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[1] Aerosols are known to be important in determining Earth’s radiative balance. Dust
aerosols are of particular interest since, in addition to their scattering and absorbing
properties that affect the solar radiation, they also perturb the terrestrial radiation. Recent
studies have shown that a significant proportion of mineral dust in the atmosphere may
be of anthropogenic origin, and therefore they may have an important role in climate
change by exerting a significant radiative forcing. However, the optical and radiative
properties of dust are not yet very well-determined, and even the sign of the resulting
forcing is still questionable. The Saharan Dust Experiment (SHADE) was designed to
better determine the parameters that are relevant for computing the direct radiative effect.
Two aircraft combining in situ and remote sensing instruments were coordinated with
satellite overpasses and ground-based observations during the experiment, which was
based in the Cape Verde area during the period 19–29 September 2000. These in situ and
remotely sensed data provide new valuable information on the microphysical, optical
properties, and radiative effects of a large mineral dust outbreak. In addition, a global
chemical transport model was used for assessing the radiative impact of these events,
which are shown to be important on regional and global scales. INDEX TERMS: 0305
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1. Introduction

[2] Atmospheric aerosols are known to impact the climate
evolution but they still represent one of the largest uncer-
tainties in climate change studies [Intergovernmental Panel
on Climate Change (IPCC), 2001]. Among the different
aerosol types, mineral dust is one of the major contributors
to Earth’s radiative budget. It backscatters to space a
significant fraction of the solar radiation because, with the
possible exception of sea-salt aerosol, the dust loading in
the atmosphere is the most abundant of all aerosol species

[Penner et al., 2001]. It also impacts the terrestrial irradi-
ance and has a similar effect to that of greenhouse gases due
to their absorption in the longwave and relatively large size
of the dust particles which interact efficiently with terrestrial
radiation. Over ocean in cloud-free conditions, the dust
perturbation to the solar radiation budget results in a strong
local coolingeffectwhichcanbeas largeas�60Wm�2during
important dust outbreaks [Haywood et al., 2001]. Over
land, dust may exert either a positive or negative radiative
effect depending on the values of the surface albedo and
of the aerosol single scattering albedo [e.g., Tegen et al.,
1996; Hansen et al., 1997]. Because of this complexity
and due to uncertainties in the dust radiative properties,
the sign of the resulting effect given by climate models is
not yet determined [IPCC, 2001; Ramaswamy et al.,
2001].
[3] There is clearly a need for better measuring the dust

physical and optical properties within the solar and the
terrestrial spectrum [Karyampudi et al., 1999; Sokolik et al.,
2001]. Concurrent measurements of the radiances and
irradiances together with these physical and optical proper-
ties allow testing of radiative transfer codes to ensure that
the assumptions made in modeling the radiative properties
of the mineral dust are reasonable and provide ‘‘radiative
closure’’ where agreement is sought between in situ and
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3Service d’Aéronomie, Centre National de le Recherche Scientifique,
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remote sensing data. Additionally, if consistency is achieved
then we have greater confidence in both the in situ and
remotely sensed retrievals. Satellite measurements offer a
promising opportunity for reducing the uncertainty in esti-
mates of the direct radiative impact due to aerosols. In this
regard, the so-called A-Train will be the first space mission
to provide a very comprehensive aerosol data set. It will
include the Moderate-resolution Imaging Spectroradiometer
(MODIS) and Clouds and the Earth Radiant Energy System
(CERES) sensors aboard the AQUA platform launched in
May 2002, that respectively measure radiances over a large
spectral range [King et al., 1992] and the solar and terres-
trial reflected irradiances [Wielicki et al., 1996], a Polariza-
tion and Directionality of the Earth’s Reflectances
(POLDER) type instrument aboard the PARASOL satellite
[Deschamps et al., 1994], and a backscatter Lidar combined
with an IR imager included in the CALIPSO payload
[Winker et al., 2002] that will be both launched in the fall
2004. Combining the data should provide a better charac-
terization of the aerosol layers [Kaufman et al., 2003] but
requires preliminary studies. The Saharan Dust Experiment
(SHADE) was also designed for getting a data set similar to
the A-Train one for checking in the case of dust the validity
of the aerosol inversion scheme that will be applied to the
satellite data for a comprehensive aerosol data set. Once the
radiative properties of mineral dust aerosol have been
established by in situ and remotely sensed data, they can
be used as input or for validation of global circulation
models that generate aerosol size distributions using emis-
sion models and advect the aerosols with meteorological
windfields. This allows computation of the dust radiative
impact on a regional and even a global scale. Furthermore,
the in situ and remotely sensed data can be used to further
validate these model estimates, thereby providing increased
confidence that the model estimates are realistic. SHADE
was designed to respond to these objectives.
[4] The experiment took place in September 2000 off the

coast of west Africa near the Cape Verde Islands. During the
experiment, the UK C-130 aircraft flew below, within, and
above dust layers for measuring the in situ physical,
chemical, and radiative properties and remotely sensed the
aerosols using radiation equipment. The French Mystere20
aircraft flew above the aerosol layer and made remote
sensing measurements during MODIS daytime overpasses
with a combined radiation equipment, the airborne
POLDER simulator and the backscatter Lidar LEANDRE.
Ground-based sunphotometers were deployed in Sal Island
of the Cape Verde archipelago and in M’Bour, 80 km south
of Dakar, Senegal and data were processed as part of
Aerosol Robotic Network (AERONET) [Holben et al.,
1998].
[5] Section 2 briefly describes the instruments that were

deployed and the satellite data that are used in the study.
Section 3 presents an overview of the meteorological and
dust conditions during the experiment, while section 4
discusses the scientific questions and summarizes the main
results.

2. Instrumentation

[6] The Met Office C-130 research aircraft was based in
Sal Island between the 19th and the 29 September 2000,

where it conducted a series of flights over the ocean and over
surface-based CIMELs Sun photometer sites in Sal Island
and in M’Bour. The French Mystere20 aircraft (M20) was
equipped with the backscattering Lidar LEANDRE-1
(CNRS/IPSL) and the POLDER (CNRS/LOA) airborne
versions and was also stationed in Sal Island between the
21st and the 29 September. Data from relevant satellite
overpasses included the Total Ozone Mapping Spectrom-
eter (TOMS) that was used for planning purposes as it
provided daily information on the location of the aerosol
plume. The MODIS instrument on the TERRA satellite
and the CERES instrument on the TRMM satellite also
provided data on the aerosol optical depth, taer, and the
aerosol direct radiative effect respectively. Figure 1 gives a
schematic diagram of the various measurement platforms
operating during SHADE. The description of the airborne
instruments is given hereafter. A brief description of the
ground-based measurements as well as the MODIS data is
provided.

2.1. C-130 Instrumentation

[7] The instruments onboard the C-130 were designed
and operated by several different international organiza-
tions, including the Met Office (UK), Max Planck Institute
(Germany), University of Leeds (UK), University of Stock-
holm (Sweden), and KFA (Germany). The instruments and
measurements are fully described by Haywood et al. [2003].
The relevant instrumentation that is used here can be split
up into in situ and radiation measurements.
[8] Standard in situ instrumentation included a pressure

probe, two temperature probes, and two dew point/relative
humidity probes. In situ measurements of the physical,
chemical and optical properties of the aerosol were
performed. The aerosol size distribution was measured
using the PCASP (Passive Cavity Aerosol Spectrometer
Probe 100X), and the FFSSP (Fast Forward Scattering
Spectrometer Probe). The FFSSP did not operate reliably
during the campaign and the data is not used in the
analyses presented in subsequent papers. The Small Ice
Detector (SID) was also installed. SID was originally
designed for measuring ice crystal habits but can used
for determining the asphericity of the aerosol particles
[Haywood et al., 2003]. The chemical composition was
inferred by airborne filter sampling [Formenti et al., 2003].
The particulate absorption of radiation was measured at
wavelength 0.567 mm with a Radiance Research Particle
Soot Absorption Photometer (PSAP). The aerosol scatter-
ing was determined at 3 wavelengths (0.45, 0.55, 0.70 mm)
with a TSI 3563 nephelometer.
[9] Radiation instruments included upward and down-

ward facing Eppley broadband radiometers (BBRs) fitted
with clear and red domes which cover the 0.3–3.0 mm and
0.7–3.0 mm spectral regions respectively [e.g., Haywood et
al., 2001]. The Scanning Airborne Filter Radiometer
(SAFIRE) designed by the Met Office measured radiances
in 7 of the 16 bands across the visible and near-infrared
region of the spectrum, from 0.55 mm up to 2.1 mm [Francis
et al., 1999]. The Airborne Research Interferometer Evalu-
ation System (ARIES) was used to measure radiances
at a high spectral resolution of approximately 0.5cm�1

[Highwood et al., 2003]. Finally, a short-wave spectrometer
(SWS) using two modules operating in the spectral range
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0.30–0.95 mm and 0.95–1.70 mm and providing nadir
views was installed.

2.2. M20

[10] The French Mystere20 aircraft was also equipped
with Eppley broadband radiometers with standard in situ
sensors for pressure, temperature and humidity. There were
two remote sensing instruments onboard, the backscatter
Lidar LEANDRE 1 designed at CNRS/IPSL and the air-
borne version of POLDER designed at CNRS/LOA. The
Lidar LEANDRE 1 [Pelon et al., 1990] allows observations
of the vertical structure of the aerosol layer by a dual
polarization channel at 0.532 mm and a second channel
operating at 1.064 mm. The airborne version of POLDER is
similar to the instrument that flew on ADEOS-1 platform
[Deschamps et al., 1994]). It measures the solar radiation
reflected by Earth between 0.440 and 0.865 mm including
the directional information and also the polarization signa-
tures at 0.665 and 0.865 mm.

2.3. AERONET Data

[11] Two instruments of the Aerosol Robotic Network
[Holben et al., 1998] data were operating during the
experiment. They were located in Sal Island (N14�430,
W22�560) and in M’Bour (N16�430,W22�560). The inver-
sion scheme developed by Dubovik et al. [2002a] was
applied to the data, which allows retrieval of aerosol size
distributions, refractive index and single scattering albedo
in the visible and near infrared. The operational cloud

screening [Smirnov et al., 2000] was used. It should be
noted that, in some cases, dust plumes are screened since
the cloud contamination is based on the temporal variations
of the optical thickness. Level 2 products were used which
means that post-field calibration was applied and data were
quality assured. As expected, the size distribution retrieval
indicates that, in terms of aerosol mass, there is one
coarse mode with an effective radius around 1.5–2.0 mm.
Nonsphericity effects can affect the retrieval for sub-
micron aerosol sizes and an alternative inversion scheme
[Nakajima et al., 1996] less sensitive to aerosol shape was
therefore used.

2.4. Satellite Data

[12] To obtain data similar to those of the A-Train, the
M20 flights were coordinated to be coincident with the
overpass of the MODIS instrument on the TERRA plat-
form. The aerosol parameters that are used by Léon et al.
[2003], are the level 2 products over ocean derived at 10-km
spatial resolution [Tanré et al., 1997], i.e., the aerosol
optical thickness (taer) at 0.55 mm, the small and the large
size modes of the aerosol size distribution and the ratio
between the modes. Validation of MODIS aerosol products
over ocean showed that MODIS taer are accurate to within
(± 0.03 ± 0.05 * taer) at wavelengths at 0.66 mm and 0.86 mm
and the effective radius to within 0.1 mm [Remer et al.,
2002]. In dust aerosol regimes, the retrieved taer aerosol
optical at other wavelengths have greater errors due to
nonspherical effects and additionally aerosol size is under-

Figure 1. Schematic diagram of the operation of the C-130, and M20 aircrafts between Sal Island and
M’Bour. Satellite instruments used in this study include TOMS, MODIS, CERES, and SeaWiFS.
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estimated as shown by Levy et al. [2003] during the PRIDE
experiment.

3. Description of the Meteorological
and Dust Conditions

[13] A global 8-days composite of MODIS aerosol optical
thickness, taer , at 0.55 mm is given in Figure 2. The
composite starts on 21 September 2000, which corresponds
to the time period of the SHADE experiment. It is done with
the latest available version of the MODIS aerosol algorithm
(version 04) that includes a sophisticated cirrus cloud
screening [Gao et al., 2002; Martins et al., 2002]. The
most striking features are due to biomass burning activities
in southern Africa and Brazil, pollution and/or dust over
China and India and dust advecting from the African
continent over the tropical Atlantic ocean. Because the
desert surface (gray areas on Figure 2) is very bright, there
is no retrieval over these regions [Kaufman et al., 1997].
Figure 2 clearly shows that dust activity was important in
the SHADE operating region near the west coast of Africa.
After a brief overview of the dust annual cycle in the region,
the conditions during the experiment are described followed
by the flight patterns in relation to the air mass trajectories.

3.1. General Description

[14] The location, the intensity and the frequency of
the dust events are dependent on the season and on the
meteorological conditions over sources areas [Chiapello et
al., 1997]. As previously reported [see, e.g., Prospero and
Carlson, 1972; Jaenicke and Schütz, 1978], the largest
dust concentration over the equatorial Atlantic ocean is
observed in summer time. More recently, this has been
confirmed by the regular observations of the AERONET
Sun photometer [Holben et al., 2001] installed in the Sal
Island. In Figure 3, we show the monthly means over six
years of the aerosol optical thickness, taer, (related to the
dust atmospheric column loading) and of the Angstrom
exponent (related to the size; smaller the values larger
the aerosol size). taer is relatively high throughout the
year with more elevated values in summer (from May
to September) and secondary peaks in winter (January–

February). The elevated values in summer with cor-
responding low Angstrom exponent indicates that the
aerosol regime is dominated by frequent Saharan dust
outbreaks. No significant contribution is expected from
biomass burning because the seasonal nature of burning in
the region means that most biomass burning do not take
place in summer months. For instance, there is no fire north
of the equator in September 2000 as reported by the map of
burned areas (Figure 4a) [Grégoire et al., 2003]. The
situation is different in wintertime. The relative high
aerosol content associated with the low Angstrom para-
meters can still be attributed to dust with a possible
contribution of the marine sea salt [Chiapello et al.,
1997] but there is obviously in winter-early spring, a
contribution from a different aerosol type as identified
by the higher values of the Angstrom parameter. Chemical
analysis from samples performed at ground level and air
mass trajectory analysis suggest that there is possible
pollution by sulfates coming from urban and industrial
regions in north Africa or Europe [Chiapello et al., 1997].
It is also likely that aerosols resulting from biomass burning
are present at that time of the year, due to the proximity of
the biomass burning sources, like observed in December
2000 (Figure 4b). Therefore, while it is difficult to make
definitive conclusions about the origin of the aerosol and the
aerosol composition during the winter, it is expected that
dust is the major contributor to the taer during the summer
with limited mixing of other aerosol types.

3.2. Dust Conditions During the Experiment

[15] The experiment took place between 19 and
29 September 2000. During that period, dust conditions
were changing in the study area as shown in Figure 5 for Sal
Island and M’Bour AERONET sites. taer in Sal Island is
increasing from 23 until 26 September where it is at a
maximum. It corresponds to the same dust event that is
measured in M’Bour where the maximum is reached on
25 September. The end of a previous event associated with
little dust concentration can be noted on 20–21 September.
The 22nd of September was cloudy for both sites all day
long. Moderate concentrations were observed in M’Bour on
24 and 28 September.

Figure 2. A global 8-days composite of MODIS aerosol optical thickness, taer, at 0.55 mm starting on
21 September 2000, which corresponds to the time period of the SHADE experiment. The latest version
of the MODIS aerosol algorithm (version 04) that includes a sophisticated cirrus cloud screening is used.
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[16] Figure 6 gives an image of the dust layer as seen
from the M20 on 26 September. The ocean surface is
occulted due to the large optical depth of the dust layer,
and some altocumulus are seen to develop at the top of the
layer with small vertical extent and limited optical depths.
SEAWifs images corresponding to the major event on 25–
26 September are provided on Figure 7. They clearly show
the importance of the event that extends over several
hundred of km2 and is advected westward off the coast of
west Africa. Details of the daily evolution of taer at a
wavelength of 0.67 mm are shown on Figure 8. In M’Bour
(Figure 8a), taer is moderate on 24 September around 0.40,
very large on 25 September around 1.50, and slightly
decreases in the afternoon to reach 1.20. In Sal Island
(Figure 8b), the value is rather constant on 25 September,
around 0.50. On 26 September, the dust outbreak is passing
over Sal Island with a maximum of 1.70 at 9:00UT, then a
decrease of a factor 3 between the morning and the
afternoon is observed.

3.3. Description of the Flights

[17] The flight plans were designed to have both aircrafts
taking measurements over surface sites and during TERRA
overpasses. The C-130 aircraft made stepped profile ascents
or descents in close proximity to the ground-based instru-
mentation. It also performed profile descents (or ascents)
over the ocean below the M20 at the time of the TERRA
satellite overpass and straight and level runs (SLRs) at
various altitudes within the dust layer. The M20 aircraft
performed stepped profiles around the ground-based instru-
mentation as well as straight runs over the ocean at higher
altitudes (around 12,000 m) to fly above the aerosol layer.
[18] The flight time for both aircraft and the corres-

ponding dust conditions are reported in Table 1. The flight
patterns are reported in Figure 9a for the C-130 and in

Figure 9b for the M20. Among the 7 flights, 25 September
was selected as the ‘‘golden’’ day of the experiment. The
C-130 flew over area between Sal Island andM’Bour surface
sites. Flight tracks are co-incident with the M20 and with a
TERRA overpass. On the 26th, the dust conditions were
excellent, the M20 flew above the dust plume and the
MODIS data were acquired simultaneously. Unfortunately,
in situ measurements could not be performed due to a
problem with the C-130 engine. Nevertheless, 26 September
is the best day for the remote sensing objectives of SHADE.
During the remaining days, in situ sampling of the physical,
chemical and radiative properties of the dust was performed
but the meteorological conditions were not optimum and the
satellite images are cloud contaminated. The M20 flights on
27 and 28 September are not discussed because of the
presence of low and high clouds in the aerosol field.

3.4. Air Mass Origins

[19] The general situation is analyzed for the two days
with highest taer, i.e., in M’Bour on the 25 September and
in Sal Island on the 26 September. The analysis is based on
back-trajectories (Figure 10) derived from the Met Office
Lagrangian dispersion Nuclear Accident Model (NAME)
[Ryall and Maryon, 1998]. NAME uses ambient mean
winds from the Met Office numerical weather prediction
model for advection, and its performance has been verified
for dust events originating from the Sahara [Ryall et al.,
2002]. The aerosol index (AI) from the TOMS instrument
on Earth Probe (Figure 11) is used to locate the dust sources
and the Lidar data [Léon et al., 2003] to derive the altitude
of the aerosol layer.
[20] On 25 September, the presence of the Saharan

Aerosol Layer (SAL) over M’Bour is clearly shown by
the in situ and radiation measurements from the C-130
[Haywood et al., 2003] and the Lidar measurements from

Figure 3. (a) Monthly mean over 1994–1999 of the aerosol optical thickness (taer) at 0.550 mm and
(b) the Angstrom exponent measured in Cape Verde. The error bars show the standard deviation in the
measurements.
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the M20 [Léon et al., 2003]. Elevated extinction is mea-
sured between 800 and 1800m in the in situ data from the
nephelometer on board the C-130 [Haywood et al., 2003]
which is also observed from the Lidar. The corresponding
aerosol layer is well-spread over the area. There is also
a second layer located between 3000 and 4000m but is
less uniformly distributed. The trajectory analyses and
the TOMS AI suggest that the aerosols present at 1500m
originates from west Mauritania (Figures 10a and 11). The
higher aerosol layer originates from southern Algeria which
confirms the difference of altitude of the dust transport,
depending on the location of the sources [Chiapello et al.,
1997].

[21] On 26 September, a deep aerosol dust layer is located
over Sal Island between 2000 and 3000m [Léon et al.,
2003]; the back-trajectory analyses suggest that it originates
from northeast Mauritania and west Algeria (Figures 10b
and 11). There is still a layer located around 1000m whose
the origin is mixed and at higher altitudes, the aerosols
continue to originate from southern Algeria.

4. Main Results of SHADE Campaign

[22] Hereinafter, we provide an overview of the main
results obtained during SHADE. For a complete description
and critical analysis of the results the reader should refer to

Figure 4. Map of burned areas for (top) September 2000 and (bottom) December 2000 from SPOT-
Vegetation (http://www.grid.unep.ch/activities/earlywarning/preview/ims/gba/).
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the original papers included in this special issue, namely
Formenti et al. [2003], Haywood et al. [2003], Highwood et
al. [2003], Léon et al. [2003], Myhre et al. [2003].

4.1. Physical and Optical Properties of Dust

[23] The aerosol composition was obtained using filter
samples collected from the C-130 [Formenti et al., 2003]
and is consistent with previous results in the area [Chiapello
et al., 1997]. Based on the chemical analysis, the aerosols
present during the experiment were not contaminated by
biomass burning aerosols, and in a minor but detectable way
by anthropogenic pollution. The aerosol properties that are
derived are therefore representative of Saharan dust al-
though the regions of origin of the dust may vary.
[24] The size distributions were derived from the in situ

measurements [Haywood et al., 2003] and from the ground-
based measurements, using inversion schemes developed by
Nakajima et al. [1996] and Dubovik et al. [2002a]. Despite
the surface measurements give column integrated size distri-
bution when the in situ measurements provide the distribu-
tion collected at a given altitude, the comparison is rather
good [Highwood et al., 2003]. The results are also in good
agreement with previous studies [Tanré et al., 2001] that
showed that dust offshore Sénégal has a double-peaked size
distribution centered at roughly 0.40 mm and 1.5–2.0 mm.
The nonsphericity of dust on the inversion scheme that results
in an artificial increase in the size distribution at 0.1 mm using
the classical inversion proposed by Dubovik et al. [2002a]
can be solved using spheroids [Dubovik et al., 2002b].
[25] Although there are several efforts for modeling

the mineralogy of dust [Claquin et al., 1999; Sokolik
et al., 1998], there are still few published values of the
refractive index of Saharan dust measured in the thermal

infrared spectral region. Since these values control the
radiative forcing and the three most quoted references
[Volz, 1973; World Meteorological Organization (WMO),
1983; Fouquart et al., 1987] are very different, we can use
the SHADE data to suggest the most appropriate data set.
To do so, our approach was to check the consistency of the
brightness temperatures measured by the ARIES instrument
with simulated values using the three sets [Highwood et al.,
2003]. The best agreement was observed when values given
by Fouquart et al. [1987] are used. Those values, derived
from an experiment in Niger during the dry season near the
sources, also appear representative of dust transported over
longer distances.
[26] Regarding the solar part of the spectrum, the real part

of the refractive index was not measured. Usually, people
use values suggested by WMO [1983]. These values are
used in the study of Haywood et al. [2003] and the
measured and modeled optical properties appear consistent.
Recent values obtained from remote sensing [Tanré et al.,
2001] did also confirm the coherency of WMO values
except in the shortwave IR (at 2.1 mm) where the value
(1.20) is clearly an underestimate and 1.40 is better for
obtaining consistency with radiative measurements.
[27] Concerning the imaginary part of the refractive

index, local closure studies whereby light scattering and
absorption are measured in situ by the nephelometer and
PSAP suggest that the WMO values of the imaginary part
of the refractive index are clearly too high in the solar
spectrum and are therefore inconsistent with our measure-
ments [Haywood et al., 2003]. Our measurements suggest
much less absorption, which confirms previous values
recently derived by Kaufman et al. [2001], i.e., 0.90 ± 0.02
in the blue, 0.97 ± 0.02 at 0.670 mm and almost no absorption
in the solar near infrared. This is a very important result
since, using the new values, the direct radiative effect of dust
can go from a warming effect to a cooling effect depending
on the surface albedo [Myhre et al., 2003].
[28] Column radiative closure studies that determine the

aerosol optical depth are reported by Haywood et al. [2003].
Comparison of these measurements to those derived from

Figure 5. Evolution of the aerosol optical thickness (taer)
at 0.670 mm between 20 and 28 September 2000 in Sal
Island and M’Bour. The error bars show the standard
deviation in the measurements. Some days are missing
because of the presence of clouds.

Figure 6. Observation of the dust layer from the Mystere
20 on the 26 September near the middle of the north-south
leg.
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surface based Sun photometers suggest that the in situ
integration of the nephelometer and PSAP measurements
significantly underestimates the aerosol optical depth due to
the collection efficiency of the inlet being significantly
reduced for supermicron sized dust particles. Haywood et
al. [2003] derive a multiplicative correction factor of 1.5 to
account for this problem, but the aerosol optical depth
derived in this way is still subject to large uncertainties. A
new low-turbulence aerosol inlet is being designed to
alleviate the problems of sampling supermicron aerosol
particles. The aerosol optical depths derived from broad-
band and spectral radiometric measurements from the C-130

show excellent agreement with the aerosol optical depths
derived from the surface based Sun photometers.

4.2. Dust Forcing (Direct)

[29] The direct radiative effect (DRE) is defined by the
upwelling irradiance in the absence of dust minus the
upwelling irradiance in dusty conditions. Negative radiative
effects therefore indicate an enhancement in the planetary
albedo. The direct radiative effect was shown to reach
instantaneous values of approximately �130 W m�2 over
ocean in the solar spectrum on 25 September [Haywood et al.,
2003], which is very large compared to other aerosol types

Figure 7. True color composite of SEAWifs images acquired on (a) 25 and (b) 26 September 2000 over
the tropical Atlantic ocean near the west African coast.

Figure 8. (a) Daily evolution of the aerosol optical thickness (taer) at 0.67 mm during SHADE in
M’Bour on 24 and 25 September 2000. The vertical error bars show the standard deviation in the
measurements. (b) Same as in Figure 8a but on 25 and 26 September in Sal Island.
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[IPCC, 2001]. Given the measured taer at 0.55 mm
of approximately 1.5, the normalized direct radiative effect
is approximately �90 W m�2 per unit aerosol optical
thickness. At the surface level, the radiative impact is
around 1.6 times that at the top of the atmosphere, which is
smaller than recent results derived during the Indian Ocean
Experiment (INDOEX), which yielded values between 2 and
3 [Ramanathan et al., 2001; Léon et al., 2002]. This is due to
the relatively high value of the single scattering albedo during
SHADE. In the terrestrial spectrum, the dust impact is of
order of 10% of the solar impact but will always be of positive
sign [Highwood et al., 2003; Myhre et al., 2003]. In term of
temperature change, a maximal reduction of about 1.5 K in
brightness temperature was observed from the M20 radio-
metry data at the top of the dust layer using PRT5 measure-

ments in the 8–14 mmwavelength domain for a plane albedo
increase of about 15% as compared to clear air conditions.
[30] The Oslo chemical transport model (Oslo CTM2)

was used for estimating the impact of dust at the regional
scale [Myhre et al., 2003]. The model is driven by mete-
orological data from ECMWF during the SHADE period
and the actual meteorological data are also used in the dust
production by applying the friction velocity. First of all, the
model is able to reproduce the horizontal and vertical
spatial distributions observed during the experiment, in-
cluding reasonable agreement with the aerosol optical
depths at the AERONET sites shown in Figure 5. The
optical and physical properties of the dust model agree well
with the observations, which gives us good confidence in
the radiative computations. The regional solar diurnal mean

Table 1. Description of the Seven Flights Over the Sea Areas Around Sal Island and M’Boura

Day M20 C-130 MODIS

Dust Conditions in Uncloudy Areas

Sal Island M’Bour

09/21 15h50-18h15
transit from Canaries to

Sal Island

08h25-17h38
from Sal Island to
Canaries

11h45 partly cloudy 08h35-10h00
min = 0.65 (1pt)
max = 0.99 (1pt)

08h00-18h00
min = 0.08
max = 0.16

09/24 grounded 08h24-18h28
from Sal Island to
M’Bour

12h15 glint 08h10-16h40
min = 0.25
max = 0.35

08h00-18h20
min = 0.36
max = 0.61

09/25 15h34-18h06
from Sal Island to

M’Bour

08h24-18h28
from Sal Island to
M’Bour

11h20 edge 10h00-18h40
min = 0.32
max = 0.57

11h00-18h00
min = 0.85
max = 1.55

09/26 11h07-13h59
from Sal Island to
Nouadhibou

grounded 11h20 08h40-17h10
min = 0.60
max = 1.70

08h00-14h00
min = 0.28
max = 0.80

09/27 11h41-13h53
from Sal Island to
north

grounded 12h45 partly cloudy 16h20-18h50
min = 0.55
max = 0.65

no data

09/28 12h21-15h5
from Sal Island to

north

07h29-17h11
from Sal Island to

north

11h50 mostly cloudy no data 13h00-17h00
min = 0.28
max = 0.35

09/29 07h00-09h00 transit
from Sal Island to

Canaries

05h51-07h00 transit
from Sal Island to
Canaries

12h30 08h00-14h00
min = 0.30
max = 0.40

09h30-14h30
min = 0.60
max = 0.66

aThe time of the flights is reported for each aircraft as well as the conditions of the MODIS data acquisition. Dust conditions are summarized for the two
surface sites.

Figure 9. (a) Flight pattern of the C-130. The flights are indexed by days 19, 21, 24, 25, and 28
September. (b) Flight pattern of the M20. The flights are indexed by flights numbers (from 22 to 27) that
correspond to the following days, 21, 25, 26, 27, 28, and 29 September.

TANRÉ ET AL.: SAHARAN DUST RADIATIVE IMPACT SAH 1 - 9



radiative impact during SHADE in an area around the
Sahara (latitudes between 0�N–30�N and longitude be-
tween 60�W–40�E) was estimated to be around �8.0 �
10.0 W m�2 for clear skies and around �6.0 W m�2 when
clouds are considered with a corresponding impact in
the terrestrial spectrum of +1.0 � 1.2 W m�2 and +0.7 �
0.9 W m�2 respectively. The global and diurnal mean
net radiative impact of the Saharan dust storm examined
in this study during SHADE is estimated as approximately
�0.4 W m�2.

4.3. Active and Passive Remote Sensing Observations

[31] The combination of active and passive remote sens-
ing observations brings a new dimension into characteriza-
tion of aerosol properties since, instead of getting column
integrated parameters, vertical information can be derived
[Kaufman et al., 2003]. While Lidar data are suitable for
providing the vertical distribution of the backscattered coef-
ficients, and the location of aerosol layers, the information at
two wavelengths is insufficient to give vertically distributed
physical properties such as the effective radius over ocean.
Passive spectral data (i.e., MODIS) [Tanré et al., 1997] or
passive polarized data (i.e., POLDER) [Deuzé et al., 2000]
provide information on the aerosol size distribution, but they
cannot give any information on the vertical distribution.
However, within the A-Train, as aerosol properties derived
from the MODIS are planned to be obtained in conjunction
with Lidar measurements, one can take advantage of the
Lidar spectral information on the vertical.
[32] From SHADE, we showed that the profile of extinc-

tion coefficient compare very well with the in situ data.

Regarding the size distribution, the effective radius can also
be determined as a function of the altitude [Léon et al.,
2003]. In the aerosol layer, between 2500 m and 4500 m on
26 September, particles with effective radius as large as
1.2 mm are present. We do not have in situ validation data for
this parameter but the retrieved values appears representa-
tive of the dust size and the variability of particle size with
height is confirmed by in situ data [Formenti et al., 2003].

5. Conclusion

[33] The dust physical and optical properties were
derived during SHADE, with concurrent measurements of
the radiances and irradiances within the solar and the
terrestrial spectrum. A good consistency between the
various measurements and the results of the modeling is
observed. It validates both the modeling and the dust
properties on which the computations of the chemical
tranport model are based. Results from SHADE strongly
suggest that the mineral dust has a cooling effect and the
model estimates a global net DRE of the Saharan dust of
�0.4 W m�2. Note that this estimate includes only Saharan
dust and the anthropogenic fraction of this is very uncertain.
[34] Concerning the use of satellite for aerosol remote

sensing, the new sensors explicitly designed for that objec-
tive are efficient. The combination of passive and active
observations is very powerful. The location of the aerosol
layer within the atmospheric column can be determined and
properties like the effective radius can be derived as a
function of the altitude, which is very important to under-
stand the indirect aerosol effect.

Figure 10. (a) Backward air mass trajectories over 5 days initialized at M’Bour, Sénégal, on
25 September for five altitudes, 500, 1500, 2500, 3500, and 4500m. Each dot corresponds to the position
at 00h00. (b) Same as Figure 10a but for the 26 September at Sal Island.
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[35] The results from SHADE concern unpolluted dust
aerosols. Depending on the season, dust may be mixed with
biomass burning aerosols. It results in different optical
properties like the single scattering albedo that states the
sign of the direct effect. There is still a need for character-
izing the dust properties during these specific conditions to
assess the overall aerosol effects in that region.
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Gao, B.-C., Y. Kaufman, D. Tanré, and R.-R. Li, Distinguishing tropo-
spheric aerosols from thin cirrus clouds for improved aerosol retrievals

Figure 11. TOMS aerosol index images from (top) 26 September to (bottom) 24 September on the left
panel and from (top) 23 September to (bottom) 21 September on the right panel (see http://toms.
gsfc.nasa.gov/aerosols/aerosols.html).
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Léon, J.-F., D. Tanre, J. Pelon, Y. J. Kaufman, J. M. Haywood, and
B. Chatenet, Profiling of a Saharan dust outbreak based on a synergy
between active and passive remote sensing, J. Geophys. Res., 108(D18),
doi:10.1029/2002JD002774, in press, 2003.

Levy, R. C., L. A. Remer, D. Tanré, Y. J. Kaufman, C. Ichoku, B. N.
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