Long-term daily monitoring of Saharan dust load
over ocean using Meteosat ISCCP-B2 data

7. Accuracy of the method and validation

using Sun photometer measurements
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Abstract. The accuracy of a method for long-term monitoring of the desert aerosol optical
thickness over the oceans using Meteosat low-resolution images, presented in a companion paper,
is assessed. We present Sun photometer measurements of aerosol optical thickness and Angstrdm
wavelength exponent obtained in 1986-1994 at different sites and seasons in the tropical Atlantic
and northwestern Mediterranean. Results suggest that in the absence of dust outbreak the optical

exiibits a maximum dispersion of 25%.

1. Introduction

In part 1 of this paper [Moulin et al., this issue] we describe a
method to monitor African dust optical thickness and mass
column density from multiannual time series of Meteosat images,
using the radiative transfer model of Tanré et al. [1990] and
app: . priate aerosol models. We use one daily degraded image
(ISCCP-B2 format) from the Meteosat VIS solar wide band
(0.35-1.1 pm), to limit the computer time.and memory
requirements, Sun photometer measurements of atmospheric
acrosol optical thickness are particularly appropriate to test and
validate the satellite determinations [Jankowiak and Tanré, 1992;
Ignatov et al., 1995]. Indeed, such data are suitable as a
reference for comparison because the aerosol optical thickness is
directly derived from the measured attenuation of the solar
imadiance during its path through the atmosphere, without any
hypu': :sis on aerosol optical properties, contrary to satellite
inversion methods.

In this paper we use Sun photometer spectral measurements to
test and validate our Meteosat inversion procedure. We first
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effects of the marine aerosol are dominated by continental anthropogenic sulphates in the
Mediterranean Sea and by continental desert dust in the tropical Atlantic. We rely on this data set
to constrain the desert aerosol model used in the Meteosat data inversion. We obtain the best
agreement between Meteosat- and Sun-photometer-derived aerosol optical thickness with a size
distribution typical of background desert aerosol and a refractive index of 1.50 -1 0.010. The
main theoretical uncertainties on the desert aerosol optical thickness estimated from Meteosat are
due to the sensor calibration and to the radiometric sensitivity. Comparison of Meteosat-derived
estimates of the desert aerosol optical thickness with independent Sun photometer measurements

i

present Sun photometer measurements and discuss the relevant
results (aerosol optical thickness at 0.55 pm and Angstrém
exponent in the visible) derived from these measurements. We
then use a first subset of data corresponding to desert dust
occurrences to constrain the dust aerosol model used for the
Meteosat data inversion and a second independent set of data to
validate the inversion. Finaily, we estimate the uncertainty of our
determination of the local dust optical thickness, and we illustrate
the validity and limits of using interpolation to estimate the dust
optical thickness in cloudy areas. :

2. Sun Photometer Data

2.1. Measurements and Instrumeéntation

We report here solar spectral transmission measurements that
we performed during several campaigns in the Mediterranean and
northeastern Atlantic, and we also use the measurements from
coastal Senegal reported by Jankowiak and Tanré [1992].
Table 1 gives an overview of the stations, measurement periods,
and data. All measurements have been done with a portable
radiometer developed in 1985 at the Laboratoire de Météorologie
Dynamique, Palaiseau, France, following a prototype from the
Laboratoire d'Optique Atmosphérique, Lille, France [Tanré et al.,
1988]. The instrument had an angular field of view of 3° and
was equipped with three aerosol channels at 0.449, 0.648, and
0.845 pm, with bandwidths of less than 20 nm. Two other
near-infrared channels allowed the retrieval of the total
atmospheric water vapor content. Only the measurements in the
visible part of the spectrum are considered here, as the
Meteosat-derived aerosol optical thickness is at 0.550 pm. By
means of the usual Langley plot method the instrument was
calibrated by -measurements in altitude (2862 m) at the
Observatoire du Pic du Midi de Bigorre, in the French Pyrenees,
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Long-term daily monitoring of Saharan dust load over marine areas
using Meteosat ISCCP-B2 data.
Part II: Accuracy of the method and validation
using sunphotometer measurements
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Abstract. The accuracy of a method for long term monitoring of the desert aerosol optical
thickness over the oceans using Meteosat low resolution images, presented in part I, is assessed.
We present sunphotometer measurements of aerosol optical thickness and Angstrdm ‘wavelength
exponent obtained in 1986-1994 for different sites and seasons -t the tropical Atlantic and
northwestern Mediterranean. This data set helps constraining the desert aerosol model LiSCCL in the
Meteosat data inversion. We obtain the best agreement between Meteosat- and sunphoto}neter-
derived aerosol optical thickness with a size distribution typical of background desert aerosol and a
refractive index of 1.50-i0.01. The overall theoretical uncertainty of the method on the desert
aerosol optical thickness is due to the sensor calibration, the radiometric sensitivity, the aerosol
model and the radiative transfer model. It varies between + 25% and + 43%, the best values
beeing reached for the most recent sensors. The comparison of Meteosat-derived estimates of the
desert aerosol optical thickness with sunphotometer measurements exhibits a maximum dispersion
of 25%, with an average ratio of 1.
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1. Introduction

Guillard et al., in part I of this paper, describe a method to monitor African dust optical
thickness and mass colurmn density from multi-annual time series of Meteosat images, using the
radiative transfer model of Tanré et al. (1990) and appropriate aerosol models. They use degraded
images (ISCCP-B2 fofmat) from the Meteosat VIS solar wide band, in order to limit the computer-
time and memory requirements. Sunphotometer measurements of atmospheric aerosol optical
thickness are particularly appropriate to test and validate the satellite determinations (Jankowiak
and Tanré, 1992; Ignatov et al., 1995). Indeed such data are suitable as a reference for comparison
because the aerosol optical thickness is directly derived from the measured attenuation of the solar
irradiance during its path through the atmosphere, without any hypothesis on aerosol optical
properties, contrary to satellite inversion methods.

In this paper, we use sunphotometer spectral measurements to test and validate our
Meteosat inversion procedure. We first present and discuss the sunphotometer measurements
(aerosol 6ptical thickness at 0.55 pm and Angstrdm wavelength exponent). We then use a first
subset of data corresponding to desert dust occurrences to constrain the dust aerosol model used
for the Meteosat data inversion, and a second independant set of data to validate the inversion.
Finally, we estimate the uncertainty of our determination of the local dust optical thickness, and we
illustrate the interest and limits of using interpolation to estimate the dust optical thickness in
cloudy areas.

2. Sunphotometer data

2.1 Measurements and instrumentation

We report here solar spectral transmission measurements performed during several
campaigns in the Mediterranean and northeastern Atlantic, and we also use in the following
measurements from coastal Senegal reported by Jankowiak and Tanré (1992). Table 1 gives an
overview of the stations, measuréments periods and data. All measurements have been done with a
portable radiometer developped in 1985 at the Laboratoire de Météorologie Dynamique, Palaiseau,
France, following a prototype from the Laboratoire d'Optique Atmosphérique, Lille, France
(Tanré et al., 1988). The instrument had an angular field of view of 3° and was equipped with
three acrosol channels at 0.449, 0.648 and 0.845 pm, with bandwidths of less than 20 nm. Two
other near-infrared channels allowed the retrieval of the total atmospheric water vapor content.
Only the measurements in the visible part of the spectrum are considered here, as the Meteosat-
derived aerosol optical thickness is at 0.550 pm. By means of a Langley plot method, the
instrument was calibrated by measurements in altitude (2862 m) at the Observatoire du Pic du Midi
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. de Bigorre, in the French Pyrenees, in December 1985, and the calibration was monitored during
the campaigns. Comparisons with a standard reference radiometer were performed in Lille
between the different campaigns, and the filter transmission bands were checked to be identical to
the original after five years.

Since late October 1994, an automated suntracking photometer, model CE318,
manufactured b_y' CIMEL Electronique, Paris, has been installed and routinely operated at the
meteorological rawindsounding station of Sal Island. Data are transmitted in real time via
Meteosat. The instrument field of view is 1° and the two aerosol channels of interest are at
wavelengths of 0.449 and 0.667 um (Holben et al., in press).

A few from all measurements were rejected, when replicate measurements revealed
inconsistent results. This data set of 107 days with measurements of the spectral aerosol optical
thickness has the advantages that: (i) it covers a large part of the 12-year period of Meteosat
ISCCP archive; (ii) it includes coherent measurements performed at different places and seasons in
the Atlantic and the Mediterranean: measurements were made at the same time as our Meteosat
analyses (about 11:45 TU), as well as measurements at different hours in a given day; (iii) it
covers a wide range of atmospheric conditions, from very'clear background atmospheres to very
turbid atmospheres. Therefore, this data set should enable us to test and validate the inversion
method for a wide range of dust optical thicknesses, using sensors with both a poor (Meteésat-Z)
or an improved (Meteosat-4 and -5) radiometric sensitivity, and within a wide range of geometric

conditions.

2.2 Sunphotometer data processing

Aerosol optical thickness. The total optical thickness of the atmosphere at

wavelength A, 1, , is calculated using:

E, = Eg exp(—lj (hH
Ho .

where E, and Eg are the solar irradiance respectively at the ground and at the satellite level and
i, the cosine of the solar zenith angle, or the inverse of the relative optical air mass. The total

atmospheric optical thickness results from Rayleigh and aerosol scattering, as well as from

gaseous absorption in the stratosphere:
TETAT AT S

where ri and r)':‘ are respectively the Rayleigh and aerosol optical thicknesses and 'cg’ the

absorbing gases optical thickness. r)’i‘ is deduced from equation 2 by calculating 'ci and tf. t}'}
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directly depends on the atmospheric pressure, which was also measured, and r}‘f‘ is related to the
atmospheric gaseous transmission, Tf , by:

5 = ~pg log(TP) )

Some ozone absorption occurs in the spectral transmission band of the 0.650 pm filter. The ozone
optical thickness was derived from mean climatological values for a standard tropical or mid-
latitude atmosphere (Mc Clatchey et al.,, 1971), respectively for Atlantic and Mediterranean
measurements. The aerosol optical thickness are retrieved within £5% (Tanré et al, 1988).

Angstrom spectral exponent. The aerosol optical thickness at 0.550 um was derived
from the measurements in the blue and red channels using the well-known spectral dependance of
the aerosol optical thickness in the visible (Angstrom, 1964):

T _ z:_) A
T}TZ [7“2 ' *

where the Angstrdm exponent, o, may be directly related to the aerosol size distribution (Junge,
1963). Uncertainties of 5% on the aerosol optical thickness at the two wavelengths result in an
uncertainty on o generally comprised between 8 and 15%. Small or even negative values are
found for large particles such as seasalts or desert dust aerosols, whereas values between 1.5 and
2 are found for small particles such as sulphates (Laulainen ef al., 1978; Guillard et al., this issue).
The extreme value of 4 corresponds to pure Rayleigh scattering by non absorbing molecules. In
background marine conditions with a mixture of large seasalt and small sulphate particles, Tomasi
and Prodi (1982) and Hoppel et al. (1990) measured mean Angstrtdm exponent values of 0.6 and
0.8 respectively for the remote marine atmosphere, and they attributed its variability (from 0.4 to
1.5) to the sea salt contribution. Indeed, seasalt particles, produced by the wind, are large and
have then a slightly negative Angstrém exponent of - 0.10 (Guillard et al.,_this issue) which
decreases the average value of the mixture. Numerous works showed that when desert dust
particles are present, the Angstrt')m exponent generally ranges between 0 and 0.5 both over Africa
(Fouquart et al., 1987; Holben et al., 1991; Ben Mohamed et al., 1992) and over marine remote
regions (Carlson and Caverly, 1977; Tomasi et al., 1979).

2.3 Results
The results obtained at M’bour have been used previously by Jankowiak and Tanré
(1992) to validate Meteosat-2 desert aerosol inversions. The optical thicknesses measured in April

1987 were particularly large, with values ranging between 0.62 and 2.25, due to the occurrence of
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)




PRI SN S

x4
2N
o

S piTEe

BRRU

“9’?’{4 g

B
HN

At

16,960

MOULIN ET AL.: MONITORING OF SAHARAN DUST USING METEOSAT, 2

Table 1. Sumimary of Solaf Spectral Transmission Measurements Used in This Work

Location

Period

Instrument Type

Capo Cavallo, NW coast of Corsica
(42.52°N, 8.67°E)

M'bour, coastal Senegal
(14.40°N, 17.00°W)

NE tropical Atlantic, R/V L'Atalante
(15.50°-27.70°N, 17.90°-31.15°W)

Sal [sland, Cape Verde
(16.73°N, 22.95°W)

Sal Island, Cape Vérde

(12 days)

(12 days)
(15 days)

(8 days)

(16.73°N, 22.95°W) (4 days)
Sal Island, Cape Verde
(16.73°N, 22.95°W) (56 days)

March 22 to April 22, 1986

April 1 to May 3, 1987
September 14-29, 1991
December 4-12, 1991
May 22-27,1992

QOctober 22 to Decernber 30, 1994

portable radiometer 2

portable radiometer 8
portable radiometer &
portable radiometer 2
portable radiometer 2

automatic scanning photometer b

aTanré et al. [1988); Liousse et al. [1995].
Holben et al. [1996].

in December 1985, and the calibration was monitored during the
campaigns, using the same method. Comparisons with a
standard reference radiometer were performed in Lille between
the different campaigns, and the filter transmission bands were
checked to be identical to the original after 5 years.

Since late October 1994, an automated Sun-tracking
photometer, model CE318, manufactured by CIMEL
Electronique, Paris, has been installed and routinely operated on
top of the 8-m-high building of the meteorological ‘rawind
sounding station of Sal Island. Data are transmitted in quasi real
time via Meteosat. The instrument field of view is 1° and the
two aerosol channels of interest are at wavelengths of 0.449 and
0.667 um [Holben et al., 1996].

A few from all measurements were rejected when replicate
measurements revealed inconsistent results. The data set
obtained contains 107 days of measurements of the spectral
aerosol optical thickness and has the advantages that (1) it covers
a large part of the 12-year period of Meteosat ISCCP archive; (2)
it includes coherent measurements performed at different places
and seasons in the Atlantic and the Mediterranean; (3)
measurements were generally made at the same time as our
Meteosat analyses (about 1145 UT) as well as at different hours
in a given day; (4) it covers a wide range of atmospheric
conditions, from very clear background atmospheres to very
turbid atmospheres. Therefore this data set should enable us to
test and validate the inversion method for a wide range of dust
optical thicknesses, using sensors with both a poor (Meteosat 2)
or an improved (Meteosat 4 and 5) radiometric sensitivity and
within a wide range of geometric conditions.

2.2, Sun Photometer Data Processing

Aerosol optical thickness. The total optical thickness of the
atmosphere at wavelength A, t, is calculated using the Beer-
Lambert law, assuming that the contribution of multiple
scattering within the field of view of the Sun photometer is
negligible:

E,=Ej exp(—ff—) M
Us

where £, and £ are the solar irradiances at the ground and at
the satellite level, respectively and pg is the cosine of the solar
zenith angle, or the inverse of the relative optical air mass. The

total atmospheric optical thickness results from Rayleigh anc
aerosol scattering as well as from gaseous absorption in the
stratosphere:

T, =18 +cf 42§ )
where tf and 7 are the Rayleigh and aerosol optica’
thicknesses, respectively, and 7§ is the optical thickness of
absorbing gases. The parameter 7§ is deduced from equation (2)
by calculating % and r§. The parameter v§ directly depends
on the atmospheric pressure, which was also measured, and 7§ is
related to the atmospheric gaseous transmission T¥ by

7§ = —ug log(T§) 3)

Some ozone absorption occurs in the spectral transmission
band of the 0.648-um filter. The ozone optical thickness was
derived from mean climatological values for a standard tropical
or midlatitude atmosphere [Mc Clatchey et al., 1971] for Atlantic
and Mediterranean measurements, respectively.

Angstrom exponent. The aerosol optical thickness at 0.550
pm was derived from the measurements in the blue and red
channels using the following relation, derived from the
well-known spectral dependence of the aerosol optical thickness

_in the visible spectrum [Angstrém, 1964]:

i - 4 - 4

7 % . @
where the Angstrom exponent @ is related to the aerosol size
distribution [Junge, 1963]. Typical uncertainties on the aeroso]
optical thickness at visible wavelengths (5% for t#ss = 0.4
[Fouguart et al., 1987, Tanré et al., 1988]) result in an
uncertainty on @, which generally ranges from 8 to 15%, but
much larger relative uncertainties may occur for small values of
tdss. Small or even negative values of a are found for large
particles such as sea salts or desert dust aerosols, whereas values
between 1.5 and 2 are found for small particles such as sulphates
[Lauleinen et al., 1978; Moulinet al., this issue]. The extreme
value of 4 corresponds to pure Rayleigh scattering.” In
background marine conditions with a mixture of large sea-salt
and small sulphate particles, Tomasi and Prodi [1982] and
Hoppel et al. [1990] measured mean Angstrdm exponent values
of 0.6 and 0.8, respectively, for the remote marine atmosphere,
and they attributed its variability (from 0.4 to 1.5) to the sea-salt
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Figure 1. Sequential results of aerosol optical thickness at 0.55
um and Angstrom exponent (from blue and red channels) during
the measurement campaign in Corsica.

contribution. Indeed, the slightly negative Angstrém exponent of
large sea-salt particles produced by the wind (-0.1 [Moulin et al.,
this issue]) tends to decrease the average value of the sea salt and
sulphate mixture. Numerous works showed that when desert dust
particles are present, the Angstrdm exponent generally ranges
between 0 and 0.5 both over Africa [Fouquart et al., 1987;
Holben et al., 1991; Ben Mohamed et al., 1992] and over marine
remote regions [Carison and Caverly, 1977; Tomasi et al., 1979].

2.3. Results

The results obtained at M’bour have been used previously by
Jankowiak and Tanré [1992] to validate Meteosat 2 desert
aerosol inversions. The optical thicknesses measured in April
1987 were particularly large, with values ranging between 0.62
and 2.25, due to the occurrence of dust outbreaks, particularly
frequent at this period of the year [D'dlmeida, 1987; Jankowiak
and Tanré, 1992]. Our own set of results of 74 and  from
Sun photomneter measurements are presented in Figures 1 to 4.
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Figure 2. As in Figure 1 but for the third eutrophe-mesotrophe-
oligotrophe (EUMELI 3) measurement campaign.
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Figure 3. As in Figure 1 but for the measurement, campaigns of
December 1991 and May 1992 at Sal Island.

Measurements from Corsica in spring 1986, shown in Figure
1, have been mentioned by Dulacet al. {1992a]. They were
performed at an aerosol-monitoring station operated between
1985 and 1988 [Bergametti et al., 1989] during typical nondust
conditions of the northwestern Mediterranean. A high-pollution
episode with a peak of excess sulphur concentration occurred on
March 22 with air mass trajectories from the north [Bergametti,
1987] and was responsible for the relatively large value of 4,
(0.25 - 0.30). Apart from this event the acrosol optical thickness
measured in Corsica remained low during the observations (0.05-
0.19). The Angstrom exponents during the pollution event are
characteristic of sulphates (around 1.5), but all along the
measurement period, they were larger than 0.8 and remained
typical of an aerosol rich in submicronic sulphates. The
Angstrém exponent exhibits stronger variations than the aerosol
optical thickness, mainly because it is more sensitive to the
presence of large particles (sea-salt).
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Figure 4. As in Figure 1 but for the measurement campaign with
the automatic scanning photometer at Sal Island, in late, 1994.
Only the closest observation to 1145 UT is shown per day.
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Figure 2 shows data from the northeastern subtropical Atlantic
collected in September 1991 onboard the French R/V L'dtalante
during the third eutrophe-mesotrophe-oligotrophe (EUMELI 3)
oceanographic cruise, a few months after the eruption of Mount
Pinatubo in summer 1991 which resulted in exceptionally high
stratospheric aerosol optical thicknesses (of the order of 0.2 at
these latitudes [Jdger et al., 1995]). A dust outbreak and marine
background conditions were encountered during this cruise
[Putaud et al., 1993], but much smaller Angstrom exponents (a <
0.8) were found than in Corsica. The smallest values (¢ < 0.3)
were generally associated with the largest aerosol optical
thicknesses (up to more than 1) due to a dust plume at the
beginning of the cruise. During the second part of the cruise,
aerosol optical thicknesses remained lower than 0.4, implying
that there was no dust event, but a relatively low Angstrém
exponent (0.2 - 0.6) suggests the presence of large particles in the
background aerosol.

Figure 3 illustrates measurements performed at Sal Island at
an aerosol-monitoring station operated since December 1991
[(Chiapello et al., 1995]. Measurements made in December 1991
and May 1992 occurred in the absence of any dust outbreak but
were influenced by stratospheric aerosols from Mount Pinatubo.
We experienced rains and unusual easterly winds in December
1991, and particularly low aerosol concentrations were observed
between December 6 and 12, 1991 [Chiapelio et al., 1995]. In
December 1991 the baseline aerosol optical thickness is of 0.2,
and somewhat larger values of 7§55 were observed at Sal in May
1992. During these two campaigns the low Angstrém exponent
values (0 - 0.4) reveal, as for the EUMELI 3 campaign, the
presence of large particles in the background marine aerosol.

In Figure 4 the series of automated measurements performed
at Sal from late October to early December 1994 show three
important peaks of aerosol optical thicknesses with values larger
than 0.5 during several days, separated by periods of lower
values (down to 0.05). These peaks in t{ss correspond to
particularly small values of the Angstrom exponent (a < 0.1),
whereas during background marine conditions, it typically ranges
between 0.2 and 0.6, as for the previous campaigns in the
Atlantic. .

Very different Angstrom exponents are found in the
northwestern Mediterranean and tropical Atlantic. In the
Mediterranean (Figure 1) the background aerosol has an
Angstrom exponent comparable to the range found during a
high-pollution episode, which suggests that secondary sulphates
from European anthropogenic poliution sources might dominate
the background aerosol. In the Atlantic the Angstrom exponent
observed (Figures 2, 3, and 4) appears lower than 0.6 even in the
case of low-aerosol optical thickness (0.1 or less, i.e., comparable
to background values observed in the Mediterranean), which
suggests that the background aerosol in the tropical Atlantic is
influenced by large particles, possibly African dust. Figures | to
4 also show that t¢,, and a generally have opposite variations,
which implies that the magnitude of 745 is mainly controlled by
the presence of large particles. ‘

For comparison between coincident Sun-photorneter-derived
and Meteosat-derived aerosol optical thickness, we selected
measurements representative of African dust. We retained only
Sun photometer data when measurements were done between
1115 and 1215 UT, because Meteosat slot 24 images are taken
between 1130 and 1155 UT, and when a was lower than or equal
to 0.5 in order to eliminate the nondust conditions. This last
criterion eliminates all measurements performed in Corsica in
March - April 1986. This subset has'been further divided into
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two groups used separately. The first group (from 1987 to 1991)
of manual measurements was used in a first step to constrain the
Meteosat data inversion via the parameters of the dust aeroso]
model, whereas the second group (from [994) of automated
measurements was then used independently for the validation of
the inversion.

3. Constraints on the Desert Aerosol Model

In this section, we used the first part of our Sun photometer
subset of data (data before 1994) to constrain the characteristics
of the dust aerosol model used during our Meteosat data
inversion. A complete description of the Meteosat inversion
method is given in part 1 [Moulin et al., this issue].

3.1. Comparison Between Meteosat and Sun Photometer
Measurements

The strong difference between Meteosat and Sun photometer
technologies yields some uncertainties when comparing the two
data sets. Indeed, Meteosat has a wide field of view and a wide
spectral band compared to the Sun photometer, Meteosat
measurement also includes two paths through the atmosphere
instead of one for the photometer. Thus Meteosat is sensitive to
surface reflectance and to aerosol scattering, contrary to the Sun
photometer measurement, which is sensitive to solar extinction.
However, Sun photometers give a direct measurement of
attenuation, and therefore Sun-photometer-derived aerosol
optical thicknesses were considered as the reference “ground
truth” data set for our comparison purpose.

The scattering angles of Meteosat measurements
corresponding to our Sun photometer measurements vary
between 160° and 177° and thus cover a large part of the total
range encountered for the Meteosat observations over the
Mediterranean and the Atlantic (150°-180° [Moulin et al., this
issue]). For this first analysis the Meteosat inversion was
performed using the background desert aerosol size distribution
model defined by Shettle [1984] and a complex refractive index
of 1.55 - i 0.005, constant over the whole Meteosat spectral band,
in agreement with measurements of African dust over the
Atlantic [Patterson et al., 1977]. The size distribution of Shettle
[1984] has already been used for dust optical thickness
determination from Meteosat data analysis [Jankowiak and
Tanré, 1992; Dulac et al., 1992a] and was found compatible with
observed desert dust size distributions. For instance, Dulac et al.
[1989, 1992a] measured, using cascade impactors in Corsica and
in the Mediterranean, a mass median diameter close to the second
mode of Shettle [1984]. Moreover, from total deposition
measurements they estimated a mean deposition velocity of
desert dust in agreement with the sedimentation velocity
calculated by using Shertle's [1984] particle size distribution
model. In addition, the use of the Shettle’s [1984] model for
long-range transport modeling of Saharan dust yielded dust
optical thickness values consistent with Meteosat measurements
over the Mediterranean and Atlantic when the model results were
found very sensitive to the dust particle size distribution
[Balkanskiet al., 1996]. The Meteosat-derived optical
thicknesses compared to the reference values were averaged
within a square of 3 x 3 pixels, i.e., a zone of about 100 km x 100
km. This zone was taken as close as possible to the Sun
photometer measurement location, and for coastal sites the zone
was shifted from one pixel off-shore (about 30 km) to avoid
contamination by the high reflectances of lands or turbid waters
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[Moulin et al., this issue]l. Among the total of 40 days of
measurements available from the first subset of data, only 24
allowed a comparison, because in some cases the nine Meteosat
pixels had been filtered out by our cloud detection tests or
because of aerosol optical thickness lower than Meteosat
detection limit, The selected Sun photometer data used for
comparison with Meteosat-derived t¢s; are presented in Table 2,
including the date and location as well as the aerosol optical
thickness and Angstrom exponent of each measurement. The
comparison between Sun-photometer-retricved and Meteosat-
retrieved optical thicknesses showed a good correlation, but the
Meteosat-retrieved optical thickness was systematically
underestimated by about 40%.

3.2. Discussion

Possible causes of discrepancy. Such a discrepancy between
-ieteosat and Sun photometer measurements may be due to
-arious causes: an error on the calibration coefficient of the
imager, on the sea surface and molecular atmosphere
reflectances, on the stratospheric or marine optical thickness, or
on the desert aerosol optical properties. Errors on the
stratospheric and marine aerosol corrections as well as on the sea
surface or molecular atmosphere reflectances would have a
stronger impact on Meteosat results for low-aerosol optical
thicknesses and thus would lead to an offset rather than a
oroportional bias on t{s;. As shown by Moulin et al. [this
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issue], the aerosol optical thickness 7§, retrieved from Meteosat
numeric count (NC) depends in first approximation on the
Meteosat calibration coefficient and offset, a and NC,, and on the
aeroso! optical properties:

tss ¢ a (NC-NCy)
> <t PA(x)>

©)

where <4 P4(x)> represents the mean scattering efficiency
of the aerosol model over the Meteosat spectral band for a given
scattering angle y, 4 and P4 being the single-scattering
albedo and the phase function of the aerosol model, respectively.
Calibration coefficients and desert acrosol optical properties may
then be suspected to induce such a bias of 40% on the Meteosat-
derived aerosol optical thicknesses. The intercalibration
procedure developed by Moulin et al. [1996] is based on the
calibration performed by Koepke [1983] for Meteosat 2, and an
error in this calibration will directly influence the calibration of
the other sensors. Koepke [1983] gives an uncertainty of £10%,
and the overall uncertainty on the calibration coefficients used
here was estimated to be £13% {Moulin et al., 1996]. This is too
small to account for the bias on Meteosat-derived optical
thickness, which is observed for Sun photometer z#ss ranging
from 0.19 to more than 1 (see Table 2). Moreover, we observed
that this systematic difference between Sun photometer and
Meteosat was the same for Meteosat 2 and 4. Calibration as the
source of error is thus unlikely. Therefore only desert aerosol

Table 2. Set of Sun Photometer Measurements Used for Constraining the Refréctive Index of the

Desert Aerosol Model :
Location Geographical Coordinates Date s a
M’bour, Senegal 14.40°N, 17.00°W April 1, 1987 1.20 0.01
April 3, 1987 1.30 0.06
April 6, 1987 1.09 0.11
April 8, 1987 0.64 0.13
April 12, 1987 2 0.62
April 16, 1987 1.15 025
April 17, 1987 225 -0.09
April 23, 1987 1.65 0.16
EUMELI 3, North Atlantic 15.50°N, 18.00°W September 14, 1991 0.83 0.10
18.50°N, 21.10°W September 17, 1991 *0.69 0.14
18.50°N, 21.10°W September 18, 1991 1.25 0.11
20.65°N, 29.80°W September 20, 1991 0.65 0.31
21.05°N, 31.15°W September 21, 1991 032 0.49
21.05°N, 31.15°W September-22, 1991 0.29 046
21.05°N, 3LI5°W_ September 23, 1991 0.32 0.45
21.05°N, 31.15°W September 24, 1991 0.36 033
21.05°N, 31.15°W September 25, 1991 0.30 029
22.70°N, 27.10°W September 26, 1991 0.29 0.30
24.55°N, 22.90°W September 27, 1991 0.26 0.22
26.00°N, 2045°W September 28, 1991 0.27 0.48
27.70°N, 17.90°W September 29, 1991 0.21 0.44
Sal Island, Cape Verde 16.73°N, 22.95°W December 7, 1991 0.24 0.11
December 8, 1991 0.19 0.10
December 9, 1991 0.20 0.17

The corresponding Meteosat sensors are Meteosat 2 in 1987 and Meteosat 4 in 1991. The parameter 7¢s;
is the aerosol optical thickness at 0.550 pum; and « is the Angstrdm exponent computed between 0.449 and

0.648 pm.
aAngstrém exponent not available for this date.
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Figure 5. Phase function at A = 0.70 pm of the three
independent modes of the background desert aerosol model of
Shettle [1984], as described in Table 3.

optical properties and, particularly, the phase function may be the
cause of the discrepancy between' Sun-photometer-derived and
Meteosat-derived aerosol optical thickness. It is obvious that the
lack of knowledge of the actual aerosol characteristics may be a
strong source of error. In the following we test the parameters of
the desert aerosol model which may cause a variation of the
phase function, i.e., the particle size distribution and complex
refractive index. .
Size distribution. Although the dust size distribution mode
[Sheitle, 1984] seems realistic, we have to take into account that
the aerosol phase function is particularly sensitive to the particle
size distribution for scattering angles above 150°, decreasing
when the particle size increases. Figure 5 shows the phase
functions of the three modes of the desert background model of
Shettle [1984]. The first (fine) mode has a phase function
characteristic of very small particles, with a quasi-isotropic
scattering. For modes 2 (coarse) and 3 (giant) the forward
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scattering increases with particle size, inducing a general
decrease at the other angies. The resulting phase function
P{ () for the Shettle's [1984] model is very close to the phase
function of the intermediate mode. The equivalent phase
function is computed as a weighted average of the phase function
P{ of each mode / as

3
S ek

PA(x) ==L (6)

where n; and K{* are the proportion in number and the
scattering coefficients of mode i, respectively. In fact, only the
second mode of this distribution has a significant effect on P/,
Indeed, the scattering coefficient of the fine mode, which
accounts for about half of the particle number, is very low and its
contribution to the equivalent phase function is negligible,
whereas the number of particles in the giant mode is too small to
affect the average phase function. A decrease of 30% of the
equivalent phase function can only be obtained by increasing by
an order of magnitude the number of large particles in the giant
mode. In this way the total particle mass would be controlled by
the giant mode of the distribution. Such a distribution appears
contradictory to existing observations and would induce
unrealistic desert dust loads.

In a second step we tested different desert aerosol models
from the litterature, presented in Table 3. The trimodal models
of Shettle [1984] and D 'Almeida [1987] have been derived from
measurements in various arid regions of Africa. The background
desert (DD and BD) dust models are representative of transported
particles, whereas the wind-carrying (WC) dust model is
characteristic of particles near the source. The three monomodal
models (DO, D2, and D5) have been computed by Koepke and
Hess [1988] after loess particle size distribution analyzes by
Schiitz [1980]. They are supposed to be representative of the
desert dust aerosol at different times during its transport. The

Table 3. Description of Various Desert Dust Aerosol Models Tested in This Study

Desert Dust ~ Background Wind- Dust at Dust at Dust at Dust in Dust in
(DD) Dust Camrying Dust  Source 2000km  5000km Mediterranean Mediterranean
(8D) (WC) (DO) (D2) (D3) (DM1) (DM2)
Reference Shettle [1984]  D’Almeida D 'Almeida Schiitz Schiitz Schiitz Dulac et al. Dulac et al.
[19871 {19871 [1979] {19791 [1979] [1992a] [1992b]
Mean 0.0020 0.16 0.104 0.31 0.3 0.28 0.59 0.473
diameters, um 0.0436 1.40 3.000 4.177
12.4800 10.00 24.000
Geometric 2.13, 2.10 2.15 4 3 24 2 2.00
standard 3.20 1.90 2.07 1.85
deviations 1.89 1.60 1.70
Number 54.21 93.19 98.81 100 100 100 100 99.77
proportions, % 45.79 6.81 1.19 0.23
3.9x10° 3.1x10* 2.9x10*
Mass 2.6x107 3.6 0.4 100 100 100 100 50
proportions, % 78.1 95.7 95.7 50
219 0.7 3.9
e 0.94 0.88 0.76 0.71 0.85 0.93 0.93 0.92
Gpss,m’ g 0.82 0.42 0.12 0.03 023 0.77 0.80 0.578
a 03 0.0 0.0 -0.1 -0.1 0.6 -02 -0.1

The optical properties ( wg;, , the single-scattering albedoat 1 = 0.70 um; o, the specific extinction cross section at 0.55 um; «, the
Angstrém exponent between 0.55 and 0.7 pm) of the different desert aerosol models were computed for a complex refractive index of 1.55 - i

0.005 and a volumic mass of 2.5 g cm-,
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two models of desert dust in the Mediterranean (DM and DM2)
come from desert aerosol sampling in Corsica, France. The
monomodal mode! was derived from cascade impactor samples
[Dulac et al., 1992a], and the bimodal model resulted from dry
deposition sampling [Dulac et al., 1992b]. The various phase
functions of these models are shown in Figure 6. This set of
models seems well adapted to our sensitivity study because it
cnables us to explore a wide range of particle size distributions.
However, among these models, only two have a phase function
significantly lower than the phase function of the background
desert aerosol model of Shettle, the wind-carrying dust model of
D'Almeida [1987] and the near-source model of Schiitz [1980].
These two models are characteristic of desert aerosol close to the
source and give a strong importance to the large size fraction.
Consequently, this confirms that only models with a dominant
fraction of very large particles enable us to modify the phase
function for a better fit between Meteosat- and Sun-photometer-
derived aerosol optical thicknesses. However, the mass-particle
size distributions of such models are definitely not coherent with
observations of desert dust in marine areas.

Complex refractive index. We now examine the impact of
the refractive index on optical properties of the background
desert dust model (DD). The complex refractive index of a
particle depends on its chemical composition: the real part ng,
characterizes the scattering properties of the medium; the
imaginary part n, characterizes the absorption properties of the
material. For atmospheric aerosols in the visible spectrum
{Jennings, 1981] the real part ranges between 1.3 and 2.1 and the
imaginary part between 0 and 0.8. Because of the difficulty of
measurements, few data are available on desert aerosols real
refractive index. Some workers [Grams et al, 1974; DeLuisi et
al., 1976; Patterson et al., 1977] found a typical range of
1.45-1.60 in the visible spectrum, but most of these authors
recommend a “representative value” ranging from 1.50 to 1.55.
The imaginary part is easier to estimate from attenuation
measurements but also more variable, mainly because of the
potential contamination of dust samples by absorbing aerosols of
combustion origin [Levin and Lindberg, 1979). Grams et al.
[1974] found values between 0.003 and 0.015 at about 0.500 pm
in a semi-arid region (Big Spring, Texas) and recommend a value
of 0.005. Patterson et al. [1977] performed numerous
measurements of the imaginary part of the refractive index of
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Figure 6. Phase functions at 2 = 0.70 pm of the various desert
aerosol models tested in this study. The different desert acrosol
models are described in Table 3, and the phase functions were
computed for a complex refractive index of 1.55 - i 0.005.
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Figure 7. Phase function at 2 =0.70 um of the Shettle’s [1984]
background desert dust mode! (Table 3) for different refractive
indices.

Saharan aerosols over the Atlantic during the Global
Atmospheric Research Program Atlantic Tropical Experiment
(GATE). They found a mean value of 0.008, but with a strong
spectral dependence, between 0.025 at 0.3 um and 0.004 at 0.7
pm. This may be a problem for Meteosat which has a wide
spectral band (0.35 - 1.10 pm). However, World Climate
Program (WCP) [1983] recommends a constant value of 1.53 -
0.008 for the remote continental dust-like model over the whole
Meteosat spectral band. In this work, we considered a spectrally

"constant value of the refractive index, and we performed Mie

computations for realistic variations of the refractive index: np, =
1.48, 1.50, 1.53, 1.55; n,,, = 0.005, 0.008, 0.010, 0.012. Figure 7
shows that such variations may induce strong modifications of
the phase function of the background desert dust model which
might explain the bias observed between Sun photometer and
Meteosat optical thickness at Meteosat scattering angles. In
contrast, the single-scattering albedo exhibits only small
variations (about 5%) for the different complex refractive
indices.

3.3. Final Desert Aerosol Model

The previous tests showed that the size distribution of the
Shettle’s [1984] model may be considered as representative of
the desert aerosols transported over marine areas and that
variations of the refractive index of these particles may strongly
influence our Meteosat results. It suggested that the refractive
index of 1.55 - i 0.005, which we initially used in our inversion
as characteristic of the desert aerosols, may be the cause of the
bias of about 30% with Sun photometer measurements. For the
different refractive indices considered, we computed the aerosol
optical properties and we performed the Meteosat inversion
corresponding to each Sun photometer measurement (see Table
2). The slopes and correlation coefficients of the linear fit with
Sun photometer data for each refractive index are shown in Table
4, The best correlation is obtained for a complex refractive index
of 1.50 -/ 0.010, with a slope of 1.04 + 0.05 and a correlation
coefficient of 0.97. Figure 8 compares the Meteosat and Sun
photometer dust optical thicknesses for the initial refractive index
of 1.55 - i 0.005 and for its most suitable vatue of 1.50 -7 0.010.
Although the value of 0.01 for the imaginary part of the
refractive index of desert particles may appear large compared to
some other studies, it must be seen as an average value within the
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Table 4. Slopes and Correlation Coefficients of the Linear Fit of the 24 Coincident
Meteosat-Derived and Sun-Photometer-Derived Optical Thicknesses Shown in Table
2 for Various Real (ng,) and Imaginary (n,,) Parts of the Refractive Index
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NRe
Rt 1.48 1.50 .53 1.55
-i 0.005 0.90£0.02 (0.97) 0.80%£0.03 (0.96) 0.67+£0.04 (0.95) [0.60+0.04 (0.94)]
-1 0.008 1.04£0.02(097) 0.92+0.04(0.96) 0.78+0.05(0.96)  0.69 +0.06 (0.94)
-i10.010 1.12£0.03(0.97) [1.04+£0.05(0.97)] 0.85+0.05(0.96) 0.76 +0.06 (0.95)
-i0.012 1.20 £ 0.03 (0.97) 1.09+0.05(0.97) 0.93+0.06(0.96) 0.83 £0.06 (0.95)

Correlation coefficients are ‘given in parentheses. The two cases in brackets are plotted in

Figure 8.

wide Meteosat VIS spectral band, and it appears consistent with
the published results cited above. Ignatov et al. [1995] also
found that such a refractive index of 1.50 - / 0.010 (at 0.63 pm)
yield a perfect agreement between Sun photometer and
operational Advanced Very High Resolution Radiometer
(AVHRR) retrievals of the aerosol optical depth in the North
Atlantic and Mediterranean Sea. In addition, the Angstrém
exponent of 0.3 in the visible spectrum of this desert aerosol
model is compatible with our Sun photometer measurements
(Table 2) and is very close to the value of 0.35 recommended by
Cerf [1980] for the tropical western Africa. This desert aerosol
model was incorporated in the inversion procedure,

. It is possible that within this wide range of wavelengths some
biases compensate each other. For instance, we considered that
all particles are spherical, a classical assumption which does not
correspond to observations. The nonsphericity of mineral
particles is recognized to have important consequences on their
optical properties. Koepke and Hess {1988] considering ovoid
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Figure 8. Comparison of Meteosat- and Sun-photometer-
retrieved desert dust optical thickness for the first data set of
sunphotometer measurements (Table 2), for two values of the
refractive index, and for the DD size distribution model. The best
agreement is obtained for a refractive index of 1.50 - i 0.010.
Slopes and correlation coefficients are given in Table 4.

particles, as well as Mishchenko et al. [1995] considering oblates b

and prolates, seem to agree on a general effect of nonsphericity
toward a decrease of backscattering. This field of research is still
wide open, and more work needs to be done on the actual shapes
of mineral aerosol particles.

4. Validation of the Method

To achieve the validation of our algorithm, we need an
independent set of data, which had not been used to constrain the
desert aerosol model. We use the two months of automatic
measurements at Sal Island in late 1994, These data are
presented in Table 5, including the date and location as well as
the aerosol optical thickness and Angstrém exponent of each
measurement. Contrary to the first subset of data (Table 2) the
Angstrom exponent sometimes goes above 0.5. Our method
generally provides two types of information for a given site: for
clear sky, Meteosat pixel is directly inverted to obtain the optical
thickness; for. cloudy conditions the desert dust field is
interpolated from the closest available pixels. The validation of
the inversion procedure is done only on clear sky pixels, but the
uncertainty due to interpolation may be likewise shown by
comparison with Sun photometers for cloudy conditions. To test
the actual results of the Meteosat inversion, we do not apply the
same criteria as in section 3.1 to select the Sun photometer
measurements. As explained by Moulin et al. [this issue], the
only selection criterion was to reject Sun photometer data when
there were no clear sky Meteosat pixels closer than 200 km to the
site (five data rejected). We analyzed the corresponding
Meteosat 5 images using the background desert aerosol size
distribution of Shertle [1984] and the new refractive index of 1.50
- i 0.010. The results are shown on Figure 9, where the solid
circles represent clear sky pixels (quality of the inversion) and
the open circles represent cloudy conditions (quality of the
interpolation). The correlation between Meteosat- and Sun-
photometer-derived optical thicknesses for clear sky pixels is
0.965, with a slope nonsignificantly different from 1.0. For the
two subsets of Sun photometer data the maximum dispersion of
Meteosat-derived desert dust optical thickness is 25% (Figures 8
and 9). This good agreement does not necessarily mean that each
of our assumptions in the inversion procedure is correct, but it
gives confidence that the final results can be trusted in a wide
range of aerosol thicknesses. The interpolation yields a stronger
dispersion: the values of dust optical thickness interpolated from
clear sky pixels, when at least one is closer than 200 km from the
site, are all within a factor of 2 from the Sun photometer data.
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© " Table 5, Set of Sun Photometer Measurements Used for

Validating the Meteosat-Based Estimation of the Aerosol
Optical Thickness in 1994

Date Tds O Date s @
QOctober 22, 1994 0.13 0.14 November22, 19942 0.58 0.20
October 23, 1994 0.30 0.12 November24,1994 0.30 0.34
October 24, 1994a 0.20 0.20 November 25,1994 0.16 024
October 26, 1994 0.19 0.13 November27,1994 0.12 0.20
October 27, 19942 0.17 0.30 November28, 19942 0.16 1.20
October 28, 1994 0.10 0.28 November 30,1994 036 0.10
October 30, 1994 0.10 0.28 December(,1994 0.12 0.50
October 31, 19942 0.04 0.30 December2, 19942 0.09 0.60
November 1, 19942 0.08 0.30 Decemberd, 1994 024 0.23
November 3, 19942 0.08 0.40 December5,1994 045 0.05
November 5, 1994 0.61 0.10 December6,19942 0.75 0.01
November 6, 1994 0.82 -.08 December7,19942 0.54 0.10
November 7, 1994 0.70 0.25 December8, 1994  0.48 0.07
November 9, 19942 0.57 0.10 December9, 19942  0.90 0.10
November 10,1994  0.36 0.30 December 10,1994 0.59 0.17
November 11,1994 032 0.21 December 11,1994 040 0.33
November 12,1994  0.28 0.30 December 12,1994 0.40 0.30
November 13, 19942  0.21 0.30 December 16, 19942 0.39 0.50
November 14, {994 0.28 0.21 December2l,1994 0.16 0.46
November 15,1994  0.21 0.17 December 27, 1994 . 0.45 0.17
November 17, 19942 0.67 0.50 December 29,1994 = 0.32 0.30
November 18, 1994  0.67 0.10 December 30, 19942 0.38 0.50
November 19,1994  0.55 0.10

All measurements were performed at Sal Island (16.73°N,
22.95°W), Cape Verde. The corresponding Meteosat sensor is

Meteosat 5. .
aNo Meteosat clear sky pixel available on the site. The Meteosat

value will be interpolated if at least one clear sky pixel is closer than
200 km.

Consequently, we believe that they can be used to estimate the
order of magnitude of dust transport over periods which would be
too cloudy to allow any other information. A much larger data
set would be needed for a statistical evaluation of the interpolated
data set.

5. Major Causes of Uncertainty

Qur determination of the desert dust optical thickness is only
valid for situations close to the climatological conditions [Moulin
et al,, this issue] for tropospheric and stratospheric sulphates.
After a volcanic eruption or a strong poliution event, the optical
thickness of nondesert aerosocls may change within a few days
and for specific regions. In such cases our automated treatment
of the Meteosat data must be replaced by a case study using

improved information on atmospheric aerosols. In this section

we only examine the different uncertainties of the inversion
arocedure within the normal range of our algorithmic procedure.
Ne discuss their effect on the determination of dust aerosol
optical thickness. To achieve this, we performed sensitivity tests
by modifying separately different parameters of the radiative
transfer model 58 [Tanré et al., 1990] used during our inversion
procedure. We also discuss the uncertainties due to the various
radiative transfer approximations of 58 itself.
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5.1. Inversion Parameters

For the two sensors Meteosat 2 and 4 we tested the sensitivity
of our inversion procedure to different parameters: calibration
and radiometric accuracy of the sensor, phase function of the
desert aerosol, and reflectance of the sea surface. We first list the
major uncertainties and then comment on their consequences on
dust acrosol determination. '

The relative uncertainty on the calibration coefficient (a) is
+13% and the offset numeric count (NCp) is given within 2INC
[Moulin et al., 1996]. The uncertainty on the radiometric
measurement is of £2NC and 0.5NC for Meteosat 2 and 4,
respectively. The phase function and its uncertainty depend on
the scattering angle. Assuming that the desert dust optical
properties are now well known, we selected the phase functions
of the five aerosol models in Table 4 which lead to a realistic
comparison between Meteosat- and Sun-photometer-derived
aerosol optical thickness, i.e., to a slope between 0.9 and 1.1. For
a given scattering angle in the range of interest (150°-180°) the
standard deviation of these phase functions may vary by +3% at
low scattering angles and 213% at the largest angles (180°). The
spectral sea surface reflectance is sensitive to the phytoplankton
content and sea state, and we assumed [after Moulin et al., 1996}
a relative uncertainty of #30% on the integrated sea surface
reflectance.

For each parameter and for several sites in the Mediterranean
Sea and in the Atlantic, we used 58S iteratively to estimate the
uncertainty on 7§s;. We computed mean quadratic uncertainties
by considering that the different parameters are independent.
This theoretical uncertainty is maximum for low optical

° Clear Sky Pixels
Interpolated Pixels

Meteosat-Derived Optical Thickness

O llT'lllj]ll

[l*l"lil LI L

0 0.2 0.4 0.6 0.8 |
Sun-Photometer-Derived Optical Thickness

Figure 9. Comparison of Meteosat-derived and Sun-photometer-
derived desert dust optical thickness for the, 1994 Sal data set
(Table 5), using the new refractive index of 1.50 - i 0.010. The
line is the best linear fit between Sun photometer values and
clear sky Meteosat values. The slope is 0.96 £ 0.05, and the
correlation coefficient is 0.965 for the 29 clear sky pixels. For
the 16 other days the considered area was too cloudy to allow a
fair comparison with Meteosat data. However, when the closest
available pixe! was distant by less than 200 km from our site, we
show the interpolated values as open circles (11 data).
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thicknesses (between +65% and +£100% at 0.2) and strongly
decreases to reach values between +40% and +50% for an optical
thickness of 0.4. For higher optical thicknesses, it remains about
constant with a2 mean value between 30 and +40%.
Surprisingly, these results are not significantly different for
Meteosat 2 and 4 despite the improvement of the Meteosat 4
digitization. Indeed, the accuracy of the calibration and of the
digitization are found to be the main source of uncertainty for the
retrieval of desert dust optical thickness from Meteosat data, The
decrease of the uncertainty gained for Meteosat 4 digitization is
then compensated by the increase of uncertainty on the
calibration. For a desert dust optical thickness of 0.4 the
calibration and digitization contributes to 75-85% of the overall
uncertainty on Meteosat 2 estimates, whereas for Meteosat 4 the
calibration alone contributes to 70-80% of the overall
uncertainty, This result stresses the need for accurate calibration
of space sensors for quantitative aerosol studies.

5.2. Radiative Transfer Model Approximations

Another source of error comes from the various
approximations used in 5S to compute aerosol optical thickness
from the simulated satellite radiance. We estimated this error by
comparing the satellite signal computed with 5S and with an
improved version named 6S (second simulation of the satellite
signal in the solar spectrum) developed more recently [Vermote
et al., 1994]. Compared with 58, the radiative transfer model 6S
enables the computation of (1) a more accurate gaseous
transmission by taking into account new coefficients, based on
HITRAN 91 values [Rothmanet al., 1992}, for the absorbing
gases (H20, O3, Oy, and CO3) contributions; (2) more accurate
Rayleigh and aerosol reflectances and transmissions by using
updated approximations and successive orders of scattering
method in a discrete atmosphere; and (3) an improved spectral
integration with a step of 2.5 nm instead of the 58 resolution of 5
nm. The differences between 58 and 6S strongly depend on the
geometry of the measurement and on the aerosol optical
thickness. In some cases such as for large dust loads, the:
difference in 74s; may reach +40%, but on the average, for our
Meteosat observation conditions the discrepancy is of the order
of +15% for a dust optical thickness of 0.4. This result shows
that in the majority of cases the radiative transfer model
approximations do not constitute the main source of error.

6. Conclusion

The validation of our method to retrieve desert dust optical
thickness over seawater from Meteosat data has been made by
comparison with Sun photometer data. We first observed that
our Meteosat results were underestimated by about 40%. We
showed that only the properties of the desert aerosol model
[Shettle, 1984] could be responsible for this discrepancy. The
size distribution of mineral particles could not account for the
observed effect, but a modification of their refractive index
within a realistic range (1.50 - i 0.010) gave satisfactory results.
A lot of effort has been devoted to define average optical
properties which are realistic over the wide spectrum of the
Meteosat VIS channel. This paper stresses the interest of
complementing satellite data by Sun photometer network
information. The performed testing gives confidence that our
Meteosat data set, which covers five different sensors with
various spectral bands and radiometric sensitivities, is internally
consistent. The accuracy of the retrievals greatly depends on an

accurate calibration of the sensor. The comparison of Meteosat-
derived estimates of the desert aerosol optical thickness with
independent Sun photometer measurements exhibits a maximum
dispersion of 25%. This general estimate of accuracy does not
apply to values interpolated under water clouds. The relevance
of our interpolation clearly depends on the dispersion of valid
dust data points-as well as on the relative extension of water
clouds and dust plumes, but it should be noticed that this error
decreases when dealing with time-averaged images for
climatological purposes. The validity of our interpolation
procedure was assessed from a comparison between an
independent set of Sun photometer data and the interpolated
value in cloudy pixels. The agreement is within a factor of 2 of
Sun photometer data when at least one of the clear sky pixels
used for interpolation was located at less than 200 km (six pixels)
from the site.
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