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Abstract. Using a soil-derived dust emission scheme, the an-
nual and monthly dust emissions in the western "dry" Sahara
have been estimated for 1991 and 1992, respectively to 665 Mt
and 586 Mt. Based on these simulations, an investigation of the
seasonal and annual changes in dust emissions has been per-
formed. The monthly dust emissions vary from 163 Mt in March
1991 to 8 Mt in December 1992. These seasonal variations are
related to changes in the location and area of the source-regions
and in the frequency of dust events. On the opposite, the interan-
nual variations of the dust emissions are due to changes in the
occurrence of the most intense dust events.

Introduction

Desert dust accounts for more than 40% of the annual mass of
aerosols injected in the troposphere [Andreae, 1994], the half of
this amount being commonly attributed to the Sahara desert.
During transport in the atmosphere, these particles strongly af-
fect the radiative budget, mainly by backscattering and absorbing
incoming (visible) and outgoing (infra-red) radiation [Anrdreae,
1996; Li et al., 1996]. In the prevailing fall-out regions, mineral
dust contributes to the supply with nutrients of remote oceanic or
terrestrial ecosystems [Duce et al., 1991; Swap et al., 1992].

The process of dust emissions in arid regions is non-linear,
depending both on the surface features and meteorological pa-
rameters. As a result, dust emissions are sporadic and spatially
heterogeneous, making difficult any assessment of their impacts.
A physical dust emission scheme, representing the influence of
the wind velocity and the surface features on the dust emissions,
has been developed and validated [Marticorena and Bergametti,
1995; Marticorena et al., in press]. After a brief description of
its principle and its validation, we investigate here the seasonal
and annual variability of the dust emissions simulated by this
model in the western "dry" Sahara.

Description of the Model

The emission of transportable soil-derived particles is a power
function of the wind friction velocity but occurs only when a
threshold value has been reached. This erosion threshold de-
pends mainly on the soil type and on the presence of roughness
elements over the erodible surface. Beyond this threshold, the
total amount of material mobilized by wind (horizontal flux) de-
pends mainly on the wind friction velocity, while the intensity of
the dust flux (vertical flux) is influenced by the ability of the soil
to release fine transportable particles [Gillette, 1979; Shao et al.,
1993].
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Briefly, the dust emission model is based on a parameteriza-
tion of the threshold wind friction velocity as a function of the
size of the in-place erodible aggregates and the roughness length
of the surface. This parameterization reproduces well the erosion
threshold wind friction velocities measured in wind-tunnels on
various natural surfaces [Gillette, 1981; Nickling and Gillies,
1989]. Including this expression of the threshold wind friction
velocity in a formulation of the horizontal flux [White, 1979]
provides a size-dependent equation allowing to compute the
amount of the material mobilized by wind and its size-
distribution as a function of the wind friction velocity. Based on
Gillette's [1979] coupled measurements of horizontal flux and
dust flux, we have established an empirical relationship between
the ratio of the dust flux to the horizontal flux and the soil clay
content. A complete description of this physical scheme can be
found in Marticorena and Bergametti [1995]. The input parame-
ters required for its large scale application are the mineralogical
soil-type, the mean height and the covering rate of the roughness
elements and the wind velocity at 10-m height [Marticorena et
al., in press].

This model has been applied to simulate the dust emissions in
the western part of the Sahara (36°N-16°N, 17°W-12°E). The
surface feature parameters have been mapped by square degree
(497 meshes), leading to a 10-m height threshold wind velocities
varying from 6.2 m.s” to about 18 m.s™. The wind friction ve-
locities are computed from the analyzed 10-m height wind ve-
locities of the European Center for Medium Range Weather
Forecast (ECMWF) and the surface roughness lengths. This
computation also accounts for the additional roughness due to
the soil grains in movement in the saltation layer [Owen, 1964].

The dust emission fluxes, computed daily for each square de-
gree and for five months of 1991, have been compared to dusti-
ness index [Legrand et al., 1994] derived from Infrared Meteosat
observations (22,904 tested cases). Both the relative intensity
and the frequency of the simulated dust events are in good
agreement with these observations. An additional comparison
with the estimations of the Saharan dust emissions from d'Al-
meida [1986] has shown that the model reproduces well the sea-
sonal pattern and the intensity of the dust emissions
[Marticorena et al., in press].

Based on the simulations performed daily for 1991 and 1992,
we propose a first estimate of the seasonal and interannual
changes in dust emissions. Since the selected region is not af-
fected by seasonal changes in precipitation (which could induce
changes in the vegetation cover and on the roughness length), the
surface parameters are assumed to be constant over the simulated
period. Thus, the wind velocity is the only factor responsible for
the variations of the simulated dust emissions. The frequency of
the dust emissions is controlled by the number of time that the
wind velocity exceeds the erosion threshold while their intensity
is a function of how much the threshold velocity is exceeded. To
differentiate these two effects, we define a dust event as a simu-
lated dust flux over a grid mesh greater than 10" kg.m?s, and
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Plate 1. Mean Dust Emissions over the Western Sahara for March, June, September and December 1991.
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Plate 2. Dust Emissions over the Western Sahara for (a) 1991 and (b) 1992.
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Plate 3. Differences in Dust Emissions between 1991 and 1992; (a) regions where the dust emissions were
higher in 1991 and (b) those where the emissions were higher in 1992.
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an intense dust event as a simulated dust flux greater than 10
kg.m?s™! (i.e. dust emissions of respectively 20 and 200,000 tons
for a 6-hour period, the time step of the simulations).

Seasonal Pattern of the Saharan Dust Emis-
sions

For 1991 and 1992, the annual and monthly dust emissions
have been estimated from the daily dust fluxes. The annual
emissions are respectively 665 Mt and 586 Mt for 1991 and
1992. The dust emissions (Figure 1) are characterized by a
maximum in spring (March to May) and relatively intense emis-
sions in summer (June to August). The autumn (September to
November) exhibits the lowest emissions while in winter
(December to February) the emissions are slightly lower than
during summer. If the seasonal patterns are quite similar for the
two years, some differences are observed in the monthly emis-
sions: especially in March and December, the emissions are sig-
nificantly higher in 1991 compared to 1992 (+ 60% in March-and
+ 430% in December).

Plate 1 reports the dust emissions for March, June, Septem-
ber and December selected to represent the four seasons of 1991.
Significant changes are observed both in the intensity and in the
location of the emissions. In March, very high dust fluxes spread
over the whole area, so that, at this period, almost the entire re-
gion is a dust source. When progressing to summer, the emis-
sions decrease in intensity and changes appear in the source-
areas location. The central regions exhibit very low emissions in
June, so that the regions contributing the most significantly to the
dust emissions are the north-eastern and the south-western parts
and those close to the Sahelian margin. In September, the north-
ern and central sources become less active, and the sources close
to the Sahelian margins have also significantly decreased. In
winter, the emissions are mainly located between 20-30°N and 0-
17°W, even if the Tunisian sources remains active. More gen-
erally, the regions exhibiting monthly dust emissions higher than
3000 tons correspond to 71% of the 497 grid meshes in spring,
63% in summer, 48% in autumn and 56% in winter. Thus, these
simulations suggest that the seasonal pattern of the dust emis-
sions results from changes in the extent of the source-regions.

Table 1 reports the relative contribution of the four seasons to
the total dust emissions, to the number of dust events and to the
number of intense dust events for 1991 and 1992. The frequency
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Figure 1. Monthly Dust Emissions from the Western Sahara
(36°N-16°N, 17°W-12°E) for 1991 and 1992 Simulated with a
Dust Emission Model.
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Table 1. Contribution of the Four Seasons to the Dust Emissions,
to the Number of Dust Events and to the Number of Intense Dust
Events

Contribution to Frequency of Frequency
the annual dust dust events of intense
emissions dust events
(%) (%) (%)
1991
Spring 43 36 68
Summer 23 31 1
Autumn 12 16 14
Winter 21 17 18
1992
Spring 42 35 25
Summer 29 30 19
Autumn 11 15 14
Winter 18 16 42

of dust events presents the same seasonal pattern than the total
emissions. The probability density functions of the wind veloci-
ties (Figure 2) support this idea since the frequency of the wind
velocities higher than the lowest threshold wind velocity simu-
lated by the model increases significantly from spring to winter.

To summarize, these simulations suggest that the seasonality
of the dust emissions is due to variations in the frequency of dust
events acting on a larger surface.

Interannual Variability

The seasonal distribution of the dust emissions and of the
simulated dust events are quite similar for the two years, while
the seasonal distribution of the intense dust events differs
strongly from one year to the other (Table 1). Table 2 reports the
averaged number of dust events per day and the averaged number
of intense dust events per day over the whole area for 1991 and
1992. While the total amount of the emitted dust decreases by 12
% between 1991 and 1992, the number of dust events increases
by 1.9 %. On the contrary, the number of intense dust events was
significantly higher in 1991 than in 1992 (90% of changes). It is
thus clear that the interannual variability of the dust emissions is
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Figure 2. Density Probability Functions of the Wind Velocities
(black squares: March 1991; white circles: June 1991; black triangles:
September 1991; white squares: December 1991). The vertical line is
the lowest simulated threshold wind velocity (6.2 m.s™).
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Table 2. Annual Dust Emissions, Averaged Number of Dust
Everits per day and Averaged Number of Intense Dust Events per
day over the Western Sahara

Dust emis- Number of  Number of intense
sions dust events dust events
M) o) (dh
1991 663 245 0.2
1992 586 24.9 0.07
A(91-92) 124 % 1.9% 92.6 %

rather related to the intensity of the dust events than to their
number. Since these intense dust events only occur when the
wind velocity largely exceeds the erosion threshold, we have
compared, for March and December (months during which the
most significant changes in dust emissions occur) and for the 497
grid meshes, the occurrence of the wind velocities by class of 2
m.s" (Table 3). These frequency are expressed as the number of
days by month for which the wind velocity is in a wind velocity
class. Few wind velocities exceed 10 m.s™! in 1992 contrary to
1991 for which such high wind velocities are frequently ob-
served. Our simulations suggest that these wind velocities higher
than 10 m.s? are responsible for the intense dust events simu-
lated in March and December 1991 and thus are the main factor
involved in the interannual variations of the emissions.

There is no significant differences in the location of the main
source-regions between the two years (Plate 2). Thus, the inter-
annual variation in the dust emissions is due to changes in the
relative intensity of these source-regions. The regions where the
emissions are higher in 1991 (Plate 3a) than in 1992 spread over
a north-eastern/south western axis, but are not related to any
specific source-region. When looking at the regions where the
emissions are more intense in 1992 compared to 1991 (Plate 3b),
this axis has moved southerly indicating a shift of the areas
where the higher wind velocities are observed in the dry Sahara.

Conclusion

Based on simulations of dust emissions for 1991 and 1992, we
have shown that the seasonal pattern of the dust emissions in the

Table 3. Occurrence of wind velocities by class of 2 m.s? over
the Western Sahara

m.s! March 1991 March 1992
6-8 86.9 99.2
8-10 37.7 . 293
10-12 12.2 5.1
12-14 5.5 0.48
>14 33 0.04
m.s? December 1991 December 1992
6-8 48.4 35.9
8-10 16.0 7.8
10-12 54 1.3
12-14 1.9 0.20
>14 0.87 0.02
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"dry" Sahara was due to variations in the number of dust events
along the year, associated to a change in the areas concerned by
the erosion. On the opposite, the interannual variability is ex-
plained by changes in the occurrence of intense dust events. For
the two tested years, these differences are not associated with
changes in the source location but with a change in the relative
intensity of the dust events in relation to the interannual vari-
ability of the wind velocity.
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