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Abstract. An important problem in satellite remote sens-
ing of aerosols is related to the need to perform an ade-
quate cloud screening. If a cloud screening is applied that
is not strict enough, the ground scene has the probability
of residual cloud cover which causes large errors on the re-
trieved aerosol parameters. On the other hand, if the cloud-
screening procedure is too strict, too many clear sky cases,
especially near-cloud scenes, will falsely be flagged cloudy.
The detrimental effects of cloud contamination as well as the
importance of aerosol cloud interactions that can be stud-
ied in these near-cloud scenes call for new approaches to
cloud screening. Multi-angle multi-wavelength photopolari-
metric measurements have a unique capability to distinguish
between scattering by (liquid) cloud droplets and aerosol
particles. In this paper the sensitivity of aerosol retrievals
from multi-angle photopolarimetric measurements to cloud
contamination is investigated and the ability to intrinsically
filter the cloud-contaminated scenes based on a goodness-
of-fit criteria is evaluated. Hereto, an aerosol retrieval algo-
rithm is applied to a partially clouded over-ocean synthetic
data set as well as non-cloud-screened over-ocean POLDER-
3/PARASOL observations. It is found that a goodness-of-fit
filter, together with a filter on the coarse mode refractive in-
dex (mf°¥¢ > 1.335) and a cirrus screening, adequately re-
jects the cloud-contaminated scenes. No bias or larger SD
are found in the retrieved parameters for this intrinsic cloud
filter compared to the parameters retrieved in a priori cloud-
screened data set (using MODIS/AQUA cloud masks) of
PARASOL observations. Moreover, less high-aerosol load
scenes are misinterpreted as cloud contaminated. The re-
trieved aerosol optical thickness, single scattering albedo and
Angstrém exponent show good agreement with AERONET

observations. Furthermore, the synthetic retrievals give con-
fidence in the ability of the algorithm to correctly retrieve the
micro-physical aerosol parameters.

1 Introduction

Aerosol plays a complex role in our atmosphere that results
in a net negative radiative forcing. The uncertainty on the
strength of this aerosol forcing is the largest contribution to
the uncertainty on total radiative forcing estimates (IPCC,
2014) and complicates future climate predictions (Hansen
et al., 2011). To reduce the large uncertainty of the aerosol
effects on cloud formation and climate, accurate satellite
measurements of aerosol optical properties (optical thick-
ness, single scattering albedo (SSA), phase function) and
micro-physical properties (size distribution, refractive index,
shape) are essential. Knowledge of the optical properties is
needed to estimate the forcing due to the direct effect and
semi-direct effects (the latter depends on the absorption by
aerosols). The refractive index, which is a proxy for aerosol
chemical composition, and the aerosol size distribution are
the most important characteristics to distinguish man-made
aerosols from natural aerosols. Furthermore, the capability
of aerosols to act as cloud condensation nuclei (CCN) de-
pends on the number of aerosol particles that in “dry” form
(i.e., without water uptake) have a radius that is larger than
about 0.05pum (Rosenfeld, 2006). At high relative humid-
ity, however, aerosols often grow by absorbing water. The
aerosol refractive index strongly depends on the water up-
take by the aerosols and therefore this quantity can be used to
translate the measured size distribution of hydrated particles
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to the corresponding size distribution of dry particles (Schus-
ter et al., 2009), which is needed to determine the number of
potential CCN.

Satellite instruments that perform multi-angle photopo-
larimetric measurements have the capability to provide the
aerosol properties mentioned above. This has been demon-
strated by theoretical studies (Mishchenko and Travis, 1997;
Hasekamp and Landgraf, 2007; Kokhanovsky et al., 2010;
Knobelspiesse et al., 2012; Ottaviani et al., 2013) as well
as by case studies using airborne measurements (Chowd-
hary et al., 2005; Waquet et al., 2009a). The only satel-
lite instruments that performed multi-angle photopolarimet-
ric measurements were the POLDER (Polarization and Di-
rectionality of the Earth’s Reflectances) instruments (De-
schamps et al., 1994), of which the recently decommis-
sioned POLDER-3 on board the PARASOL (Polarization &
Anisotropy of Reflectances for Atmospheric Sciences cou-
pled with Observations from a Lidar) micro-satellite pro-
vided more than 8 years of data.

The retrieval algorithms used for the operational aerosol
data products of PARASOL do not yet make full use of the
information contained in the measurements. However, more
recent studies (Dubovik et al., 2011; Hasekamp et al., 2011)
do fully exploit the information of PARASOL measurements
and make the retrieval of detailed aerosol properties like
size distribution, refractive index and single scattering albedo
possible at a global scale.

A complication in satellite remote sensing of aerosols
arises from the need to perform an adequate cloud screen-
ing. If cloud screening is not applied strictly enough, residual
cloud cover can cause large errors on the retrieved aerosol pa-
rameters. The downside of performing a strict cloud screen-
ing is that clear sky cases may be falsely flagged cloudy,
which results in data loss for areas with hydrated aerosols,
the so-called Twilight zone (Koren et al., 2007), and areas
with high aerosol loading. The problems noted above be-
come particularly relevant in regions close to clouds, where
aerosol measurements are important to understand the effect
of aerosols on cloud formation.

Multi-angle multi-wavelength measurements of intensity
as well as polarization are particularly suitable to distinguish
between scattering due to cloud and aerosol particles (Wa-
quet et al., 2009b, 2013; Hasekamp, 2010; Knobelspiesse
etal., 2011). One of the benefits of this type of measurement
is the observation of a distinct polarization feature at a scat-
tering angle of 14°, known as the cloud bow (see e.g., Hansen
and Travis, 1974). As an example, Fig. 1 shows a PARA-
SOL observation of a partially clouded scene together with
the best fit of the retrieval algorithm, which is unable to re-
produce the cloud-bow feature.

The aim of this paper is to investigate the sensitivity of
aerosol retrievals from multi-angle multi-wavelength mea-
surements of intensity as well as polarization to cloud con-
tamination. For this purpose, aerosol retrievals from syn-
thetic measurements and measurements from PARASOL
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Figure 1. A POLDER-3/PARASOL observation of a scene with
~ 20 % cover. The 670 and 865 nm bands are shown in, respectively,
green and red. The dashed lines show the best fit to this observa-
tion (assuming clear sky conditions). The fit has a high x2 value
(~13.7) mostly due to the discrepancy near the cloud-bow, which
is visible in the degree of linear polarization at a scattering angle of
~ 140°. The measurement errors are of the size of the symbols.

are evaluated. For the latter case, cloud measurements
taken from the MODIS-AQUA satellite instrument are co-
located with PARASOL observations. The performance of
the aerosol retrieval algorithm is evaluated for different
cloud-screening algorithms — in particular the case where,
instead of a priori cloud screening, an a posteriori screening
based on the goodness of fit is applied.

In Sect. 2 the PARASOL and MODIS observations and
data sets are described. In Sect. 3 a summary of the inversion
method is given. Then, in Sect. 4, a data set of synthetic par-
tially clouded scenes is presented and the performance of the
algorithm on this data set is analyzed. In Sect. 5 the algorithm
is applied to real, partially clouded observations. The perfor-
mance is evaluated by comparison to ground-based observa-
tions of several AERONET stations (Holben et al., 2001).
In Sect. 6, the results are summarized and conclusions are
drawn.

2 Observations
2.1 PARASOL
The recently decommissioned PARASOL satellite was

launched in 2004 and flew as part of the NASA A-train for
a little less than 5 years, during which it collected aerosol and
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Table 1. A selection of the near-ocean AERONET stations that have
been used in the validation.

Station Latitude [°]  Longitude [°]
Muscat 23.61 58.44
Anmyon 36.54 126.33
FORTH Crete 35.33 25.28
Gosan SNU 33.29 126.16
Guam 13.43 144.80
Midway Island 28.21 —177.38
Shirahama 33.69 135.36
Trelew —43.25 —65.31
Trinidad Head 41.05 —124.15
Sevastopol 44.62 33.52

cloud observations in synthesis with MODIS/AQUA (multi-
spectral imager), CALIPSO (lidar) and CLOUDSAT. It mea-
sured the intensity in nine spectral bands ranging from 443 to
1020 nm at up to 16 viewing angles. Additionally, the linear
polarization was measured in the 490, 670 and 865 nm bands.
The level 1 (non-cloud-screened) observations are available
on a sinusoidally projected grid of ~ 6.2km x 6.2 km pix-
els, named the full-resolution (FR) grid. This data set is pro-
cessed into a non-cloud-screened medium-resolution (MR)
data set of ~ 19 km x 19 km pixels for our analysis.

The selection of PARASOL observations that are used in
the analysis are comprised of scenes above ocean surfaces
that are obtained during the year 2006 and are in the vicinity
of one of the AERONET stations listed in Table 1. The lat-
ter criterion allows for the validation of the retrieved optical
and micro-physical aerosol properties, whenever AERONET
observations are available.

2.2 MODIS cloud product

Information on cloud cover and cloud properties, at a res-
olution higher than PARASOL, is obtained by the co-
location of both the MODIS/AQUA cloud mask (MYD35,
collection 005) (Ackerman et al., 1998) and cloud product
(MYDO06_L2, collection 005) on the sinusoidally projected
PARASOL coordinate grid. The nadir pixel size of the cloud
mask and cirrus flag is ~ 1 km x 1 km. The MODIS geoloca-
tions in the MYDO06_L2 are provided on 5km x 5km pixel
resolution but have been interpolated to the 1km x 1km
grid. This provides 32 £5 and 291 440 pixels of roughly
1km x 1km resolution cloud information for, respectively,
the FR and MR PARASOL ground pixels. For consistent
treatment of the cloud fractions the MODIS observations in
this study are restricted to sensor zenith angles lower than
40°. Note that this last criteria excludes the use of the full
width of the PARASOL swath.

The MODIS cloud mask has four different flags: con-
fidently clear, probably clear, probably cloudy and confi-
dently cloudy. From this mask two different cloud fractions
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are derived per PARASOL ground pixel: (i) a conservative
(“strict”) cloud fraction that counts all pixels that are not
“confidently clear” as cloud pixels and (ii) a “loose” cloud
fraction which counts both the “probably cloudy” and “con-
fidently cloudy” flags as cloudy pixels (but not the “probably
clear”). Furthermore, a cirrus fraction was derived from the
fraction of pixels for which cirrus was detected as conveyed
via the cirrus reflectance flag (Gao et al., 2002). The MODIS
cirrus detection algorithm uses observations from the 0.66
and 1.38 pm bands.

3 Inversion method

This study uses the retrieval algorithm described in de-
tail by Hasekamp et al. (2011). The retrieval approach is
based on iterative fitting of a linearised vector radiative
transfer (RT) model, developed at SRON Netherlands In-
stitute for Space Research (Hasekamp and Landgraf, 2002,
2005), to the multi-angle photopolarimetric measurements.
The aerosol retrieval algorithm explicitly retrieves the micro-
physical aerosol properties corresponding to a bi-modal
aerosol model. Here, each mode is separately described by
an effective radius and width, complex refractive indices, the
column number concentration and the fraction of spherical
particles (only for the coarse mode aerosol). Additionally,
four ocean parameters (wind speed in two directions, Chloro-
phyll a concentration and white cap fraction) are retrieved
simultaneously with the aerosol parameters.

Since the paper of Hasekamp et al. (2011) a number of
improvements have been included in the algorithm: (i) the
coarse mode is now described by a mixture of spheroids
and spheres using the pre-calculated optical properties by
Dubovik et al. (2006). The fraction of spherical particles
in the coarse mode is included as an additional fit param-
eter. (ii) The algorithm now uses four wavelength bands,
namely 490, 670, 865 and 1020 nm, while only two wave-
length bands (490 and 670 nm) were used by Hasekamp et al.
(2011). (iii) The measurement vector contains intensity and
degree of linear polarization (DoLP) instead of intensity and
Stokes fractionsg = Q/I and u = U/ as in Hasekamp et al.
(2011).

4 Synthetic retrievals
4.1 Partially clouded data set

A variety of clear sky and partial liquid cloud cover PARA-
SOL observations are simulated to study the sensitivity of the
aerosol retrieval algorithm to liquid cloud contamination and
the effect of liquid cloud contamination on the retrieved opti-
cal and aerosol parameters. The synthetic measurements are
created using the linearized vector RT model described by
Hasekamp and Landgraf (2002, 2005). Three aerosol modes
are considered in these calculations. The first two are used
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Table 2. The ranges of the aerosol parameters used to create the
synthetic data set.

Fine mode Coarse mode
0.04 < Reff <0.5 0.8 < Reff <3.0
0.1<Ver<0.7 0.1<Ver<0.7
133<my<165 1.33<my<1.65
1072 <mj<05 1072 <m;<0.05
Sph=1.0 0.0<Sph<1.0

to describe fine and coarse aerosol modes. The third is set
up to represent a cloud: it has wavelength-dependent refrac-
tive indices (Segelstein, 1981) and a gamma size distribu-
tion with an effective radius of 12.0 um and an effective vari-
ance of 0.1 ym. Since the phase function of a cloud mode is
highly peaked, the diffuse intensity field is discretized in 16
streams using the multiple-scattering correction of Nakajima
and Tanaka (1988) instead of the eight streams that are used
in the RT code of the inversion algorithm.

Partial cloud cover was simulated using the independent
pixel approximation (IPA):

Iipa =1 = fNclear + fIcloudy, 1)

where I is the intensity vector that has the Stokes elements as
its components and f is the cloud fraction. The vectors I cjear
and I¢ougy hold the Stokes elements (at a certain angle and
wavelength) for, respectively, a RT model created with only
two aerosol modes and a RT model that includes the cloud as
a third mode.

The synthetic measurements are created for 400 sets of
random aerosol parameters that realistically sample the pa-
rameter space for the micro-physical aerosol properties (see
Table 2). For 300 of those cases the aerosol optical thickness
(AQT) is restricted to low—medium values (0.05 < T;?Oenm <
0.35 and 0.05 < zgogm < 0.35) as these are expected to
be most affected by cloud contamination. Additionally, 50
cases with high fine mode AOT (0.35 < ¢fi"¢ < 2.0 and

0.05 < 738" < 0.35) and 50 cases with high coarse mode

AOT (0.05 < ¢f"¢ < 0.35and 0.35 < 7f%'s < 2.0)are in-
cluded.

For every set of aerosol parameters, synthetic observations
are created at three solar zenith angles (SZA =20, 40, and
60°): a clear sky scene and scenes with water cloud fraction
ranging from 0.1 to 1.0 by increments of 0.1 for three values
of the cloud optical thickness (COT =1.0, 5.0, and 15.0 at
550 nm).

All the synthetic observations are created using a geome-
try where the satellite moves in the plane of scattering, ob-
serving the aerosol at 15 different angles ranging from 97.0
to 169.0° for SZA =20.0°, 77.0 to 176.0° for SZA =40.0°
and 57.0 to 177.0° for SZA =60.0°. The aerosol is homo-
geneously distributed over the lowest 2 km below the cloud
which is situated between 2 and 3 km. Lastly, Gaussian noise
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Figure 2. The fraction of good retrievals for three different x?2 fil-
ters, per cloud fraction bin, for the normal (left) and perfect first
guess retrieval (right). The cloud fraction bins have been further di-
vided into the three optical thicknesses (top axis) that were used to
simulate the cloud.

is added to the synthetic measurement, introducing a relative
error with a SD of 1.0 % to the intensity and an absolute error
of 0.005 to the degree of linear polarization.

4.2 Sensitivity to liquid cloud contamination

Two types of retrievals are performed on the data set de-
scribed in the previous section. One uses a look-up table
(consisting of a set of pre-calculated measurements) to obtain
a first guess state vector needed in the inversion. Given the
non-linear nature of the inversion problem, there is a chance
that the retrieval does not converge to the global minimum if
the first guess state vector is too far from the true state vec-
tor. Therefore, a second type of retrieval is performed which
avoids this problem by already starting with the true state
vector as the first guess. This retrieval is referred to as the
“perfect first guess” retrieval.

Figure 2 shows, for both retrieval types, the fraction of
retrievals that fulfil one or more of three different goodness-
of-fit criteria at different cloud fractions. While the perfect
first guess retrievals obtain a fit with x2 < 1.2 in 98 % of the
clear sky scenes, only 43 % of the normal retrievals meet this
criteria. The reason for a relatively large fraction of these re-
trievals not to converge to this value of x? is that they end
up in a local minimum. This happens when the first guess
state vector is too far from the true state vector. In princi-
ple this can be solved by employing multiple retrievals with
a different first guess but this would obviously increase the
computational effort significantly. Another approach that can
increase the fraction of convergent retrievals is by replacing
the look-up table retrieval with a neural network (Di Noia
etal., 2014).

It can be seen in Fig. 2 that virtually all cloudy cases are
filtered by a strict enough goodness-of-fit criterion (x? < 1.2
in this case). The reason for the decrease in the goodness
of fit is that the characteristic angular scattering features in
DoLP for cloud droplets, such as the cloud bow, which can-
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Figure 3. The true vs. retrieved AOT and SSA of those retrievals
that pass the x2 < 1.2 filter. The error bars indicate the SD (as ob-
tained from the retrieval error covariance matrix) on the retrieved
value. The black line shows the 1: 1 ratio.

not be fitted by the aerosol parameters. With less strict 2
filters, such as the x2 < 2.0 and x2 < 5.0 filters, a number of
scenes with a small amount of thin cloud cover contribute to
the results, which lead to overestimates in the AQT.

The study is repeated for a subset of synthetic mea-
surements with exceptionally large aerosol particles (3 <
REF™® < 16 micron) and the conclusion remains the same
(not shown), given that the refractive index of such aerosol
particles is significantly different (m, > 1.45) from the re-
fractive index of water droplets.

Comparisons of the retrieved optical properties and com-
plex refractive indices are shown in Figs. 3 and 4 for those
fits with a x2 < 1.2. The statistics on the comparison of
these and other retrieved parameters are given in Table 3 for
three data sets: one where the goodness-of-fit criteria (x2 <
1.2) has filtered nearly all liquid cloud-contaminated scenes
(set 1), one with slightly less strict goodness-of-fit criteria
(x? < 2.0) that does not filter all liquid cloud-contaminated
scenes (set 2) and, lastly, only the liquid cloud-contaminated
scenes that meet the x2 < 2.0 criteria (set 3). The SSA, used
in Fig. 3and Table 3, is additionally filtered on the element of
the averaging kernel corresponding to the fine mode imagi-
nary refractive index (A, fine > 0.1) to ensure adequate sen-
sitivity to aerosol absorptlon The micro-physical parame-
ters used in Fig. 4 and Table 3 also are additionally filtered
by the size of their uncertainty (URf|fnfe < 0.05, ogeoase < 0.1,
over < 0.1, oy, < 0.04) or the corresponding element in the
averaging kernel (A,; >0.1) to ensure that the measure-
ment is sensitive to that particular parameter and thus is con-
strained by the measurement. It seems from Fig. 3 that the
uncertainty in the SSA is somewhat overestimated. This is
likely due to the prior error term being chosen too conserva-
tively for one or more parameters.

Figure 3 shows a very good agreement of the true and re-
trieved optical properties. This is confirmed by the high cor-
relation coefficients and small SDs found in column 1 of
Table 3. The cloud-contaminated scenes (set 3) consist al-
most completely of scenes with 10 % thin (COT = 1.0) cloud
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Table 3. The correlations, mean and median differences, SDs and
retrieval uncertainties are given for the retrieved and derived param-
eters in three data sets: (i) all retrievals with x2 < 1.2, (ii) all re-
trievals with x2 < 2.0 and (iii) only the retrievals in clouded scenes
with x2 < 2.0. The units for size parameters Refs and Vegr are in
micron.

Corr. x2<12 x?2<20 x2<20
clouds
only
AOT670nm 1.00 0.98 0.98
SSAG70nm 0.99 0.98 0.96
RIine 091 085 0.78
vﬁpe 0.58 0.53 0.49
meIfne 0.92 0.87 0.80
mfine 0.90 083 0.86
R3garse 0.89 0.79 0.74
vggarse 0.85 0.76 0.71
mtoarse 0.97 0.85 0.69
m§oase 0.82 0.69 0.47
Sphcoarse 0.90 0.74 0.67
Mean diff.
AOT670nm —0.00 0.04 0.16
SSAg70nm 0.00 0.00 0.00
Rfine —0.00 —0.00 —-0.01
?'”9 —0.13 —0.14 -0.11
%'”9 —0013  —0.021  —0.039
f'"e 0.0068  0.0091  0.0102
R°°af59 —0.09 —-0.12 —0.06
vgf?afse —0.01 —0.03 —0.04
mcoarse —0001  —0.009  —0.021
Cﬂafse —0.0008 —0.0011 —0.0009
SphCoarse 0.03 0.03 0.00
Med. diff.
AOT670nm —0.00 0.00 0.09
ss_Aemm 0.00 0.00 —0.00
R?'ﬂ“e 0.01 0.01 0.00
v ine —-0.11 -0.13 —0.10
'*'“e —0.007 —0.012  —0.027
fine 0.0013 00013  0.0009
R&’arse -0.02 —0.03 0.01
v:ﬁf’afse 0.00 —0.00 —0.00
mgoarse —0001  —0.001  —0.001
mgoarse 0.0001  0.0001  0.0000
Spheoarse 0.02 0.01 —-0.02
SD
AOT670nm 0.05 0.13 0.19
SSAGmnm 0.02 0.02 0.02
Rfine 0.05 0.07 0.08
jf'"e 0.13 0.15 0.16
ine 0.038 0.048 0.058
e 0.0447 00530  0.0384
R&Uafse 0.29 0.40 0.42
v%ﬂarse 0.09 0.11 0.13
$°arse 0.023 0.050 0.075
mgoarse 0.0043  0.0053  0.0031
Spheoarse 0.13 0.21 0.23
Retr. unc.
AOT670nm 0.03 0.05 0.06
SSAGmnm 0.05 0.07 0.04
Rline 0.02 0.02 0.02
?;PE 0.06 0.06 0.06
meﬁ'ne 0.022 0.022 0.020
mfine 0.0418 00553  0.0289
RCWSE 0.14 0.14 0.13
vcf‘f’arse 0.05 0.05 0.05
mtoarse 0.011 0.012 0.010
moarse 0.0022 00019  0.0007
Sphcoarse 0.09 0.10 0.07
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M, fine
T

Figure 4. The true vs. retrieved complex refractive indices of those
retrievals that pass the x2 < 1.2 filter. The error bars indicate the
SD (as obtained from the retrieval error covariance matrix) on the
retrieved value. The black line shows the 1 : 1 ratio.

cover. Looking only at the scenes with cloud contamination
a bias of 0.16 is observed in the retrieved AOT. This is not re-
flected in the statistics of set 2, since there are 4 times more
clear sky than cloud-contaminated scenes in this data set. For
the retrieved SSA, no bias is observed in any of the data sets.
There is no significant increase in the retrieval uncertainty of
the AOT or SSA due to cloud contamination.

A good agreement is also found for the effective radii of
both modes. The effective variance, however, is somewhat
harder to retrieve and can be inferred from the lower correla-
tion coefficients. These retrieved parameters are virtually un-
affected by cloud contamination; for example, the increase in
the SD of the effective radii, from set 1 to set 2, is only 0.02
for the fine mode and 0.11 for the coarse mode. Note that this
increase is largely, if not completely, due to the less strict x?
filter, not the cloud contamination. For the effective variance,
this increase in the SD is small: 0.02 for both modes.

High correlation coefficients are also found for the real
refractive index (RRI) of both modes. The mean and me-
dian differences in the comparison are small compared to the
(mean) retrieval uncertainties. Unexpectedly, a small bias to-
wards underestimation (~ 0.04) is observed for the mf"® in
the cloud-contaminated scenes.

The statistics of the imaginary refractive indices are more
difficult to interpret due to the large range of values these
can assume. As can be seen in Fig. 4, there is not enough in-
formation content to retrieve the exact imaginary refractive
index when there is very little absorption (m; < 10~2), corre-
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sponding to cases with SSA > 0.99. There is good sensitiv-
ity to the imaginary refractive index when absorbing aerosol
is present, especially in the fine mode. Absorbing coarse
mode aerosol, however, is sometimes underestimated in the
retrieval.

The comparison of the true and retrieved coarse mode
sphericity also shows a good correlation and no signifi-
cant bias in all three data sets. In summary, good agree-
ment is found for the AOT, SSA, effective radii, RRIs, m"®
and Spheg.ree iN all three data sets. For retrievals in cloud-
contaminated scenes a significant bias in the retrieved AOT
is expected and an underestimate in mﬁ"‘e might be observed,
but no trends are expected in the other retrieved micro-
physical parameters.

5 Sensitivity of POLDER-3/PARASOL aerosol
retrievals to cloud contamination

Retrievals of the aerosol and ocean parameters are performed
for all the FR and MR PARASOL observations of the year
2006 that are over an ocean surface and in the vicinity (dis-
tance < 40 km) of an AERONET station (see Table 1). In this
section, the sensitivity of the PARASOL aerosol retrievals
to cloud contamination, as detected by MODIS, are investi-
gated. Secondly, the goodness-of-fit cloud screening of the
aerosol retrieval algorithm is compared with more traditional
approaches to cloud screening, which are simulated by dis-
carding the retrieval results for which the MODIS loose or
strict cloud mask (see Sect. 2.2) do not indicate a clear sky
PARASOL ground pixel. The retrieval results for these dif-
ferent cloud screenings are then compared to the AOT and
Angstrom exponent (AE) from the AERONET direct sun
product (Ar < 1 h) and the micro-physical aerosol properties
and single scattering albedo from the AERONET diffuse sky
inversion product (At < 12 h).

In the retrieval algorithm, the aerosol is assumed to be
homogeneously distributed over the lowest 2km of the
atmosphere. The diffuse intensity field is discretized in
eight streams using the multiple-scattering correction of
Nakajima and Tanaka (1988). The measurement precision,
used to calculate the x?2 of the fit, for both the FR and MR
pixels is assumed to be 1.0 % for the intensity and 0.005 (ab-
solute) on the DoLP. Here, the same precision for the FR and
MR measurements is assumed because the precision is not
dominated by photon noise (which would reduce by com-
bining pixels) but rather by pseudo noise such as stray light,
errors due to the POLDER measurement principle, forward
model errors, etc. Furthermore, scenes that are only observed
at five or fewer viewing angles are discarded.

5.1 Goodness-of-fit filter

For both the FR and MR retrievals the fraction of fits that
meet one or more of the three x 2 criteria are shown per cloud
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Figure 5. The fraction of good fits per XZ filter and per cloud fraction bin for full-resolution (left) and medium-resolution (right) PARASOL
retrievals. Indicated with a black line are the number of scenes per cloud fraction bin.

fraction bin (using the loose cloud fraction), together with
the number of scenes per bin, in Fig. 5. About 27 and 53 %
of the retrievals in clear sky scenes pass the x2 < 7 filter in
the retrievals of, respectively, the FR and MR data sets. At
both resolutions, the ability of the aerosol retrieval algorithm
to fit the measurements decreases with increasing cloud con-
tamination. In the cloud-contaminated scenes, the fraction of
retrievals that converge to x? < 7 is also higher in the MR
compared to the FR PARASOL observations. This can be
explained by the fact that FR measurements are more sensi-
tive to spatial inhomogeneities caused by e.g., neighboring
clouds or land surfaces that are seen in some viewing an-
gles but not in others. An example is given in Fig. 6, which
shows a MR measurement and a FR measurement of part of
that same scene. The oscillations in the FR measurement are
due to clouds. The strong variation in intensity and polariza-
tion at the different viewing angles are due to spatial inho-
mogeneities we refer to as the stereo effect. The MR pixels
are (on average) more homogeneous at the different view-
ing angles. It is, for example, less likely for a cloud to be
present in some lines of sight but excluded in others. There-
fore, the MR pixels are less affected by the stereo effect. In
addition to the sensitivity caused by characteristic scattering
features of cloud droplets, this stereo effect introduces an ex-
tra sensitivity to cloud contamination in the FR PARASOL
observations.

The extent to which a comparison can be made with the
fraction of good fits of the synthetic retrievals is limited,
since the COT is not known for most of the partially clouded
PARASOL pixels at the different cloud fraction bins that
are used in Fig. 2. Furthermore, the retrieved x?2 values in
PARASOL scenes are expected to be higher on average than
those found in the synthetic retrievals. This is in part due
to the larger differences between the model and measure-
ments, which are expected because of inhomogeneities in
space and time and, to a lesser extent, due to deviations from
the assumed vertical distribution and/or size distribution of
the aerosol.
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Figure 6. A typical PARASOL observation (in the 865nm band)
that is affected by stereo effects. While there are no clouds detected
by MODIS directly above the full-resolution PARASOL pixel, there
are a few clouds roughly 4km away. These are included in the
medium-resolution PARASOL pixel of which the observation is
shown in the panel on the right.

5.2 Additional filters

In Fig. 7 the aerosol optical thickness retrieved from the MR
PARASOL data is compared to the level 2.0 AERONET ob-
servations that are coincident in space (distance < 40km)
and time (Ar <1h). The AERONET AQOT is measured in
direct sun observations and can be obtained with higher mea-
surement precision than the AOT retrieved from PARASOL
observations. It is therefore considered as the “truth” in this
comparison. The left panels show the mean AOT bias cu-
mulatively for increasing cloud fraction. This bias is calcu-
lated by P& — 2" where 7P is retrieved from an indi-
vidual PARASOL observation and 72" is the mean of all
AERONET observations that are within the 1 h time range.
In the panels on the right of Fig. 7, the SDs of the AOT
are shown cumulatively for increasing cloud fraction. Since
cloud screening has been applied to the AERONET observa-
tions, the retrieved AOTs shown in Fig. 7 are subject to some
artificial cloud screening. However, there are still numerous
occasions where there is a partially clouded PARASOL scene
within the 40 km range, as confirmed by MODIS, while an
unobstructed view of the sun is available for the AERONET
station within the 1 h time range.
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Figure 7. The mean AOT difference between PARASOL and
AERONET (left panels) and the SD of the AOT differences between
PARASOL and AERONET (right panels) in the 670 nm band are
shown cumulatively for increasing cloud fraction from MODIS, for
three different x2 filters. The results of the top panels have only
been filtered with the goodness-of-fit criteria, the middle panels
have additionally been filtered on m&%@€ > 1.335 and the bottom
two panels are filtered on both the m$%8™€ - 1.335 and on the frac-
tion of co-located MODIS pixels for which the cirrus reflectance
flag was set (feirrus < 10 %).

For the x2 < 40.0 filter applied in the top panels of Fig. 7,
a steady increase in both the AOT bias and SD can be seen
with increasing cloud fraction. This indicates that not all
cloud-contaminated scenes are filtered by the goodness-of-
fit criteria. In the two stricter x?2 filters, there are a few
cloud-contaminated scenes where a decent fit (x2 < 7.0) is
obtained but the AOT is grossly overestimated (At > 5.0).
This is visible by the jumps in the mean AOT at f = 0.79,
f=0.89 and f =0.99 for the x2 < 7.0 filter. Therefore,
apart from the goodness-of-fit filter two additional criteria
are needed to discard the cloud-contaminated scenes. One
of these criteria deals with water clouds, the other with ice
clouds.

In some scenes with partial water cloud cover, the inver-
sion has adjusted the refractive index of the coarse mode
to 1.33 (with a sphericity of 1.0). In other words the coarse
mode was adjusted to resemble a mode of cloud droplets with
optical thicknesses (at 670nm) up to 16. By filtering with
the additional criteria mf®¢ > 1.335, all these scenes are
removed. In total this additional filter removes 109 measure-
ments, compiled from 77 separate AERONET station over-
passes by PARASOL, from the MR retrievals that meet the
%2 < 7.0 criteria. That is less than 2% of the MR data set.
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Figure 8. The x2 of the retrieval vs. the mean cirrus reflectance
in the full-resolution (top) and medium-resolution (bottom) scenes.
The coarse mode real refractive index filter has been applied to the
data in this figure.

The bias and SD obtained with the goodness of fit and coarse
mode aerosol refractive index filter are shown in the mid-
dle two panels of Fig. 7. Note that the AOT bias and SD
are nearly constant with increasing cloud fraction by adding
this additional filter criteria. There are, however, still outliers
with AOT >2.8at f =0.38, f =0.60 and f = 1.00. These
are retrievals in scenes with cirrus clouds.

Even though in most ice cloud scenes no good fits were
obtained, which is evident in the sensitivity to the mean cir-
rus reflection shown in Fig. 8, there are a few overcast ice
cloud scenes that do pass the x? filter. This leads to a few
retrievals of unrealistically large AOTs (z570nm > 5.0), and
thus a cirrus filter is needed. By requiring that the MODIS
cirrus fraction is < 10 % all these scenes are discarded. This
removes 250 measurements (21 %) of the MR retrievals that
meet the x2 < 7.0 criteria. The AOT bias and SD for the
results obtained with a goodness-of-fit filter, a coarse mode
aerosol refractive index filter and the MODIS cirrus filter, are
shown in the bottom two panels of Fig. 7. By applying these
two additional filter criteria, the AOT bias for the x2 < 7.0
and x2 < 4.0 criteria remain constant with increasing cloud
fraction. This indicates that there is no significant cloud con-
tamination in these data sets.

The fractions of good fits found at higher cloud fractions
are still non-zero after applying these two additional filter
criteria. The AOTSs retrieved in these scenes do not strongly
affect the mean AOT shown in the bottom panels of Fig. 7.
The explanation for this is twofold; the fraction of success-
fully retrieved clear sky scenes outweigh the fraction of suc-
cessfully retrieved cloudy scenes and no strong overestimate
in AOT is retrieved in these latter scenes. This suggests that
the successful retrievals in scenes with a high MODIS cloud
fraction are falsely identified as cloudy.
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Figure 9. A comparison of the AOTSs retrieved from the full-resolution PARASOL observations vs. those retrieved by AERONET (level 2.0)
for the three different cloud screenings. The black line shows the 1 : 1 ratio.
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Figure 10. Same as Fig. 9 but for the medium-resolution PARASOL retrievals. The black line shows the 1 : 1 ratio.

Based on the agreement found for the retrieved AQTS, it
is concluded that the x2 < 7.0 criteria, together with the two
additional filters, successfully screen for cloud contamina-
tion. Even better agreement, but far less data points (64 and
52 % less for, respectively, the FR and MR retrievals) can
be obtained by using the stricter x2 < 4.0 criteria. In the re-
mainder of the paper the goodness-of-fit criteria x2 < 7.0 is
applied. For the sake of brevity, the goodness-of-fit filter to-
gether with the coarse mode refractive index filter and cirrus
filter will be referred to as the “goodness-of-fit+” filter.

5.3 Validation of the AOT and Angstrém exponent

In this section the retrieved AOT and AE are compared to
those observed with AERONET for three data sets with dif-
ferent cloud screenings: (i) goodness of fit+, (ii) MODIS
loose cloud mask and (iii) MODIS strict cloud mask. The
results of the latter two cloud screenings are simulated by
applying the MODIS loose or strict cloud mask to the PARA-
SOL retrievals. The additional filter criteria on the cirrus
fraction is also applied to the two MODIS cloud screenings.
The coarse mode refractive index filter is only applied on the
goodness-of-fit+ filter.

Figures 9 and 10 show the AOT comparisons of the three
cloud screenings for, respectively, the FR and MR retrievals.
Every data point shows the daily mean AOT (at 670 nm)
retrieved from PARASOL observations within a range of
40km of an AERONET station vs. the mean of the AOTs
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retrieved from AERONET observations (at 675nm) within
~ 1h of the PARASOL overpass. The grey bars show the
range in AOT measurements for AERONET and 1o uncer-
tainty in the retrieval for PARASOL. Some scatter is to be
expected due to spatial and temporal inhomogeneity of the
atmosphere. Comparisons in the other bands yield almost
identical results.

While the MODIS strict cloud mask produces the small-
est differences with the AERONET values, it does discard
20 % of the FR and 35 % of the MR results obtained with the
goodness-of-fit+ filter. Scenes with higher aerosol loading
are often flagged cloudy by both MODIS cloud masks, es-
pecially at lower resolution, while most of these filtered data
points are in good agreement with the optical thicknesses ob-
served by AERONET. The larger absolute errors that can be
expected in scenes with higher aerosol loading are one of
the causes for the somewhat poorer statistics found in the
MR goodness-of-fit+ filtered results. When the data points
with TP > 0.4 are excluded (seven data points), the mean
and median differences as well as the SD are nearly identical
to those found with the loose cloud mask.

The comparison of the AEs derived from the AQTS re-
trieved by PARASOL (using the 490 and 670 nm bands) and
AERONET (using the 500 and 675nm bands) is shown in
Fig. 11. For this comparison, only data with t&sg > 0.1
are included as the information on aerosol size becomes lim-
ited for low aerosol loadings. There is a small bias (—0.12 to
—0.15) in the AE retrieved by PARASOL and AERONET.
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Figure 11. A comparison of the AEs retrieved from the medium-resolution PARASOL observations vs. those retrieved by AERONET (level
2.0) for the three different cloud screenings. The black line shows the 1 : 1 ratio.

Note that since this offset is present and of roughly equal
strength in all three data sets, it can most likely not be ex-
plained in terms of cloud contamination.

5.4 Validation of the SSA and RRI

A direct comparison of the micro-physical properties is com-
plicated because of differences in the retrieval methods of
AERONET inversion algorithm and the aerosol retrieval al-
gorithm discussed in this paper. The former retrieves a con-
tinuous size distribution and wavelength-dependent complex
refractive index and derives, among other properties, the sin-
gle scattering albedo from diffuse sky measurements (al-
mucantar scans) (Dubovik and King, 2000; Dubovik et al.,
2002). The aerosol retrieval algorithm discussed in this pa-
per retrieves a bi-modal, log-normal size distribution with
two separate, spectrally neutral, complex refractive indices
(one for each aerosol mode). However, the agreement found
in the AE (see Fig. 11) gives confidence in the retrieved
size parameters. Since the SSA is dependent on the micro-
physical aerosol properties, a comparison of this derived pa-
rameter gives an indication of the quality of those retrieved
micro-physical properties. In order to facilitate a comparison
with the RRI retrieved with the AERONET inversion code,
the RRIs of both the fine and coarse modes are weighted by
volume and combined to form mcomp (following Hasekamp
etal., 2011):

fine . fine coarse,,, coarse
V%m ™ +v my

y/ fine 4 Y coarse

Mcomp = > (2)
where superscripts “fine” and “coarse” denote the mode and
V stands for volume. This quantity should to some extend
reflect the RRI retrieved with the AERONET inversion al-
gorithm. It should be noted, however, that Eq. (2) is only a
rough approximation of the RRI retrieved by AERONET. An
alternative to Eq. (2) would be to use an optical thickness
weighted mean (Zhai et al., 2013), but for any approxima-
tion the issue remains that a true quantitative comparison be-
tween AERONET and PARASOL is intrinsically impossible
for RRI.
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Figure 12. Time series of SSAs (at 670 nm) retrieved from the MR
PARASOL observations using the goodness-of-fit+ cloud screen-
ing vs. those retrieved by AERONET for a number of AERONET
stations. The error bars for AERONET show the range of all the
observations within 12 h of the PARASOL overpass and those for
PARASOL show the 1o retrieval uncertainty. The MR PARASOL
retrievals are additionally filtered on the value of the averaging ker-
nel of the fine mode imaginary refractive index (> 0.1) in order to
ensure adequate sensitivity to the absorption.

The AERONET diffuse sky measurements are not made as
frequently as the direct sun observations from which the AOT
product is obtained. Furthermore, the (level 2.0) data ob-
tained from these measurements are subject to strict quality
assurance criteria. In particular the criteria that t440nm > 0.4
rejects many observations. In order to get a useful number
of coincident observations, comparisons of the SSA and RRI
are made with level 1.5 AERONET observations, which have
been cloud screened but not quality assured, and the time
constraint of the temporal co-location is relaxed to 12 h.

Figure 12 shows time series with the SSAs retrieved
from, respectively, PARASOL and AERONET observations
at a number of AERONET stations. There is a reasonable
agreement in the SSA from the two retrieval approaches.
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Table 4. The statistics for the SSA comparison (at 670 nm) at different AERONET stations for the goodness-of-fit+ filtering and, between
parentheses, the loose cloud mask filtering. The PARASOL retrievals are additionally filtered on the value of the averaging kernel of the fine
mode imaginary refractive index > 0.1 to ensure adequate sensitivity to the absorption.

Station Nr. obs. Correlation Mean diff Median diff SD
Muscat 11 (8) 0.619 (0.531) 0.029 (0.029) 0.029 (0.035) 0.019(0.019)
FORTH Crete 26 (21) 0.482 (0.479) 0.037 (0.049) 0.032 (0.039) 0.060 (0.056)
Gosan SNU 8 (5) 0.350 (0.263)  0.004 (—0.016)  0.009 (—0.006)  0.045 (0.056)
Midway Island 11 (9) 0.419(0.432) —0.036 (—0.028) —0.028 (—0.014) 0.074 (0.078)
Shirahama 18 (14) 0.190 (0.221) —0.005 (—0.008) 0.006 (0.006) 0.063 (0.066)
Trinidad Head 8(8)  0.001(—0.028) 0.091 (0.082) 0.021 (0.004)  0.275 (0.280)
Sevastopol 15(10) —-0.171(-0.452) —0.012(—0.016) —0.008 (—0.001) 0.066 (0.079)

Table 5. The statistics of the real refractive index comparison (at 670 nm) at different AERONET stations for the goodness-of-fit+ filtering

and, between parentheses, the loose cloud mask filtering.

Station Nr. obs. Correlation Mean diff Median diff SD
Muscat 13 (8) 0.417 (0.308) —0.075(—0.066) —0.077 (—0.069) 0.037 (0.036)
FORTH Crete 51 (44) 0.253 (0.150) —0.022 (—0.017) —0.021 (—0.010) 0.060 (0.061)
Gosan SNU 11(9) 0.314 (0.268) —0.061 (—0.065) —0.069 (—0.069) 0.061 (0.056)
Midway Island 13 (11) 0.232 (0.297) —0.015(—0.036) —0.021 (—0.048) 0.055 (0.059)
Shirahama 23(18) —0.100(—0.164) —0.013(—0.004) —0.004 (—0.002) 0.066 (0.068)
Trinidad Head 12 (13) 0.482 (0.618) —0.088 (—0.085) —0.097 (—0.097) 0.063 (0.058)
Sevastopol 30 (22) 0.167 (—0.099) 0.001 (0.007) 0.007 (0.021) 0.049 (0.053)

There are very few differences between the time series ob-
tained with the goodness-of-fit+ filtering and the loose cloud
mask filtering. The statistics at different AERONET stations
and both this filters are listed in Table 4. The mean difference
between the AERONET and PARASOL SSA is generally
lower than 0.04. Furthermore, the statistics for the MODIS
loose mask filtered results are not significantly better than
those obtained with the goodness-of-fit+ filter.

Figure 13 shows time series of mcomp and the AERONET
RRI at 670nm for a number of AERONET stations. The
statistics of these two values are summarized in Table 5 for
those stations where more than five coincident observations
are found. It is uncertain what can be expected from this
comparison given that mcomp is a crude approximation of
the AERONET RRI. For the values retrieved by the aerosol
retrieval algorithm, the error bars show the uncertainty in
the retrieved value. In general, larger error bars indicate that
the retrieval depends strongly on the a priori value for the
RRI and associated priori error. For the values retrieved with
the AERONET inversion algorithm, the error bars indicate
the range of all the measurements that satisfy the time con-
straint of the temporal co-location. For many cases the er-
ror bars overlap, while for others there is a significant differ-
ence. Most importantly, the loose cloud mask filtered data set
shows fewer data points and nearly identical statistics (see
Table 5). In other words, the discrepancies between nicomp
and the AERONET RRI cannot be attributed to cloud con-
tamination.
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Figure 13. Time series of both the real refractive index (at 670 nm)
retrieved from AERONET observations and the volume-weighted
real refractive index retrieved from the MR PARASOL observa-
tions. The goodness-of-fit+ cloud screening is applied on the latter
set of observations. The error bars for AERONET show the range
of all the observations within 12 h of the PARASOL overpass and
those for PARASOL show the 1o retrieval uncertainty.
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6 Conclusions

The effect of cloud contamination on aerosol retrievals
from multi-angle photopolarimetric measurements of the
POLDER-3 instrument over the ocean is investigated. For
retrievals from synthetic measurements it is found that
a goodness-of-fit criterion filters out all cases (partially) cov-
ered by medium to thick clouds (COT > 5) and virtually all
cases with partial thin cloud cover (COT =1). Aerosol re-
trievals from PARASOL observations at two spatial resolu-
tion, 6km x 6 km (FR) and 19km x 19km (MR), are con-
sidered. Here, MODIS is used to quantify the cloud contam-
ination for each PARASOL ground pixel. It is found that the
FR measurements are more sensitive to cloud contamination
than the MR measurements because of so-called stereo ef-
fects which occur when, for example, a cloud is seen in one
viewing direction but not in the other viewing directions. For
MR measurements such effects play a much less important
role and the effect of clouds on the measurements is mainly
a result of angular scattering features characteristic for cloud
droplets. In some cases, the effect of clouds can be described
by a coarse aerosol mode with refractive index close to that
of water (~ 1.33). Therefore, an additional criterion which
ensures that the coarse mode refractive index is lower than
1.335 is needed. Furthermore, a goodness-of-fit criterion is
not always sufficient to filter out ice clouds, which have less
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distinct angular features than liquid water clouds. To filter
out such clouds the MODIS filter based on 1.38 ym mea-
surements, or equivalent, is needed. A cloud mask based on
a goodness-of-fit criterion, a coarse mode refractive index
criterion and a cirrus filter is able to adequately reject cloudy
scenes. Moreover, the cloud masks based on MODIS some-
times misinterpret scenes with high aerosol load as cloud
contaminated. The aerosol retrievals that pass the goodness
of fit, the coarse mode refractive index and cirrus filter do
not show a bias and SD with respect to AERONET that is
dependent on MODIS cloud fraction. The implication of our
findings for future dedicated aerosol polarimeters is that such
instruments can fly alone and do not require additional infor-
mation from a cloud imager. A 1.38 um channel for cirrus
detection would be advantageous or even required. Given the
large sensitivity of multi-angle photopolarimetric measure-
ments to cloud contamination, a necessary next step is to not
use this sensitivity to filter out cloud-contaminated scenes
but instead retrieve cloud information simultaneously with
aerosol information, describing clouds as an additional size
mode with a prescribed refractive index corresponding to wa-
ter droplets.
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Appendix A

Table ALl. Summary of abbreviations.

Abbreviation

Meaning

AE
AOT
CCN
coT
DoLP
FR
IPA
MR
RRI
RT
SD
SSA
SZA

Angstrém exponent

Aerosol optical thickness
Cloud condensation nuclei
Cloud optical thickness
Degree of linear polarization
Full resolution

Independent pixel approximation
Medium resolution

Real refractive index
Radiative transfer

Standard deviation

Single scattering albedo
Solar zenith angles
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