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Abstract

The aerosol remote sensing from space has started in the 1980’s using observations
provided by geostationary satellites or by polar orbiting platforms not specifically de-
signed for observing aerosols. As a result, the number of retrieved parameters was
limited and retrievals in the visible restricted over ocean. Over land, because of the
important surface contribution, the aerosol detection was performed in the UV (or in
the dark blue) where most of the earth surfaces are dark enough but with overlap of
multiple aerosols parameters, content, altitude and absorption. Instruments dedicated
to aerosol monitoring are recently available and the POLDER instrument on board the
PARASOL mission is one of them. By measuring the wavelength, angular and polar-
ization properties of the radiance at the top of the atmosphere, in coordination with the
other A-Train instruments, PARASOL can better quantify aerosol optical depths (AOD)
and improve the derivation of the radiative and physical properties. The instrument, the
inversion schemes and the list of aerosol parameters are described. Examples of re-
trieved aerosol parameters are provided as well as innovative approaches and further
inversion techniques.

1 Introduction

Atmospheric aerosols interact with solar and thermal radiation. By scattering sunlight
and reflecting a fraction of it back to space, aerosols first cool the atmosphere-surface
system; the resulting effect is named the aerosol direct (or parasol) effect. By absorbing
sunlight in the atmosphere, they further cool the surface but warm the atmosphere. As
a result, they change the temperature and humidity profiles and the conditions for cloud
development; this is the semi-direct effect. They also impact the cloud properties by
acting as cloud condensation nuclei and ice nuclei. They modify the cloud droplet con-
centration and tend to decrease the droplet size with potential impact on precipitation,
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which is named the indirect effects (see, for example, Hansen et al., 1997; Ramanathan
et al., 2001).

For estimating the aerosol forcing on the climate, there is a need for discriminating
man-made aerosols and those resulting from natural processes. If in situ chemical
measurements are required for definite identification, there are other means to retrieve
the aerosol origin. For instance, the aerosol size distribution includes several modes
that are associated with specific physical or chemical processes. The fine (or accu-
mulation) mode, around roughly 0.1-0.2 um, is formed from condensation or chemical
conversion of gases to the liquid phase. From satellite, it is clear that anthropogenic
aerosols downwind from vegetation fires and industrial pollution regions are character-
ized by high concentration of fine particles. When fine particles are emitted by natural
process, they display much smaller spatial variability as confirmed by transport models
(Chin et al., 2002). Natural aerosol particles, wind driven sea spray, wind blown dust
and soil, fly ash and biogenic particles, are within the coarse mode with radius mainly
larger than 1.0 um. Particles size and spatial distribution can be used for separating
natural from anthropogenic aerosols (Kaufman et al., 2002); the spectral absorption or
the non-spherical fraction are also an indication of the aerosol type (see, for example,
Kaufman et al., 2002; Dubovik et al., 2002).

To be used in climate models or for evaluating transport models (see, for exam-
ple, Menon et al., 2002 and Chin et al., 2002), the knowledge of the aerosol distribu-
tion is required at a global scale on a daily basis with a resolution of 1-10 km, which
can be only achieved using remote sensing from sun-synchronous satellites. The A-
Train satellite formation (http://aqua.nasa.gov/doc/pubs/A-Train_Fact_sheet.pdf), which
consists of presently five satellites flying in constellation, has been designed to study
aerosol (Anderson et al., 2005), clouds and precipitation; the instruments within the
A-Train specifically dedicated to aerosol monitoring and using the sunlight reflected by
the Earth, are PARASOL/POLDER and AQUA/MODIS.

This paper provides a description of the PARASOL mission with a brief summary of
the instrument, the list of the retrieved aerosol parameters illustrated by few examples.
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Finally, enhancements expected by the use of more sophisticated inversion schemes,
are given.

2 The PARASOL mission

PARASOL (Polarization and Anisotropy of Reflectances for Atmospheric Science cou-
pled with Observations from a Lidar), decided in 1999, is the second microsatellite in
the Myriade series, developed by CNES. It carries a POLDER-like (Polarization and
Directionality of the Earth’s Reflectances) wide-field radiometer. The instrument (De-
schamps et al., 1994) measures the polarized light in different directions for retriev-
ing with more accuracy the aerosol (as well as cloud) optical and physical properties.
The mission takes also advantage of the other instruments in the A-Train formation,
which for our objectives mainly include MODIS (MODerate resolution Imaging Spec-
troradiometer) (King et al., 1992) on the AQUA satellite (Parkinson, 2003) and the
CALIOP lidar (Winker et al., 2009) on CALIPSO (Winker et al., 2003, 2010). Although
the TERRA/MISR instrument is not part of the train and cannot be used in synergy
with PARASOL, let us remind that it has also angular capabilities such as POLDER for
deriving the AOD and aerosol type (Kahn et al., 2001).

2.1 The POLDER instrument

The POLDER instrument has flown on both the ADEOS-I and ADEOS-II platforms in
1996-1997 and 2003, respectively. Unfortunately, due to failure of the satellite solar
panels, the measurement time series are limited to respectively 8 and 7 months. PARA-
SOL platform was launched in December 2004 by the French Space Agency (CNES)
in order to be part of the A-Train. It is routinely acquiring data since March 2005 and,
as previoulsy stated, provides spectral, directional and polarized characteristics of the
solar radiation reflected by the Earth-Atmosphere system. It has a sunsynchronous
orbit with 01:30 p.m. ascending node at an altitude of 705 km.
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The payload consists of a digital camera with a 274 x 242-pixel CCD detector ar-
ray, wide-field telecentric optics and a rotating filter wheel enabling measurements in
9 spectral channels from blue (0.443 um) through to near-infrared (1.020 um). Polar-
ization measurements are performed at 0.490 um, 0.670 um and 0.865 pm. The band-
with is between 20 nm and 40 nm depending on the spectral bands. The pixel size is
5.3km x 6.2km at nadir. Because it acquires a sequence of images every 20s, the
instrument can observe ground targets from different view directions, +51° along track
and £43° across track. Compared to POLDER-I and Il, the telecentric optics array has
been turned 90° to favour multidirectional viewing over daily global coverage. Likewise,
a 1020 nm waveband has been added to conduct observations for comparison with
data acquired by the CALIOP lidar (Winker et al., 2009) on CALIPSO. PARASOL also
relies on the innovative techniques (Hagolle et al., 1999) developed to calibrate in-flight
the POLDER instruments. The method uses in particular the Sun’s reflection from
the ocean surface, clouds and desert areas as targets to validate the pre-flight perfor-
mance (Fougnie et al., 2007). The temporal degradation of the sensor is monitored
and corrected for in real time (Fougnie et al., 2009).

2.2 The A-Train

The present 5 satellites of the A-Train, including AQUA, AURA, CALIPSO, CLOUDSAT
and PARASOL, cross the equator at around 01.30 p.m. LT (local time), a few minutes
apart. Although each mission is fully autonomous and consistent by itself, their com-
bination provides the opportunity to derive new parameters as well as to put additional
constraints on the individual inversions.

AQUA is in orbit since 4 May 2002 and the first to cross the equator each day. Its
mission is centered on the Earth’s water cycle. MODIS sensor, which is the main sen-
sor relevant for aerosol monitoring on AQUA, started collecting data in June 2002. It
provides radiance measurements from 0.41 to 14 ym in 36 spectral bands very suit-
able for aerosol and cloud monitoring. The aerosol characteristics are derived at the
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10 x 10km? resolution over the ocean (Tanré et al., 1997) and land (Kaufman et al.,
1997) using independent algorithms (Remer et al., 2005).

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)
satellite was launched in April 2006. The payload includes the CALIOP lidar (Cloud-
Aerosol Lidar with Orthogonal Polarization), a passive Infrared Imaging Radiometer
(IR), and visible Wide Field Camera. An interesting feature of Mie scattering lidar is
the depolarization ratio measurement, which is a good index of non-sphericity of the
scatterers. It is used for detecting mineral dust particles. The present CALIOP algo-
rithms used for aerosols have been described (Omar et al., 2005; Winker et al., 2009)
and its ability to derive vertical structures demonstrated (see, for example, Vaughan et
al., 2009).

3 The PARASOL data processing and the derived aerosol parameters

The parameters that are usually accessible from remote sensing are (i) the aerosol
optical depth (AOD), that is a measure of the integrated aerosol load through the atmo-
sphere valuable for evaluating aerosol amount and its variability and (ii) the Angstrém
Exponent (AE) related to the AOD spectral dependence that gives an indication of the
column integrated aerosol size distribution. With POLDER and its polarized and di-
rectional signatures, in addition to the commonly spectral signature, it is possible over
the ocean to better constrain the choice of models in the inversion algorithms and to
determine the size and shape of particles. Over land for highly reflective surfaces, only
polarization data are presently used. Our land retrieval scheme is based on the fol-
lowing findings: (i) the surface polarized reflectances are rather uniform and constant,
(i) the atmospheric contribution is larger than the surface polarized reflectance. Nev-
ertheless, since polarization is mainly controlled by small particles, only the small (or
accumulation) mode can be retrieved. This existing limitation will be overcome with the
more sophisticated inversion scheme under development (Dubovik at al., 2010).
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3.1 The algorithms

Algorithms have been developed to process the POLDER measurements in terms of
aerosols parameters (Table 1) provided at 18.5x 18.5 km? resolution (3 x 3 pixels).
Computations are based on the plan-parallel assumption and use the successive order
of scattering method (Lenoble et al., 2007).

Over the ocean where the surface is dark, several aerosol parameters are derived us-
ing the inversion scheme developped by Deuzeé et al. (1999) and Herman et al. (2005).
The ocean reflectance is modelled with the Cox and Munk (1954) equations assuming
a wind speed of 5m/s for considering the surface-atmosphere multiple interactions. The
actual wind speed provided by the ECMWF weather forecast model is used in the glint
mask and for computing the foam reflectance according to the Koepke’s model (1984);
the underwater contribution is taken equal to 0.001 and 0.000 at 670 and 865 nm re-
spectively. The algorithm uses the total and polarized radiances at 670 and 865 nm and
assumes that the size distribution follows a combination of two lognormal aerosol size
distributions, one in the fine or accumulation mode (sub-micron size, effective radius
ro typically smaller than 0.5 pm) and one in the coarse mode (r typically larger than
1.0 um). Non-absorbing particles are considered in both modes. The total radiance, L,
at the satellite level is written,

L (qu’ Hy, d)v) =1 Lf (.uS’ Uy, ¢v) + (1 - IZ) L® (.uS’ Hy, va) (1)

where L (Us, Uy, @) and LC (ug, u,, ¢,) are the radiances of the fine (f) and coarse (c)
modes, respectively, ug =cos (6) with 85 the solar zenith angle, u, = cos (8,) for the
viewing zenith angle 8,, and ¢, the relative azimuth angle. Equation (1) (Wang and
Gordon, 1994) assumes that the effect of the multiple scattering on the spectral radi-
ance is independent on the size distribution. The retrieved parameters are reported
in Table 1. In the coarse mode, spherical or non-spherical particles (as needed for
saharan dust, see Volten et al., 2001) are considered and when the geometrical con-
ditions are optimal, the shape of the particles is derived (Herman et al., 2005). The
refractive index retrieval is attempted from the polarization measurements. If the real
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part of the refractive index of the coarse mode is retrieved when spherical particles are
present (generally close to 1.35, indicating hydrated particles), the derivation of the re-
fractive index of the accumulation mode is still tentative. Let us add that PARASOL has
at least one viewing direction out of the glint making aerosol AOD retrievals possible
everywhere over water.

Over land surfaces, the PARASOL aerosol retrieval is based on polarized measure-
ments LPO" (Us, My, @) at 670 and 865nm (Herman et al., 1997b; Deuzé et al.,
2001). Contrary to the total radiances, polarized reflectance of surfaces is small and
fairly spectrally independent, although it does have a very strong directional signature
(Nadal and Bréon, 1999; Maignan et al., 2009). Scattering by the spherical particles
within the accumulation mode (radii less than about 0.5 um) generates highly polarized
light, which makes the polarized satellite radiances more subject to the presence of
aerosols than the total radiances. So, the models used in the land algorithm are con-
sidering aerosols within the accumulation mode only and the contribution of the coarse
mode is neglected (see Table 1). The refractive index is taken equal to 1.47—-0.01 which
corresponds to a mean value for aerosols resulting from biomass burning or pollution
events (Dubovik et al., 2002). The surface contribution depends on the surface type,
bare soils or vegetated areas and is estimated from a relationship using empirical co-
efficients adjusted for the different classes of land surfaces according to the main IGBP
biotypes and the NDVI. Although larger aerosol particles, such as desert dust, almost
do not polarize sunlight and are therefore hardly detected from polarization measure-
ments, the coarse mode can contribute to the polarization for very intense events and
may lead to misinterpretation of the retrieved AOD.

The aerosol models that are used in both cases, land and ocean, are described in
the Appendix.
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3.2 Validation

As noted, the AOD is the main aerosol parameter that is derived from space and needs
to be validated from surface observations. There are several international networks that
have extensive records of AOD measurements like AERONET, BSRN, GAW-PFR, and
SKYNET but the long period of observations and the multi-site aspect of AERONET
(Holben et al., 1998) with around 200 sunphotometers distributed around the world
(Holben et al., 2001) make it very attractive as a validation tool.

Comparisons of total AOD’s derived from POLDER with ground based AERONET
measurements can be performed so far over ocean only. AERONET and POLDER-1
on ADEOS showed good agreement with typical RMS errors on the order of 0.05 with
no significant bias (Goloub et al., 1999). For POLDER/PARASOL, Bréon et al. (2010)
showed also a good correlation (0.91) but with a bias of around 0.03 which is not
explained yet.

The fine-mode optical depth can also be compared to AERONET measurements.
Over ocean, the performances are lower (correlation of 0.78) than for the total AOD
(Bréon et al., 2010) partly due to some discrepancy in the aerosol radius cutoff. In
the corresponding study, it is the standard value of AERONET cutoff (r < 0.6 um) which
is used. Over land, Bréon et al. (2010) get a significant correlation (0.84) with the
sunphotometer measurements. Again, the value of the cutoff can lead to an underesti-
mation of the satellite retrieval compared to AERONET. Over land and in regions where
dust-loaded atmospheres are excluded, i.e. in regions affected by biomass burning or
pollution aerosols, particular comparisons with AERONET measurements show better
results with no significant bias. A specific study (Fan et al., 2008) comparing AERONET
data over Beijing and Xianghe in China demonstrated the capability of PARASOL for
determining the anthropogenic contribution (particle radii less than or equal to 0.3 um)
of regional aerosols. Correlation between the two data sets gives a slope close to one
and a 0.03 RMS on AOT when the contribution of the accumulation mode to the AOT
at 865 nm is larger than 30%.
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Angstrom exponents a over ocean were also compared in Goloub et al. (1999).
Obviously, the accuracy on the Angstrom exponent is poor when the aerosol optical
thickness is small. When comparisons are restricted to an aerosol optical thickness
larger than 0.1 at 865 nm, the PARASOL a values allow the differentiation of the aerosol

types.

3.3 Discussion

Are the differences between AERONET and PARASOL aerosol products understand-
able? First of all, when data set are limited to the “best observation conditions”, i.e. spa-
tial and temporal variations of the aerosol field discarded and consistency of the aerosol
type over the time checked, both AOD’s are in good agreement. It confirms that the
assumptions (aerosol models of the LUT’s, surface effects) used in the inversion al-
gorithm itself are valid, as well as the forward computations. More discrepancies are
observed when more comprehensive data sets are considered. There are several fac-
tors that can affect the satellite retrieval. Let us first point out that mis-calibration of
the satellite sensor would result in a systematic bias but, based on our calibration error
budget (Fougnie et al., 2007), it cannot explain the 0.03 value. Residual straylight may
explain the biais and specific studies are under way.

Cloud screening may be more or less stringent and comparison of the operational
products may be affected. For POLDER, the cloud screening (Bréon and Colzy, 1999)
is based on thresholds on the total and polarized reflectances in different spectral
bands, on the detection of the polarized rainbow corresponding to the presence of
water droplets and on the spatial variability of reflectance (over ocean) and the pres-
sure derived within the O, absorption band at 762 nm (over land). Based on on-going
additional analysis using the CALIOP information, there are some thin cirrus that are
not detected by the cloud screening and bias the aerosol products. We so far do not
identify clever solutions to improve it with the present spectral coverage.

Retrieval accuracies of the AOD’s are also different depending on the underlying
surface, ocean or land. Over land, when the surface is bright, the aerosol remote
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sensing requires more sophisticated approaches than over ocean since the sensitivity
to the presence of aerosol decreases. The properties of the initial aerosol models are
also more crucial over reflecting surfaces than over ocean; for instance the impact of
the aerosol single scattering albedo is larger over bright surfaces. The impact of some
external factors is also larger: cloud screening is more challenging over land and the
uniformity of the aerosol field is more questionable close to the sources. In the case
of PARASOL/POLDER over land, the AOD is resulting for the fine mode and is more
challenging to validate since information on the aerosol size distribution is therefore
needed. Over ocean, the problem is not so ill-conditioned but there are other issues.
For instance, in presence of non-spherical particles, the spectral dependence of the
radiance, that controls the size retrieval, is more similar to that of particles smaller than
those really present. So the choice, and the number, of aerosol models used to build
the Look-Up-Tables are crucial and impact the AOD and size retrievals.

The PARASOL archive is now large enough with 5 years of data to perform regional
studies for assessing the inversion performances in different regions and for different
atmospheric conditions.

4 Some illustrations

The PARASOL results hereinafter are focused on two aerosol parameters that are illus-
trating the unique capabilities of the sensor: (i) the AOD due to non-spherical particles
over ocean and (ii) the AOD of the accumulation mode available over land and ocean.

4.1 Non-spherical aerosols over the ocean

The optical depths of the non-spherical coarse mode over the ocean are averaged
over the seasons of the five complete years of data presently available. On Fig. 1, rows
represent the AOD for the four seasons of a given year, spring, summer, autumn and
winter from the left to the right respectively, starting in spring 2005 (top left) and ending
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in winter 2010 (bottom right). Figure 1 shows that non-spherical particles, associated
essentially to the presence of mineral dust, is a major component of the aerosols over
the ocean. Let us point out that our analysis is not biased by the presence of other
aerosol types like smoke in the winter from the Sahel over the Golf of Guinea or in the
summer from the South-Western African region since spherical fine or large particles
are excluded.

Over the Atlantic ocean, we observe the well-known general patterns of spatial and
temporal distributions of Saharan Dust outbreaks (Husar et al., 1997; Kaufman et al.,
2005). In winter time (right column), dust is transported over the Gulf of Guinea and
is reaching the coast of Brazil in South America. The inter-annual variability can also
be observed with low contents in 2006 (December 2005/January 2006/February 2006)
and 2010 (December 2009/January 2010/February 2010) when 2007, 2008 and 2009
are dustier. Again, there is no misinterpretation of our results due to the possible
presence of smoke in the area. In the summer (2nd column from the left), since the
latitudinal variation is controlled by the movement of the West African mid-tropospheric
jet (Carlson and Prospero, 1972), the dust belt is in its northern most position (20° N)
and reaches the Caribbean islands and Florida with large year-to-year variations. In the
autumn (3rd column from the left), most of the Atlantic Ocean is free of aerosols with the
presence of dust limited to areas close to the African continent. In spring (1st column),
dust is also transported across the Atlantic Ocean to the Amazon Basin like in winter
but above, instead of below, the equator and with higher concentrations. For the Arabia
sea and the Bay of Bengal, the seasonnal variation is similar to that for the Atlantic
ocean with smaller contents and a larger extent in 2008 and 2009 compared to the
other years. Over the Pacific Ocean, the northern part is more affected by dust that the
southern part. There is a strong seasonal cycle with the presence of plumes in spring
(MAM) that reach the West Coast of the United States. The PARASOL capability to
discriminate spherical and non-spherical particles is very valuable in this region where
dust is mixed with other aerosol types, depending on the season.
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4.2 Aerosol optical thickness anomaly of the accumulation mode over land and
ocean for (September-October-November)

Aerosol optical thickness anomalies for the 5 years are compared with the 2005-2009
mean values in Fig. 2. We selected the autumn season when the number of fires is ex-
pected to be maximum in the tropical regions as reported by the high values of the AOD
over Brazil, South Africa and Indonesia (Fig. 2a); high values not related to Biomass
Burning are also observed in the north part of India and East of China (Fig. 2a). Fig-
ure 2b to f show the interannual variations over the 5 years from March 2005 to Febru-
ary 2010 respectively.

Lower concentrations are reported over Africa in 2006 (Fig. 2¢) as well as in 2008
(Fig. 2e) and 2009 (Fig. 2f) over South America and Indonesia. On the other hand,
large concentrations are observed in Indonesia in 2006 and over Brazil in 2007 (Fig. 2d)
and to a less extend in 2005 (Fig. 2b). Our results are in good agreement with other
studies using MODIS already in 2008 (Remer et al., 2008) or more recently using OMI
(Torres et al., 2010).

The causes of these fluctuations are multiple: (i) changes in intensity and number
of fires or controls of pollutant emissions, (ii) changes in meteorological fields that
affect aerosol transport or (iii) changes in scavenging processes, precipitations or dry
deposition. Compared to OMI or/and MODIS, PARASOL selects the aerosol fine mode
resulting from anthropogenic activities and is sensitive equally to pollution events and
smoke. The puzzle can be solved by using inverse modeling to retrieve the global
aerosol source emissions as explained in Dubovik et al. (2008).

5 Further developments

The PARASOL measurements are sensitive to several parameters of the aerosol
model: the size distribution, the real and imaginary parts of the refractive index, the par-
ticle shape, and the altitude of the aerosol layer (see e.g. Deuzé et al., 2001; Herman
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et al., 2005; Mishchenko et al., 2007; Chowdhary et al., 2001; Hasekamp, 2010). The
present algorithms, as described in Sect. 3, do not use the whole data set because the
basic LUT approach for the inversion is not sophisticated enough for considering all the
variables as one. In this section, we first illustrate the potentiality of the PARASOL data
for discriminating absorption and altitude of the aerosol layer using both the total and
polarized radiances. Then, a short description of the upcoming algorithms is provided.
Finally, the unique capability of passive sensors like PARASOL to detect the presence
of an aerosol layer above a cloud deck and to estimate its AOD, as described in Waquet
et al. (2009), is again pointed out.

5.1 Altitude/absorption

Over land, in the UV, most of the earth surfaces are dark and the spectral ratio of
radiances, called the Aerosol Index “Al”, in two UV channels of the TOMS/OMI series
instruments were found to be sensitive to the presence of elevated smoke or dust layers
above scattering atmosphere (Herman et al., 1997a). The use of Al is widespread
since it is a satellite product that provides aerosol information at a global scale (and
over deserts) over a large period of time. CALIPSO and MISR are also attractive but
their daily spatial coverage is more limited. In a similar way, it was suggested to use
the bluest channel of MODIS (Hsu et al., 2006) for solving the surface contamination
over surfaces reflecting in the visible. Nevertheless, the analysis in terms of aerosol
content is not obvious since the altitude and the absorption of the aerosol layer are both
impacting the Al (Herman et al., 1997a). We hereinafter illustrate the improvements
brought by PARASOL by using polarization measurements at 0.490 um in connection
with total radiances.

The present aerosol algorithm over land is based on a best fit between polarized
measurements at 0.670 um and 0.865 um and LUTs simulated for aerosols within the
accumulation mode (see Sect. 3.1 and Appendix). In the algorithm, aerosols and
molecules are vertically distributed with height scales of 2 and 8 km respectively and
one value of the aerosol absorption is considered. If the vertical repartition has no
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strong impact on polarized reflectances at 0.670 um and 0.865 um since the molec-
ular optical thickness is low in the red and NIR, it is not anymore true at 0.490 um.
Likewise, the total radiances in the blue are impacted by both aerosol absorption and
vertical repartition.

Figure 3 shows that the problem is actually rather one well-posed problem as soon
as polarization measurements are considered. For standard observations, scattering
angle of 102° and an aerosol effective radius of 0.2 um, we consider several aerosol
vertical repartitions and different values of the imaginary part of the refractive index,
from 5.0 x 107> to 3.0 x 10~2 which correspond to a single scattering albedo between
0.974 and 0.860 respectively. The aerosol layer is supposed to follow a rectangu-
lar step function of 1 km width and is identifed by the value of half-maximum, 0.5 km,
1.5km, etc. Double-lines represent the total radiances that would be measured for one
value of the absorption and different altitude layers, solid lines the polarized radiances
that would be measured for one value of the altitude layer and different absorptions. If
both radiances are impacted by the two unknowns, it is the absorption that is the driv-
ing parameter for the radiances (double-lines are almost parallel to the y-axis) and the
altitude for the polarized radiances (solid lines are almost parallel to the x-axis). The
polarized radiances result from photons that are scattered once or two times, so ab-
sorption has a limited impact when the respective location of molecules and aerosols is
important, aerosol layer “hiding” the molecular contribution coming from below. On the
other hand, the total radiances are more depending on absorption when AOD is large
enough with a limited impact of the vertical repartition except for grazing incidence or
view direction. As a result, assuming that the aerosol model as well as the spectral
dependence are estimated from measurements at 0.670 um and 0.865 um, the PARA-
SOL polarized and total radiances in the bue can deconvolve the relative influences of
altitude and absorption. Obviously, the accuracy of the retrieval is more questionnable
when the aerosol content is decreasing.

This mask effect of molecular scattering by aerosols is an example of the basic phys-
ical process behind our statement that the PARASOL observations present sensitivity
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to several aerosol parameters that are not accessible from unpolarized sensors (see
Sect. 5.2).

5.2 Enhanced retrieval of aerosol properties

The PARASOL observations form the most comprehensive data set (spectral, direc-
tional and polarized radiances) currently available from space and provide an oppor-
tunity for more in-depth use of statistical optimization principles in satellite data inver-
sion. As reported in Dubovik et al. (2010), the statistical optimization principles con-
cept improves retrieval accuracy relying on pronounced data redundancy (excess of
the measurements number over number of unknowns) that is not common in satellites
observations.

As illustrated in Kokhanovsky et al. (2010), the PARASOL data associated with the
sophisticated inversion algorithm (Dubovik, 2004; Dubovik et al., 2010) are the most
efficient means for retrieving the properties of the aerosol model (a maritime aerosol
model over ocean in the corresponding study) when compared with other sensors in a
blind-test. The new method addresses important aspects of inversion optimization as
accounting for errors in the input data, inverting multi-source data with different levels of
accuracy, accounting for a priori and ancilliary information, estimating retrieval errors,
clarifying potential of employing different mathematical inverse operations (e.g. com-
paring iterative versus matrix inversion), accelerating iterative convergence, etc. The
algorithm includes additionally constraints on the retrieved surface properties, e.g. a
priori constraints on the spectral variability of the parameters describing surface re-
flection (Dubovik et al., 2010), and simultaneously retrieves the surface reflectance
together with aerosol properties.

The capability is illustrated in Fig. 4 extracted and adapted from Dubovik et al. (2010).
It shows a preliminary comparison of AODs retrieved from PARASOL with coinci-
dent AERONET measurements over Banizoumbou, Niger, in January—February and
in November—December 2009. The inversion is not perfect but is shown very promis-
ing since the retrieval of AOD over bright surfaces like deserts is the most challenging
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objective. Additional sensitivity studies are under progress and improvement of the
speed of the inversion is still required for applying the method operationnally to the
5 years of PARASOL data.

5.3 Aerosols above a cloud deck

Current aerosol retrievals from passive sensors are limited over cloud-free pixels, which
can bias the estimate of aerosol direct effect as well as the retrieval of cloud proper-
ties from satellite. As emphasized in the document (http://aqua.nasa.gov/doc/pubs/
A-Train_Fact_sheet.pdf), “combining the information from several sources gives a more
complete answer to many questions than it would be possible from any single satel-
lite taken by itself”. The detection of the aerosol layer above the clouds is a great
illustration of the concept.

PARASOL is providing two cloud top pressures (CTP), a “Rayleigh CTP” based on
the polarization due to the molecules that are above the cloud (Goloub et al., 1994)
and a “O, CTP” based on differential absorption measurements in two oxygen A-band
at 760 nm (Vanbauce et al., 2003) when MODIS measurements provide an “IR CTP”
in the thermal infrared channels (Menzel et al., 2008). It is the analysis of the CTP
derived from the various methods, as well as their differences, that allows us to claim
that it is possible to detect aerosols and retrieve the optical depth above a cloud with
passive sensors such as PARASOL.

Discrepancies were observed between the three CTPs described above, which is
not surprizing since the retrievals are based on different physical processes that are
not exactly sensitive to the same altitude range. More surprizing was the behavior of
the “Rayleigh CTP” over some regions: it was smaller than the two others, which was
not anticipated and in conflict with our expectations. The corresponding areas were
located in regions and time associated with the presence of aerosols in the fine mode,
i.e. pollution and/or smoke generated mainly by anthropogenic activities. Waquet et
al. (2009) have identified several cases over the subtropical South Atlantic ocean in
August—-September when fires occur in South-West Africa. They deeply analyzed
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specific collocated POLDER/PARASOL, MODIS and CALIOP observations in 2006,
from 14 to 18 August and found an “additional” polarization signal over the 90°-120°
scattering angle range. This additional polarization leads the “Rayleigh” algorithm to
underestimate the CTP, which was confirmed by the CALIOP data. The excess of po-
larization is due to the presence of an aerosol plume, as also confirmed by CALIOP
observations. At this period of the year, fires in South-West Africa are frequent and
meteorological processes favor biomass burning aerosols transport to the West. The
AOD was retrieved from an approximate formulation of the cloud-aerosol interaction
using single scattering approximation. The method is now improving with more accu-
rate computations. Presence of dust cannot be handled with a similar approach but is
under consideration using the polarized rainbow (Waquet el al., 2011).

6 Conclusions

The A-train with five satellites (AQUA, AURA, CALIPSO, CLOUDSAT, PARASOL) and
more than four years of coincident data offers an unique archive for improving our
knowledge of the optical, physical and radiative properties of clouds and aerosols. Its
analysis will result in a better estimate of the cloud and aerosol radiative forcing and
will contribute to the understanding of the aerosol indirect effect.

Data collected by PARASOL already allow to separate over the sea the fine aerosol
component, mostly resulting from anthropogenic activities, from the coarse mode,
mainly coming from natural processes; it is the first step to describe the aerosol direct
forcing at the top and bottom of the atmosphere. The Angstrom coefficient, an indicator
of particle size, is also deduced from the spectral optical thickness. Moreover, when
the viewing geometry is suitable, PARASOL can discriminate large spherical marine
aerosols from non-spherical desert aerosols, retrieve the effective radius of the accu-
mulation and coarse modes and provide an estimate of the real part of the refractive
index. Over land surfaces that are highly reflective, PARASOL is using the polarized
radiance. If the surface contribution is reduced, polarization is mainly sensitive to the
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presence of small particles, which allows us to derive the optical thickness of the fine
mode only. The location, the strengths, the seasonal variability of the aerosol sources
can be then monitored at a global scale.

Recent and future developments are even more appealing. The quantification of the
direct effect of aerosol above clouds is now possible. With new algorithms presently
under development, parameters such as the aerosol single scattering albedo, a key
parameter for the semi-direct effect, will be retrieved.

Although each mission of the A-Train is fully autonomous and consistent by itself,
their combination provides the opportunity to derive, to compare, to validate new pa-
rameters as well as to put additional constraints on inversion scheme. The set of
observations is expected to better understand the processes related to climate change
and PARASOL can provide several aerosol and cloud parameters needed for deeper
analysis of the complex aerosol direct, semidirect and indirect effects.

Appendix A

Description of the PARASOL aerosol models

We assume that the size distribution has two modes, fine and coarse, each of them
follows a lognormal law defined by Eq. (A1)

B adnN B No exp [_(In r—1In fo)2]

n(r) = : (A1)
2 o,

ar oyryVem

where ny is the density number, r, the median (or modal) radius and o, the standard
deviation of In r. The effective radius is defined by Eq. (A2).

Fe = 70r3 n(r) dr/7)r2 n(rydr = ryexp (2.5 a§> (A2)
0 0
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The parameters of the log-normal size distribution as well as the values of the refractive
index used to build the LUT are reported in Tables A1 and A2 for ocean and land
retrieval respectively.

List of abbreviations

ADEOS Advanced Earth Observing System

AERONET AErosol RObotic NETwork

BSRN Baseline Surface Radiation Network

CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization

CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation

CLOUDSAT/CPR Cloud Profiling Radar

GAW-PFR Global Atmosphere Watch — Precision Filter Radiometer

MISR Multi-angle Imaging Spectro-Radiometer

MODIS MODerate resolution Imaging Spectrometer

OoMI Ozone Measuring Instrument

PARASOL Polarization and Anisotropy of Reflectances for Atmospheric
Sciences coupled with Observations from a Lidar

POLDER POLarization and Directionality of the Earth’s Reflectances

SKYNET Observation network of sky radiometers located in the Eastern
Asia

TOMS Total Ozone Mapping Spectrometer.
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Table 1. List of the aerosol parameters currently derived from the PARASOL operational al-
gorithms : over ocean (7, = total aerosol optical thickness; r; = effective radius of the aerosol
size distribution; m, =real part of the refractive index of the aerosol fine mode; a = angstrom
exponent for total aerosol optical thickness; 7,.. = optical thickness of the aerosol fine mode;
T, ns = Optical thickness for large nonspherical aerosols) and over land (7. ang = Optical thick-

D. Tanré et al.
ness of the aerosol fine mode). The spatial resolution is 18.5 x 18.5 km? and the parameters

are vertically integrated.

Title P

Retrieved Typical accuracy Retrieval Validation e e ‘

quantity algorithm reference
reference

Tiot +0.057+0.05 Deuzé et al. (1999) Goloub et al. (1999)

Feft Fine: 0.05 um Herman et al. (2005) TBC Tables Figures

m, 0.10 Herman et al. (2005) TBC

a 0.3-0.5 Deuzé et al. (1999) Goloub et al. (1999) — “

Tace TBD Herman et al. (2005) Bréon et al. (2010)

Tens TBD Herman et al. (2005) TBC _ —

Tacolang  TBD Deuzé et al. (2001)  Fan et al. (2008)
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Table A1. Size distribution parameters of the aerosol models over ocean. m, and m; are the
real and imaginary parts of the refractive index. For the non-spherical mode, the phase matrix
is directly obtained from Volten et al. (2001); the size parameters r, and ¢, are assumed equal
to the values of the spherical coarse mode; no values are assigned for the refractive index. The
non-spherical fraction within the coarse mode is set to 5 discrete values: 0.00, 0.25, 0.50, 0.75
and 1.00.

ro (Um) Og  ler (UM) my m,
Fine Mode 0.04,0.08, 0.46 0.068,0.136, 1.35,1.45,1.60 0.00

0.10, 0.13 0.169, 0.220
Spherical 0.75 0.69 2.55 1.33, 1.35, 1.37 0.00
Coarse Mode
Non-Spherical 0.75 0.69 2.55 Not Defined Not Defined
Coarse Mode
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Table A2. Size distribution parameters of the aerosol models over land. m, and m, are the real PARASOL mission
and imaginary parts of the refractive index. Coarse particles are not included in the LUT.
D. Tanré et al.
ro (Hm) 0o Fet (M) m m;
Fine Mode 0.05,0.06, 0.40 0.075,0.090, 1.47 0.01
0.07, 0.08, 0.105, 0.120, Title Page ‘
0.09, 0.10, 0.135, 0.150, :
0.13,0.15 0.195, 0.225
Spherical Not Defined  Not Not Defined  Not Not _
Coarse Mode Defined Defined Defined
Non-Spherical Not Defined Not Not Defined  Not Not
Coarse Mode Defined Defined Defined — “
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Fig. 3. Scatter plot of the polarized (y-axis) and total (x-axis) radiances at 0.490 um. Solid lines
represent the polarized radiances that are measured for one value of the altitude layer (0.5 km
to 10.5km with a step of 0.5km) and different absorptions (imaginary part of the refractive I —
index from 5.0 x 1072 to 3.0 x 10'2) which corresponds to a single sacttering albedo of 0.974, Full Screen / Esc
0.947, 0.925, 0.902, 0.880 and 0.860 respectively. A double-line represents the total radiances =
that are measured for one value of the absorption and different altitude layers. Three values
of the optical depth (0.0, 0.5 and 1.0) are reported; AOD = 0.0 corresponds to a molecular
atmosphere as the reference. Observations conditions correspond to scattering angle of 102°
and a standart fine mode aerosol r 4 = 0.2 um.
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Fig. 4. (a) Comparison of 7 (0.44 um) retrieved from POLDER/PARASOL during January—
February 2009 over Banizoumbou/Niger with the corresponding values provided by AERONET.
(b) Same as (a) for the November—December period.
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