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Abstract

An important problem in satellite remote sensing of aerosols is related to the need to
perform an adequate 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 retrieved aerosol parameters. On the other hand, if the cloud screen-
ing 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 studied in these near-
cloud scenes call for new approaches to cloud screening. Multi-angle, multi-wavelength
photo-polarimetric measurements have a unique capability to distinguish between scat-
tering by (liquid) cloud droplets and aerosol particles. In this paper the sensitivity of
aerosol retrievals from multi-angle, photo-polarimetric measurements to cloud contam-
ination 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 algorithm
is applied to a partially clouded, synthetic data-set including partial cloud cover as well
as non-cloud screened POLDER-3/PARASOL observations It is found that a goodness-
offit filter, together with a filter on the coarse mode refractive index (m°*"® > 1.335)
and a cirrus screening adequately reject the cloud contaminated scenes. No bias nor
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 retrieved aerosol optical thickness, single
scattering albedo and Angstrém exponent show good agreement with AERONET ob-
servations. Furthermore, the synthetic retrievals give confidence in the ability of the
algorithm to correctly retrieve the micro-physical aerosol parameters.
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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 (Intergovernmental Panel on Cli-
mate Change, 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 thickness, sin-
gle scattering albedo, phase function) and micro-physical properties (size distribution,
refractive index, shape) are essential. Optical properties are needed to estimate the
forcing due to the direct effect and semi-direct effects (the latter depends on the ab-
sorption by aerosols). From the micro-physical properties, the refractive index is a proxy
for aerosol chemical composition, which is, together with aerosol size distribution, an
important characteristic to distinguish man-made aerosols from natural aerosols. Fur-
thermore, 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 0.05 um (Rosenfeld, 2006). At high relative hu-
midity however, aerosols often grow by absorbing water. The aerosol refractive index
strongly depends on the water uptake by the aerosols and therefore this quantity can
be used to translate the measured size distribution of hydrated particles to the corre-
sponding size distribution of dry particles (Schuster et al., 2009), which is needed to
determine the number of potential CCN.

Satellite instruments that perform multi-angle photo-polarimetric measurements
have the capability to provide the aerosol properties mentioned above. This has been
demonstrated 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 (Chowdhary et al.,
2005; Waquet et al., 2009a). The only satellite instruments that performed multi-angle
photo-polarimetric measurements were the POLDER (Polarization and Directionality
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of the Earth’s Reflectances) instruments (Deschamps et al., 1994), of which the re-
cently decommissioned POLDER-3 on board the PARASOL (Polarization & Anisotropy
of Reflectances for Atmospheric Sciences coupled with Observations from a Lidar)
micro-satellite provided more than eight 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 SSA possible at a global scale.

A complication in satellite remote sensing of aerosols arises from the need to per-
form an adequate cloud screening. If cloud screening is not applied strict enough,
residual cloud cover can cause large errors on the retrieved aerosol parameters. The
down-side of performing a strict cloud screening is that clear sky cases may falsely be
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 become particularly relevant in regions close to clouds, where aerosol
measurements are important to understand the effect of aerosols on cloud formation.

Multi-angle, multi-wavelengths measurements of intensity as well as polarization are
particularly suitable to distinguish between scattering due to cloud and aerosol particles
(Waquet et al., 2009b, 2013; Hasekamp, 2010; Knobelspiesse et al., 2011). One of
the benefits of this type of measurements is the observation of a distinct polarization
feature at a scattering angle of 140°, known as the cloud-bow (see e.g. Hansen and
Travis, 1974). As an example, Fig. 1 shows a PARASOL observation of a partially
clouded scene together with the best fit of the retrieval algorithm, which is unable to
reproduce the cloud-bow feature.

The aim of this paper is to investigate the sensitivity of aerosol retrievals from multi-
angle, multi-wavelength measurements of intensity as well as polarization to cloud con-
tamination. For this purpose aerosol retrievals from synthetic measurements as well as
measurements from PARASOL are evaluated. For the latter case, cloud measurements
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taken from the MODIS-AQUA satellite instrument are co-located with PARASOL ob-
servations. The performance of the aerosol retrieval algorithm is evaluated for differ-
ent 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 partially clouded scenes is presented and the performance of the algorithm
on this data-set is analysed. In Sect. 5 the algorithm is applied to real, partially clouded
observations. The performance 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 where it collected aerosol and cloud
observations in synthesis with MODIS/AQUA (multi-spectral imager), CALIPSO (lidar)
and CLOUDSAT. It measured the intensity in 9 spectral bands ranging from 443 to
1020 nm at up to 16 viewing angles. Additionally, the linear polarization was measured
in the 490, 670, 865nm bands. The level 1 (non-cloud screened) observations are
available on a sinusoidally projected grid of ~ 6.2km x 6.2km pixels, named the Full
Resolution (FR) grid. This data-set is processed into a non-cloud screened, Medium
Resolution (MR) data-set of ~ 19km x 19km 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 latter criterion allows for
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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 resolution 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 (MYDO6_L2, collection 005) on the
sinusoidally projected, PARASOL coordinate grid. The nadir pixel size of the cloud
mask and cirrus flag is ~ 1km x 1km. The MODIS geo-locations 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 + 40 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; confidently clear, probably clear,
probably cloudy and confidently cloudy. From this mask two different cloud fractions
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 (i) a “loose”
cloud fraction which counts both the “probably cloudy” and “confidently cloudy” flags
as cloudy pixels (but not the “probably clear”). Furthermore, a cirrus fraction was de-
rived from the fraction of pixels for which cirrus was detected as conveyed via the cirrus
reflectance flag (Gao et al., 2002).

3 Inversion method

This study uses the retrieval algorithm described in detail by Hasekamp et al. (2011).
The retrieval approach is based on iterative fitting of a linearised vector radiative
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transfer (RT) model, developed at SRON Netherlands Institute for Space Research
(Hasekamp and Landgraf, 2002, 2005), to the multi-angle photo-polarimetric measure-
ments. 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 num-
ber concentration and the fraction of spherical particles (only for the coarse mode
aerosol). Additionally, 4 ocean parameters (wind-speed in 2 directions, Chlorophyll a
concentration and white cap fraction) are retrieved simultaneously with the aerosol pa-
rameters.

Since the paper of Hasekamp et al. (2011) a number of improvements have been in-
cluded 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. (i) The algorithm now uses four wavelength bands, namely 490, 670, 865, and
1020 nm, while only two wavelength bands (490 and 670 nm) were used by Hasekamp
et al. (2011). (iii) The measurement vector contains intensity and Degree of Linear Po-
larization (DoLP) instead of intensity and Stokes fractions ¢ = Q// and u =U// as in
Hasekamp et al. (2011).

4 Synthetic retrievals

4.1 Partially clouded data-set

A variety of clear sky and partially clouded PARASOL observations are simulated to
study the sensitivity of the aerosol retrieval algorithm to cloud contamination and the
effect of cloud contamination on the retrieved optical and aerosol parameters. The
synthetic measurements are created for 300 sets of random aerosol parameters that
realistically sample the parameter space for the micro-physical aerosol properties (see
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Table 2). The Aerosol Optical Thickness (AQT) is restricted to low-medium values as
these are expected to be most affected by cloud contamination.

For every set of aerosol parameters synthetic observation are created on a grid of
3 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 3 values for the
cloud optical thickness (7559,m = 1.0, 5.0, and 15.0). All clouds were simulated using
a gamma size-distribution with an effective radius of 12.0 um and wavelength depen-
dent refractive indices (Segelstein, 1981). Partial cloud cover was simulated using the
independent pixel approximation (IPA);

Iipa =(1=lgear + flcloudy (1)

Where / is the intensity vector that has the Stokes elements as its components and f is
the cloud fraction. The vectors /e, and /o4y hold the Stokes elements (at a certain
angle and wavelength) for, respectively, a RT model created with only 2 aerosol modes
and a RT model that includes the cloud as a 3rd mode.

All the synthetic observations are created using a geometry where the satellite
moves in the plane of scattering, observing 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 homogeneously distributed over the lowest 2 km below
the cloud which is situated between 2 and 3 km. The diffuse intensity field is discretised
in 16 streams using the multiple-scattering correction of Nakajima and Tanaka (1988).
Last, Gaussian noise is added to the synthetic measurement introducing a relative er-
ror 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 cloud contamination

Two types of retrievals are performed on the data-set described 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
10680
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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 vector.
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 )(2 < 1.2 in 99 % of the clear sky scenes, only
42 % of the normal retrievals meet this criteria. The reason for a relatively large fraction
of these retrievals not to converge to this value of ,1'2 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 principle this can be solved by employing multiple retrievals with a different
first guess but this would obviously increase the computational effort significantly.

It can be seen in Fig. 2 that virtually all cloudy cases are filtered by a strict enough
goodness-of-fit criterion (,1/2 < 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 cannot be fitted by the aerosol parameters. With
less strict ,1/2-filters, such as the ,1/2 <2.0 and ,1'2 < 5.0-filter, a number of scenes with
a small amount of thin cloud cover contribute to the results, which lead to overestimates
in the AOT.

Comparisons of the retrieved optical properties and complex refractive indices are
shown in Figs. 3 and 4 for those fits with a ,1/2 < 1.2. The statistics on the comparison of
these and other retrieved parameters are given in Table 3 for three datasets; one where
the goodness-of-fit criteria ( ,1/2 < 1.2) has filtered nearly all cloud contaminated scenes
(set 1), one with the slightly less strict goodness-of-fit criteria ()(2 < 2.0) which does
not filter all cloud contaminated scenes (set 2) and last, only the cloud contaminated
scenes that meet the )(2 < 2.0 criteria (set 3). The SSA, used in Fig. 3 and Table 3, is
additionally filtered on the element of the averaging kernel corresponding to the fine
mode imaginary refractive index (A e 2 0.1) to ensure adequate sensitivity to aerosol
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absorption. The micro-physical parameters, used in Fig. 4 and Table 3 also are addi-
tionally filtered on the size of their uncertainty (O-Rfifr;e <0.05, Opgoarse < 0.1, oy, <0.1,

Om, < 0.04) or the corresponding element in the averaging kernel (A, > 0.1) to ensure
that the measurement is sensitive to that particular parameter and thus is constrained.
It seems from Fig. 3 that the error bar on the SSA is somewhat overestimated. This is
likely due to the fact that the prior error term is chosen too conservative on one or more
parameters.

Figures 3 shows a very good agreement of the true and retrieved optical proper-
ties. This is confirmed by the high correlation coefficients and small SDs found in Ta-
ble 3. The cloud contaminated scenes (set 3) consist almost completely of scenes with
10 %, thin (COT = 1.0) cloud cover. Looking only at the scenes with cloud contami-
nation a small bias of 0.08 is observed in the retrieved AOT. This is not reflected 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 increase in the retrieval uncertainty of the AOT nor 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, as can be inferred from the lower
correlation coefficients. These retrieved parameters are virtually unaffected 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 0.14 for the coarse mode. Note that this increase
is largely, if not completely, due to the less strict )(z-filter not the cloud contamination.
For the effective variance, this increase in the SD is small; 0.02 for the fine mode and
0.04 for the coarse mode.

High correlation coefficients are also found for the Real Refractive Index (RRI) of both
modes. The mean and median differences in the comparison are small compared to
the (mean) retrieval uncertainties. Unexpectedly, a small bias towards underestimation

(~ 0.04) is observed for the mfrine in the cloud contaminated scenes.
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The statistics on 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 information content to retrieve the exact imaginary refractive index when there
is very little absorption (m; < 10’3), corresponding to cases with SSA > 0.99. There is
good sensitivity 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 significant bias in all three data-sets. In summary; good agreement
is found for the AOT, SSA, effective radii, RRIs, m™ and Sphgoy,se in all three data-sets.
For retrievals in cloud contaminated scenes a significant bias in the retrieved AQT 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 (distance < 40km) 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 investigated. 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 discarding 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 different cloud screenings are then compared to the AOT and
Angstrém exponent (AE) from the AERONET direct sun product and the micro-physical
aerosol properties and Single Scattering Albedo (SSA) retrieved from the AERONET
diffuse sky product.
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In the retrieval algorithm the aerosol is assumed to be homogeneously distributed
over the lowest 2km of the atmosphere. The diffuse intensity field is discretised in 8
streams using the multiple-scattering correction of Nakajima and Tanaka (1988). The
measurement precision, used to calculate the ,1/2 of the fit, for both the FR and MR
pixels is assumed to be 0.005 % for the intensity and 0.0035 (absolute) on the DolLP.
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 combining 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 5
or less 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
Xz-criteria are shown per cloud fraction bin (using the loose cloud fraction), together
with the number of scenes per bin, in Fig. 5. About 24 and 50 % of the retrievals in
clear sky scenes pass the ,1'2 <10 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 contamination. In the cloud contami-
nated scenes, the fraction of retrievals that converge to Y2 <10isalso higher in the MR
compared to the FR PARASOL observations. This can be explained by the fact that FR
measurements are more sensitive to spatial inhomogeneities, caused by e.g. neigh-
bouring clouds or land surfaces that are seen in some viewing angles but not in others.
An example is given in Fig. 6, which shows a MR measurement and a FR measure-
ment of part of that same scene. The oscillations in the FR measurement are due to
clouds. The strong variation in intensity and polarization at the different viewing angles
are due to spatial inhomogeneities we refer to as the stereo effect. The MR pixels are
(on average) more homogeneous at the different viewing angles. It is, for example, less
likely for a cloud to be present some lines of sight but excluded in others. Therefore,
the MR pixels are less affected by the stereo effect. In addition to the sensitivity caused
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by characteristic scattering features of cloud droplets, this stereo effect introduces an
extra 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 for the different cloud fraction bins that are used for Fig. 2.
Furthermore, the retrieved ,1'2 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 higher
measurement precision that is used for calculating the ,1/2, which gives differences be-
tween the model and measurement more weight. Secondly, larger differences between
the model and measurement 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.

5.2 Additional filters

In Fig. 7 the Aerosol Optical Thickness (AOT) retrieved from the MR PARASOL data
is compared to the level 2.0 AERONET observations that are coincident in space (dis-
tance <40km) and time (Af < 1h). The AERONET AOT is measured in direct sun
observations and can be obtained with higher measurement 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 cumulatively for increasing cloud
fraction. This bias is calculated like: 77" — 72¢", where 7°® is retrieved from an individ-
ual PARASOL observation and 7% is the mean of all AERONET observations that
are within the 1 h time-range. In the panels on the right the SD of the AOT are shown
cumulatively for increasing cloud fraction. Since cloud screening has been applied to
the AERONET observations, 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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For the ,1/2 < 50.0-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 xz-filters, there are a few of cloud contaminated scenes where a decent fit ( ,1'2 <
10.0) is obtained but the AOT is grossly overestimated (A7 > 5.0). This is visible by the
jumps in the mean AOT at f =0.78 and f = 0.88 for the )(2 < 10.0 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 inversion has adjusted the re-
fractive 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 thickness
(at 670 nm) ranging from 7 to 20. By filtering with the additional criteria m;°®"*® > 1.335
all these scenes are removed. In total this additional filter removes 60 measurements,
of 40 separate AERONET station overpasses by PARASOL, from the MR retrievals
that meet the ,1/2 < 10.0 criteria. That is less than 1% of the MR data-set. The bias and
SD obtained with the goodness-of-fit and coarse mode aerosol refractive index filter
are shown in the middle 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 is,
however, still an outlier with AOT ~ 2.8 at f = 0.6. This is a single retrieval in a scene
with cirrus clouds.

Even though in most ice cloud scenes no good fits were obtained, which is evident
in the sensitivity to the mean cirrus reflection shown in Fig. 8, there are a few overcast
ice cloud scenes that do pass the )(z-filter. This leads to a few retrievals of unrealis-
tically large AOTSs (7g70nm = 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 96
measurements (18 %) of the MR retrievals that meet the )(2 <10.0 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
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of Fig. 7. By applying these two additional filter criteria, the AOT bias for the ,1/2 <10.0
and y“ < 5.0 criteria remain constant with increasing cloud fraction. This indicates that
there is no significant cloud contamination in these data-sets.

The fractions of good fits found at higher cloud fractions are still non-zero after ap-
plying these two additional filter criteria. The AOTs retrieved in these scenes do not
strongly affect the mean AOT shown in the bottom panels of Fig. 7. The explanation
for this is two-fold; the fraction of successfully retrieved clear sky scenes outweigh the
fraction of successfully 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.

Based on the agreement found for the retrieved AQOTs, it is concluded that the
¥? < 10.0-criteria, together with the two additional filters, successfully screens for cloud
contamination. Even better agreement, but far less data-points (75 and 58 % for, re-
spectively, the FR and MR retrievals) can be obtained by using the stricter Y2 <50
criteria. In the remainder of the paper the goodness-of-fit criteria ,1'2 <10.0 is applied.
For the sake of brevity, the goodness-of-fit filter together with the coarse mode refrac-
tive index filter and cirrus filter will be referred to as the “goodness-of-fit+” filter.

5.3 Validation of the AOT & Angstrém exponent

In this section the retrieved AOT and AE are compared to those observed with
AERONET for 3 datasets with different cloud screenings: (i) goodness-of-fit plus,
(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 PARASOL 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
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(at 670nm) retrieved from PARASOL observations within a range of 40km of an
AERONET station, vs. the mean of the AOTSs retrieved from AERONET observations
(at 675 nm) within ~ 1 h of the PARASOL overpass. The grey bars show the range in
AQOT measurements for AERONET, and 1-c uncertainty in the retrieval for PARASOL.
Some scatter is to be expected due to spatial and temporal inhomogeneity of the at-
mosphere. Comparisons in the other bands yield almost identical results.

While the MODIS strict cloud mask produces the smallest differences with the
AERONET values, it does discard 16 % of the FR, and 35 % of the MR results ob-
tained with the goodness-of-fit+ filter. Scenes with higher aerosol loading are often
flagged cloudy by both MODIS cloud masks, especially 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 7°%" > 0.4 are ex-
cluded (7 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 AOTSs retrieved by PARASOL (using the
490 and 670 nm bands) and AERONET (using the 500 and 675 nm bands) is shown in
Fig. 11. For this comparison only data with 75>, > 0.1 are included as the information
on aerosol size becomes limited for low aerosol loadings. There is a small bias (-0.11—
-0.13) in the AE retrieved by PARASOL and AERONET. Note that since this offset is
present and of roughly equal strength in all three data-sets, it can most likely not be
explained in terms of cloud contamination.

An interesting feature in Fig. 11 are the outliers with largely underestimated AE, in-
dicative of cloud contamination, that are only present in the MODIS loose and strict
cloud screened results. In the goodness-of-fit+ filter these scenes are discarded be-
cause m;°*"*® < 1.335. These are instances where the goodness-of-fit+ filter outper-
forms the MODIS cloud masks in detecting cloud contamination.
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5.4 Validation of the SSA & RRI

A direct comparison of the micro-physical properties is complicated because of dif-
ferences in the retrieval methods of AERONET inversion algorithm and the aerosol
retrieval algorithm discussed in this paper. The former retrieves a continuous size dis-
tribution, wavelength dependent, complex refractive index and derives, among other
properties, the single scattering albedo from diffuse sky measurements (almucantar
scans) (Dubovik and King, 2000; Dubovik et al., 2002). Whereas the aerosol retrieval
algorithm discussed in this paper 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 parameter 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 mg,q, (following Hasekamp
et al., 2011);

fine __fine coarse ,_coarse
Vi-m ™ +V

ml’
(2)

|/fine 4 |/coarse
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
algorithm, even though it is only an approximation.

The AERONET diffuse sky measurements are not made as frequent as the direct
sun observations from which the AOT product is obtained. Furthermore, the (level 2.0)
data obtained from these measurements are subject to strict quality assurance criteria.
In particular the criteria that 7449,,, > 0.4 rejects many observations. In order to get
a useful amount 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.
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Figure 12 shows time-series with the SSAs, as retrieved from, respectively, PARA-
SOL and AERONET observations at a number of AERONET stations. There is a rea-
sonable agreement in the SSA from the two retrieval approaches. There are very few
differences between the time-series obtained 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 wit the goodness-of-fit+
filter.

Figure 13 shows time-series of mg,y,, and the AERONET RRI at 670 nm for a num-
ber of AERONET stations. The statistics of these two values are summarized in Table 5
for those stations where more than 5 coincident observations are found. It is uncertain
what can be expected from this comparison given that mc,n, is a crude approxima-
tion 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 stronger on the a priori value for the RRI and asso-
ciated 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-constraint
of the temporal co-location. For many cases the error bars overlap, for others there is
a significant difference. Most importantly, the loose cloud mask filtered data-set shows
fewer data-points and nearly identical statistics (see Table 5). In other words, the dis-
crepancies between mg,,, and the AERONET RRI cannot be attributed to cloud con-
tamination.

6 Conclusions

The effect of cloud contamination on aerosol retrievals from multi-angle photo-
polarimetric measurements of the POLDER-3 instrument over the ocean is investi-
gated. For retrievals from synthetic measurements it is found that a goodness-of-fit
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criterion filters out all cases (partially) covered by medium to thick clouds (COT > 5),
and virtually all cases with partial thin cloud cover (COT = 1). Aerosol retrievals from
PARASOL observations at two spatial resolution, 6km x 6km (FR) and 19km x 19km
(MR), are considered. Here, MODIS is used to quantify the cloud contamination for
each PARASOL ground pixel. It is found that the FR measurements are more sensi-
tive to cloud contamination than the MR measurements because of so-called stereo
effects 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 distinct angu-
lar features than liquid water clouds. To filter out such clouds the MODIS filter based
on 1.38 um measurements is needed. A cloud mask based on a goodness-of-fit crite-
rion, a coarse mode refractive index criterion and a cirrus filter is able to adequately
reject cloudy scenes. Moreover, the cloud masks based on MODIS sometimes mis-
interpret 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 AERONET dependent on MODIS cloud fraction. The
implication of our findings for future dedicated aerosol polarimeters is that such in-
struments can fly stand-alone and do not require additional information from a cloud
imager. A 1.38um channel for cirrus detection would be advantageous, or even re-
quired. Given the large sensitivity of multi-angle photo-polarimetric measurements to
cloud contamination, a necessary next step is to not only 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 water droplets.
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Table 3. The correlations, mean and median differences, SDs and retrieval uncertainties are
given for the retrieved and derived parameters in three data-sets; (i) all retrievals with )(2 <1.2,
(ii) all retrievals with ,}/2 < 2.0 and (iii) only the retrievals in clouded scenes with )(2 <2.0. The

units for size parameters R4 and /4 are in micron.

corr. ,1'2 <12 ,1'2 <20 ,1'2 <2.0
clouds
only
AOTe70mm 0.98 0.93 0.94
SSAg70mm 0.99 0.97 0.96
Rine 0.91 0.86 0.83
vine 0.55 0.46 0.35
mne 0.92 0.87 0.81
fine 0.90 0.81 0.86
Rogee 0.92 0.80 0.80
vj;’a’se 0.89 0.79 0.73
coarse 0.96 0.92 0.94
oarse 0.78 0.66 0.54
SPheoarse 0.90 0.78 0.87
mean diff.
AOTg70mm -0.01 0.01 0.08
SAg70mm 0.00 0.00 0.00
Rine 0.00 0.01  -0.00
vf‘ﬁ”e -013  -0.16  -0.15
fine -0.015 -0.024 -0.050
fine 0.0067  0.0113  0.0147
RS -0.07  -012  -0.04
Veeree -0.01 -0.02  -0.06
mEearee -0.001  -0.002 0.003
mPearee -0.0012 -0.0017 -0.0010
SPheoarse 0.04 0.04  -0.05
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Table 3. Continued.

med. dif. y®<12 ¥*<20 4*<20
clouds
only
AOTgonm ~ —0.01  -0.00 0.07
SSAg70nm 0.00 000  -0.00
R 0.01 0.01 0.01
vire -012  -015  -0.14
mine -0.007 -0.014 -0.038
fine 0.0015  0.0024  0.0028
Hg;;a’se -0.03  -0.04 0.01
Voo -0.00  -000  -0.02
coarse -0.000 -0.001  0.002
goarse 0.0001  0.0001  0.0000
SPhesarse 0.02 002  -0.02
SD
AOTs70mm 0.03 0.05 0.04
SAg7onm 0.02 0.03 0.03
Rfne 0.05 0.07 0.07
vire 0.13 0.15 0.17
ine 0.038 0047  0.054
mi" 0.0467  0.0604  0.0445
Regre 0.26 0.40 0.37
Vagree 0.08 0.10 0.12
moree 0.024 0034  0.030
meeorse 0.0046  0.0060  0.0038
SPheoarse 0.13 0.19 0.15
retr. unc.
AOTs70mm 0.03 0.03 0.02
8SAg700m 0.06 0.08 0.03
Rfne 0.02 0.02 0.02
vire 0.07 0.07 0.06
min® 0.023 0023  0.023
fine 0.0387  0.0614  0.0308
Reparee 0.14 0.15 0.14
Vs 0.06 0.06 0.05
moree 0011 0012  0.010
meeree 0.0022  0.0019  0.0008
SPheoarse 0.09 0.09 0.05
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for the goodness-of-fit+ filtering and, between parenthesis, the loose cloud mask filtering. The 2
PARASOL retrievals are additionally filtered on the value of the averaging kernel of the fine _30 :
mode imaginary refractive index > 0.1 to ensure adequate sensitivity to the absorption. ]
()
= Abstract Introducti
station nr. obs. correlation mean diff median diff SD
Muscat 10 (7) 0.693 (0.431) 0.035 (0.032) 0.039 (0.035) 0.016 (0.018)
Forth Crete 23 (19) 0.561 (0.576) 0.037 (0.044) 0.032(0.032) 0.052 (0.052) ) :
Gosan SNU 5 (4) 0.114 (0.259) —0.009 (-0.022) —0.006 (—0.006) 0.061 (0.063) §
Midway Island 9 (9) 0.379 (0.432) -0.041(-0.028) -0.028 (-0.014) 0.082 (0.078) @
Shirahama 17 (14) 0.189 (0.220) -0.008 (-0.008) 0.003 (0.006) 0.064 (0.066) o
Trinidad Head 8(8)  0.001(-0.028) 0.091 (0.082) 0.021 (0.004) 0.275 (0.280) ?U n n
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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 parenthesis, the loose cloud mask filter-

ing.
station nr. obs. correlation mean diff median diff SD
Muscat 13 (8) 0.409 (0.279) -0.076 (-0.068) -0.083 (-0.078) 0.037 (0.036)
Forth Crete 46 (41) 0.280 (0.166) -0.015(-0.012) -0.018(-0.010) 0.059 (0.060)
Midway Island 12 (11) 0.254 (0.296) -0.016 (-0.036) -0.021 (-0.048) 0.057 (0.059)
Shirahama 22 (18) -0.140(-0.170) -0.013(-0.003) -0.004 (-0.002) 0.068 (0.068)
Trinidad Head 12 (13) 0.482 (0.620) -0.088 (-0.085) -0.097 (-0.097) 0.063 (0.058)
Sevastopol 28 (20) 0.257 (0.142) 0.000 (0.009) —0.007 (0.008) 0.045 (0.045)
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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 observation (assuming clear sky conditions). The fit has a high ,1/2 value (~ 13.7), mostly
due to the discrepancy near the cloud-bow, which is visible in the degree of linear polarization
(DoLP) at a scattering angle of ~ 140°. The measurement errors are of the size of the symbols.
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Figure 2. The fraction of good retrievals for three different ,{/2 filters, per cloud fraction bin,
for the normal (left) and perfect first guess retrieval (right). The cloud fraction bins have been
further divided into the three optical thicknesses (top axis) that were used to simulate the cloud.
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Figure 4. The true vs. the retrieved complex refractive indices of those retrievals that pass the
)(2 < 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.
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Figure 7. The mean AOT difference between PARASOL and AERONET (left panels) and the
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middle panels have additionally been filtered on m°®"*® > 1.335 and the bottom two panels are

filtered on both the m;°*"*® > 1.335 and a cirrus mask.
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Figure 12. Time-series of SSAs (at 670 nm) retrieved from the PARASOL observations us-
ing the goodness-of-fit+ cloud screening vs. those retrieved by AERONET, for a number of
AERONET stations. The error bars for AERONET show the range of all the observations within
12h of the PARASOL overpass, those for PARASOL show the 1-o retrieval uncertainty. The
PARASOL retrievals are additionally filtered on the value of the averaging kernel of the fine
mode imaginary refractive index (> 0.1) in order to ensure adequate sensitivity to the absorp-
tion.
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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
observations. 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, those for PARASOL show the 1-¢ retrieval uncertainty.
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