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[11 The two-dimensional structure and the optical properties of Saharan dust and
maritime aerosols have been investigated over the Mediterranean Sea during October 2001
using airborne and satellite observations. A new airborne downward looking multispectral
(490—2200 nm) micropolarimeter (MICROPOL) is used to derive the aerosol optical
thickness and effective radius. We present two case studies corresponding to the
observations performed during a mineral dust transport from the Sahara to Europe and
to an undisturbed marine boundary layer. The dust plume is associated with aerosol
optical thickness above 0.2 (at 865 nm), whereas relatively low loading conditions are
observed in the maritime case (down to 0.1). The MICROPOL-derived aerosol optical
thickness is in an excellent agreement with coincident Moderate Resolution Imaging
Spectroradiometer (MODIS) retrievals for both days. The effective radius retrieved by
MICROPOL is also in a good agreement with the one from MODIS in the dust case.
In the pure maritime case, this parameter is significantly underestimated by
MICROPOL compared to MODIS retrieval. The vertical distribution of aerosol optical
parameters is derived from combined two-wavelength backscattering airborne lidar
observations and MICROPOL passive measurements. As expected in the case of a
long-range transport, the aerosol effective radius within the dust layer is rather constant
as a function of the altitude. A surprising low lidar depolarization factor of about 4%
is retrieved within the dust plume, suggesting a major contribution of spherical
particles. No significant depolarization has been observed in the marine boundary
layer. For the given geometry of observation the retrieved aerosol models, which are
based on the Mie theory, reproduce the MICROPOL polarized measurements within
5—8% in the dust and maritime case. The use of a nonspherical model increases by a
factor of 2 the residual fitting error in polarization in the case of the dust observation.
This result is confirmed by the lidar depolarization ratio and indicates that a large part
of particles in the dust plume are spherical.

Citation: Waquet, F., J.-F. Léon, P. Goloub, J. Pelon, D. Tanré, and J.-L. Deuzé (2005), Maritime and dust aerosol retrieval from

polarized and multispectral active and passive sensors, J. Geophys. Res., 110, D10S10, doi:10.1029/2004JD004839.

1. Introduction

[2] Many difficulties in assessing the climatic effect of
aerosols arise because of the great spatial and temporal
variability of their concentration and physical and chemical
properties. Mineral dust and maritime aerosols represent the
largest contribution of natural aerosols to the total atmo-
spheric burden. Dust and sea-salt concentration in the
atmosphere depend on the meteorological conditions and
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thus will be directly affected by climate change. In turn,
natural aerosols have an impact on the radiative budget and
the climate. The coarse fraction of maritime aerosols results
from bursting of sea foam in windy conditions [Blanchard
and Woodcock, 1980], while mineral dust results from the
wind erosion of arid and semiarid areas. The properties of
mineral dust depend on source locations and physical and
chemical processes occurring during the transport. The
presence of dust in the atmosphere is generally due to
sporadic updraft of high load of material leading to strong
optical thickness, whereas an important characteristic of the
oceanic aerosol is the substantially lower aerosol loading. In

D10S10 1 of 14



D10S10

the Mediterranean atmosphere, high optical thickness with a
low spectral dependency are usually characteristic of a
Saharan dust event [Hamonou et al., 1999; Léon et al.,
1999].

[3] Many efforts have been devoted to better characterize
the physical and optical aerosol properties in the frame of
the development of network of ground-based instruments
and Earth’s observation satellite missions. The large range
of spectral and angular observations provided by the
ground-based Sun photometers of the Aerosol Robotic
Network (AERONET) [Holben et al., 1998] are used to
derive detailed aerosol properties in key locations. Satellite
remote sensing offers a global and quasi-continuous mon-
itoring of the aerosol properties [Kaufinan et al., 2002]. The
new generation of satellite sensors provides enhanced
capacities for aerosol monitoring, like the Moderate Imag-
ing Spectroradiometer (MODIS) and Polarization and Di-
rectionality of Earth’s Reflectances (POLDER) [Deschamps
et al., 1994]). The MODIS [Salomonson et al., 1989] is
aboard Terra and Aqua platforms and has a wide spectral
capacity ranging from the visible (VIS) to the shortwave
infrared (SWIR). The observations performed in the SWIR
are important to retrieve the contribution of the coarse mode
of particles to the total aerosol optical thickness. The aerosol
retrieval algorithm [Tanré et al., 1997] uses this wide
spectral range (0.55—-2.13 nm) to derive the spectral aerosol
optical thickness and aerosol effective radius over the
oceans. On the basis of a different instrumental concept,
the POLDER was aboard ADEOS-1 and ADEOS-2 plat-
forms and had the capacity to measure the total and
polarized top of the atmosphere radiances in the VIS and
the near-infrared (NIR). The POLDER retrieval algorithm
[Deuzé et al., 2000] derives from the total and polarized
radiances the aerosol optical thickness and size parameters.
It further provides information on the shape of particles
from the analysis of the polarized angular scattered radi-
ance. A new prototype of the future POLDER instrument,
including polarization from the UV up to 2200 nm, is being
developed at the Laboratoire d’ Optique Atmosphérique. Its
development is based on the results obtained with a polar-
imeter, a satellite type sensor called MICROPOL, devel-
oped with the support of the Centre National d’Etudes
Spatiales (CNES). MICROPOL has been already used
during several field experiments to test new methodologies
based on spectral and polarized measurements performed
from the UV to solar infrared. An algorithm over ocean,
based on MODIS approach, has been developed for this
instrument [Goloub et al., 2003].

[4] Passive remote sensors miss the vertical distribution
of aerosols in the atmospheric column. Lidars are currently
the most sophisticated optical systems giving a description
on the aerosols atmospheric profiles, and several inversion
techniques were proposed for the retrieval of physical
particle parameters from ground-based [Miiller et al.,
1999a; 1999b; Sicard et al., 2002] or airborne [Flamant et
al., 1998; Pelon et al., 2002] lidar observations. It has been
shown that a synergy between active (lidar) and passive
(radiometer) devices results in improving the retrieval of
aerosol properties [Kaufiman et al., 2003a; Léon et al.,
2003]. It is of particular importance in the frame of the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Ob-
servation (CALIPSO) [Winker et al., 2002], which will be
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launched early 2005 and will be part of a constellation of
satellites called the AQUA train, including MODIS and
POLDER sensors. The CALIPSO lidar (CALIOP) is a
frequency-doubled Nd:YAG laser that transmits laser light
simultaneously at 532 and 1064 nm and includes a cross-
polarization detection channel at 532 nm. This instrument
will provide high-resolution vertical profiles of aerosols and
clouds. The synergy between MODIS, POLDER, and
CALIPSO is then able to significantly enhance our under-
standing of the aerosol distribution at a global scale.
Comparable synergistic approaches were developed and
tested during field campaigns where airborne lidar obser-
vations acquired simultaneously with MODIS overpasses
were available to be cited: the Saharan Dust Experiment
(SHADE) [Léon et al., 2003; Kaufiman et al., 2003a] and
the Southern African Regional science Initiative (SAFARI)
[Kaufman et al., 2003b].

[s] The present paper focuses on the retrieval of the
properties of natural aerosols including mineral dust and
maritime aerosols derived from passive (MICROPOL) and
active (the elastic backscatter lidar Lidar pour I’Etude des
Interactions Ae Rosols Nuages Dynamique Rayonnement et
du Cycle de ’Eau (LEANDRE)) airborne instruments. To
solve most of the ambiguity in deriving aerosol profile from
lidar alone, we use the MICROPOL observations to con-
strain the inversion of the lidar signal in terms of aerosol
optical thickness and effective radius. Both instruments
were deployed during the Field Radiation Experiment
Natural Cirrus and High Cloud (FRENCH) [Brogniez et
al., 2004] experiment, which took place over the northwest-
ern Mediterranean Sea. The description of the flights, the
observations, and the technical characteristics concerning
each instrument is presented in the next section. Then we
present and test the capacity of the MICROPOL to derive
aerosols properties over the ocean surface. The results of
the MICROPOL inversion are compared to the MODIS
retrievals. In the last section we apply a synergy between
MICROPOL and LEANDRE to better characterize the
vertical distribution of maritime and dust aerosols.

2. Field Experiment

[6] The main purpose of the FRENCH campaign was to
acquire simultaneous active and passive aircraft observa-
tions to characterize cirrus and high-level clouds. The
French research aircraft FALCON-20 (F20) participated to
this campaign from 27 September to 12 October 2001. Ten
flights were performed during the campaign; four of them
were dedicated to aerosol characterization over the Medi-
terranean Sea. The characteristics of the ten flights including
the time and date, the altitude, the type of surface overflown,
and the type of observations are given in Table 1. The
F20 was equipped with the backscatter lidar LEANDRE-1
[Pelon et al., 1990] and the POLDER airborne simulator
[Deuzé et al., 1993]. The new longwave and shortwave
polarimeter MICROPOL was also operated aboard the
F20. Combined ground-based and satellite observations
were also available. Most of the flights were performed
as close as possible to the TERRA overpass. Two days,
8 and 11 October, were particularly relevant for maritime
and mineral dust aerosol characterization. The airborne
measurements were acquired along round-trip transects of
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Table 1. Main Characteristics of the Ten Flights Performed During the FRENCH Experiment®

Date Start-End Time, UT  Altitude, km  Type of Surface Observations
25/9/01 14101440 11 ocean cirrus and cumulus between 6 and 10 km
27/9/01 08401445 9 ocean and land several clouds just below the aircraft (~9 km)
28/9/01 1345-1355 11 land cirrus (6—12 km) and altostratus
30/9/01 1255-1450 12 ocean cirrus (6—12 km) and altostratus
1/10/01 1245-1445 12 ocean very clear condition, several low clouds and cirrus
5/10/01 0850—-0940 11.5 ocean and land thick cirrus and altostratus
7/10/01 1155-1345 12 ocean cirrus (8—10 km) and altostratus
8/10/01 1150-1340 10-12 ocean and land low loading condition and cloudy structures within the marine boundary layer
11/10/01 1030—-1230 11.5 ocean and land dust loading condition, a thin cirrus (~11 km)
12/10/01 0820-0920 9 land dust loading condition, northward flight over France

*The dates in boldface correspond to flights dedicated to an aerosol study over the Mediterranean Sea.

nearly 400 km between the southern coast of France and
Corsica Island. The two flights were performed on 8 and
11 October, respectively, began at 1150 and 1030 UT
and ended at 1340 and 1300 UT.

2.1. Instrumental Setup

[7] The ground-based stations of Tarbes (43.25°N, 0°E),
Aire-sur-Adour (43.7°N, 0.25°E), Toulouse (43.57°N,
1.37°E), and Avignon (43.91°N, 4.87°E) located in the
south of France, were equipped with an automatic Cimel
Sun photometer of AERONET. The operational inversion
algorithm [Dubovik and King, 2000] provides the spectral
aerosol optical thickness, the aerosol complex refractive
index, and the particle size distribution between 0.05 and
15 pm. An additional manual Sun photometer was set up
near the seashore at 3°53’'E~43°36'N on 11 October.

[8] Measurements of the vertical distribution of scattering
layer were performed using the backscattering lidar LEAN-
DRE-1. The laser is a Nd:Yag delivering 10 ns pulses of 40
and 190 mJ in the 532 and 1064 nm channels, respectively.
The laser repetition rate is 12 Hz, which leads to a 1 s time
averaging over 12 shots, corresponding to an horizontal
resolution of about 200 m. The emitted beam has a 3 mrd
divergence (corresponding to a spot diameter of 30 m at the
surface when the aircraft is flying at an altitude of 10 km).
The receiving telescope has a diameter of 30 cm to keep the
system compact. The depolarization ratio is derived from
the ratio of the cross-polarized to the parallel lidar return
signal.

[9] The MICROPOL polarimeter operates in five bands
centered at 490, 670, 865, 1600, and 2200 nm. For each
wavelength, there are three separate optical systems com-
posed of a collimator, a lens, an interferential filter, a
polarizer, and a detector. The angle between the direction
of the three polarizers is 60°. This configuration is consid-
ered to be the optimal configuration to derive the angle of
polarization and the linear polarized radiance. The total and
polarized normalized radiances are derived using the cali-
bration and the combination of these three simultaneous
measurements [Herman et al., 1997a]. A set of total and
polarized normalized radiances at the 5 wavelengths is done
in no more than 7.5 ms. In the 1600 and 2200 nm channels
the detectors are stabilized at a temperature of —10°C
(InGaAs detectors). It has been shown that the effect of
temperature variation on calibration is smaller than 2% at
maximum. The absolute accuracy is about 2—3% for the
wavelengths 490, 670, 865, and 1600 nm and reaches 6%
for the 2200 nm channels. The noise equivalent differential
spectral luminance in total (NeAL) and polarized (NeALp)

normalized radiance is reported in Table 2. It corresponds to
the radiometric noise converted into a normalized radiance
noise. This quantity is experimentally evaluated and given
here for a degree of polarization close to 30%, representa-
tive of the condition of the experiment. The degree of
polarization is defined as the ratio of the polarized radiance
to the total radiance [Deuzé et al., 1993]. We have also
estimated the corresponding noise equivalent differential
optical thickness NeAt at 2200 nm using the single scat-
tering approximation in the most unfavorable conditions
[Tanré et al., 1997]. When considering a scattering angle of
120°, NeAr is equal to 3.10 > and 2.107, respectively for a
maritime and mineral dust model [Shettle and Fenn, 1979].

[10] MODIS was successfully launched in December
1999 on board NASA’s spacecraft Terra and began collect-
ing data in March 2000. The instrument performs spectral
measurements from 415 to 14235 nm in 32 spectral bands.
The resolution of the subnadir pixel is from 250 m x 250 m
to 1 km x 1 km, while the aerosol parameters are retrieved
at a resolution of 10 km x 10 km. An operational algorithm,
based on a lookup table (LUT) approach, has been devel-
oped for deriving aerosol properties over open ocean
surfaces. The algorithm uses six spectral channels ranging
from 550 to 2130 nm. The principle of the inversion and the
description of the aerosol models are presented in the
section 3.1. The main aerosol products derived from
MODIS include the spectral aerosol optical thickness
(AOT), the effective radius of the size distribution, and
the fraction of the total aerosol optical thickness coming
from the fine aerosol mode (). MODIS aerosol products
have been validated using AERONET Sun photometer
measurements [Remer et al., 2002]. The spectral AOT over
ocean is retrieved within an accuracy of 0.03 = 0.05 x AOT.
The absolute accuracy on the effective radius is 0.1 pm. A
sensitivity study has emphasized the difficulty to retrieve
the parameter ) accurately, which is generally considered as
an estimate with an uncertainty of +0.25 [Tanré et al.,
1997].

Table 2. MICROPOL Radiometric Accuracy in Total (NeAL) and
Polarized (NeALp) Normalized Radiance and for the Five Bands

Center Wavelength, nm  Maximum Radiance NeAL NeALp
490 0.30 1x107° 6x107°
670 0.23 95 x 107 8x107°
865 0.44 8§ x 10 7x107°
1600 0.94 15x107° 1x107*
2200 0.62 4x10° 8x107°
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Figure 1. (a) MODIS aerosol optical thickness at 865 nm,
on 11 October. The black dots correspond to the locations of
the Sun photometers of Tarbes (1), Toulouse (2), Avignon
(3), and the location of an additional Sun photometer settled
along the sea shore (4). (b) Lidar attenuated backscatter
coefficients at 532 nm and (c) pseudo-color ratio computed
over the 532 and 1064 nm lidar backscatter coefficients
measured below the track of the airplane.

2.2. Observations

[11] Synoptic meteorological observations revealed a
high-pressure system over the eastern part of France and
a low-pressure system over the Canary Island, leading to a
southeasterly advection of air masses from Africa potentially
rich in desert particles. Figure 1a displays the aerosol optical
thickness (at 865 nm) derived from MODIS on 11 October.
Areas where the retrieval is not possible, like cloudy sky or
observations in the specular direction, are drawn in white.
Continental areas are also in white. The black solid lines are
the ground tracks of the F20 for the flight performed on the
same day between 1100 and 1300 UTC. Acquisition time of
MODIS data is about 1030 UT. The observed situation
corresponds to a transport of a large dust plume, associated
with AOT above 0.5 and extending from the African coast,
to the northwestern part of the Mediterranean Sea. The
minimum and maximum AOT observed in Toulouse and
Tarbes by the Sun photometer were 0.2 and 0.5, respectively.
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The daily average Angstrém exponent, computed between
the 670 and 865 nm channels [Deuzé et al., 2000], was 0.25
for Toulouse and close to 0 for Tarbes. It indicates the
presence of large particles, as expected in the case of a
mineral dust transport. Near the area of investigation the
AOT measured by the Avignon Sun photometer was rather
low, between 0.1 and 0.2, while the Angstrdm exponent was
between 1.0 and 0.1 along the day. As shown on Figure 1a,
the F20 has progressively deviated from the deep plume
region. The MODIS AOT sampled along the F20 aircraft
tracks decreases from 0.25 near the continent to 0.15 or less
near Corsica.

[12] The lidar return signal depends on the aerosol
extinction and backscatter cross section as well as particle
number concentration. The lidar signal is normalized and
range-corrected to provide the attenuated backscatter coef-
ficient presented in Figures 1b and 2b. The calibration factor
is derived by matching portions of the measured backscat-
tering profile taken to arise from pure molecular scattering.

5
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8
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R
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3
2
I
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Time (UT)
- 2
= =}
= o
=
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Time (UT)
(c)
Figure 2. (a) MODIS aerosol optical thickness at 865 nm

on 8 October. The black dots correspond to the locations of
the Sun photometers of Tarbes (1) and Aire-sur-Adour (2).
(b) Lidar attenuated backscatter coefficients at 532 nm and
(c) pseudo-color ratio computed over the 532 and 1064 nm
lidar backscatter coefficients measured below the track of
the airplane.
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The pure molecular backscatter coefficient is measured in the
upper part of the atmosphere just below the aircraft. The
attenuated backscatter coefficient corresponds to the product
of the total (molecules and aerosols) backscatter coefficient
for a given altitude by the two-way transmission between the
laser source and the given altitude. The attenuated lidar
backscatter coefficient is used to depict the vertical structure
of the aerosol. Figure 1b presents the attenuated backscatter
coefficient 3 measured at 532 nm on 11 October from
1058 UT (43.35°N, 4.35°E) to 1135 UT (42.22°N, 7.26°E)
during the transect from Corsica to the continent shown in
Figure la. The ratio of the 532—1064 nm attenuated back-
scatter coefficient (hereinafter called the pseudo-color ratio
(PCR), which is unitless) is indicative of the mean size of the
particles. The PCR (presented in Figure 1c) decreases as a
function of size particle, equal to 16 for molecules and close to
0 for the largest aerosols or droplets. A different vertical scale
(from 0 to 5 km) is used for the PCR to focus on the aerosol
layer and the low cloud structure.

[13] The lidar cross section (Figure 1b) reveals a deep dust
layer between the sea surface up to 6 km high. Several
maxima in the backscatter coefficient are observed within
the plume. The first is located at about 1.5 km and remains at
the same altitude over the whole flight. Two additional
maxima are observed between 2 and 4 km. As the aircraft
moves over the sea (corresponding to a time increase), there is
only one deep plume located at 3 km high. Low values of the
color ratio, ranging from 1.5 to 3.5, are associated with the
dust plume. An increase in the attenuated backscatter coeffi-
cient associated with a sharp decrease in the PCR is observed
in the marine boundary layer at the end of the transect. This
indicates the impact of the condensation of water onto the
particles. The high values of backscatter coefficient observed
between 1107 and 1115 UT at 11 km high can be associated
with the occurrence of a thin cirrus cloud.

[14] The origin of the dust layer located between 2 and
4 km high (Figure 1b) was inferred using back trajectories
from the NOAA Hybird Single-Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) model (http://www.arl.noaa.
gov/ready/hysplit4.html) and using the Total Ozone Map-
ping Spectrometer (TOMS) absorbing aerosol index
[Herman et al., 1997b] (http://toms.gsfc.nasa.gov/aerosols/
aerosols.html). The dust source was identified to be located
over the center of the Sahara, northwest of the Hoggar
Massif (south Algeria). This location, which receives ex-
tensive drainage from the Hoggar, is known to be an area of
strong dust emission [Prospero et al., 2002]. The TOMS
aerosol index suggests that the dust was uplifted on
9 October and then advected over Algeria and the Mediter-
ranean Sea following a straight south-north axis prior to its
detection on 11 October.

[15] The MODIS data acquired on 8 October at 1000 UTC
are reported in Figure 2a. We can observe that the optical
depth remains small, below 0.15 over the western part of the
Mediterranean Sea. AOT values larger than 0.4 appear on
the eastern part of the map, corresponding to an anterior
dust outbreak. The daily average AOT measured at Tarbes
and Aire-sur-Adour were 0.065 and 0.07 and did not vary
much during the day, within £0.01. The Angstrdm exponent
was 0.5 for both Sun photometers. It indicates that the
contribution of anthropogenic aerosols from the continent to
the area of measurements is minimized.
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Figure 3. Vertical profiles of the pseudo-color ratio on
(dashed line) 11 October and (solid line) 8 October.

[16] A deep marine boundary layer is observed to develop
up to 1 km high over the sea surface. The backscatter
coefficient in the marine boundary layer, whose height
remains at about 600 m, is much larger as small cumulus
developed (around 1220 and 1230 UT). Figures 2b and 2c
give lidar observations from 1215 (43.45°N, 4.25°E) to
1245 UT (41.78°N, 8.5°E) over the same area as in
Figures 1b and lc, but for this pure maritime case. The
increase in the attenuated backscatter coefficient is well
correlated with the decrease in the PCR (e.g., between
1218 and 1224 UT) in the vicinity of shallow clouds
embedded into the marine boundary layer. An increase in
the backscatter coefficient associated with a small value of
the PCR shows that a fairly significant number of aerosol
particles are present above the marine boundary layer up to
3 and 4 km high. The average PCR profile given in Figure 3
clearly indicates the presence of coarse particles up to 6 km
high on 11 October. The marine boundary layer is characte-
rized by a larger value of the pseudo-color ratio than in the
dust layer above. The PCR in the marine boundary layer is
also higher on 11 October than on 18 October. It indicates that
the dust transport occurs above the marine boundary layer
and slightly affects it. The color ratio difference observed
between 8 and 11 October may be due to a difference in the
sea-salt concentration as the result of a difference in the sea
surface wind speed (not measured). In the clean marine
boundary layer the acrosol composition is basically a mix of
sea salt and sulfates particles. The sulfate aerosol content
depends on the type of air mass and its history and may have
both a natural or anthropogenic origin. The sea particles have
a natural origin and their concentration depends on the
surface wind speed [Flamant et al., 1998]. The average
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Figure 4. Depolarization coefficients on (dashed line)
11 October and (solid line) 8 October.

wind speed (NOAA Air Resources Laboratory) at the
surface was 10 m s~ and was oriented from west to east.

[17] The lidar generates short pulses of polarized light.
Radiation backscattered by homogeneous spherical particles
will maintain the original (parallel) polarization, whereas
nonspherical particles induce some degree of polarization
[Sassen and Takano, 2000]. Anisotropy in the structure of
air molecules generates a small amount (1.4% in the case of
our lidar system) of depolarization. Figure 4 presents the
average depolarization ratio profiles for 11 and 8 October.
Although measurements are noisy, a depolarization ratio up
to 4% is observed within the dust layer whereas no
depolarization is observed in the marine boundary layer. It
confirms that there is no dust in the marine boundary layer.
In the case of the maritime air profile, no significant
depolarization is observed.

3. Methods and Results
3.1. MICROPOL Algorithm and Models

[18] An operational algorithm has been developed for
MICROPOL, dedicated to the retrieval of acrosol properties
over dark ocean surface [Goloub et al., 2003]. The algo-
rithm is similar to the MODIS one [Tanré et al., 1997] and
has been adapted to the MICROPOL wavelengths. The
MICROPOL measures the total radiance and the state of
polarization of the light reflected by the atmosphere-surface
system at the five given wavelengths. In the following we
consider two retrieval schemes. The first one makes use of
total spectral radiances, while the second one uses total and
polarized radiances. Both inversions are based on a lookup
table approach, where we use the successive order of
multiple scattering code [Deuzé et al., 1988] for the com-
putation of the total and polarized radiances over the ocean.
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It accounts for scattering by molecules and aerosol particles
as well as by foam and also accounts for Sun glint (see the
Cox and Munk [1954] model). Computations are performed
for several values of the atmospheric aerosol optical thick-
ness from O (pure Rayleigh scattering) to 3 (turbid atmo-
sphere). The lookup table is built for a set of solar zenith
angles 65, viewing zenith angles 0,, and relative azimuth ¢.
The lookup table is generated for a set of aerosol models,
which consist of four small and five large modes. We
assume that the aerosol size distribution follows a bimodal
size distribution composed of two lognormal modes. The
single-mode lognormal distribution function is defined in
equation (1) and is given for a number distribution:

ey No [_ [1n(r/rm)]2} )

dr o }/'O')n\/z_’ﬁ 20r2n
where Ny is the density number (cm %), 1, is the mean
radius of the number distribution; o, is the standard
deviation of In(r). The aerosol models are the same as in the
MODIS retrieval [Tanré et al., 1997]. The parameters oy,
I'm, and the physical properties of the aerosol models are
given in Table 3. The refractive index presented in Table 3
is given for each models at 865 nm. The refractive index is
slightly wavelength-dependent. The refractive index at each
wavelength is given in the work of Remer et al. [2002]. The
optical properties of the first nine models are computed
using the Mie theory. The models numbered from 1 to 4
refer to the small particle modes with effective radii (defined
as the ratio of the third to the second moment of the size
distribution), ranging from 0.08 to 0.15 um, while models
numbered from 5 to 9 refer to the large particle mode with
effective radii ranging from 0.97 to 2.36 pm. The mineral
dust and maritime aerosol models identified here as 8 and 9
and as 5, 6, and 7 are mainly distinguished on one hand by
the real part of the refractive index, respectively equal to
1.53 for mineral dust and 1.45 for maritime aerosols, and on
the other hand by the values of the effective radii, ranging
respectively from 1.46 to 2.36 pm for the mineral dust, and
from 0.97 to 1.94 pm for maritime aerosols. An experi-
mental model describing the scattering properties of large
nonspherical particles [Volten et al., 2001] has been added
to the nine former aerosol models. This model results from
laboratory measurements of the scattering function at 675
and 440 nm of samples of mineral dust. We assume that the
scattering properties (total and polarized) of the experi-

Table 3. Microphysical and Optical Properties of Aerosol

Models®
Model 1, 04 Tegr Oy My — Myl Comments
1 0.07 149 0.10 1.17 1.45-0.0035i wet water soluble type
2 0.06 1.82 0.15 1.39 1.45-0.0035i wet water soluble type
3 0.08 1.82 0.19 1.39 1.40-0.0020i water soluble with humidity
4 0.10 1.82 0.24 1.39 1.40-0.0020i water soluble with humidity
5 040 1.82 0.97 1.39 1.45-0.00351 wet sea salt type
6 0.60 1.82 1.46 1.39 1.45-0.0035i wet sea salt type
7 0.80 1.82 1.94 1.39 1.45-0.0035i wet sea salt type
8 0.60 1.82 1.46 1.39 1.53-0.0010i dust-like type
9 050 2.22 2.36 1.66 1.53-0.0010i dust-like type

“Model 10 is nonspherical.
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mental model are also valid in the middle infrared up to
2200 nm. The phase function of the nonspherical model and
the phase function of the large spherical models 5 and 9 are
given in Figure 5 at a wavelength of 865 nm. We can notice
that the main feature of the nonspherical phase function is a
relatively flat directional behavior in the backscattering
direction compared to an increase of the phase function
observed for large spherical particle.

[19] Our approach to use the LUT in the algorithm is based
on the simplification suggested by Wang and Gordon [1994]
that the multiple scattering radiance from two lognormal
modes can be approximated by the weighted of the radiance
of each individual mode for the same optical thickness. The
method is exact in the single-scattering approximation. In
other cases the method usually reproduces the aerosol con-
tribution within 2—3% for acrosol optical thickness as large as
0.50 and for Sun and viewing angles as large as 80° and 70°.
Difficulties may be encountered when the aerosol is strongly
absorbing; in that case, this simplification is not valid.
However, this concept is quite suitable in our conditions.
Then the total spectral radiance L§, at the instrument level is
written as the sum of the small particle radiance L3 and the
large particle radiance L) and is computed for the same
aerosol optical thickness 0, molecular optical thickness, and
surface contribution. The small and large particle radiances
are weighted by the small mode concentration m:

LS (8, g iy ©) = LS (8, by, by &) + (1 = M)LE (8, pigs pry 6). (2)

First, the optical thickness is estimated from total radiance
at 865 nm by an interpolation method for three values of the
small mode concentration (0, 0.5, and 1) and for the 4 x 6
aerosol model combinations. Then the radiances at the other
wavelengths, namely 670, 1600, and 2200 nm, are
simulated using equation (2). The residual error sr is
obtained following equation (3). Sensitivity tests on the
MODIS algorithm have shown that e is a good indicator of
the quality of the retrieval [Tanré et al., 1997)].

RS (L e ©) = LGy iy 0)\
’ER_\LZ( Ly +0.01 ) S

Ly is the total normalized measured radiances for the
channel k, and Ly is the simulated one.

[20] The surface contribution at 490 nm is very uncertain
when no information on the ocean color is available. As it
may result in errors in the estimate of the aerosol contribu-
tion, the total radiance at 490 nm is not used in this retrieval
scheme. The small particle concentration is then adjusted
iteratively to minimize residual error for every 4 x 6
combination. The combination that gives the smallest ex
for the best selected value of m is called “R solution” where
“R” stands for radiance. Then the derived solution of AOT
and m are used to compute the residual error egp in the
polarized channels following equation (4).

5 m _ c 2
ERp = \jl Z (ka (H‘s?“wd)) ka(u‘wu’w(b)) ) (4)

Lp} +0.001

Lp stands for normalized polarized radiance.
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Figure 5. The scattering phase function for the non-
spherical model and the MODIS large spherical model
numbered 5 and 9 (see Table 3).

[21] The polarization of the ocean surface generated by
pigment concentration at 490 nm can be neglected [Chami
et al., 2001]. The atmospheric polarized contribution is then
largely predominant at this wavelength. Then we use the
polarized channel at 490 nm in this retrieval scheme. The
single scattering contribution in polarized intensities is
higher than in total intensities because it is principally low
orders of scattering that contribute to polarized radiation
[Leroy et al., 1997]. Since the Wang and Gordon approx-
imation is exact for single scattering, then equation (2) is
even more likely to be applicable to polarized intensities (as
compared to total intensities). We reject the solutions for
which the total residual error et = (g + erp)/2, computed
for the total and polarized radiances, is larger than 5%.
Another solution is found by minimizing er. This solution is
called “R + P solution.” A different set of aerosol param-
eters than for the “R solution” can be retrieved. We
consider the “R + P solution” only when the retrievals
exhibit significant differences with the “R solution.” Where
the difference is as important as the accuracy associated to
the retrievals (the accuracy on MODIS retrievals, given in
section 2.1, is considered here), both solutions are presented
and compared.

3.2. MICROPOL Retrievals

[22] In order to point out the spectral behavior of the
optical properties of the aerosol (maritime and dust) ob-
served during the campaign, we have selected two short
transects per day. Mean reflectance and standard deviations
computed over the four selected oceanic zones are reported
in Tables 4a and 4b for the total and polarized reflectances,
respectively. The reflectance is defined as the ratio of the
normalized radiance to the cosine of the solar zenith angle
[Deuzé et al., 1993]. The selected areas correspond to two
portions of the flight between 1102 and 1107 UT, and 1115
and 1120 UT on 11 October, as well as on 8 October
between 1126—1229 and 1235-1240 UT. The viewing
geometry is nearly the same for both days. The solar zenith
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Table 4a. Mean Reflectances Expressed in Percent and Standard
Deviations for the Transects Selected on 8 October (Zones 1 and 2)
and on 11 October 2001 (Zones 3 and 4)

Band, nm Zone 1 Zone 2 Zone 3 Zone 4
670 1.37 £0.02 1.3754+0.025 246 +0.05 2.12 +0.04
865 0.69 £0.02  0.72 = 0.025 1.68 £ 0.05 1.35 £0.035
1600 0.25+0.025 0.30 +0.02 0.99 £ 0.05 0.72 £ 0.025
2200 0.13£0.02 0.165+0.015 0.57+0.035 0.41 £0.015

is about 51° (£2°) for both days and all observations are
performed at nadir. The scattering angle is close to 130°.
The average altitude of the aircraft was 11.5 and 10 km on
11 and 8 October, respectively.

[23] The total and polarized reflectances increase as the
wavelength decreases due to the impact of molecular
scattering, as expected. In the worst conditions the
signal-to-noise ratio is about 10 in polarized reflectance
and 30 in total reflectance. It gives a high level of
confidence into the measurements performed by this
new instrument. After subtracting in each band the
molecular component and the surface contribution (esti-
mated using the Cox and Munk [1954] model), we have
plotted the total and polarized reflectances, normalized at
865 nm, as a function of the wavelength, in Figures 6a
and 6b, respectively. The 490 nm channel in total
radiance is not used in the aerosol retrieval scheme and
not shown in Figure 6a because of the uncertainty in the
estimation of water leaving radiance. The spectral behav-
ior, in total reflectance, related to mineral dust case and
maritime aerosol is quite similar. This result suggests that
retrieved size parameters for both days should be com-
parable. However, a difference in the slope value can be
observed between the two transects sampled for maritime
aerosols study. The polarized spectral dependence dis-
played on Figure 6b is significantly more pronounced for
oceanic aerosols and confirms that polarization can offer
a powerful tool for remote sensing of aerosol type.

[24] We first present the MICROPOL retrievals obtained
for the “R solution” where the results presented hereafter
are averaged over 5 s. Figures 7a and 7b show the aerosol
optical thickness at 865 nm and the effective radius
retrieved from MICROPOL observations for the dusty day
of 11 October. Missing parts correspond to cloudy structures
detected on the lidar cross section (Figures 1b and 1c). The
gradient in the MODIS AOT (Figure 1a) is also observed in
the MICROPOL retrieved AOT on Figure 7a. The AOT
decreases from 0.23 to 0.11 between the French coast
and the Corsica Island. The Sun photometer posted on the
French seashore (located at 3°53'E, 43°36'N; see Figure 1a)

Table 4b. Mean Polarized Reflectances Expressed in Percent and
Standard Deviations for the Corresponding Transect®

Band, nm Zone 1 Zone 2 Zone 3 Zone 4
490 1.47 £ 0.04 1.52 £ 0.025 1.6 £ 0.05 1.46 + 0.05
670 0.515+0.015 0.53+0.01 0.64+0.025 0.57 +£0.02
865 0.245 + 0.01 0.26 £ 0.01 040 +0.02 0.32=+0.01
1600 0.07 £ 0.01 0.085+0.01 026+0.02 0.18+0.01
2200 0.04 = 0.005 0.05+0.005 0.165+0.01 0.115+0.01

?Average is performed over transect of nearly 80 km.
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Figure 6. (a) Normalized aerosol radiance and

(b) normalized aerosol polarized radiance in function of
wavelength.

indicates an average AOT of 0.18 £+ 0.05 between 0900
and 1000 UT, which is in an excellent agreement with
the MICROPOL AOT. Figure 7b shows that the effective
radius remains rather constant. The average value derived
along the transect, after rejection of cloud areas, is equal
to 0.43 pm. Small fluctuat