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ABSTRACT

This article deals with a comparison between dust fluxes simulated with a physical emission scheme and satelljte
observations of desert dust emissions. This physical scheme allows to quantify the dust emissions as a function of the
parameters describing the surface characteristics in the source-region: soil nature (size-distribution and mineralogy) and
surface roughness. The surface properties of the western Sahara have been mapped on a grid (I°xI°), using a
geomorphologic approach, in order to determine the soil parameters required to perform large-scale simulations of dust
emissions. The surface wind velocities are supplied by the analyses of the European Centre for Medium Range Weather
Forecast (ECMWF). The western Sahara proves to be strongly non-uniform as to the threshold velocities and the related
dust emissions. The spatio-temporal distributions of the emitted dust simulated by the model and the Infrared Difference
Dust Index (IDDI) derived from Meteosat observations reveal a close agreement, far from being reached when using the
currently used single threshold source-functions. A quantitative relation is observed for the emission strength, in the
form of a linear fit between the IDDI and the logarithm of the mass flux simulated by the dust production scheme.

1. INTRODUCTION

The global production of total aerosol is estimated to be 3.5 billion tons a year!. Over 50% of this amount is made up
of mineral aerosol. also called desert aerosol or dust, since it originates mainly from the deserts and their borders. This
atmospheric dust widely interacts with the climate. The emission strength and location are sensitive to wind and
precipitation changes. Several studies on the paleoclimate have unambiguously shown the sensitivity of the response of
dust emission to climatic changes?:3-4. This is also observed over shorter periods as reported in studies related to the
droughts episodes that stroke the Sahel since the 705>, In turn, the atmospheric content is affected by the changes in
emission, producing significant effects on the radiative budget and on the physics and chemistry of clouds. So the
mineral aerosol is a topic of noticeable interest within the scope of climate change, on a global scale as well as in those
regions particularly concerned by its presence. Although this fact has been evident for many years, the efforts of the
modelists to properly depict the dust distribution have not been entirely successful so far’-8:9, A major reason for this is
to be searched in the incomplete description of the emission processes and the poor documentation on the ground surface
and soil characteristics of the arid areas, leading to questionable locations for the dust sources’.

In order to cope with these appreciable difficulties, a physical scheme dedicated to dust emission from arid areas has
been designed!©. For supplying the requisite input data for the scheme application on a large scale, a description of the
surface roughness features and the soil nature has been brought about on a geomorphologic basis, and a canograph}’_ of
the relevant parameters has been derived over an area covering the western half of the Sahara. Then, using
meteorological wind fields, the scheme simulates dust emissions. In situ validations of such simulated emissions could
hardly be conceived. Instead, remote sensing of dust over the Sahara is regularly performed with satellite data and
constitutes an adequate mean of control and validation, easy to implement. A technique applied to the IR images of
Meteosat results in imaging the Infrared Difference Dust Index (IDDI). Analyses carried out using this parameter have
resulted in an improved location of the major Saharan sources along with a description of their seasonal cycle of

" activity! 112 In this paper, the satellite-observed emitted dust supplied by the IDDI is utilized for the validation of the
dust emission fluxes simulated by application of the scheme to the western Saharan surfaces for the year 1991.
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2. DUST EMISSION SCHEME

In order to represent correctly the spatial and temporal variability of dust emission in arid environment, a physical
explicit scheme, applicable on a large scale, has been designed!?, whose bases are briefly described hereafter.

The arid surfaces are represented by two components: (i) an erodible surface covered with loose grains - individual
particles and aggregates - with a diameter Dy in the submillimetric range, and (ii) "steady" obstacles constituting
roughness elements such as gravel, pebbles, stones, plants and so on. The aeolian friction on this surface means a
transfer of momentum and kinetic energy from the atmosphere to the surface. This process is characterized by the wind
shear stress 7 or alternatively by the wind friction velocity U*:

T=paU*2 ()

where p, is the air density. The wind friction velocity is a function of the wind velocity and of the surface roughness.
Due to their weight and the forces of cohesion acting between the particles at rest, the value of U* needs to reach a
threshold depending on the particles size!3 u*i(Dyp) for the motion of these particles to be initiated over a smooth surface
(i.e. without obstacle). In the presence of obstacles, the aeolian shear stress is shared between the obstacles and the
erodible soill4:15.16 5 drag partition scheme has been developed to quantify an effective friction velocity ratio f(Zg,zg)
and a related increased threshold U*(Dp.Zo,20), as a function of the roughness length produced by the obstacles Zy, and
of the roughness length of the erodible part of the surface zg:

*
U DpZo.z0) = rhoos @

Once the wind velocity reaches this threshold value, a saltation regime settles in a shallow layer some tens
centimeters deep. In this process, the collisions of the grains falling down onto the surface, release the fine particles
generally included in the aggregates!?. These fine particles are then set in suspension over the saltation layer,
constituting the dust clouds carried away by the wind.

Including the previous ex?ression of the threshold wind friction velocity in a theoretical formulation of the horizontal
flux!8, experimentally tested!8:19, provides a size-dependent parameterization of the horizontal flux. Thus, the total flux
in the saltation layer G is obtained by integrating the contributions of the various sizes of erodible grains:

U* * 2
G = KrU*3 f [ Im:‘][l%&r]dsm](np)dnp 3)
Dp

the quantities in brackets depending upon Dp via U*, and

K = pa/g, g being the gravitational acceleration,

r is the ratio of erodible to total surface,

dSre] is the normalized basal (i.e. “covered") area for the particles with a size within [Dp,Dp+dDp), relative to the
erodible area; this quantity contains the information on the (loose) grain size distribution in the soil, described with
respect to the mass by a log-normal distribution, dM(‘Dp)/dLnDp.

At last, to quantify the vertical flux F of fine particle (or aerosol) generated during the saltation, an empirical relation
based on coupled measurements of F and G performed on various arid soils2?, has been established between the ratio of
vertical to horizontal flux F/G and the soil clay content o

Log(F/G) = aa+b (4)
this relation being no longer valid for crusted soils where the clay content is greater than 50%.

The consistency of this dust emission model has been established, by validating the various steps of the physical
scheme with results of experiments reported in the relevant literature20.21.22,23,24
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3. SCHEME APPLICATION ON A LARGE SCALE

The dust emission scheme being established, it can be used on large scale to perform dust emission simulations if the
required input parameters: U*, Zy, zg, T, dM/dLnDy, and o, are provided. Specific methods?3 have been developed to
determine these parameters from data accessible on a large scale.

1) In adiabatic condjtions, the wind friction velocity U* is related to the wind speed at height Z by26
Ut L.
U@ = TLH(ZO) (5)

where x is the Karmin constant. So the adiabatic hypothesis being assumed and the roughness length Zg being known,
U* can be computed from the wind speed U at height Z. An additional roughness must be accounted for in the case of
soil movement. Indeed, the soil particles in the saltation layer behave like obstacles and thus produce a "saltation
roughness", increasing with the wind friction velocity. This saltation roughness length is parameterized as a function of
the initial surface roughness length Zg, and of the square of the wind friction velocity2”. The wind fields are provided by
the European Centre for Medium Range Weather Forecast (ECMWF). The surface values, i.e. at a level 10-m high, have
been used to avoid the effect of the large-scale topography on roughness. The data at 1200 UTC for the year 1991 have
been used over the region of concern [16°N-36°N, 17°W-12°E] with a resolution (1°x1°),

2) The roughness length Zg is derived from an empirical relation established between the roughness density A and the
ratio of roughness length to mean height h of the non-erodible elements, based on wind-tunnel measurements.
Additional hypotheses about the shape of the non-erodible elements allow to estimate the roughness length Zg and the
fraction of erodible surface r from the roughness covering rate and the mean height of the non erodible elements. So, a
cartography of the nature, mean height and covering rate-of the obstacles has been performed, with a resolution (1°x1° ).
This was implemented through a geomorphologic approach resulting in a qualitative description of the landscape and
ultimately calibrated using "ground truths". The manifold field investigations performed by Y. Callot2829 in the region
of concern offered the opportunity for supplying these ground truths and thus applying this strategy. As a result every
element (1°x1°) has been characterized with fractions of (up to five) surface types defined according to the kinds of
roughness element (inert obstacles or vegetation) and the classes for height h and relative covering rate of the obstacles

(1-r).

3) The parameters related to the erodible soil are the "smooth" roughness length zg, the mass size distribution
dM(Dp)/dLnDyp and the clay content o.. These parameters are determined from a mineralogical description of the soil
coupled with a simple representation method of the soil from arid regions30. This representation has been established
from a set of 26 samples of soils collected at various sites in arid and semi-arid regions (Sahara, California and Spain),
which has been analysed using dry sieving and chemical analysis. From these analyses, it was found that all the samples
can be represented as a mixture in various proportions of four typical populations. These four populations have been
characterized both from a granulometric (dM(Dp)/dLnDp) and mineralogical point of view (alumino-silicated silt, fine
quartz sand, coarse dune sand, salty soil). Wet sedimentation technique applied to five selected soil samples allowed to
estimate the clay content of these four populations, and to assign them a specific ratio of vertical to horizontal flux. Thus
a mineralogical description. in the form of a mixture of the four reference mineralogical populations, allows to assign
any soil its own values for dM(Dp)/dLnDp, zq, and the ratio F/G. The soil types resulting from this representation have
been mapped together with the roughness types.

For the sake of illustration of the effect of the surface characteristics, Fig. 1 shows the map of wind velocities for
erosion threshold, defined at a height of 10-m, in the western part of the Sahara. Since it depends on the steady surface
characteristics, this essential parameter is assumed to be time-independent. Apart from completely non-erodible
elements (in white) representing mountains and ocean, the threshold is highly variable, ranging from 6.5 ms! to 20
ms~!, these values being in agreement with the field measurements of threshold wind velocity reported in the literature.
This pattern lets predict a strong heterogeneity of both the intensity and the location of the dust emissions, backing up
the concept of well-delimited source areas.
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4. EMITTED DUST OBSERVED FROM SATELLITE

The dust emitted by the Saharan sources and transported by the prevailing winds can be observed by means of the IR
images of Meteosat. During daytime, it can be tracked further over the ocean with the VIS images from the same
satellite. The IR ?arameter permitting this observation during daytime - the IDDI whose extraction has been described in
previous articles!2 - can be defined as the radiance decrease in the [10.5-12.5um] range (IR-channel of Meteosat)
resulting from the presence of dust.

Experimental case studies of compared variations of the IDDI (labelled ¢ hereafter) with the aerosol optical depth §
(in the visible or near IR range) based on time series of photometric measurements have given rise to empirical linear or
quasi-linear relations between these parameters3!-32:

¢ = ad (+&82) (e small) (6)

The comparison between ¢ and & according to a statistical procedure applied to routine observations of visibility
range collected in 39 African stations throughout one year, has resulted in a relation resembling to (6). For a sake of
simplicity, ¢ and & can be considered as directly proportional:

c=Ab )
with a value of about 15-20 cts for A (i.e. a unit dust optical depth results in 15-20 cts of IDDI, on a statistical basis).

Since & is proportional to the dust amount in a vertical column, it can be inferred that the IDDI is also proportional to
this dust amount. But this simple logic is also ambiguous: Indeed it must be stated that this law holds for the dust
amount and IDDI of a specified dust model - i.e. with prescribed particle size distribution and complex refractive index.
Hence, should the dust have been very variable with respect to its microphysical and optical properties during the
periods of the photometric measurements used in the reported case studies, the relations (6) could not have been
obtained. As for the relation (7), it has been established and it holds only as a statistical average. This view is confirmed
by simulations of the response of Meteosat33-34 to the dust impact (i.e. simulations of IDDI): (i) the variations of ¢ are
quasi-linear as a function of &, and so as a function of the mass M of dust load in the vertical column; (ii) dust models
distinct as to their size distribution associated with identical values of & provide different values of c; (iii) with a given
value of 8, ¢ increases with M. This latter result is crucial. It is due to the fact that the increase of M according to the
dust model relates to the predominance in large particles and hence to an increase of ¢ (via the increase of the IR dust
optical depth). So it can be expected that the IDDI is suitable for mass loading estimates, albeit no elaborate study has
been engaged on this question so far.

S. COMPARISON OF OBSERVED AND SIMULATED EMITTED DUST

5.1 Comparing the occurrence of dust emissions

The comparisons have been carried out at a spatial resolution (1°x1°) for an area extending from 36°N to 16°N and
17°W to 12°E.

At the outset, it must be noted that the satellite data include indistinctly dust emitted during the satellite image take,
and transported dust emitted further back. sometimes several days ago. Thus, the simulated dust emissions fluxes, which
are instant values. are not directly comparable to the IDDI. Since the largest emitted particles sediment rapidly, and
diffusion operates in the dust layer, it is reasonable to assume that the highest values of the IDDI mainly correspond to
emissions. Therefore, a high threshold of IDDI has been selected to sort out as much as possible the situations of dust
transport from the situations of dust emission, An IDDI threshold of 30 cts has been selected, corresponding to
2.4 W.m2.sr! of radiance decrease in the IR-channel of Meteosat-4, and about 15 K in brightness temperature drop.
According to equation (7) such a dust amount corresponds statistically to an optical depth of about 1.5-2.

When using a high IDDI threshold, the cases of weak satellite-observed dust content (< 30 cts) are separated, even if
they correspond to low emissions. Therefore, a comparable threshold must be associated to the simulated fluxes of
emitted dust, to separate the lowest emission fluxes, in order to compare only the intense observed dust events, to
significant simulated dust fluxes. Since no relation is available between the IDDI and dust mass, the threshold has been
fixed to a value of 1010 g.cm2.s! 1o be consistent with the low limit of dust content observed during dust events.
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The frequencies of dust events simulated by the model and those observed by satellite have been compared by
applying this couple of stated thresholds. The agreement is quantified by a confidence index I¢. defined as the ratio of
coinciding cases - i.e. cases where dust emission is observed, or not, from both modeling and satellite - to the overall
number of considered cases. It can be written out, using a usual logical operator;

- N{E(simu).and.E(obs)} + N{nE(simu).and .nE(obs)}
e= N
: T

®

where E and nE mean respectively the sets of cases with and without emission (from either simulations or observations)
and Ny is the total number of cases. A full agreement means I = 1, while 1= 0.5 means no statistical consistence.

Of course the cloudy cases have been picked out of the statistics since satellite observation is then prohibited.
Therefore, the (1°xI°) areas are considered cloudy if over 50% of the constituting satellite pixels are identified as cloudy.
Else the areas are considered clear, and they are classified as dust emitting if over 50% of the clear pixels have a value of
IDDI exceeding the threshold of 30 cts (else they are classified as non emitting).

In addition, cases with a wind speed inferior to the lowest wind threshold velocity reported in the literature (4 m.s™!)
have been rejected a priori as non significant. Indeed, it is trivial for the model to simulate no dust production when the
wind velocity is so low. It must be noted that this additional criterion leads to reject less than 10% of the cases previously
selected for the comparison (i.e. cases where IDDI>30cts, F>10-10 gem2s7h, except in the southernmost part of the
studied area, at latitude below 20°N. This results probably from the presence of the Inter Tropical Convergence Zone,
where increasing thickness of dust can be experienced in the absence of wind. Therefore, the latitude below 20°N have
not been considered in this study.

In order to sample suitably the yearly changes of location and strenglh] I'of the Saharan dust emissions, the statistical
confidence index have been computed for the months of January, March, May, July and November of 1991, totalling
22,904 tested cases.

Figure 2 presents the mapping of the confidence index, averaged over the five months of the study. Summing up
over the whole studied area the averaged contribution of the (1°x1°) grid mesh results in an overall averaged confidence
index of 0.79,

To provide a quantitative appreciation of these results, they have been compared to the ones obtained when applying
a simple sogrce-function with a single threshold wind velocity, such as the one used in the most recent desert dust cycle
simulation 7:

3(,_ Yt
FacU [1 —U—J )
where U is the wind velocity at 10 m height and Uy= 6.5 m.s*! is the threshold wind velocity at the same level.

For the comparison with the studied emission model to be significant, dust emissions have been simulated with this
source-function, and analyzed together with the satellite data by following exactly the procedure previously specified for
the validation of the scheme,

Figure 3 represents the frequencies of occurrence of the local confidence index averaged over the five months, for the
physical scheme and for the source-function (9). The confidence index obtained with this latter function are uniformly
lower, and the confidence index averaged over the five months of the study and the area of concern is 0.60 (i.e. a drop of
0.19 relatively to the previous scheme).

5.2 Comparing emitted mass fluxes and the Infrared Difference Dust Index

In a further step, the consistency between the simulated mass fluxes of emitted dust and the emissions observed by
satellite has been quantitatively checked. A period of intense dust emissions has been selected for this evaluation, and only
the cases where the simulated emissions fluxes were higher than the dust background level observed in source-regions,
have been considered. From the literature, this background level has been estimated at a value of 10-11 g.cm'z.s‘l. By this
way, 1257 cases were retained for May 1991. For IDDI ranging from 0 to 50 cts, in the geometrical means and standard
deviations of the simulated fluxes have been computed, using IDDI classes 5 ct wide. The number of tested cases varies
from 68 to 238 for the various classes, except for the range 46-50, composed of 15 cases.
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As illustrated on fig. 4, a linear relationship was observed between the logarithm of the simulated fluxes and the
IDDI, with a high correlation coefficient.
Log F=0.0226 c-961 (10)
The errors bars representing (:tlcr), define intervals encompassing 95 % of the initial individual data, and the squared
correlation is satisfying.

| 6. CONCLUSION

The dust production model!? used for the simulation of dust emissions from arid surfaces, associated with a mapping
of the relevant surface characteristics for the Western Sahara, gives rise to strongly non-uniform distribution of

both the frequencies and intensity of the dust events with a high confidence level; on the other hand they confirm the
potential for the IDDI to constitute a quantitative measurement of the atmospheric dust loading in situations of emission.

Prospects come out of these results. Especially, the description of the overall cycle of the Saharan dust becomes
feasible with an expected satisfactory degree of accuracy, in so far the major difficulties, lying in the stage of emission,
are overcome. This can be realized by simulating an observed dust event, including emission, transport and deposition,
and checking its description with satellite observation.

Extending the previous results on a global scale could result in an accurate description of the mineral aerosol cycle by
mean of Global Circulation Models. The main difficulty to be cleared up is the adequate documentation of the dust-
emitting surfaces, a task for which the use of remote sensing would certainly be convenient.

In the field of aerosol remote sensing, it appears that the IDDI is suitable to provide a quantitative estimate of the
atmospheric dust content. Such an opportunity should be seized in order to assess the mass fluxes of emitted- and likely
transported- desert dust.
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