrievals of particle size distribu-
tion with the standard Aeronet retrieval from data
obtained at Ilorin on 13–15 March (using an assumption
of spheroidal particles, Figure 8b), 3 days after the large
Bodélé dust event of 10–12 March, show that the
dominant coarse mode (and noticeable fine mode) is very
similar to that observed at the Bodélé source. The
magnitude of the coarse mode dust volume at Ilorin
during 13–15 March is approximately three times that
from the Bodélé estimates of the ‘‘moderate’’ dust event
of 4–5 March. On the basis of analysis of the Bodélé
data using the ‘‘new’’ Aeronet retrieval we can assume
that the ultrafine particle mode (<0.1mm) in the Ilorin
data is artificial.
[23] The optical characteristics of Bodélé dust retrieved

from the Cimel instrument are summarized in Table 1.
Mean wo values (for the days when AOT440 exceeded 0.3
and when we are confident that the dust sources is local)
range from 0.969 at 441 nm to 0.99 at 1022 nm
(Figure 9). Similar values are obtained from the Aeronet
instrument at Ilorin, Nigeria, downwind from the Bodélé
over the period 13–15 March (Figure 9). On 5 March
when the dust source was the Ennedi region to the east of
the Bodélé )o values are significantly lower (Figure 9).
That wo values are high for local sources of Bodélé dust
and lower for remote dust is broadly corroborated by the
analysis of in situ dust samples from the Bodélé (J. V.
Martins et al., manuscript in preparation, 2006) The result
adds weight to the perspective that absorption of solar
radiation by dust at wavelengths greater than 550 nm is
very weak but that absorption in the blue spectral range
can be pronounced for certain dust source regions [e.g.,
Kaufman et al., 2001; Dubovik et al., 2002a, and refer-
ences therein]. This result has important implications for
the magnitude of associated dust radiative forcing. How-

ever, because of the short record in this study, this
conclusion must be treated with caution.

5. Impact of Dust on Surface Heating

[24] High-aerosol loadings during the major dust event of
10–12 March had a substantial impact on surface shortwave
radiation and as a result on air temperatures. Solar radiation
flux at the surface was substantially reduced (Figure 10).
The daily maximum solar flux observed on 10, 11, and 12
March was only 45%, 60%, and 80%, respectively, of the
pre-event values on 8 March. Note that on 12 March dust
emission occurred only during the local morning such
that solar radiation values were suppressed only prior to
1200 UTC. Daily maximum temperatures fell from 43.0�C
on8March to only30.9�C,30.6�Cand30.7�Con10–12March

Table 1. Summary of Dust Optical Properties Observed During

BoDEx 2005 Using Revised Aeronet Retrieval on Cimel Data

Parameter Value

Aerosol optical thickness at
440 nm (mean/min/max)

0.41/0.08/1.56

Ångstrom parameter (mean/min/max) 0.24/0.06/0.45
Mean single_scattering albedo (wo)

(440,670,870,1020 nm)a
0.969/0.986/0.989/0.990

Real part of refractive index
(440,670,870,1020 nm)a

1.46/1.47/1.45/1.44

Imaginary part of refractive index
(440,670,870,1020 nm)a

0.002/0.001/0.001/0.001

Mean (standard deviation) volume
concentration (mm3/mm2)a

0.27 (0.05)

Effective particle radius (and standard
deviation) of all/fine
mode/coarse mode (mm)a

1.1 (0.12)/0.20 (0.02)/1.66 (0.12)

aDays where mean AOT440 > 0.3 and when dust is locally produced. Figure 9. Box plot of wavelength dependence of single-
scattering albedo of dust. Plot shows mean and 95%
confidence intervals for observations at Bodélé on 4 and
9 March 2005 (hatched box), 5 March (dotted box) and
from Ilorin, Nigeria, on 13–15 March (clear box).
Horizontal line in each box shows the mean value.

Figure 10. Time series from 6–12 March at the BoDEx
site of 2 m temperature observed (solid thick line),
simulated near-surface temperature surface using MM5
(solid thin line) and observed solar radiation (dotted line).
All times are UTC.
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(Figure 10) a drop of more than 12�C. Temperature changes
result from a combination of horizontal and vertical tem-
perature advection and diabatic heating (consisting of
radiant fluxes and surface heat fluxes, which are dominated
by sensible heat flux). Given the strength of the northeast-
erly wind anomalies (Figure 3b) and the reduction in
shortwave radiation flux it is likely that both advective
and diabatic heating contributions are substantial. We can
estimate the magnitude of each of these components by
comparing our observed surface meteorological observa-
tions with data from the MM5 model simulation. The MM5
model includes the dynamical processes but does not
simulate the radiative effect of enhanced atmospheric aero-
sols such that temperature changes in the model will be
dominated by temperature advection. During the dust-free
days (6–8 March) the model simulates very accurately the
magnitude and variability in daily maximum temperatures.
During dust-free conditions nighttime temperature minima
are spatially highly variable and consistently overestimated
by the model at Chicha although not at Faya (19�100E,
18�N) located some 120 km northeast of Chicha where the
WMO station (WMO code 64753) provides a limited
amount of data (not shown). During the dust event of
10–12 March, MM5 overestimates daily maximum temper-
atures by about 7�C (Figure 10). Therefore of the �12�C
depression in daily maximum temperatures observed over
10–12 March relative to 8 March, only about 5�C can be
accounted for by horizontal and vertical temperature ad-
vection in the MM5 model (Figure 10). We can infer that
the net radiative effect of the high-aerosol loadings (dom-
inated by shortwave fluxes during the day) at the surface is
to reduce near-surface maximum temperature by about 7�C.

6. Estimated Dust Mass Flux From the Bodélé
Depression During BoDEx 2005

[25] Quantifying the mass flux of dust from the world’s
major dust source regions is vital to addressing key ques-
tions regarding global and regional biogeochemical cycles
[e.g., Swap et al., 1992] as well as to evaluate model
estimates. Here, we utilise information obtained in the field
to estimate the total dust flux from the Bodélé during the
3 day dust event of 10–12 March 2005. The dust flux over a
point (Fp, g m2 s�1) can be expressed as

Fp ¼ M� U ; ð1Þ

where M is the column-integrated dust mass (gm2) and
U the vertically integrated wind speed (ms�1) through the
dust layer which we assume to be <500 m over the source
region. This assumption is based on parcel trajectories over
the region and estimates of dust plume height from MISR
satellite data which suggest that the dust layer is less than
600 m height as far as 1000 km downwind of the Bodélé
[Koren et al., 2006]. We estimate M as a function of
atmospheric AOT440. Estimates of AOT440 are not available
during nighttime nor during the peak dust conditions, so we
estimate AOT440 at 30 min time steps from near-surface
wind speed on the basis of the observed association of
AOT440 and 30 min average wind speed during the field
period. Consistent with the dust emission schemes of many
models [e.g., Ginoux et al., 2001; Zender et al., 2003; Tegen

et al., 2002] in which dust emission or saltation is
proportional to U3, we find that the regression coefficient
between AOT440 and U30

3 is 0.088, (r2 = 0.78, SE = 0.005)
where U30 is the 30 min average 2 m wind speeds in excess
of the emission threshold of 10.0 ms�1.
[26] Estimates of AOT440 are then converted to dust

volume (V, m3m2) on the basis of the close linear association
between AOT440 and dust volume V derived from the Cimel
retrievals during our sample. The regression coefficient
between V and (AOT440–AOT(B)440) is 0.62 (r2 = 0.96,
SE = 0.0146) where AOT(B)440 is the background AOT of
dust-free conditions. Dust volume, V, is then converted to
dust mass, M (gm2), assuming a dust density of 2.1 gcm3

obtained from laboratory analysis of numerous samples of
fine diatomite sediment obtained from locations in the
Bodélé. Then, from equation (1), dust flux, Fp, is estimated
every 30 min and then integrated over the 3 day period.
[27] This estimate of Fp represents the dust flux passing

the BoDEx field site. To determine the mass flux from the
entire Bodélé region, we first calculate the flux crossing a
transect, perpendicular to the mean wind direction (over the
3 days 10–12 March), extending from the field site at the
southern boundary of the area of exposed diatomite sedi-
ment to the northern boundary (Figure 2a). The dust flux
F is the product of Fp and the length of this cross section
(43,000 m) (following the method of Kaufman et al., 2005).
For the 3 day period 10–12 March, F = 0.29Tg. It is clear
from analysis of dust plumes from MODIS data and
experience in the field that dust emission is largely restricted
to the exposed diatomite sediment. The flux F across this
transect therefore represents emission and transport from all
exposed diatomite upwind of the site. The region upwind of
this transect represents �8.3% of the entire area of �10.8 �
109m2 of exposed diatomite (defined from identification of
diatomite on MODIS surface reflectance data). If we scale
our estimate of F accordingly we estimate the dust flux from
entire Bodélé diatomite sediment to be 3.5 Tg during the
BoDEx 3 day dust event, or 1.18 ± 0.45 Tg per day. The
uncertainty here is estimated from the SE of the regression
coefficients and an assumption of a 10% error in calculation
of the diatomite density and in each of the diatomite area
and transect dimensions. The calculation assumes that dust
emission rates over the entire diatomite region are similar to
those at the field site. This assumption is untested but
plausible, given (1) observations of AOT taken simulta-
neously on 11 March at the field site and a location some
30 km to the northwest (i.e., along the cross section) are
very similar (not shown), (2) wind speeds simulated by
the MM5 model indicate that the mean wind speed during
10–12 March averaged over the entire region 16.5–18.5�E,
17.0–17.5�N (encompassing the Bodélé sediment) is within
1% of that for the field location, (3) dust concentration in
the dust plume increases from NE–SW across the Bodélé,
(assuming that the brightness of the plume in the MODIS
imagery is indicative of dust loading) such that peak dust
flux occurs on the southwest extremity of the diatomite
region (Figure 2c), and (4) estimates of long-term mean
AOT from the MISR instrument during the winter months
show a peak located near 16�E, 16.5�N (not shown), i.e.,
near the downwind extremity of the diatomite. Neverthe-
less, the possibility that surface emission processes may
vary within the diatomite region must be recognised,
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especially given the predominance of barchan dunes in the
north and east of the diatomite. Therefore the assumption of
uniform emission is a major but unquantified source of
uncertainty in our estimates.
[28] The Bodélé Depression emits dust plumes on ap-

proximately 100 days per year [Washington et al., 2006].
We estimate the long-term average emission by applying the
technique described above to 6 hourly surface wind data
from the NCEP reanalysis data set, using the grid cell
centered on the Bodélé. The NCEP wind speeds are
corrected for the observed negative bias in this region
[Koren and Kaufman, 2004; Washington et al., 2006] by
linear regression with our observations over the BoDEx
period. The annual mean dust emission over the period
1979–2005 is estimated to be around 182 ± 65 Tg yr�1.
Note that the error values here are based on the same
assumptions as in the estimation for the BoDEx period
and do not include the errors associated with uncertainty
surrounding the linear correction of NCEP wind speeds.
Numerical simulations from a range of models estimate the
global dust emission to be between 1000–3000 Tg yr�1

[Zender et al., 2005]. A speculative inference of this,
therefore, is that the diatomite sediments of the Bodélé
Depression, an area of only about 10,800 km2 may be
responsible for between 6–18% of global dust emission. We
must stress, however, that the uncertainty in our estimate is
large, particularly given the short period of the BoDEx
study, such that the figures should be considered to be
preliminary estimates.

7. Summary and Conclusions

[29] The Bodélé Depression of northern Chad is the
world’s greatest source region of mineral dust into the
atmosphere. Detailed information on processes of dust
emission and dust optical properties from such sources is
vital to efforts to simulate dust radiative forcing as well as
retrieval of dust properties from satellite instruments.
Accurate simulation of dust emission processes from the
Bodélé region (and other similar locations) is a key require-
ment of global and regional dust models. To date, observa-
tions obtained directly from major dust source regions are
lacking. In this paper we present results from the BoDEx
2005 experiment, the first field experiment in the Bodélé
Depression region to characterise dust properties and emis-
sion processes.
[30] Our limited observations indicate that the aerosol

loading in this source region is highly variable from day to
day. The large dust plume events during BoDEx 2005 were
triggered by strong wind events driven by ridging of the
Libyan high-pressure cell, confirming the analysis based on
satellite data of Washington and Todd [2005]. Imposed on
this synoptically driven regional circulation is a pronounced
diurnal cycle in wind speeds such that dust emission occurs
in pulses of up to 18 hours in duration. This marked diurnal
structure has implications for techniques used to estimate
dust emission on the basis of satellite observations from
low-Earth orbiting satellites with a fixed local crossing time
such as TOMS and MODIS.
[31] From measurements of wind speed, AOT and visual

observations during BoDEx 2005 we determine the specific
threshold wind speed (15 min average at 2 m height) for

dust emission to be 10.0 ms�1. This value is unusually high
in comparison to other dust source regions. Moreover, many
global atmospheric models (including those used to gener-
ate the NCEP and ERA-40 reanalysis data sets) underesti-
mate surface and LLJ wind speeds over the Bodélé by
�50% [Koren and Kaufman, 2004; Washington et al.,
2006]. This may lead dust models to seriously underesti-
mate dust emission from the Bodélé given the highly
nonlinear relationship between wind speed and dust flux.
There is therefore a clear need for validation of higher-
resolution GCMs and/or regional climate models used to
drive dust simulations in this region and to appropriate
parameterisation of emission processes [Tegen et al., 2006].
[32] SEM analysis of airborne dust material confirms that

the dust is predominantly composed of fragments of fossil
diatoms. The magnitude of dust emission during large
events was beyond the measuring ability of the surface
based photometer instruments. However, from our sample
of relatively clear and moderate dust event conditions we
have determined important aerosol properties from the
Bodélé source region. The physical properties indicate that
the dominant coarse mode of the particle size distribution of
dust from the Bodélé (centered on 1–2 mm) is actually
characteristic of other Saharan dust observation despite the
unusual characteristics of the Bodélé diatomite sediment.
However, there is minor but noticeable presence of particles
with radii < 1 mm which is rather unusual for desert dust.
[33] The single-scattering albedo of Bodélé dust is very

high with relatively low wavelength dependence. Bearing in
mind the rather small sample the results are broadly similar
to that previously observed in some other regions in the
western Sahara desert. This is particularly interesting
because of the specific elemental composition of the Bodélé
diatomite. It would therefore be interesting to determine the
extent to which the other preferential source regions in the
western Sahara [Prospero et al., 2002; Washington et al.,
2003] may actually be paleolake beds similar to but smaller
than the Bodélé Depression. There is also some evidence
that dust from the Ennedi region has lower single-scattering
albedo especially in the blue wavelengths, which requires
further investigation. The net radiative effect at the surface
of high dust loadings (with AOT values in excess of 3.0)
causes a large reduction in the surface maximum tempera-
ture of �7�C.
[34] On the basis of our observations of dust properties

and wind speeds we estimate the daily dust emission
during the large 3 day event during BoDEx to be 1.18 ±
0.45T g d�1. Whilst the uncertainty associated with this is
high, it represents the first estimate based on direct field
observations. With this caveat in mind we may speculate
that the Bodélé may be responsible for 6–18% of global
dust emissions. Consistency between observations at
Bodélé and Ilorin, Nigeria, provides compelling evidence
of dust transport from the Bodélé up to distances of at least
1700 km. On the basis of trajectory analysis [Swap et al.,
1992; Washington et al., 2006] and satellite estimates [e.g.,
Kaufman et al., 2005] it is highly likely that dust is trans-
ported much farther, as far as South America. Analysis of
the geochemistry and mineralogy of dust from Bodélé
obtained during BoDEx 2005 will help determine the extent
to which this dust is transported to the Amazon and its
potential role in ocean and land fertilization.

D06207 TODD ET AL.: MINERAL DUST FROM THE BODÉLÉ DEPRESSION
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[35] The observations obtained from BoDEx 2005 are
currently being used by the project team and other collab-
orators to constrain more precisely model simulations of
dust emission, transport and climate impact [Tegen et al.,
2006]. Finally, we must stress the important caveat that the
results presented here are based on a data set of rather
limited duration which is unlikely to be fully representative
of all seasons and conditions. Further observations are
required from this unique and fascinating location to com-
plement the findings here.
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