
AMTD
5, 6083–6145, 2012

Aerosols above
clouds from
polarization

F. Waquet et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Meas. Tech. Discuss., 5, 6083–6145, 2012
www.atmos-meas-tech-discuss.net/5/6083/2012/
doi:10.5194/amtd-5-6083-2012
© Author(s) 2012. CC Attribution 3.0 License.

Atmospheric
Measurement

Techniques
Discussions

This discussion paper is/has been under review for the journal Atmospheric Measurement
Techniques (AMT). Please refer to the corresponding final paper in AMT if available.

Retrieval of aerosol microphysical and
optical properties above liquid clouds
from POLDER/PARASOL polarization
measurements
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Abstract

Most of the current aerosol retrievals from passive sensors are restricted to cloud-free
scenes, which strongly reduces our ability to monitor the aerosol properties at a global
scale. The presence of Aerosols Above Clouds (AAC) affects the polarized light re-
flected by the cloud layer, as shown by the spaceborne measurements provided by5

the POlarization and Directionality of Earth Reflectances (POLDER) instrument. We
present new developments that allow retrieving the properties of mineral dust particles
when they are present above clouds. These particles do not much polarize light but
strongly attenuate the polarized cloud bow generated by the beneath liquid cloud layer.
The spectral attenuation can be used to qualitatively identify the nature of the particles10

(i.e. mineral dust particles or biomass burning aerosols) whereas the magnitude of the
attenuation is related to the optical thickness of the aerosol layer. We provide accu-
rate polarized radiance calculations for AAC scenes and evaluate the contribution of
the POLDER polarization measurements for the simultaneous retrieval of the aerosol
and clouds properties. We investigate various scenes with mineral dust particles and15

biomass burning aerosols above clouds. We found that the magnitude of the primary
cloud bow cannot be accurately estimated with a plane parallel transfer radiative code.
The errors for the modelling of the polarized cloud bow are between 5 and 8 % for
homogenous cloudy scenes, as shown by a 3-D radiative transfer code. For clouds,
our results confirm that the droplets size distribution is narrow in high latitude ocean20

regions and that the droplets effective radii retrieved from polarization measurements
and from total radiance measurements are generally close for AAC scenes (depar-
tures smaller than 2 µm). For the aerosols, the POLDER polarization measurements
are primarily sensitive to the particles load, size distribution, shape and real refractive
index. An algorithm was developed to retrieve the Aerosol Optical Thickness (AOT) and25

the Angström exponent above clouds in an operational way. This method was applied
to various regions of the world and time period. Large mean AOTs above clouds at
0.865 µm (> 0.3) are retrieved for oceanic regions near the coasts of South Africa and
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California (> 0.1) that correspond to biomass burning aerosols whereas even larger
mean AOTs above clouds for mineral dust particles (> 0.6) are also retrieved near the
coasts of Senegal (for June–August 2008). For these regions and time period, the di-
rect AAC radiative forcing is likely to be significant. The final aim of this work is the
global monitoring of the aerosol above clouds properties and the estimation of the di-5

rect aerosol radiative forcing in cloudy scenes.

1 Introduction

Aerosols directly affect the climate of the Earth by interacting with the solar and thermal
infrared radiations. These atmospheric particles scatter the sunlight and reflect a part
of it back into space. This effect is called the “direct aerosol effect” and cools the Earth’s10

surface. By absorbing the solar light, absorbing aerosols further cool the surface but
also warm the layer of the atmosphere where they reside. This modifies the vertical
profile of temperature in the atmosphere, which affects the process of evaporation and
cloud formation (Ackerman et al., 2000). This so-called “semi-direct aerosol effect”,
is currently not well quantified and might partially compensate for the aerosol direct15

effect at regional scale (Ramanathan et al., 1991). By acting as cloud condensation
nuclei, these particles also have significant effects on the cloud microphysical proper-
ties (Bréon et al., 2002). Increasing aerosol concentrations results in an increase of
cloud condensation nuclei available. This process can eventually cause a decrease in
cloud droplets size, leading to an increase in cloud reflectivity (Twomey, 1977). This20

process is called the first “aerosol indirect effect” and contributes to cool the Earth.
The reduction in cloud droplet size might also modify cloud lifetime and change pre-
cipitation efficiency (Rosenfeld, 2000). This process is referred as the second “aerosol
indirect effect”. Only the direct effect and the first indirect effect are currently quantified
at a global scale with a level of knowledge qualified as medium and poor, respectively,25

according to the IPCC (2007).
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In order to better understand the role of the aerosols on the Earth’s climate, the spa-
tial and temporal variability of their concentrations and microphysical properties have
to be accurately measured and modelled. The aerosol microphysical properties are the
particles size distribution, shape and composition. The aerosol size distribution is typ-
ically bimodal with a coarse and a fine mode (i.e. or accumulation mode). Fine mode5

particles are associated with size ranging between roughly 0.06 and 0.6 µm whereas
coarse mode particles are larger than 0.6 µm (in radius). The aerosol microphysical
properties exhibit a high variability at global scale since these particles are produced
by various processes and sources and also because their properties evolve during the
process of transport in the atmosphere. Anthropogenic aerosols can be directly emitted10

in the atmosphere (e.g. pollutants particles from industrial activities or biomass burn-
ing aerosols from man-made vegetation fires) or result from the conversion of anthro-
pogenic gas into particles (e.g. sulphate aerosols). Natural processes also generate
aerosols, as for instance, the mineral dust particles and the maritime aerosols (i.e. sea
salt), which result from the mechanical action of the wind on the desert and ocean sur-15

faces, respectively. Other natural aerosols include volcanic dust aerosols, pollens and
ashes from wild vegetation fires. According to satellite passive observations, aerosols
observed in industrial pollution regions and man-made vegetation fires regions mainly
contribute to the fine mode whereas natural aerosols mainly contribute to the coarse
mode with the mineral dust particles being the major contributor to the total amount of20

natural aerosols present in the troposphere (Kaufman et al., 2002).
Biomass burning fires aerosols are usually injected at high altitude in the atmosphere

(> 6km) and can be transported over considerable distance and overlie clouds. Man-
made vegetation fires are frequent in South Africa between June and September (Tanré
et al., 2001). Smoke plumes are uplifted above the continent at high altitude and, be-25

cause of local meteorological conditions, transported primarily to the west over the
Atlantic Ocean. Persistent decks of low-level stratiform cloud usually cover this part of
the Atlantic Ocean during the same time period and the transport of biomass burning
aerosols above clouds is frequent in this region. The transport of Saharan mineral dust
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is also frequent across the Atlantic and dust plumes are regularly transported above
low-level clouds off the coasts of Senegal (Haywood et al., 2003a). Other types of
aerosols such as volcanic dust particles and pollutant particles (Hsu et al., 2003; Cod-
dington et al., 2010) were also observed above clouds in other regions of the world.
The most common observed situation corresponds to an elevated aerosol layer sus-5

pended above a low-level liquid water cloud. Aerosols Above Clouds (AAC) properties
have not been studied much until today, as for their effects on climate. Biomass burn-
ing aerosols have strong absorption properties due to their high concentration in black
carbon (Haywood and Boucher, 2000). When located above a cloud, strong absorbing
particles reduce the brightness of the scene (i.e. the cloud albedo), which causes a lo-10

cal positive radiative forcing that contributes to warm the Earth. Regional studies of the
AAC radiative forcing were achieved (Chand et al., 2009; Peters et al., 2011). However,
this forcing is currently not constrained at a global scale, which explains that the estima-
tion of the direct effect of biomass burning aerosols remains currently poorly quantified
(Forster et al., 2007). The presence of biomass burning aerosols above clouds may15

also affect the dynamical evolution of clouds (Johnson et al., 2004). The induced ef-
fects could be a reduction in cloud top altitude and a cloud thickening. This might cause
an enhancement of the cloud albedo (Wilcox et al., 2010).

In order to better quantify the aerosol radiative forcing in case of Aerosol Above
Cloud (AAC) scenes, an accurate knowledge of the properties of the aerosols located20

above the clouds is required (primarily load, absorption and size). These properties
allow estimating the aerosol optical parameters and their spectral dependence that
controls the aerosol radiative forcing. The first optical parameter to be determined is
the Aerosol Optical thickness (AOT) that is a measure of the radiation extinction due to
particles scattering and absorption, integrated over the atmospheric column. Another25

optical parameter that is of importance for the estimation of the aerosol radiative forcing
in cloudy scenes is the aerosol Single Scattering Albedo (SSA), which determines the
amount of solar light that is absorbed by the particles (i.e. ratio of the scattering AOT
to the total extinction AOT). If the impacts of human activities have to be estimated, the
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nature of the particles must be identified (natural of anthropogenic), which requires the
knowledge of the particles microphysics together with some information on their geo-
graphical origin. It is also required to determine the cloud albedo (Keil and Haywood,
2003), and to a lesser extent the respective vertical profiles of the aerosol and cloud
layers.5

Passive remote sensing by satellite provides observations at a global scale and on
a daily basis and therefore constitutes a well-suited tool for aerosol (and cloud) mon-
itoring (Kaufman et al., 2002). However, most of the current passive remote sensing
techniques rely on the use of cloud-screening algorithms before retrieving the aerosols
properties. This limits our ability to estimate the aerosol direct effects only to cloud-free10

scenes and restricts our capacity to estimate the total amount of aerosols. Furthermore,
the presence of aerosols above clouds can also alter the accuracy of clouds proper-
ties retrievals performed from satellite passive sensors, which in turn may perturb the
estimation of aerosols indirect effect (Haywood et al., 2004).

The detection of aerosols in cloudy scenes constitutes a new field of research in15

remote sensing. For passive remote sensing techniques, that use total radiance mea-
surements, the main difficulty is to separate the radiative contribution of the aerosols
from that of the clouds that is much stronger in magnitude than the aerosol one. In-
novative methods based on the use of spectral radiance measurements were how-
ever developed and evaluated on some case studies. The approach described in De20

Graaf et al. (2007) uses measurements provided by the SCanning Imaging Absorption
spectroMeter for Atmospheric CartograpHY (SCIAMACHY) instrument in a continuous
broad spectral range (0.28–1.75 µm) to estimate the AOT and the aerosol SSA, under
some assumptions made on the aerosol and cloud microphysical and optical proper-
ties. The method described by Torres et al. (2012) uses measurements provided by the25

Ozone Monitoring Instrument (OMI) radiometer in two Ultraviolet (UV) channels to si-
multaneously retrieve the aerosol and cloud optical thicknesses. Assumptions are also
considered for the microphysical properties of the particles. Before retrieving the AOT,
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the two methods rely on the use of an aerosol index to qualitatively detect the presence
of UV-absorbing aerosols in cloudy scenes.

Active remote sensing techniques, based on the use of lidar systems, allow char-
acterizing the vertical profile of the atmosphere (Winker et al., 2004). However, these
instruments have limited spatial coverage, which is a clear disadvantage compared to5

passive sensors in terms of sampling events when aerosol layers are above clouds.
Furthermore, current spaceborne lidar systems have limited capabilities to retrieve
the aerosol burden without some priori knowledge on aerosol microphysics (Acker-
mann, 1998; Cattrall et al., 2005). An alternative method was recently developed for
the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) spaceborne lidar that10

allows retrieving the optical thickness of any transparent layer (cirrus or aerosol) lo-
cated above an opaque liquid water cloud. This method combines lidar backscattering
coefficient measurements with linear depolarization ratio measurements and does not
require assumptions on the aerosol microphysical properties (Hu et al., 2007).

Satellite passive remote sensing with polarization capabilities constitutes an alterna-15

tive tool to study aerosols above clouds. In a general way, spectral angular polarized
measurements are sensitive to particles load, size, shape and composition via sensi-
tivity to the real part of the refractive index (Mishchenko et al., 1997). The presence of
aerosols suspended above clouds significantly affects the polarized radiation reflected
back to space by the cloud particles, as shown by the measurements provided by the20

POlarization and Directionality of Earth Reflectances (POLDER) instrument (Waquet
et al., 2009a). An approximate formulation of the cloud-aerosol interaction was devel-
oped using single scattering approximation. The method was used to estimate the AOT
of a biomass burning aerosols layer originated from South Africa and transported above
stratiform low-level clouds in the South Atlantic Ocean. More recent works also outlined25

the importance of polarization measurements for the retrieval of the aerosol properties
in cloudy scenes. Hasekamp et al. (2010) analyzes the contribution of multi-spectral,
multi-angular total and polarized radiance measurements for the purpose of the simul-
taneous retrieval of the aerosol and clouds properties. This study investigates various
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types of aerosol-cloud contaminated scenes (AAC scenes and scenes with fractional
cloud cover mixed with aerosols). Knobelspiesse et al. (2011) analyzes the sensitivity
of polarization measurements to aerosols properties for AAC scenes using the Aerosol
Polarimetry Sensor (APS) instrument. The APS polarimeter was designed to acquire
multi-angular, multi-spectral (0.41–2.2 µm) polarized measurements with a high polari-5

metric accuracy (Mishchenko et al., 2007), but the GLORY APS failed to reach orbit in
2011. An example of the aerosol optical and microphysical properties retrieved with the
airborne simulator of the APS polarimeter is presented in Knobelspiesse et al. (2011),
where the case study is relative to a layer of anthropogenic particles suspended above
a marine stratocumulus cloud in the Gulf of Mexico.10

Natural non-spherical coarse mode particles, such as mineral dust particles, do not
much polarize light. For this reason, the method described in Waquet et al. (2009a)
cannot be used to accurately retrieve the properties of mineral dust particles when they
are present above clouds. In the present paper, we present new developments that al-
low retrieving the properties of mineral dust particles above clouds by using POLDER15

measurements acquired in the polarized cloud-bow. POLDER aboard Polarization and
Anisotropy of Reflectances for Atmospheric Sciences Coupled with Observations from
Lidar (PARASOL) was a part of the train of satellites, called A-train, between March
2006 and January 2010 and has acquired data in conjunction with multiple other pas-
sive and active sensors. Among those, the Moderate Resolution Imaging Spectrora-20

diometer (MODIS) instrument provides high spatial resolution multi-spectral passive
measurements (Salomonson et al., 1989) and the lidar CALIOP allows to characterize
the vertical distribution of aerosols in atmosphere. We first study the particles prop-
erties observed for different transport events of mineral dust particles and biomass
burning aerosols both in cloudy scenes and cloud-free ocean scenes using the con-25

ventional methods developed for the POLDER, MODIS and CALIOP instruments. In
a second part, we evaluate the contribution of the POLDER polarized measurements
for simultaneous retrieval of the aerosol and cloud properties. We present and evaluate
different tools that allow to model the POLDER signal and retrieve the properties of the
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observed particles. The advantage and limitations of each method are pointed out. The
properties of the aerosols and clouds observed for various AAC scenes are depicted as
accurately as possible. Finally, we compare our results with those of previous studies
and conclude.

2 Observations5

2.1 POLDER data

The data provided by POLDER instrument are the normalized total and polarized radi-
ances, L and Lp. The normalized total radiance L is given by

L =
πL∗

Es
(1)

where L∗ is the spectral radiance (Wm−2 sr−1 µm−1) and Es is the spectral solar ex-10

traterrestrial irradiance (Wm−2 µm−1). The quantity L∗ is related to the first Stokes pa-
rameter I and describes the total radiance measured by the instrument. Lp is given by

Lp = ±
π
√(

Q2 +U2
)

Es
(2)

where Q and U are the second and third Stokes parameters that characterize the lin-15

ear polarization state of light. The Stokes parameters have the dimension of a spectral
radiance (Wm−2 sr−1 µm−1). The plus or minus sign indicates that the direction of the
scattered electric field is preferentially normal or parallel to the plan of scattering (Her-
man et al., 2005). Along the paper, when we discuss radiances, we will be referring to
these normalized quantities. The polarized radiances are measured in three spectral20
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bands at 0.490, 0.670 and 0.865 µm. The POLDER instrument also acquires total ra-
diance measurements in a number of other spectral bands (e.g. 0.765 and 1.02 µm)
and provides images of the scene being viewed on a CCD matrix camera. The spatial
resolution of POLDER is equal to 5.3×6.2km2 at nadir. Because of the satellite motion
and instrument design, the POLDER instrument can see the same scene from multiple5

angles (up to 16), allowing measuring the angular variability of these radiances. The
viewing geometry is characterized by the scattering angle, Θ, that is the angle formed
between the incident and scattered directions. We also introduce the sun zenith angle,
θs, the view angle, θv, and relative azimuth angle, ϕ.

2.2 Aerosol and cloud properties from the A-TRAIN10

We use the algorithm developed by Herman et al. (2005) to derive the aerosol prop-
erties over cloud-free ocean scenes. This method uses the total and polarization radi-
ances acquired at 0.670 and 0.865 µm to derive several aerosol parameters at a reso-
lution of 18.5km×18.5km. The method mainly provides the aerosol optical thickness
and the Angström exponent, a parameter indicative of the particles size. Through the15

rest of this paper, the Angström exponent, α, is defined as:

α = − ln
(
τ0.670

τ0.865

)
/ ln

(
0.670
0.865

)
(3)

where τ0.670 and τ0.865 are the optical thicknesses retrieved by POLDER at 0.670 and
0.865 µm, respectively. The Angström exponent is of about 0.4 for mineral dust par-
ticles and it is typically larger than 1.8 for biomass burning aerosols (Dubovik et al.,20

2002). The AOT for the fine and coarse modes can also be retrieved as well as the
fraction of non-spherical particles within the coarse mode. This latter parameter is only
retrieved when the geometrical conditions are favourable. We refer to Herman et al.
(2005) for more details regarding the assumptions used for the particles models and
the modelling of the radiances.25
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In our analysis, we also use collocated cloud properties retrieved from MODIS and
POLDER to characterize the cloudy scenes. We take advantage of the high spa-
tial resolution retrieval capabilities of MODIS (1×1km2 at nadir) to estimate within
each PARASOL pixel (6×6km2) the variability of the clouds properties. We compute
a mean value for the cloud optical thickness (COT) and for the cloud droplet effec-5

tive radius (REFF CLD M) as well as a standard deviation for each parameter (∆ COT
and ∆ REFF CLD). We use the parameters extracted from the level-2 MODIS06 cloud
product that are retrieved for ocean scenes by combining MODIS total radiances mea-
surements acquired at 0.865 and 2.13 µm (Platnick et al., 2003).

We recall that the cloud parameters retrieved from passive radiometers may be bi-10

ased for AAC scenes. For instance, Haywood et al. (2004) found biases for the cloud
optical thickness retrieved by MODIS as large as 4 for a cloud with an optical thick-
ness of 18 (the bias decreases to 2 for a cloud optical thickness of 12) and for a lofted
biomass burning aerosols layer with an AOT of 0.2 at 0.86 µm.

The cloud phase is determined using an algorithm that combines the directional15

polarization measurements provided by POLDER with MODIS measurements acquired
in the solar spectrum and thermal infrared (Riedi et al., 2010). The algorithm provides
a semi-continuous phase index, referred as ϕ CLD, ranging from confident liquid phase
only to confident ice only (0 <ϕ CLD < 200).

The POLDER and MODIS instruments also provide various estimates of the cloud20

top heights. The comparison of these estimates provides valuable information for the
detection of multi-layer situations (Waquet et al., 2009a). In the following, we use the
cloud top altitude retrieved with: (i) the “IR cloud top pressure” method (zc IR) that
uses MODIS measurements acquired in the thermal infrared (Menzel et al., 2006),
(ii) the “Rayleigh cloud top pressure” method (zc Rayleigh), which uses the POLDER25

polarization signal of the molecules located above the clouds (Goloub et al., 1994) and
(iii) the “apparent O2 cloud pressure” method (zc O2) that uses differential absorption
measurements in the oxygen A-band of POLDER (Vanbauce et al., 2003). MODIS
cloud pressure has been extracted from MYD06 cloud product that provides data at
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a resolution of 5km×5km (Platnick et al., 2003) and the POLDER data correspond to
the RB2 (Radiative Budget Level 2) cloud products given at pixel resolution of 18.5km×
18.5km (Parol et al., 2004).

Finally, the CALIOP lidar data are used to characterize the vertical profile of the
atmosphere along the A-train orbit track. We use the aerosol/cloud classification that5

corresponds to the Lidar Level 2 Vertical Feature Mask (VFM) Product (Vaughan et al.,
2004).

2.3 Case studies of aerosols transport events

2.3.1 Biomass burning aerosols

Figure 1a is a true color composite image illustrating POLDER total radiance obser-10

vations, acquired over the tropical southeast part of the Atlantic Ocean on the 4 Au-
gust 2008. This image was produced using a combination of the POLDER spectral
bands centred on 0.490 µm, 0.565 µm and 0.670 µm. The transport of biomass burning
aerosols over clouds is expected in this region for this time period (e.g. Waquet et al.,
2009a). The region is partially covered by clouds. The total Aerosol Optical Thickness15

(AOT) retrieved over cloud free pixels is reported in Fig. 1b. The largest AOTs (≈ 0.6)
are observed over the cloud-free parts of the Gulf of Guinea. The Angström exponent
is about 1 in this region, which indicates that the algorithm retrieves a bimodal size
distribution. We assume that the algorithm is sensitive to two types of particles, the
maritime aerosols (coarse mode particles) located in the boundary maritime layer and20

the biomass burning aerosols (mainly fine mode particles) located in the elevated layer.
We reported the CALIOP mask results in Fig. 1c. An aerosol layer is observed at

altitude between 2 km and 4 km above low-level clouds for latitudes ranging between
−8.5◦ and −21◦. For latitudes larger than −8.5◦, the lidar signal is too attenuated and the
particles located in the lower atmosphere cannot be observed. The cloud top heights25

retrieved from passive observations are reported in Fig. 1c. We selected the POLDER
and MODIS pixels which centers are the closest to the ones of the CALIOP pixels.
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The anomalies observed between the three different estimates of the cloud top heights
for latitudes larger than −20◦ are characteristic of AAC scenes with biomass burning
aerosols (Waquet et al., 2009a). The “IR” and “Rayleigh” methods both largely overes-
timate the cloud top height with the largest biases observed on zc Rayleigh. The “ap-
parent O2 cloud pressure” appears to be not much perturbed by the aerosols layer and5

tends to slightly underestimate the true cloud top altitude. This method provides an es-
timate of the cloud top height that is intermediate between the geometric middle of the
cloud layer and the cloud top height, which is what we expect for low-level single cloud
layers (Ferlay et al., 2010). Most of clouds observed in the POLDER image shown
in Fig. 1a correspond to low-level optically thick clouds (0.45km < zc O2 <1.05 km,10

3.0 < COT < 18.0) with a cloud thermodynamical phase index, ϕ CLD, of about 10,
which means high probability for liquid phase.

2.3.2 Mineral dust aerosols

We reported POLDER images acquired over the North Eastern tropical Atlantic Ocean
on the 25 July 2008 and on the 4 August 2008, respectively in Figs. 2a and 3a, to-15

gether with the lidar CALIOP traces. The presence of mineral dust particles above
low-level clouds is expected in this region during the selected time period (De Graaf
et al., 2007). The transport of mineral dust particles can be observed in cloudy scenes
in Figs. 2a and 3a. An optically thick liquid low-level cloud can be observed (COT > 5.
and zc O2 <0.4 km) for the July case. The cloud cover is more fractional and less opti-20

cally thick for the August case. The AOTs retrieved by POLDER over cloud-free ocean
scenes are reported in Figs. 2b and 3b. Strong AOT values can be observed, as large
as 1.7, on the 25 July 2008. The Angström exponent is close to zero for both days
indicating a size distribution dominated by the coarse mode particles. The fraction of
non-sphericity is only available on the 25 July 2008 and indicates that the coarse mode25

mainly consists in non-spherical particles, which is perfectly consistent with origins of
the aerosol layer.
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The presence of mineral dust particles above clouds cannot be checked with the lidar
data for the July case, since the optically thick cloud observed by POLDER is outside
the CALIOP track (see Fig. 2c). The anomalies observed between the three different
estimates of the cloud top heights remain qualitatively similar to that of an AAC scene
with biomass burning aerosols (zc O2 <zc IR<zc Rayleigh) with, however, smaller bi-5

ases noted on zc Rayleigh, resulting from the lower polarization produced by non-
spherical particles. For instance, the average values for zc O2, zc IR and zc Rayleigh
computed for box 3 in Fig. 2c are equal to 0.275, 2.75 and 3.45 km, respectively. The
CALIOP mask results are shown in Fig. 2c. The CALIOP mask shows a complex sit-
uation with aerosols detected at different altitudes between the sea surface and 6 km10

that are potentially imbedded with some optically thin cloudy structures. We observe
some abrupt variability in the CALIOP results that we assume to be artificial for the
most parts since the CALIOP mask is sometimes subject to misclassification between
aerosols and clouds layers, especially when dense dust layers are encountered (Chen
et al., 2010).15

The CALIOP results obtained for the case study on mineral dust particles acquired
for the 4 August 2008 are reported in Fig. 3c, together with the cloud top height esti-
mates retrieved from POLDER and MODIS. The dust plume is observed at altitudes
between 2 km and 6 km above low-level clouds for latitudes ranging between 18◦ and
24◦. The same layer is observed above a maritime boundary layer for latitudes ranging20

between 24◦ and 27.5◦. The results obtained with the “Rayleigh” method are not avail-
able due to unfavourable geometric conditions (i.e. this method requires observations
acquired at small scattering angles that are not available here). The results for zc O2
and zc IR remain qualitatively similar to the ones obtained for the two previous cases.

2.4 Polarized signatures for AAC scenes25

Figure 4a shows the angular polarized features typically observed for liquid clouds
in pristine conditions. The measurements were sampled over the Atlantic Ocean,
South-western of South Africa (roughly half way between South Africa and Antarctica)
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to prevent any contamination by African aerosols. We segregated the POLDER data
into boxes of 200km×200km. We only selected pixels associated with clouds with op-
tical thickness larger than 3., as simulations performed with a parallel transfer radiative
plane model show that the polarized radiance reflected by the cloud is “saturated”. It
means that the polarized signal does not depend on the cloud optical thickness any-5

more. At 0.865 µm, we observe small levels of polarization at side scattering angles
(80◦ <Θ < 130◦) and a strong peak of polarization around 140◦ that corresponds to
the primary cloud-bow. A secondary sharp cloud-bow can also be observed around
150◦. As the wavelength decreases from 0.865 µm to 0.49 µm, the polarized radiance
increases at side scattering angles due to molecular scattering.10

The areas selected illustrate the peculiar signature obtained for AAC scenes with
biomass burning aerosols and mineral dust particles are, respectively shown in Figs. 1a
(box 1) and 2a (box 3). For AAC scenes, an additional polarization signal at side scat-
tering angles at 0.865 µm and 0.67 µm and a spectral attenuation of the primary cloud-
bow magnitude can be observed. The excess of polarization is much larger for biomass15

burning aerosols than for mineral dust particles, particularly for 0.67 and 0.865 µm.
This explains why the “Rayleigh method” strongly overestimates the cloud top height
for AAC scenes with biomass burning aerosols. The spectral attenuation of the cloud-
bow is also relevant of the particles type. Fine mode particles are associated with an
AOT that rapidly decreases as the wavelength increases (Angström exponent of about20

2.) whereas coarse mode particles are associated with a rather spectrally flat AOT
(Angström exponent of about 0.). As a consequence, the attenuation of the primary
cloud-bow is spectrally dependent (i.e. colourful) for biomass-burning AAC and almost
spectrally neutral for mineral dust particles. For this latter case, the primary bow is
strongly attenuated but can be still observed around 140◦ (see Fig. 4c), which confirms25

that a large amount of coarse mode particles was transported above the clouds on the
25 July 2008.
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3 Simultaneous retrieval of the aerosol and cloud properties:
the “hyper-pixel method”

3.1 Strategy

The algorithm described in Waquet et al. (2009a) was oriented for the retrieval of fine
mode particles properties above clouds. This method was therefore restricted to the5

use of observations acquired for scattering angles smaller than 130◦ where polarization
measurements are highly sensitive to scattering by fine mode aerosols and only weakly
sensitive to cloud microphysics. The cloud droplets distribution effective radius primarily
drives the magnitude of the primary cloud-bow for a single layer cloud (Bréon et Goloub,
1998). This parameter must be therefore estimated or included in the retrieval process10

if the measurements acquired in the cloud bow have to be considered for the retrieval
of the aerosol properties. The key parameter for the retrieval of the droplets effective
radius is the knowledge of the angular locations of the primary and surnumerary cloud
bows (Bréon et Goloub, 1998). Simulations of polarized radiance performed for AAC
scenes show that the aerosol layer attenuates the magnitudes of all the cloud bows15

but does not modify their angular locations (see Fig. 5). We therefore conclude that
the simultaneous retrieval of the aerosol properties and droplets effective radius is
possible for AAC scenes, as long as the primary cloud bow remains visible (i.e. not too
attenuated) and that enough angular polarized measurements are available.

3.2 Algorithm20

The simultaneous retrieval of the aerosol and cloud properties is performed using
an Optimal Estimation Method (OEM), similar as the one described in Waquet et al.
(2009b). The particles properties are retrieved by comparing the measured and sim-
ulated polarized radiances and by adjusting the parameters in the particles models
until the best match is found. The search for the best solution is achieved through25

the use of an iterative process. We use the Newton-Gauss iteration modified with
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the Levenberg-Marquadt technique to ensure convergence. We refer to Waquet et al.
(2009b) or to Rodgers (2000) for more details concerning the practical implementation
of this procedure. The OEM is coupled with a radiative transfer code and a module
that allows calculating the optical properties of the particles (described hereafter). This
method provides a diagnostic error that accounts for the measurements’ sensitivity to5

the retrieved parameters, the measurement’s errors and the modelling’s errors as well
as any available a priori information. The retrieval error covariance matrix Cx is defined
as :

Cx =
(

C−1
a +KT ·C−1

T ·K
)−1

, (4)

where CT is the total error covariance matrix and Ca is the a priori error covariance10

matrix. Ki is the Jacobian matrix and is defined as:

Ki j =
∂F i (X)

∂Xj
, (5)

where F is the simulation vector and X is the vector of parameters. K is computed
for each observation (i ) and each parameter (j ) and represents the sensitivity of the
simulated polarized radiances to the particles parameters.15

The square root of the diagonal elements of the error covariance matrix provides the
standard deviation associated to each retrieved parameter. The error covariance matri-
ces for the optical parameters are derived from the retrieved parameters and computed
using Eq. (4) and the formula given in the Appendix A1.

3.3 Input data20

3.3.1 “Hyper-pixel” data

The so-called “hyper-pixel” refers to POLDER data aggregated at a spatial scale of
200×200km2. It allows obtaining a homogeneous sampling of the scattering angle
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that helps for the retrieval of detailled aerosol and cloud properties. This approach
was initially used in Bréon et Goloub (1998) for the retrieval of cloud microphysical
properties for a single cloud layer and it is adapted here for the purpose of the retrieving
of the aerosol and cloud properties for AAC scenes.

Before the retrieval of the aerosol and cloud at the hyper-pixel scale, we first apply5

a retrieval method that works at the finest spatial POLDER resolution (6×6km2), such
as the one described in Waquet et al. (2009a). It allows estimating the spatial variability
of the AOT above clouds within the hyper-pixel and to only select homogenous pixels
in terms of both aerosol and cloud properties. The variability of the atmospheric verti-
cal profile within the hyper-pixel is also qualitatively estimated using the “apparent O210

cloud pressure” and lidar data when available. Indeed, thin cirrus, multi-layers or bro-
ken clouds situations tend to increase the spatial variability of the observed apparent
O2 pressure.

We use a specific procedure for the aggregation of the data that is different than the
one used in Bréon and Goloub (1998). We split the data using the polar coordinate15

system and subdivide the range of scattering sampled by POLDER into small intervals
of 0.5◦. A mean viewing geometry (θs,θv, ϕ and Θ) and a mean polarized radiance

value are then computed for each 0.5◦ scattering angle interval using the corresponding
information available at the 6×6km2 spatial resolution. The scattering angle used to
depict the angular behaviour of the mean polarized radiance is referred as Θ∗ and it is20

computed from the mean viewing geometry (θs,θv and ϕ).

Precautions must be taken for the calculation of the mean viewing geometry when
the multiple scattering effects in the atmosphere have to be accounted for. The data
associated with different viewing geometries (θv, ϕ) that correspond to the same value
of scattering angle must be separately aggregated since these data show different25

values of polarized radiance, due to the effects of cloud multiple scattering. We apply
a geometric criterion (i.e.

∣∣Θ∗ −Θ
∣∣ < 0.1◦) that prevents to aggregate together data

belonging to the same 0.5◦ scattering angle interval everthough they are associated
with significant different viewing geometries.
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An example of aggregated data is shown in Fig. 6. Two different “branches of scat-
tering angle” are usually observed by POLDER when an area of 200×200km2 is con-
sidered (e.g. 97◦ <Θ < 177◦ and 157◦ <Θ < 177◦ in Fig. 6a). In the retrieval algorithm,
we consider only one “branch of scattering angle” for sake of simplicity. We select the
branch associated with the widest range of scattering angles (e.g. 97◦ <Θ < 177◦ in5

Fig. 6a). Figs. 6a and 6b show that this procedure allows to obtain rather smooth mean
polarized radiances associated with a consistent mean viewing geometry.

3.3.2 Errors’ measurements

The error’s measurements are taken from Fougnie et al. (2007) and are used to fill
out the total error covariance matrix. We consider a relative error of calibration of 2 %10

in the three polarized spectral bands. The polarization measurements are acquired by
POLDER using a sequential rotation of polarizers oriented at 0, 60 and −60◦. One of
the measurements triplets at 0.67 µm was shown to be imperfect by construction, which
tends to increase the noise in the polarized data acquired at this wavelength (see for
instance Fig. 4a). The noise associated with the polarized radiances for cloudy scenes15

is estimated to be 2.5×10−3 at 0.49 µm and 0.865 µm and 5×10−3 at 0.67 µm. We
assume that the different sources of errors are independent and the total covariance
matrix is given by the sum of the different error covariance matrices.

3.4 Particles models and a priori information

A combination of two lognormal size distribution functions is assumed for the aerosols.20

A geometric mean radius and a standard deviation are used to describe each lognor-
mal function (rg and σ), where rg is the geometric mean radius. The other retrieved

parameters are the column number density of particles (N, in µm−2), for both modes,
and the complex refractive index (mr −mi i ) that is assumed to be spectrally invariant
and the same in both modes. The effective radius, reff, is related to the lognormal size25

distribution parameters using the formula given in the Appendix A2.
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For non-spherical particles, we consider spheroid models with various aspect ra-
tios to compute the optical properties of the aerosols (Mishchenko and Travis, 1994;
Dubovik et al., 2006). We consider a mixture of spherical and non-spherical particles.
The ratio of spherical particles over the total number of particles (SF) is included in the
retrieval process for AAC scenes with mineral dust particles. The aspect ratios distri-5

bution for the non-spherical particles model is the one derived by Dubovik et al. (2006)
from the analysis of the scattering matrix of mineral dust samples (Volten et al., 2001).

The cloud droplets size distribution is assumed to follow a gamma standard law, de-
scribed by two parameters, the cloud droplets effective radius, reff cld, and the cloud
droplets effective variance, veff cld, as defined in Hansen and Travis (1974). The real re-10

fractive index for cloud droplets, mr cld, is retrieved in each spectral band. The imaginary
refractive index for cloud droplets is less than 5×10−7 for the POLDER wavelengths
(Hale et al., 1973) and it is therefore neglected in the calculations (held constant to 0).
Angular polarization measurements are highly sensitive to the real refractive index of
large spherical particles due to the presence of bows. We make clear that the droplets15

real refractive index is primarily included in the retrieval process to ensure an accurate
modelling of the cloud bows (angular locations and magnitudes). The droplet effective
variance is also included in the algorithm, since this parameter strongly impacts the
magnitude of surnumerary cloud bows. The cloud droplets are modelled as spheres
and their optical properties are therefore calculated using the Mie theory.20

In Table 1, we provide the values of the a priori aerosol and cloud parameters (“start-
ing point for X”) and the associated uncertainties (Ca). The subscripts f and c respec-
tively denote parameters that describe the fine mode and coarse mode aerosols. The
number of retrieved parameters included in the OEM can be modified and the a priori
information as well. If so, we provide the corresponding information in text.25
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3.5 Forward model

3.5.1 Transfer radiative code and particles vertical distribution

The polarized radiances are computed using the Successive Order of Scattering code
(SOS) that accounts for the effects of multiple scattering under the assumption of the
plane parallel atmosphere (Lenoble et al., 2007). The SOS code provides the usual5

three first Stokes parameters and allows including various atmospheric components
that are separately described for the optical properties and the vertical profile. The
vertical profile for the molecules is defined using a decreasing exponential law with
a scale height of 8 km. The molecular optical thickness and the effects of molecular
anisotropy are computed using the formulae given in Hansen and Travis (1974). The10

vertical profile of the aerosol layer is described using a Gaussian distribution function,
defined by a standard deviation (0.75) and a mean altitude value, z mean. The cloud
droplets particles are assumed well mixed with the molecules between the surface and
the cloud top height. The cloud base height is therefore located at 0 km. The cloud opti-
cal thickness is held constant to 5, which ensures that the polarized radiance reflected15

by the cloud layer is saturated. The mean altitude of the aerosol layer and the cloud
top height are adjusted using the lidar data. When those are not available, we use the
“apparent O2 cloud pressure” to estimate the cloud top height and assume a mean
altitude z mean of 3.5 km for the AAC height. Then, we apply an empirical correction
on zc O2, defined on the basis of our observations, which accounts for the fact that the20

“apparent O2 cloud pressure” underestimates the cloud top height given by CALIOP.
For instance, we used a correction of about 40 % for AAC scenes with mineral dust
particles on the basis of the observations performed on the 4 August 2008 (see Fig. 3b
between latitudes 19◦ and 23◦).
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3.5.2 Effects of phase function truncature

The SOS code requires a Legendre polynomial expansion of the phase matrix. The for-
ward peak of the phase function (i.e. the P11 element of the phase matrix) is generally
sharp for large particles such as cloud particles, which requires to increase the number
of terms in the expansion of the phase matrix. A truncation procedure of the forward5

scattering peak is implemented in the SOS code (Potter, 1970; Nakajima and Tanaka,
1998). This procedure allows a faster modelling of the radiances. We however noted
that this procedure introduces small errors in the modelling of the upwelling polarized
radiance under specific circumstances that are encountered in this paper. Errors ap-
pear when large spherical particles are considered and when the polarized radiance10

is saturated (optical thickness > 3). Significant errors appear in the primary cloud bow
region. The magnitude of the primary cloud-bow is overestimated by 7.5 % when the
procedure of truncation is invoked. Calculations performed for a truncation applied to
scattering angles between 0◦ and 16◦, for a droplet effective radius of 10 µm, a droplet
effective variance of 0.06, cloud optical thickness of 5 and a sun zenith angle of 37◦.15

The reasons for this issue are not fully understood and the solving of this technical
problem will be attempted in a future effort. In the retrieval algorithm, we use an exact
1-D modelling (no truncation) at the end of each step in the iteration to compare the ob-
servations to the simulations whereas the intermediate calculations (i.e. the Jacobian
matrix elements) are performed using the approximation of truncature.20

3.5.3 3-D cloud effects

It is well known that the homogeneous 1-D cloud assumption leads to errors in the
retrieved cloud parameters from total visible radiance (Marshak and Davis, 2005). Cor-
net et al. (2009) show for a cirrus cloud with a Monte-Carlo radiative transfer code that
biases exist also on polarized radiance. To assess the errors in our 1-D transfer radia-25

tive model, we compute 3-D and 1-D polarized radiance of a stratocumulus cloud with
a mean optical thickness of 10 and an uniform effective radius of 10 µm and an effective
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variance of 0.02. The heterogeneity parameter is 7 for the optical thickness (standard
deviation associated with the mean optical thickness). The initial resolution of the ra-
diative transfer simulation is 80×80m2. The radiances are then spatially averaged at
10×10km2 to simulate the observation of a sensor like POLDER. The differences be-
tween the 1-D and 3-D polarized reflectances in function of the scattering angle are5

presented in Fig. 7 for the three wavelengths used in the algorithm and for different sun
angles. For most of the scattering angles, and for the case considered here, which does
not include microphysical heterogeneity, the differences between the two polarized re-
flectances are small and inside the statistical error of the Monte-Carlo simulations (not
plotted). Exceptions appears however in the forward direction for large sun angle and10

the cloud bow regions near 140◦. Considering our algorithm, the differences, which
may impact the most our retrieval, are those in the cloud-bow direction. The 1-D sim-
ulations systematically overestimate the ones that account for the 3-D cloud effects by
about 5–8 %, depending on wavelength and geometry (θs, ϕ). Because for computing
time reasons, it is pratically impossible to account for those 3-D effects in our retrieval15

procedure, we incorporated these errors into the total error covariance matrix (CT).

4 Sensitivity study and discussion

4.1 Biomass burning aerosols

The OEM algorithm is flexible and the number of retrieved parameters can be increased
or decreased as needed. We did several tests with varying numbers of retrieved pa-20

rameters in order to provide a sensitivity study. We first investigate the AAC scene with
biomass burning aerosols, referred as box (1) in Fig. 1a. The solutions obtained for
various retrieval schemes are reported in Table 2. The quantity ω0 denotes the aerosol
single scattering albedo. The quantity ε is the mean squared difference error term
calculated between measured and simulated polarized radiances (see Appendix A3).25

This quantity gives a simple measure of the difference between measurements and
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simulations, assuming a diagonal identity matrix for Cx (no weight) and no a priori
knowledge. Note that the quantity ε is consistent with the definition of the error term
considered in the less sophisticated retrieval method described in Sect. 5. Solution 1
includes the retrieval of the parameters of load and size for the fine particles and the mi-
crophysical parameters for the clouds particles. We consider spherical particles, which5

is a reasonable assumption for biomass burning aerosols. The value for the spherical
fraction (SF) (spherical fraction of particles) indicated in Table 1 (0.5±0.5) is therefore
modified and held constant to 1. Solution 2 is the same as solution 1 but includes the
retrieval of the properties of the coarse mode (load and size parameters). Solutions 1
and 2 both assume a weak absorption. Solution 3 is similar as solution 2 with in addition10

the retrieval of the imaginary part of the complex refractive index (i.e. absorption). So-
lution 4 is similar as solution 3 but includes the retrieval of the real part of the refractive
index. The real and imaginary parts of the complex refractive index are assumed to be
similar for both modes. For solution 5, we made assumptions for the coarse mode par-
ticles optical thickness (0.015 at 0.865 µm), the coarse mode particles effective radius15

(reff c = 2.55µm) and for the real refractive index (mr = 1.47). Solution 5 is an attempt
to reduce the space of solutions by limiting the number of retrieved parameters. We
recall that the aerosol SSA depends on both particles absorption and size distribution.
Then, any errors due to the assumptions made about the aerosol properties (e.g. for
the size or the coarse mode AOT) directly affect the retrieval of the aerosol SSA.20

Solution 1 allows to robustly model the POLDER data (not shown) and confirms that
the polarized measurements are primarily sensitive to the fine mode scattering AOT
and its spectral dependence as well as the cloud microphysical properties. The mea-
surements are potentially sensitive to the aerosol Single Scattering albedo (SSA) since
the polarization observed at side scattering angles is related to the scattering AOT25

whereas the effect of attenuation of the aerosol layer on the polarized light reflected
by the cloud depends on the total (extinction) AOT. The algorithm shows some sensi-
tivity to the aerosol SSA. We observed that the effect of the absorption on the polar-
ized radiances is rather small but not negligible. Solution 4 includes the most degrees
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of freedom in terms of retrieved aerosol microphysical parameters and retrieves an
aerosol model for which the size distribution is dominated by fine mode particles (α of
about 2.) associated with rather strong absorption properties (mi of 0.017±0.007). The
standard deviation for each parameter is small, excepted for the coarse mode particles
effective radius, which tends to indicate that the algorithm is sensitive to most of the5

parameters considered in solution 4. The least square error term ε is minimized for this
solution. We however note that the other solutions (1, 2, 3, and 5) allow to accurately
model the POLDER data (e.g. see Fig. 8a for solution 5) and shows rather similar low
ε values. The retrieved AOTs at 0.865 µm are rather similar for all these solutions but
differences appear for the aerosol microphysical parameters. For instance, the contri-10

bution of the coarse mode particles to the total AOT is larger for solution 2 than for
solution 4 whereas the absorption is much smaller for solution 2 than for solution 4.

Solution 5 provides an estimate of the aerosol SSA equal to 0.815 (±0.045) at
0.865 µm, which is consistent with biomass burning aerosols in South Africa according
to AERONET sun-photometers observations (Dubovik et al., 2002). The mean aerosol15

SSA is 0.80±0.004 (at 0.87 µm) and the mean imaginary part of the complex refractive
index is 0.021±0.004, for biomass burning aerosols observed in the centre of South
Africa (Zambia). Our estimate also agrees rather well with the one provided by Leahy
et al. (2007), who found an aerosol single scattering albedo of 0.85±0.02 (regional
mean and uncertainty at 0.55 µm), on the basis of an updated analysis of remote and20

in situ measurements performed during the Southern African Regional Science Initia-
tive 2000 (SAFARI). We also investigated another day in the same region in August
2008 for a scene with a retrieved AOT of 0.21 (±0.01) in biomass burning AAC and
found an aerosol SSA of 0.91 (±0.05) at 0.865 µm with solution 5. It is impossible to
tell if this variability observed from one case to another is due to a real change in the25

aerosol microphysical properties or due to the issue of multiple solutions in our re-
trievals. We note that a previous study suggested a higher value for the aerosol SSA
(0.91±0.04 at 0.55 µm) for SAFARI (Haywood et al., 2003b) and that some variability
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in the degree of absorption of the biomass-burning aerosols is expected during the fire
season in South Africa (Eck et al., 2003).

We reported the results obtained for two other “hyper-pixels” in Table 4 that both
correspond to scenes with small AAC optical thickness. We used solution 5 to analyze
both cases. Case (1) in Table 4 corresponds to an AAC scenes encountered for the5

case study on biomass burning aerosols that is referred as box (2) in Fig. 1a. Case (2)
corresponds to the data acquired on the 18 August 2008 for clouds observed in pristine
conditions between South Africa and Antarctica. The algorithm retrieves a small value
of AOT for case (1) but still retrieves a size distribution dominated by small particles,
which suggests a continental origin. The retrieved AOT is very small (0.022±0.003)10

for case (2) and the type of particles then cannot be identified since the Angström
exponent cannot be accurately retrieved anymore (α = 0.88±1.08). Some difficulties
in the modelling of the polarized radiances can be observed for case (1) for large
scattering angles (≈ 180◦) that are not clearly understood (see Fig. 8c). We assume
that it could be the result of the scene spatial heterogeneity. In a general way, we15

note that significant errors in the modelling of the polarized radiances appear in the
cloud-bow region when the AAC optical thickness is small (see Fig. 8c and d) that are
probably due to 3-D cloud effects. Nevertheless, these two latter results indicate that
that the AAC optical thickness progressively decreases as we move away from South
Africa and that solution 5 remains robust even when the AOT becomes small.20

4.2 Mineral dust particles

We now investigate the AAC scene with mineral dust particles, referred as box (3) in
Fig. 2a, which was observed on the 25 July 2008. The solutions obtained for various
retrieval schemes are reported in Table 3. Solution 1* includes the retrieval of the fine
and coarse mode particles load and size parameters and assumes a constant complex25

refractive index. Solution 2* includes in addition the retrieval of the imaginary part of the
complex refractive index whereas solution 4 includes both the retrieval of the real and
imaginary parts of the complex refractive index. For solution 4*, we made assumptions
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for the coarse particles size parameter and for the real refractive index. The fraction
of spherical particles (SF) is included in the retrieval scheme for all solutions and it is
assumed the same in both modes.

The different solutions (1*, 2*, 3* and 4*) allows robust modelling the POLDER ob-
servations (e.g. see Fig. 8b for solution 4*). The algorithm retrieves AOT values larger5

than 1 and a large amount of non-spherical particles. The coarse mode effective radius
retrieved for solutions 1*, 2* and 3* is too large and clearly not realistic for mineral dust
particles. The standard deviation values for the coarse mode effective radius are also
very large, which means that this parameter cannot be accurately retrieved. Again mul-
tiple solutions are possible and some assumptions must be considered. For solution10

4*, the algorithm then retrieves a size distribution dominated by non-spherical coarse
mode particles that shows much smaller absorption properties than biomass burning
aerosols. Mineral dust particles also absorb the solar light due to the presence of iron
oxide in their mineral composition (Derimian et al., 2008a). However, dust remains
less absorbing than biomass burning aerosols, except probably for cases where it is15

mixed with carbonaceous material (Derimian et al., 2008b). Note that we should have
retrieved the spectral dependence for the imaginary part of the complex refractive in-
dex since mineral dust particles typically show slightly higher absorption properties for
shorter visible wavelengths (0.49 µm) than for larger wavelengths (0.67 and 0.865 µm).
We however choose to hold constant this parameter with respect with wavelength to20

limit the number of retrieved parameters. This would have to be revised in case shorter
wavelength observations would be incorporated.

We reported in Table 4 the results for the AAC scene with mineral dust particles
observed on the 4 August 2008. The hyper-pixel is referred as box (4) in Fig. 3a and
corresponds to case (3) in Table 4. We used solution 4* to analyze the data. The25

algorithm again retrieves the typical properties assumed for mineral dust particles. We
observe that the contribution of the fine mode particles to the total AOT is much smaller
(lower value of Angström exponent) than for the July case. Such variability in the size
distribution of mineral dust particles is realistic according to Dubovik et al. (2002).
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4.3 General comments on the refractive index retrieval

We generally retrieve a real refractive index lower than 1.47, when we include this pa-
rameter in the retrieval scheme for biomass burning aerosols but also for mineral dust
particles. Dubovik et al. (2002) indicates an effective radius of about 0.13 µm (com-
puted for an optical thickness of 0.9 at 0.44 µm) and real refractive index of 1.51, for5

biomass burning aerosols in the centre of South Africa. Our results indicate a larger
effective radius (0.17 µm) and a smaller real refractive index (1.45±0.015, see solution
4 in Table 3). The retrieved real part of the refractive index is also very low for mineral
dust particles (1.41±0.035). We noted that the decrease in the real refractive index in
our retrievals is generally associated with an increase in the fine mode effective radius.10

This result suggests the AAC properties could be altered (an aged effect), which is
likely to be possible since aerosols mix with wet air masses when they are transported
over long distance in oceanic regions.

Knobelspiesse et al. (2011) found some difficulties in retrieving the real refractive
index for AAC scenes with anthropogenic aerosols. They analyzed the off diagonal15

elements of the retrieval error covariance matrix and found large correlations between
the errors associated with the retrieved particles real refractive index and size. We
suggest that the retrieval of these two parameters is linked since they both largely affect
the magnitude of the polarized phase function and affect it in an opposite way. Roughly,
the P12 elements increase with the particles size increasing and the real refractive20

index decreasing. Polarized radiances measured over cloud-free ocean scenes show
high sensitivity to the particles real refractive index for scattering angles larger than
130◦ (e.g. see Figs. 6 and 12 in Deuzé et al., 2000). We assume that some information
about the aerosol microphysics is lost for AAC scenes by comparison with clear-sky
ocean scenes, probably because the contribution of the cloud layer dominates the25

signal for scattering angles larger than 130◦.
We also noted that the inclusion of the errors due to the 3-D cloud effects in the total

error retrieval covariance matrix leads to the retrieval of weaker absorption properties

6110

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/6083/2012/amtd-5-6083-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/6083/2012/amtd-5-6083-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 6083–6145, 2012

Aerosols above
clouds from
polarization

F. Waquet et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(smaller values for mi ) and therefore higher values of aerosol SSA. The retrieved values
for the imaginary part of the complex refractive index are generally too times higher
when the 3-D cloud effects are not accounted for.

4.4 Cloud droplets

The retrieved real refractive index values are in good agreement with what we expect for5

cloud droplets made of pure water (Hale et al., 1973). Our algorithm retrieves droplets
effective radii varying between 8 and 12 µm with no peculiar geographical tendency.
The retrieved droplets size distribution is much narrower (small values of effective vari-
ance) for the clouds observed southerneastern of the South Africa than for the clouds
observed over the two other oceanic tropical regions located closer to Africa. This is10

good agreement with the results of Bréon and Doutriaux-Boucher (2005), who found
that the droplets effective variance is generally much smaller for the clouds observed
in subtropical and high-latitude oceans, than for continental regions and other oceanic
regions. The reasons for this tendency cannot be currently established with confidence.
We recall that the droplets effective variance was not much studied from space and that15

this parameter depends on the dynamical evolution of clouds (Politovich, 1993) and on
the origin of the air mass (continental or maritime) (Martin et al., 2004).

Finally, we also compared the droplet effective radii retrieved with POLDER with
those retrieved by MODIS. Table 5 show some comparisons performed for various
scenes with aerosols above clouds and for the fields of clouds observed in pristine20

conditions. The droplet effective radius reported for MODIS is a mean value com-
puted over the 200km×200km area. Differences are expected between these two
estimates since the polarized measurements are sensitive to droplets located at the
top of the cloud layer whereas the MODIS total radiance measurements are sensitive
to droplets located deeper in the cloud layer (Bréon and Doutriaux-Boucher, 2005).25

Another sources of differences are (1) that biases are expected on the MODIS re-
trieved droplets effective radius for AAC scenes with absorbing aerosols and (2) that
the droplets effective variance is held constant in the MODIS algorithm (0.13). Bréon
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and Doutriaux-Boucher (2005) found a systematic MODIS high bias of 2 µm in oceanic
regions for droplets effective radii larger than 7 µm. The results obtained for the clouds
observed in pristine conditions show a rather similar bias. The departures that we ob-
served for AAC scenes are smaller than 2 µm, probably because the droplets effective
radii retrieved by MODIS are underestimated due to the presence of absorbing AAC5

(Haywood et al., 2004).

5 Operational algorithm: the “single-pixel method”

5.1 Description

We use a look-Up-Table (L.U.T) approach to derive the aerosol properties above clouds
using the observations acquired by POLDER at a fine spatial resolution. With respect10

with the so-called “hyper-pixel” method described in Sect. 3, we reduce the number
of retrieved parameters to the AOT, the Angström exponent and the cloud droplets ef-
fective radius. The effects of the droplets effective radius and AOT are illustrated in
Fig. 5. We calculate the polarized radiances using the SOS code for different com-
binations of aerosol and cloud particles models. We consider six fine mode aerosols15

models (rgf
=0.06, 0.08, 0.1, 0.12, 0.14, 0.16 µm and σf =0.4) with a constant com-

plex refractive index of 1.47–0.01i , which is a mean value for polluted and biomass
burning aerosols. We also included the mineral dust particles model described in
Table 3 (solution 4*). The elements of the polarized phase function were shown for
similar particles models in previous studies (e.g. see Figs. 1 and 2 in Waquet et al.,20

2007). The polarized radiances are calculated for various AOTs and viewing geome-
tries and interpolation processes are considered. For clouds particles, we consider
25 droplets models with effective radius varying between 5 and 26 µm by step of
1 µm, with a constant droplets variance of veff cld = 0.06 and a constant real refractive
index (mr cld(0.490µm) = 1.338,mr cld(0.670µm) = 1.331 and mr cld(0.865µm) = 1.33).25

We assume a cloud top height of 0.75 km and a value of 3.5 km for the aerosol layer
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mean altitude. The effects of the atmospheric vertical profile on the measured polarized
signal are small at 0.67 µm and almost negligible at 0.865 µm comparing to 0.49 µm
and we therefore restrict our algorithm to these two bands. A schematic view of the
algorithm is shown in Fig. 9.

A different retrieval strategy is considered depending on the aerosol type and load.5

We first estimate the AOT above clouds by using all the angular available information
and by only considering the six fine mode particles models. If the retrieved AOT is
larger than 0.1 at 0.865 µm, we then compare the least square error term computed
for the mineral dust particles model with ones computed for the six other fine mode
particles models and keep the solution obtained with the mineral dust model if this10

latter model minimizes the error term. The threshold of 0.1 in AOT is justified because
the retrieval of the dust AOT becomes difficult (instable) when the AAC optical thickness
becomes small. This is probably due to the 3-D clouds effects that make difficult the
modelling of the primary cloud-bow when the atmosphere above clouds is pristine, as
shown in Sect. 4. If the AOT retrieved at the first step is smaller than 0.1 or if the15

mineral dust particles model fails to reproduce data, we then restrict the algorithm to
observations acquired at scattering angles smaller than 130◦ and only consider the
six fine mode particles models. The inclusion of the data acquired in the polarized
cloud bow is not critical for the retrieval of fine mode particles properties, at least when
a limited number of parameters is considered. The retrieval strategy also incorporates20

the fact that the POLDER instrument sometimes does not observe the side scattering
and forward scattering geometries (data for Θ < 130◦ unavailable).

Different filters are eventually applied to the data to obtain a quality assessed prod-
uct. We only keep homogenous cloudy pixels associated with optically thick clouds
(∆ COD<5 and ∆ REFF CLD<5 and COD > 5). We added a criterion that allows re-25

jecting pixels for which the POLDER data are not accurately fitted (ε < 0.005). We only
consider thermodynamic cloud phase index values ranging between 0 and 80 (only
liquid clouds) and between 81 and 120 (“mixed-phase clouds”) since AAC scenes are
sometimes improperly classified as “mixed-phase clouds”. We added another criterion
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to reject multi-layer scenes with cirrus above liquid clouds. This latter criterion is
based on the cloud top pressure anomalies observed for scenes with cirrus above
liquid clouds (zc O2 <zc Rayleigh<zc IR, see Fig. 2 in Waquet et al., 2009a). This
latter criterion is only applied when all these three estimates of the cloud top pres-
sure provided by POLDER and MODIS are available and when the anomaly is strong5

(zc IR− zc O2 >2 km and zc IR−zc Rayleigh > 2km). The AOT is finally aggregated at
a spatial resolution of 18×18km2 and we only keep these pixels for which the AOT
standard deviation (∆ AOT) is smaller than 0.1 and contain more than four 6×6km2

pixels. This latter description allows rejecting the edges of the clouds where our re-
trieved AOT are generally doubtful and where the radiances should be not modelled10

with a plane parallel transfer radiative code.

5.2 Effects of various approximations

The polarized radiances included in the LUT are calculated using a truncated phase
function since the errors induced by this approximation are small. The droplet effective
radius can be derived as a part of the retrieval process or estimated using the one15

retrieved by MODIS. We compare both approaches and found only small differences in
the retrieved AAC optical thickness. We then choose to use the MODIS droplets effec-
tive radius since its retrieval does not depend on the availability of a particular viewing
geometry. The effects of this approximation on the retrieved AOT for dust particles are
evaluated using synthetic data. We simulated polarized radiances for AAC scenes with20

mineral dust particles. We considered the mineral dust particles model given in Table 3
for solution 4* and an AOT of 1.05 at 0.865 µm. The mineral dust layer is above a liquid
water cloud with a droplet effective radius of 10.5 µm, an effective variance of 0.09 and
an optical thickness of 5. We considered 16 viewing geometries with scattering angles
ranging between 80◦ and 160◦. Note that the selected cloud microphysical parameters25

and viewing geometries are not included in the LUT. The algorithm retrieves the dust
model and an AOT that is very close to the input AOT (1.04 at 0.865 µm). This confirms
that the different interpolations considered for the modelling of the polarized radiance
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only weakly affect the retrieval of the AOT. We perturbed the retrieval by increasing and
decreasing the droplets effective radius, respectively by 2 µm and found a maximal er-
ror of 0.03 in the AOT. We decreased by 14 % the magnitude of the synthetic polarized
radiances in the cloud-bow directions to evaluate the impacts on the AOT due to the
uncertainties in modelling the primary cloud-bow magnitude (due to 3-D cloud effects5

and truncation effects). We found that the algorithm then overestimates the true AOT
by 12.5 %. The error reaches 14 % if we also perturb the cloud droplet effective radius
by 2 µm at the same time. We also note that the errors slightly increase when a small
value of cloud droplet variance is considered in the input simulation (e.g. 0.03 instead
of 0.09). Note that these different sources of errors only weakly affect the retrieval of10

fine mode particles properties, for which we only consider data acquired for scattering
angles smaller than 130◦. Note also that this analysis does not account for potential
errors due to the assumptions made for the aerosol microphysical properties.

5.3 First results

5.3.1 Case studies15

The spatial variability of the AOT of the dust plume transported above clouds on the
25 August 2008 is shown in Fig. 10a, together with the AOT retrieved over cloud-free
ocean. This is a combination of AOT retrieved with the operational algorithm for cloud-
free scenes (Herman et al., 2005) and with method previously described for cloudy
scenes. The AOT map shows that the dust plume is blowing east over the ocean and20

then southeast above low-level clouds. The AAC algorithm retrieves the dust model
included in the LUT and the retrieved Angström exponent is therefore about 0.4. Fig-
ure 10a shows a good qualitative spatial agreement between the AOTs retrieved over
cloudy and cloud-free pixels. We however note that the AAC optical thicknesses are
systematically smaller than the ones retrieved over clear-sky ocean pixels. For in-25

stance, the maximal AOT retrieved above clouds and cloud-free ocean are, respectively
equal to 1.5 and 1.7. Such a difference is not surprising since the AAC optical thickness
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does not include the aerosols located in the lower atmosphere layer that were detected
over cloud-free scenes by CALIOP. The results obtained for the mineral dust particles
observed on the 4 August 2008 are reported in Fig. 10b. The same observations can
be made for this second case study. The fact that the algorithm does not retrieved AOT
over clouds that are larger than the total column AOT is also a positive sign of the5

retrieval consistency.
For the case study on the biomass burning aerosols, we compare the AAC optical

thickness with the fine mode AOT retrieved by POLDER over cloud-free pixels. We as-
sume that most of the fine mode particles are located in the elevated biomass burning
aerosols layer. Therefore, the fine mode AOT retrieved above cloud-free pixels with the10

ocean algorithm and the AAC optical thickness retrieved with anthropogenic particles
models should be rather comparable. Figure 11b shows a general good qualitative spa-
tial agreement between the AOTs retrieved over both type of scenes. The largest AAC
optical thicknesses (> 0.3) are retrieved over the Gulf of Guinea and are associated
with small particles (α of ≈ 2.25). In this region, the AAC optical thicknesses are higher15

than the AOTs retrieved for ocean scenes. In this region, the spatial variability of the
fine mode AOT retrieved over clear-sky ocean pixels is sometimes questionable. For
instance, the fine mode AOT abruptly changes from about 0.16 to 0.24 (from blue to
yellow in the AOT map shown in Fig. 11a) around the point of coordinates longitude
4◦ and latitude −9◦. The change in the fine mode AOT is associated with a change20

on the coarse mode microphysical properties (the fraction of non-spherical particles
changed). Biomass burning aerosols are very likely to be strong absorbing particles.
We think that the assumption of non-absorbing particles made in the ocean algorithm
might lead this method to slightly overestimate the coarse mode AOT and then to con-
sequently underestimate the scattering fine mode AOT. This hypothesis is supported25

by the results of the sensitivity analysis presented in this work showed that the as-
sumption of a weak absorption generally leads to the retrieval of a larger coarse mode
AOT (see solutions 2 and 4 in Table 2).
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5.3.2 Mean results

We reported the AOT retrieved at 0.865 µm above clouds with the previous method for
four different regions of the Earth in Fig. 12. We report average values computed over
a period of three months. The investigated time period is from 1 June to 31 August
2008. We considered four large grid square areas that mainly include ocean cloudy5

scenes. Two areas are centered on the regions previously introduced in Sect. 3. We
selected two other regions respectively located in the northeastern and southeastern
parts of the Pacific Ocean where low-level cloud decks are typically present.

The largest AOTs are retrieved over the tropical North East Atlantic region close
to Sahara. The algorithm detects mineral dust particles. The AOT varies between 0.310

and 0.8 and reaches maximal values near the African coasts and the mean Angström
exponent is about 0.4. The scale color was not stretched to make more visible the
aerosols structures observed near California. Other average large AOT values (> 0.2)
are retrieved for the tropical southeast Atlantic region near the regions of vegetation
fires in South Africa. Figure 13 shows a zoom for the mean Angström exponent re-15

trieved above clouds for this region. The algorithm retrieves small particles models. We
observe a decrease in the Angström exponent as we progressively move away from
South Africa. The mean Angström exponent progressively decreases from 2.4 to 1.7,
from the east to the west, which corresponds to an increase of 0.06 µm for the effective
radius in our aerosol model database.20

Low-level clouds typically cover the region of the Pacific Ocean that boards the South
America coasts along Peru and Chile. According to our results, this region does not
show significant occurrence of aerosols above clouds. The presence of biomass burn-
ing aerosols is expected in South America in August but the Andes Mountain certainly
prevents anthropogenic aerosols to be transported over this part of the Pacific Ocean,25

at least for the considered time period. A significant aerosol above cloud signal (AOT
of about 0.1) is observed over the Pacific Ocean near the Californian coasts. Several
vegetation fires occurred in California during the summer 2008 due to an exceptional
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dry spring and the transport of biomass burning aerosols above clouds is very likely,
although regional circulation does not usually transport aerosols westwards. The algo-
rithm retrieves a mean small Angström exponent (≈ 2.1), which confirms the presence
of fine mode particles.

6 Conclusions5

This study confirms that passive sensors with angular, spectral and polarized capa-
bilities have a strong potential for retrieving the Aerosols Above Clouds (AAC) optical
and microphysical properties. We developed two different algorithms to analyze the
POLDER data for AAC scenes. The first one, the so-called the “hyper-pixel” method,
allows a simultaneous retrieval of the aerosol and cloud properties and uses POLDER10

data aggregated at a coarse resolution. The method retrieves the mean properties of
the observed particles under the assumption of spatial homogeneity. The sensitivity
analysis presented in this work showed that polarization measurements provided by
POLDER do not contain enough information to fully constrains all the AAC properties.
For aerosols, the method is primarily sensitive to the aerosol optical thickness, size dis-15

tribution, shape and real refractive index. The retrieval of the complex refractive index
however remains difficult. Our results suggest that the size and the real refractive index
of fine mode aerosols could be respectively larger and smaller when the particles are
observed above clouds, in oceanic regions, than when these particles are observed
over land near the sources. We make clear that this method cannot be used to retrieve20

the aerosol SSA since the method failed to accurately separate the absorption optical
thickness and the coarse mode optical thickness for AAC scenes with biomass burning
aerosols.

The aerosols layer attenuates the magnitudes of the primary and surnumerary cloud
bows generated by the underlying liquid cloud layer. This effect must be corrected25

(or included in the retrieval process) if an accurate estimate of the cloud droplets
microphysical properties has to be achieved for AAC retrievals from polarization
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measurements. Our results confirm that the droplets size distribution is narrow in high
latitude ocean regions and that the droplets effective radius retrieved from polarization
measurements is generally slightly smaller than the one retrieved by passive sensors
that uses total radiance measurements, such as the MODIS instrument (departures
smaller than 2 µm). We found that the magnitude of the primary cloud bow cannot be5

accurately estimated with a plane parallel transfer radiative code. Using a 3-D radiative
transfer code, we shown that the values are reduced in the cloud-bow. The errors for
the modelling of the polarized radiances vary between 5 and 8 %, for the case done,
depending on wavelength and viewing geometry. The use of this method for a global
treatment could certainly benefit for both the aerosol and cloud studies. This method is10

however currently too time consuming and requires an aggregation of the data that is
not always possible. We plan to use this method for further case studies analysis.

A less sophisticated algorithm was developed to retrieve the AOT and the Angström
exponent for AAC scenes at a fine spatial resolution in a more operational processing.
With respect with the algorithm described in Waquet et al. (2009a), we improved the15

accuracy of the modelling, included a realistic mode for mineral dust particles and
developed a retrieval strategy that takes advantage of the measurements acquired
in the cloud-bow direction. The method is however limited to observations acquired
for optically thick clouds (optical thickness > 5) and only considers a finite number
of aerosol models. An interesting result of this study is that polarized measurements20

acquired in the cloud-bow can be used to retrieve the optical thickness of the mineral
dust particles residing above liquid clouds. These large non-spherical particles do not
much polarize light but strongly attenuate the polarized cloud bow generated by the
beneath liquid cloud layer. The spectral attenuation can be used to qualitatively identify
the nature of the particles (coarse or fine mode particles) whereas the magnitude of25

the attenuation is related to the optical thickness of the aerosol layer. We compared the
AOTs retrieved above clouds with ones retrieved closely over clear-sky ocean pixels.
We found maximal differences of 0.2 in AOT at 0.865 µm that can be explained either by
the assumptions used for the microphysical properties of the aerosols, that are different
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in the two algorithms, or because the algorithm developed for cloud-free ocean scenes
measures the aerosol load integrated over the entire atmospheric column whereas the
AAC algorithm only retrieves the AOT of the particles residing above the cloud top.

More efforts are needed to better characterize the aerosols above clouds properties.
The AOT retrieved with the lidar CALIOP could be considered in future efforts to check5

the coherence of our retrievals made over clouds or to better constrain the retrieval
of the aerosol microphysics using innovative synergetic approaches. Other POLDER
data could be also potentially included in the method, such as the total radiance mea-
surements. We however point out that the present algorithm, solely based on the use
of polarization measurements, has the high advantage, with respect with other passive10

methods, of being independent on the albedo of the cloud layer.
When a high loading of strong absorbing aerosols is present above clouds, a rather

strong positive radiative forcing is expected as well as significant biases on the re-
trieved cloud properties. The first results obtained with POLDER indicate large mean
AOTs above clouds for oceanic regions near the coasts of South Africa and California15

that correspond to biomass burning aerosols whereas even larger mean AOTs above
clouds are retrieved near the coasts of Senegal (for June–August 2008). More inves-
tigations are therefore needed to better describe the spatial and temporal variability
of the AAC properties. Our next step is to analyze the complete archive of POLDER
data for AAC scenes. This would provide a first global estimate of the properties of the20

aerosols suspended above clouds and so to first estimate the much uncertain aerosol
direct forcing over cloudy skies.

Appendix A

The retrieval error covariance matrix for the optical thickness τ.

Cτ = KτCXKT
τ (A1)25
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where Kτ is the Jacobian matrix for τ. The same formula stands for the aerosol single
scattering albedo (ω0) and effective radius (reff).

The effective radius, reff, for log normal size distribution is defined as:

reff = rg exp
(

5
2
σ2

)
(A2)

Mean squared error term ε calculated between the measured and calculated polarized5

radiances:

ε =

√√√√√ 1
NΘNλ

NΘ∑
i=1

Nλ∑
j=1

[
Lmes
i j (Θ)−Lcalc

i j (Θ)
]2

(A3)

where Nλ and NΘ are, respectively the number of selected viewing directions and the
number of channels.
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Brogniez, G., and Holben, B. N.: Radiative properties of aerosol mixture observed during25

the dry season 2006 over M’Bour, Senegal (African monsoon multidisciplinary analysis cam-
paign), J. Geophys. Res., 113, D00C09, doi:10.1029/2008JD009904, 2008b.
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mate of the aerosols properties over the ocean with POLDER, J. Geophys Res, 105, 15329–
15346, 2000.30

Dubovik, O., Holben, B. N., Eck, F. T., Smirnov, A., Kaufman, J. Y., King, D. M., Tanré, D., and
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Table 1. A priori knowledge of the aerosol and cloud parameters and associated uncertain-
ties ().

Parameters τ f τ c rg f rg c mr mi Shape reff cld veff cld mr cld
(µm) (µm) (SF) (µm) 0.49 µm
σ f σ c 0.67 µm

0.865 µm

A priori 5.10−3 10−3 0.15 0.8 1.47 10−3 0.5 10.0 0.06 1.338
information (+∞) (+∞) (0.1) (0.1) (0.14) (0.1) (0.5) (10.0) (0.06) (0.01)

0.4 0.6 1.331
(0.2) (0.3) (0.01)

1.330
(0.01)
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Table 2. Aerosol and cloud retrieved parameters for various inversion schemes in case of
a biomass burning particles layer located above a liquid cloud and associated uncertainties
The cloudy area is shown in Fig. 1a (box 1). The different solutions correspond to the adjuste-
ment of a different number of parameters. The parameters that are not adjusted during the
retrieval process are indicated in bold. ε is the mean squared error term calculated between
the measured and simulated polarized radiances (×103).

τ(λ) α reff f reff c mi ω0(λ) mr Shape reff cld (µm) ε
865 nm (µm) (µm) 865 nm (SF) veff cld ×103

–> 490nm –> 490nm mr cld(λ)
865 nm

–> 490nm

Solution 1

0.25(0.01) 2.32 0.175 No 0.001 0.992(10−4) 1.47 1 8.3(0.3) 1.229
0.46(0.01) (0.20) (0.001) coarse 0.9935(10−4) 0.10(0.01)
0.82(0.015) mode 0.9945(10−4) 1.330(0.001)

particles 1.333(0.003)
1.344(0.003)

Solution 2

0.29(0.015) 2.0 0.171 1.74 0.001 0.988(10−4) 1.47 1 8.3(0.3) 1.137
0.48(0.02) (0.35) (0.0015) (0.12) 0.9902(10−4) 0.09(0.015)
0.84(0.02) 0.992(10−4) 1.330(0.002)

1.334(0.003)
1.345(0.003)

Solution 3

0.31(0.02) 1.90 0.165 2.77 0.014 0.84(0.035) 1.47 1 8.4(0.3) 1.051
0.51(0.02) (0.36) (0.002) (0.43) (.0035) 0.875(0.03) 0.08(0.015)
0.87(0.025) 0.90(0.025) 1.331(0.002)

1.334(0.003)
1.344(0.003)

Solution 4

0.30(0.025) 1.96 0.171 1.85 0.017 0.835(0.055) 1.45 1 8.3(0.3) 0.997
0.50(0.02) (0.42) (0.005) (1.2) (0.007) 0.865(0.045) (0.015) 0.08(0.01)
0.88(0.025) 0.895(0.035) 1.330(0.002)

1.333(0.003)
1.343(0.003)

Solution 5

0.28(0.01) 2.17 0.165 1.97 0.024 0.815(0.045) 1.47 1 8.5(0.30) 1.028
0.49(0.015) (0.23) (0.0025) (0.0065) 0.85(0.035) 0.09(0.015)
0.87(0.02) 0.875(0.03) 1.331(0.002)

1.333(0.003)
1.344(0.003)
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Table 3. Aerosol and cloud retrieved parameters and associated uncertainties or min and max
values [] obtained for various inversion schemes in case of a dust layer located above liquid
clouds. The cloudy area is shown in Fig. 2a. The parameters that are not adjusted during the
retrieval process are indicated in bold. ε is the mean square error term calculated between the
measured and simulated polarized radiances.

τ(λ) α reff f reff c mi ω0(λ) mr Shape reff cld (µm) ε
865 nm (µm) (µm) 865 nm (SF) veff cld ×103

–> 490nm –> 490nm mr cld(λ)
865 nm

–> 490nm

Solution 1*

1.17(0.15) 0.3 0.36 7.53 0.001 0.96(0.017) 1.47 [0; 0.13] 12.2(1.4) 0.887
1.26(0.13) (0.9) (0.07) (6.5) 0.95(0.02) 0.09(0.035)
1.33(0.12) 0.94(0.025) 1.328(0.003)

1.333(0.005)
1.340(0.003)

Solution 2*

1.13(0.12) 0.31 0.40 8.26 [0; 0.001] 0.979(0.007) 1.47 [0; 0.12] 12.1(1.4) 0.877
1.23(0.1) (0.75) (0.07) (7.8) 0.976(0.0085) 0.10(0.037)
1.29(0.095) 0.970(0.011) 1.329(0.004)

1.333(0.005)
1.340(0.003)

Solution 3*

1.08(0.17) 0.4 0.47 [0; 7.6] [0; 0.0045] 0.96(0.07) 1.41 [0.0; 0.3] 12.4(1.6) 0.900
1.19(0.15) (1.1) (0.12) 0.95(0.08) (0.035) 0.09(0.039)
1.27(0.15) 0.94(0.09) 1.329(0.004)

1.333(0.005)
1.340(0.004)

Solution 4*

1.05(0.07) 0.35 0.30 2.55 0.0007 0.978(0.002) 1.47 0.11 12.3(1.46) 0.950
1.15(0.065) (0.5) (0.045) (0.000035) 0.981(0.0025) (0.07) 0.11(0.036)
1.26(0.075) 0.984(0.003) 1.329(0.003)

1.333(0.005)
1.341(0.003)
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Table 4. Aerosol and cloud retrieved parameters and associated uncertainties or min and max
values [] retrieved with solution 5 for various situations and with solution 4* for the case re-
lated to a dust layer located above clouds. The parameters that are not adjusted during the
retrieval process are indicated in bold. ε is the mean squared error term calculated between
the measured and simulated polarized radiances.

τ(λ) α reff f reff c mi ω0 mr Shape reff cld (µm) ε
at 865 nm (µm) (µm) at 865 nm ratio veff cld ×103

mr cld
at 865 nm

Case 1: case study with biomass burning aerosols acquired on 4 August 2008, with few aerosols above clouds (see Fig. 1a, box 2) (solution 5)

0.063 1.80 0.148 1.97 [0; 0.0055] [1; 0.93] 1.47 1 9.21(0.13) 1.584
(0.004) (0.48) (0.006) 0.045(0.005)

1.341(0.001)

Case 2: a very clear case with only liquid clouds; far away from continental sources of aerosols, acquired on 18 August 2008 (solution 5)

0.022 0.88 0.19 1.97 [0; 0.013] 0.9 1.47 1 10.67(0.12) 0.958
(0.003) (1.08) (0.023) (0.1) 0.0087(0.0015)

1.329(0.001)

Case 3: case study on mineral dust particles above clouds acquired on 4 August 2008 (see Fig. 3a, box 4) (solution 4*)

0.61 0.05 0.19 2.55 0.00120 0.967 1.47 [0; 0.03] 8.54(0.29) 1.268
(0.03) (0.33) (0.039) (0.00005) (0.001) 0.046(0.008)

1.328(0.002)
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Table 5. Comparisons between the droplet effective radii (reff cld) retrieved with MODIS and
POLDER and associated uncertainties for POLDER (±). Scenes with aerosols above clouds
(0.06 < τ < 1.05) and a cloudy scene observed in pristine conditions (τ of about 0.02).

Dust Biomass Biomass Clear case
25 Jul 2008 4 Aug 2008 4 Aug 2008 18 Aug 2008

τ at 0.865 µm 1.05 (±0.07) 0.28 (±0.01) 0.063 (±0.004) 0.022 (±0.003)
MODIS reff cld (µm) 12.1 9 10.3 12.9
POLDER reff cld (µm) 12.3 (±1.5) 8.5 (±0.3) 9.21(±0.13) 10.7 (±0.12)
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Figures 

 

 
 
Figure 1. A case study on biomass burning aerosols related to the 04th of August 2008 
acquired over the tropical southeast part of the Atlantic Ocean. RGB composites of 
POLDER/PARASOL measurements in total radiance and lidar CALIOP track (black line) (a). 
Total aerosol optical thickness retrieved by POLDER at 0.865 µm using the operational 
algorithm developed for ocean cloud-free scenes (b). Vertical distribution of the cloud and 
aerosol layer structures derived from the CALIOP measurements (VFM products) and 
different estimations of the cloud top height retrieved using passive remote sensing techniques 
(crosses), as a function of latitude (c).  
 
 
 
 

Fig. 1. A case study on biomass burning aerosols related to 4 August 2008 acquired over the
tropical southeast part of the Atlantic Ocean. RGB composites of POLDER/PARASOL mea-
surements in total radiance and lidar CALIOP track (black line) (a). Total aerosol optical thick-
ness retrieved by POLDER at 0.865 µm using the operational algorithm developed for ocean
cloud-free scenes (b). Vertical distribution of the cloud and aerosol layer structures derived from
the CALIOP measurements (VFM products) and different estimations of the cloud top height
retrieved using passive remote sensing techniques (crosses), as a function of latitude (c).
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Figure 2. Case study on mineral dust particles related to the 25th of July 2008 acquired over 
the tropical northeast part of the Atlantic Ocean. Same figures type as the ones shown in 
figure 1. The cloud top heights retrieved with passive methods are not reported here since the 
cloud observed by POLDER is outside the CALIOP track. 
 
 
 
 

Fig. 2. Case study on mineral dust particles related to the 25 July 2008 acquired over the
tropical northeast part of the Atlantic Ocean. Same figures type as the ones shown in Fig. 1.
The cloud top heights retrieved with passive methods are not reported here since the cloud
observed by POLDER is outside the CALIOP track.
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Figure 3. Case study on mineral dust particles related to the 4th of 2008 acquired over the 
tropical northeast part of the Atlantic Ocean. Same figures as in figures 1 and 2. The so-called 
« Rayleigh cloud top pressure » is not available for this case due to unfavorable geometric 
conditions.  
 
 
 
 

Fig. 3. Case study on mineral dust particles related to the 4 August 2008 acquired over the
tropical northeast part of the Atlantic Ocean. Same figures as in Figs. 1 and 2. The so-called
“Rayleigh cloud top pressure” is not available for this case due to unfavorable geometric condi-
tions.
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Figure 4. Polarized radiances measured by PARASOL as a function of the scattering angle 
where only liquid low-clouds are present (a) and where a significant load of biomass burning 
(b) and mineral dust (c) were detected above the liquid clouds. The red, blue and magenta dots 
correspond to the wavelengths 0.49, 0.67 and 0.865 µm, respectively.  
 
 

 
 
Figure 5. Polarized radiances simulated at 0.865 µm for liquid clouds as a function of the 
scattering angle. Three droplets effective radii are considered (reff_cld = 5, 10 and 20 µm). 
Additional simulations performed with mineral dust particles suspended above liquid clouds 
for two aerosol optical thicknesses (τ = 1 and 2). The droplets effective radius of the cloud 
layer located below the aerosol layer is equal to 20 µm and the cloud optical thickness is equal 
to 5 for all calculations. 
 

 

Fig. 4. Polarized radiances measured by PARASOL as a function of the scattering angle where
only liquid low-clouds are present (a) and where a significant load of biomass burning (b) and
mineral dust (c) were detected above the liquid clouds. The red, blue and magenta dots corre-
spond to the wavelengths 0.49, 0.67 and 0.865 µm, respectively.
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Figure 5. Polarized radiances simulated at 0.865 µm for liquid clouds as a function of the 
scattering angle. Three droplets effective radii are considered (reff_cld = 5, 10 and 20 µm). 
Additional simulations performed with mineral dust particles suspended above liquid clouds 
for two aerosol optical thicknesses (τ = 1 and 2). The droplets effective radius of the cloud 
layer located below the aerosol layer is equal to 20 µm and the cloud optical thickness is equal 
to 5 for all calculations. 
 

 

Fig. 5. Polarized radiances simulated at 0.865 µm for liquid clouds as a function of the scattering
angle. Three droplets effective radii are considered (reff cld = 5, 10 and 20 µm). Additional sim-
ulations performed with mineral dust particles suspended above liquid clouds for two aerosol
optical thicknesses (τ = 1 and 2). The droplets effective radius of the cloud layer located be-
low the aerosol layer is equal to 20 µm and the cloud optical thickness is equal to 5 for all
calculations.
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Figure 6. Viewing geometry represented in polar coordinates for each single pixel of 6 km × 
6 km (red dots) observed by POLDER within an area of 200 × 200 km2 (the « hyper-pixel ») 
(a). The mean viewing geometry for the hyper-pixel is the black line. Polarized radiances 
measured for each single pixel (red dots) and mean polarized radiance for the hyper-pixel 
(black line) (b). 
 

 
 
Figure 7. 1D vs 3D simulations of the polarized radiance for a liquid cloud for 3 wavelengths 
(a) and 3 different sun angles (b). Dashed lines for 3D calculations and solid lines for 1D 
calculations. The red, green and blue lines in figure (a) correspond to the wavelengths 0.865, 
0.670 and 0.490 µm and a sun zenithal angle of 40°, whereas the blue, black and magenta 
lines in figure b correspond to sun zenithal angles of 20, 40 and 60° and to the wavelength 
0.49 µm. The absolute differences between the 3D and 1D calculations are shown in the upper 
figures. 
 

Fig. 6. Viewing geometry represented in polar coordinates for each single pixel of 6km×6km
(red dots) observed by POLDER within an area of 200×200km2 (the “hyper-pixel”) (a). The
mean viewing geometry for the hyper-pixel is the black line. Polarized radiances measured for
each single pixel (red dots) and mean polarized radiance for the hyper-pixel (black line) (b).
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Figure 7. 1D vs 3D simulations of the polarized radiance for a liquid cloud for 3 wavelengths 
(a) and 3 different sun angles (b). Dashed lines for 3D calculations and solid lines for 1D 
calculations. The red, green and blue lines in figure (a) correspond to the wavelengths 0.865, 
0.670 and 0.490 µm and a sun zenithal angle of 40°, whereas the blue, black and magenta 
lines in figure b correspond to sun zenithal angles of 20, 40 and 60° and to the wavelength 
0.49 µm. The absolute differences between the 3D and 1D calculations are shown in the upper 
figures. 
 

Fig. 7. 1-D vs. 3-D simulations of the polarized radiance for a liquid cloud for 3 wavelengths
(a) and 3 different sun angles (b). Dashed lines for 3-D calculations and solid lines for 1-D
calculations. The red, green and blue lines in (a) correspond to the wavelengths 0.865, 0.670
and 0.490 µm and a sun zenithal angle of 40◦, whereas the blue, black and magenta lines in
(b) correspond to sun zenithal angles of 20, 40 and 60◦ and to the wavelength 0.49 µm. The
absolute differences between the 3-D and 1-D calculations are shown in the upper figures.
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Figure 8. Simulated and measured polarized radiance (for hyper-pixel data) for various cases : 
biomass burning aerosols above clouds (a), mineral dust aerosol above clouds (b), with few 
biomass burning particles above clouds (c) and only liquid clouds far away from the sources of 
aerosols (d). The red, blue and magenta lines are the simulations performed at 0.49, 0.67 and 
0.865 µm whereas the dots are the measurements. The upper figures show the absolute 
differences between measured and simulated polarized radiances. 

 
 
 

 

Fig. 8. Simulated and measured polarized radiance (for hyper-pixel data) for various cases:
biomass burning aerosols above clouds (a), mineral dust aerosol above clouds (b), with few
biomass burning particles above clouds (c) and only liquid clouds far away from the sources
of aerosols (d). The red, blue and magenta lines are the simulations performed at 0.49, 0.67
and 0.865 µm whereas the dots are the measurements. The upper figures show the absolute
differences between measured and simulated polarized radiances.
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Figure 9. Schematic view of the algorithm used to retrieve the aerosol properties above 
clouds from POLDER polarization data acquired at 0.67 and 0.865 µm and MODIS/POLDER 
combined cloud products. 
 

Fig. 9. Schematic view of the algorithm used to retrieve the aerosol properties above clouds
from POLDER polarization data acquired at 0.67 and 0.865 µm and MODIS/POLDER combined
cloud products.
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Figure 10. Total optical thickness retrieved by POLDER at 0.865 µm over both cloud-free 
ocean scenes and cloudy scenes, for the case studies on mineral dust particles acquired on the 
25th of July 2008 (a) and on the 4th of August 2008 (b). The cloudy structures are visible in 
figure 2-a and 3-a for the 25th of July 2008 and for the 4th of August 2008, respectively. The 
corresponding total aerosol optical thickness retrieved only for cloud-free scenes is shown in 
figure 2-b and 3-b, for the 25th of July 2008 and for the 4th of August 2008, respectively.  
 
 

 
 
Figure 11. Fine mode optical thickness of scattering (τf×ωo

f) retrieved by POLDER at 0.865 
µm over cloud-free ocean scenes (a) and over both cloud-free and cloudy scenes (b). The 
cloudy structures are visible in figure 1-a. The corresponding total aerosol optical thickness 
retrieved only for cloud-free scenes is shown in figure 1-b.  

Fig. 10. Total optical thickness retrieved by POLDER at 0.865 µm over both cloud-free ocean
scenes and cloudy scenes, for the case studies on mineral dust particles acquired on the 25
July 2008 (a) and on the 4 August 2008 (b). The cloudy structures are visible in Figs. 2a and 3a
for the 25 July 2008 and for the 4 August 2008, respectively. The corresponding total aerosol
optical thickness retrieved only for cloud-free scenes is shown in Figs. 2b and 3b, for the 25
July 2008 and for the 4 August 2008, respectively.
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Figure 11. Fine mode optical thickness of scattering (τf×ωo

f) retrieved by POLDER at 0.865 
µm over cloud-free ocean scenes (a) and over both cloud-free and cloudy scenes (b). The 
cloudy structures are visible in figure 1-a. The corresponding total aerosol optical thickness 
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Fig. 11. Fine mode optical thickness of scattering (τf ×ω0f
) retrieved by POLDER at 0.865 µm

over cloud-free ocean scenes (a) and over both cloud-free and cloudy scenes (b). The cloudy
structures are visible in Fig. 1a. The corresponding total aerosol optical thickness retrieved only
for cloud-free scenes is shown in Fig. 1b.
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Figure 12. Aerosol optical thickness at 0.865 µm retrieved above clouds by POLDER for 
four areas. Mean values computed over 3 months (June, July and August 2008). 

 
 

 
 

Figure 13. Angström exponent retrieved above clouds by POLDER/PARASOL In the South 
Atlantic ocean near South Africa. Mean values computed over 3 months (June, July and 
August 2008). 

 
 
   

Fig. 12. Aerosol optical thickness at 0.865 µm retrieved above clouds by POLDER for four
areas. Mean values computed over 3 months (June, July and August 2008).
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Figure 12. Aerosol optical thickness at 0.865 µm retrieved above clouds by POLDER for 
four areas. Mean values computed over 3 months (June, July and August 2008). 

 
 

 
 

Figure 13. Angström exponent retrieved above clouds by POLDER/PARASOL In the South 
Atlantic ocean near South Africa. Mean values computed over 3 months (June, July and 
August 2008). 

 
 
   

Fig. 13. Angström exponent retrieved above clouds by POLDER/PARASOL In the South At-
lantic ocean near South Africa. Mean values computed over 3 months (June, July and August
2008).
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